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This treatise is an a,ttempt to reduce the phenomena of metamorphisn:i

to order under the principles of physics and chemistry, or, more simply,

under the laws of energy. The first nine chapters treat of metamorphism;

the last three chapters, of the relations of metamorphism to stratigraphy,

to the redistribution of the elements, and to ore deposits.
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Very respectfully, your obedient servant,

Charles Richard Van Hise.

Hon. Charles D. Walcott,

Director of United States Geological Survey.



A TREATISE ON METAMORPHISM.

By Charles Richard Van Hise.

CHAPTER I.

INTRODUCTION.

Following Powell, I shall regard the earth as composed of four

spheres—the atmosphere, the hydrosphere, the lithosphere, and the centro-

sphere." The terms atmosphere and hydrosphere need no definition. The
term lithosphere, as here used, will be confined to that portion of the outer
part of the earth which is within the hmits of observation. Hov^ far below
the surface observation extends is somewhat uncertain; but it is certain that,

in consequence of deformation and denudation, we may observe rocks
which have been several thousands of meters below the surface. Clarke
suggests that the zone of observation be defined as extending to a depth of

10 miles (16 kilometers) below the level of the sea.'' Whatever distance
be taken as the limit of the zone of observation, it is certain that such
distance is but a very small fraction of the radius of the earth. All the
earth below this fraction will be considered as the centrosphere ; but no
hypotheses are advanced in respect to any essential difiPerence in character
between the material of the lower part of the lithosphere and that of the
upper part of the centrosphere.

GENERAL NATURE OF ALTERATIONS.

The data of geology have become so numerous as to be almost unman-
ageable. Not many decades ago it was possible for a geologist to have a

«Powell, J. W., Physiographic processes: Nat. Geog. Mon., vol. 1, No. 1, 1895, p. 1.

6 Clarke, F. W., The relative abundance of the chemical elements: Bull. U S Geol Survev No
78, 1891, p. 34, ^
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reasonably full and satisfactory knowledge, not only of the known principles

of geology, but of the observed phenomena in the parts of the world which

had been studied. While by many years of work a geologist may still be

able to learn the important facts concerning various provinces, it is no

longer possible for one man to have anything like complete information as

to the local geology of many parts of the world. Not only is this so, but

no one geologist can know all the important discovered facts concerning a

particular branch of geology. Moreover, in recent years the accumulation

of facts has gone on much faster than the development of geological theory.

Nowhere is this more true than in the branch of geology known as

petrology, and in petrology it is pei'haps more true of the phenomena of the

alterations of rocks than of any other. Scarcely a paper on petrology

appears that does not contain some account of the alterations of minerals or

of rocks, but in most cases there is no serious attempt to arrange the observed

phenomena in order under recognized principles. Indeed, there is no

general set of recognized principles under which the phenomena can be

reduced to order.

Some years ago, finding myself lost in the vast accumulation of data,

I began to formulate principles applicable to the alterations of rocks. The

result of this work is the present treatise, which is an attempt to reduce the

phenomena of metamorphism to order under the principles of physics and

chemistr}^, or, more simply, under the laws of energy. It is but a part of

the larger task of reducing to order under the same laws the entire subject

of physical geology.

As a result of the development of the science of petrology, especially

microscopical petrology, it has been ascertained that changes are contiim-

ally occurring within the rocks constituting the outer part of the earth.

This statement is equallj;- applicable to the most porous rocks at the surface

of the earth and to the densest rocks as deep below the surface as observa-

tion gives exact knowledge. All changes, by whatever forces, agents, and

processes caused, and in whatever classes of rocks occurring, whether

solidified magmas, chemical precipitates, organic deposits, or mechanical

deposits, may be called metamorphism.

Metamorphism, as here used, means any change in the constitution of

any kind of rock.

It will be shown that at any given time and place, imder any given



ROCKS ADAPTED TO ENVIRONMENT. 33

set of conditions, minerals tend to form which remain permanent under

those conditions. This tendency is more potent with minerals crystallizing

from magmtis than with minerals which constitute the sedimentary rocks

or with the secondary minerals which form by metamorphism. The reason

for this is that adjustment to existing conditions is so much more readily

accomplished in fluids than in solids; but the tendency to form minerals

which are jjermanent under the existing conditions controls in the solid

rocks, although there is a great amount of lag in the process of modifica-

tion. If adjustment be reached in a given case and if the conditions

remain the same, the minerals formed do not again alter, but may reixLain

the same through eons. This is illustrated by the meteoi-ites, the minerals

of which may persist without change during the evolutions of stellar sys-

tems. However, when an important change of conditions occurs, as when

a meteor gives up its separate existence in the interstellar spaces and joins

a planet, as the earth, readjustment begins at once.

Although the changes of conditions upon the earth are not so great as

the change when a itieteor falls to the earth, the range of conditions upon

the earth is large and varied. The conditions may be those of ordinary

pressure and temperature at or near the surface of the earth, or they may
be those of very high pressure and temperature, such as exist well below

the surface of the earth. A rock mass may altei'nately be subject to each

of these sets of conditions and to various intermediate conditions. Chaneres

of physical conditions result from surficial transfer of material by epigene

agents—bringing rocks to the surface here, burying them there—from

igneous intrusions, from orogenic movement, and from other causes. The
changes upon the earth are therefore profound, although usually slow.

Dui'ing the changes the rocks are always modified in the direction of

adjustment to the new conditions. Such modification of rocks has led to

the idea of adaptation to their environment. As conditions change, species

of plants and animals are so rapidly modified that at first sight adaptation

seems almost perfect. Indeed, so sensitive are plants and animals to their

environment that since the theory of evolution gained ascendancy the fact

of approximate adaptation is taken for granted. The variety and complexity

of the structures, colors, etc., of life forms resulting from adaptation to

environment is a constant soiu-ce of wonder. Almost daily some remarkable

structure or form is described, and its existence explained by showing how
MON XLVII—04 3
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it is advantageous to the animal under tlie conditions in which it lives.

Since adaptation is an assumed law, in those cases where there seems to be

lack of adaptation, as where some peculiar structure is present which

apparently is not of advantage to an animal or plant, it is believed that the

facts are not fullj known or that the strncture was once useful and is a

survival. However, the very idea of survival shows that to a certain degree

the development of plants and animals lags behind their changing environ-

ment. Upon a priori grounds it would be certain that this is the case; and

the existence of rudimentary organs, such as the muscles for moving the

human ear, which at one time may have had a use, is positive evidence of

the lag- of organic species during their adaptation to changing environment.

Likewise it is believed that minerals constantly tend to change to

forms that are relatively stable under existent conditions. This, however,

is accomplished by granulation or recrystallization or some analogous

process, and is adaptation only in the sense that the old particles break

up into smaller particles or develop into new mineral particles which

conform to the existent conditions. Some minerals are stable imder a

considerable variety of conditions, and therefore are less sensitive to

change than are others. For instance, quartz develops directly from an

igneous rock, and it also forms as a deposit from water. It persists under

both quiescent and dynamic conditions. Other minerals require rather

definite conditions for their existence. Such are leucite and olivine, which

abundantly form as original minerals in igneous rocks of certain composi-

tion, but which readily change under new conditions to other minerals.

However, no mineral persists without reference to its environment, and so

it may be said that there is a tendency in all mineral substances to form

minerals adjusted to the conditions under which they exist. Rocks are

composed of aggregates of different minerals. Therefore rocks, like

minerals, have a tendency toward adjustment to their environment.

Even if the chemical composition of a small mass, say a cubic milli-

meter, remains exactly the same, the mineral constituents of the mass

may greatly change. At the end of the change the original minerals may
not be in the same proportions as before and minerals which did not

originally exist in the rock may have formed. But the adjustment of rocks

is not confined to redistribution of the elements present in a small space.

There may be a change in the average chemical composition of rocks.
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Matei'ial may be inti'uded, or may be brought in by water solutions, or

may be abstracted by water solutions. By any one of these processes or

by any combination of them a considerable change in the chemical

composition of a rock may take place.

While it may be safely asserted that all rocks, under all conditions,

at all times, are being adapted to their environment, the change in a rock

goes on so slowly that its lag behind the change in the environment may
be measured by millions of years. Often the lag is so great that the con-

ditions again change before the process of adjustment has made much

advancement, and, therefore, before one set of changes is near completion

another set is. begun. Indeed, a later change in conditions may be a

reversal of an earlier change, and, therefore, in the process of adaptation,

work done in an early stage may be reversed at a later stage. But even in

such a case it is clear that the principle of adaptation applies, just as in the

case of )Tiany plants and auin^ials, although there may be, in fact, little more

than a tendency toward adaptation to existent conditions.

Because the adjustment of rock to environment is so slow, in order that

it may be approximately complete it is necessary that a rock remain under

substantially the same conditions for a very long time. This has happened

in some regions in which important mechanical movements have not

occurred for a period or an era and the rocks of which have remained

buried to a moderate depth for most of the time. Such were the conditions

of the ancient volcanics of certain parts of the Lake Superior region. These

have escaped important mechanical movement since the beginning of Pale-

ozoic time. The}^ were buried under Paleozoic sediments to a moderate

depth. Denudation since the beginning of Cretaceous time brought them

to the surface. Finally glacial erosion removed a skin of weathered

material and exposed the volcanic rocks, approximately adapted to their

past environment, that of the belt of cementation under quiescent condi-

tions. (See Chapter VII, pp. 594 et seq.) So far as they have reached the

surface they are subject to a new set of conditions; and a new cycle of

change, begun at the end of the Glacial epoch, but not far advanced, is in

progress.

In considering metamorphism, the fundamental hypothesis of geology

will be applied as in other branches of the subject. That is to say,

the Huttoniau principle, that the present is the key to the ^jast, is
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assumed. Where certain phenomena are now produced by certain com-

binations of forces and agents, and by these only, and similar phenom-

ena are found in the rocks long since formed, it is assumed that the like

phenomena, present and past, are due to essentially the same combina-

tions of forces and agents. For instance, if alterations of a certain

kind are now being j^roduced by a complex set of, geological factors, and

by these only, where similar alterations are found in ancient rocks it is

assumed that they are due to practically the same combination of the

forces and agents of alteration.

But the above statement does not imply that the changes are now

taking place with the same speed as that with which they occurred in the

past, as might have been held by Lyell; nor is it assumed that the various

forces and agents have the same relative values. Indeed, it is believed to

be highly probable that there have been changes in the rate of alteration

of rocks and in the nature and effectiveness of the factors producing- the

alterations.

Wliile the Huttonian principle is of service in the study of metamor-

phism, the alterations of rocks take place so slowly that it does not have

nearly the value that it has in the study of the work of the epigene agents,

such as air and water and ice; nor the value it has in the study of such

hypogene agents as volcanoes and earthquakes.

Many of the rock alterations are now taking place under conditions

which can not be directly observed, but must be inferred from the records

of the change. This statement applies to all changes below a mile in

depth, and it is very lai'gely applicable to all but the mere outer film of the

rocks, for most excavations and cuttings are not deeper than a few score or

a few hundred feet and the deepest shafts are but little over a mile. For-

tunately it frequently happens that in a rock formation now at the surface

the results of various stages of change under deep-seated conditions are

preserved, so that the" character of the alterations and the nature of the

forces and agents which have produced them may be inferred from a close

study of the different stages of alteration.

In such cases, instead of observing the forces and agents accomplishing

certain results, and of reasoning that similar results produced in the past

are due to these forces and agents, we observe the results at various stages

of development and infer from them the nature of the forces and agents

producing them; we then infer that similar forces and agents are at work
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bej^'ond the zone of observation, accomplishing- at the present time similar

results. This is a complete reversal of the Huttonian method. Hence, in

treating of metamorphism we must argue both from the present to the past

and from the past to the jjresent. By studying the action of the forces and

agents now at work in the zone of observation and the stages of alteration

preserved in the rocks broug-ht into the zone of observation we are able to

push the boundaries of the known for a certain distance into the domain of

the unknown, and infer with considerable certainty the nature of the

changes which have taken place in the far-distant past and of those which

are now taking place but which we can not directly observe.

It Avill be generall}' agreed that the majority of the altered rocks,

including a large portion of the schists and gneisses, have been metamor-

phosed from aqueous and igneous rocks like those now being produced.

This is in accordance with the Huttonian jirinciple. But some ma}^ hold

that the most ancient of the schists and gneisses, those of the so-called

Basement Complex, had a diiferent origin. For instance, it has been held

by some that these ancient rocks are direct jjrecipitates in a primeval

ocean. On later pages it will be seen that the most ancient schists and

gneisses are in all respects like those produced from more recent rocks by

the processes of alteration, and therefore that the probable, but not certain,

inference is that they were produced from rocks not fundamentally unlike

those now being formed by processes of change not radically different from

those now at work. But in ascertaining the forces and agents and their

method of work in both the ancient and the modern rocks, we must for the

most part follow the reversal of the Huttonian principle—i. e., argue from

past results as to the nature and method of work of present forces and

agents.

Whatever the origin of rocks—whether solidifications from magmas,

chemical precipitates, organic deposits, or mechanical deposits—as already

noted, they may be altered so as to modify their structures, so as to change

their mineral composition, and so as to change their chemical composition.

In place of the original characteristic structures of the igneous rocks, such

as flowage structure and massive structure, and in place of the original

structm-es of the sedimentary rocks, such as bedding, there may be pro-

duced secondary structures, such as cleavage, fissility, joints, slatiness,

schistosity, and gneissosity. In place of the original textures of igneous

rocks, such as granolitic, porphyritic, ophitic, and poikilitic, and in place
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of the original textures of sedimentary rocks, such as granular and oohtic,

there may be produced textures characteristic of the metamorphic rocks,

such as cataclastic, parallel orientation, etc. The alteration may result in

. the change to minerals all of which may wholly differ from any of the

orio-inal minerals, or it may take place by recrystallization without change

in mineral character, as in the case of the formation of marble from lime-

stone. Chemical change may result in the addition of constituents, as in

the case of oxidation and hydration of compounds already existing, or in

the deposition of additional material in the interstices, or in the abstraction

of material. Any given mineral may gain additional elements, or a greater

proportion of some of the elements; it may lose a part or all of some of its

elements, or it may be wholly replaced by another mineral. While the

chemical composition of the rock may be greatly affected by such changes,

in other cases the alterations may result merely in a redistribution of the

elements Avithout affecting the average composition of the rock, as in the

case of marmorization, some cases of devitrification, various cases of

metasomatism, etc.

After one set of changes has taken place, or while they are in prog'-ess,

a change of physical conditions maj?- come about in consequence of which

a different set of changes may be set up. Thus rocks may be partly modi-

fied under mass-static conditions and subsequently modified under mass-

mechanical conditions. They may be modified near the surface of the

earth, and as a result of biu'ial be later modified at inuch greater depth;

or they may be modified at great depth, and as a result of erosion be

brought near the surface and there be again modified. Therefore one set

of changes may be superimposed upon another. In many cases it is cer-

tain that rocks have gone through several very complex sets of modifica-

tions. For instance, a rock may be modified imder conditions at the

surface, afterwards be buried under other strata and thus pass into a deep

zone, where it may be modified in a different manner, and still later, as a

result of denudation, be brought to the surface and in the passage undergo

successive alterations in intermediate belts, and when it reaches the surface

once more be altered by the same forces and agents as at first. Substan-

tially this history has been gone through by the jaspilites of the Lake

Superior region. (See pp. 831-833.) Many other rocks have had an

equally intricate but very different history.
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cxjAssification of metamorphis^i.

The forces of metamorpliism are chemical energy, gravity, and heat

and hght. The agents of metamorphism are gases, hquids, and organic

compounds.

A critical examination of the published classifications of metamorphism

shows that the kinds of metamorphism recognized are based upon the idea

that one force or agent or process is dominant in the production of a

particular kind of rock. But in all of the various kinds of metamorphism

ordinarily recognized in classifications, such as thermo-metamorphism,

hydro-metamorphism, chemical metamorphism, static metamorphism, pres-

sure metamorphism, dynamo-metamorphism, regional metamorphism, and

contact metamorphism, all of the forces above mentioned are required, and

also the chief agent, water. There is no metamor^jhism of a rock without

the presence of heat, and hence all metamorphism is partly thermo-

metamor23hism; there is no metamorphism without the presence of water

solutions, and hence all metamorphism is partly hydro-metamorphism; there

is no metamorphism in which chemical action does not enter, and hence all

metamorphism is partly chemical metamox'phism ; there is no metamorphism

without motion, and hence, in an exact sense, all metamorphism is dynamic.

In the alterations of rocks the forces of metamorphism in each case produce

atomic, molecular, and mechanical changes." When it is realized that in

all the varieties of metamorphism mentioned chemical action, heat, and

dynamic action enter as important factors, and that water is present and

active wherever metamorphism occurs, it becomes self-evident that the

classifications ordinarily given are not satisfactory. Moreover, the classifi-

cations involve different factors not belonging to the same categ'ory, some

being physical, some chemical, some geological, some referring to an agent,

others to a cause. For instance, thermo-metamorjDhism refers to heat;

hydro-metamorphism refers to the presence of water; chemical metamor-

phism refers to the action of chemical forces; static metamorphism and

pressure metamorphism refer to quiescent conditions; dynamo-metamorphism

refers to conditions of motion ; regional metamorphism refers to the extent

«If this be true, it is clear that a classification of metamorphism into paramorphism, metatrophy,

and metataxis, restricting these terms to atomic, molecular, and mechanical changes, respectively,

as proposed by A. Irving, is wholly impracticable. Irving, A., Metamorphism of rocks, London.

1889, pp. 4-5.
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of tlie alterations; and contact metamorphism refers to the contiguity of

an igneous rock.

As a matter of fact, all of these different kinds of metamorphism are

related in the most intricate manner, and certain metamorphic results

which have been attributed to one of these forces, agents, or processes

could equally well be attributed to another. For instance, in many cases

metamorphism known as thermo-metamorphism might just as well be

called hydro-metamorphism, or regional metainorphism be called dynamic

metamorphism, or contact metamorphism be called thermo-metamorphism

or chemical metamorphism.

It follows from the above that a satisfactory classification of meta-

morphism based tipon chemical forces alone, or physical forces alone, or

individual processes, is quite out of the question. It appears to me that

the only workable classification of metamorphism is geological. (See

pp. 43-44.)

GEOLOGICAL FACTORS AFFECTING THE ALTERATIONS OF ROCKS.

The more important geological factors affecting the alterations of rocks

are: Composition; structures and textures; porosity; water and g'aseous

content; climatic and geographic conditions; time; environment; degree

of movement; depth. Many johysical factors enter into each of these

geological factors.

At present only general statements will be made with reference to

these factors, but on later pages the effect of each of them will more

clearly appear.

Composition—Jn SO far as rocks are composed of minerals which are

permanent under the existing conditions, or are composed of minerals

which may exist under a wide variety of conditions, this is favorable to

stability.

Structures and textures—Ju SO far Bs tliero aro coarse structures and textures,

this is favorable to permanency, for it will be seen that fine material is

more readily altered than coarse material.

Porosity—Porosity has a very important influence upon the rapidity of

change. In proportion as rocks are porous the agents of alteration, gases

and water, may enter and rapidly circulate. In propoi'tion as they are

dense, the amount of water present is small and the circulation is slow.
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Hence porosity is favorable to rapid change; density is favorable to

stability.

Water and gaseous content—Jn pi'oportion as Tocks contain water and gas

they are readily altered. In proportion as water and gas ai'e absent they
are stable. »

Climatic and geographic conditions—The specd of alteration of rocks is affected

by their geographical position. The aheration of surface rocks is more
rapid in tropica! than in arctic regions; it is more rapid in humid than in

arid regions; it is more rapid on steep than on gentle slopes; it is more
rapid along coasts than in the interior. In short, the nature of the altera-

tions of the upper belt of rocks varies with every varying factor of climate

and geography.

Time—Time is a factor of the very highest importance in metamor-
phism. Time can not be included among the forces or the agents of meta-
morphism, but the amount of metamorphism is a function of the time.

Where a given set of forces and agents is at work under a given set of

conditions, increase of time increases the metamorphism, but not in a direct

ratio, for in proportion as adjustment to environment is approached the

alterations decrease in speed. The importance of time in geology can not

be too strongly emphasized, for a comparatively weak force or agent

working through a great length of time may accomplish an almost incred-

ible amount of work. We are accustomed to judge of, the efficiency of a

force or agent by observations in the chemical or physical laboratory, but
the time through which an experiment may be continued in the laboratory
is an almost infinitely small fraction of the time through which the forces

and agents have been at work in nature. To illustrate, in the chemical
laboratory the amount of crystallized silica which can be dissolved in water
and transported to another place within the time during which an ordinary
experiment is carried on is so small as to be unmeasurable, and yet it is

certain that in nature water has dissolved and transported to other places

enormous quantities of sihca. (See Chapter VII, pp. 622-623.) This illus-

tration enforces the fact that the geologist has very much more time at his

command than has the chemist or the physicist. If the geologist ignores

this fact, and reasons in reference to the potency of forces and agents in

metamorphism as a chemist or physicist would in the laborator}^ in refer-

ence to the same forces and agents, he is certain to fall into very serious
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error. The importance of the time factor has been recognized by most

geologists with respect to erosion and many of the other geological

processes, but it is of even greater importance in metamorphism. Most o£

the metamorphic processes are very slow indeed, but the amount of time

available in a single geological period is great, and the metamorphic results

are often stupendous.

In general it may be said that in proportion as rocks are old they are

likely to have been greatly altered; in proportion as they are young they

are likely to have been little altered. While time is a most important

factor in the amount of alteration, time alone, without the other necessary

conditions for change, is not sufficient to insure important metamorphic

results. Further, when the other conditions are very favorable to change,

extensive alteration may take place in a comparatively short time, consid-

ering this factor from a geological point of view. It follows, because of

variations in other factors than time, that in some regions very ancient

rocks may be little modified and in other regions comparatively young

rocks may be greatly modified.

Environment—Jn mauy cascs environment may be important. If the

rocks surroimding a given rock be porous, this condition readily permits the

entrance of the agents of alteration—water and gases—and therefore much

more profound change may occur than if the rock were surrounded by

comparatively impervious material. This is illustrated by the diabase dikes

of the Penokee series of Michigan, which where surrounded by the broken

rocks of the iron-bearing formation are completely altered, but which

where surrounded by the impervious black slates are comparatively

unaltered. A further very important factor in environment is the

presence of intruded igneous rocks. Igneous rocks, by conduction, may

directly heat the adjacent rocks; but of even greater importance is the

fact that igneous rocks may furnish solutions to the adjacexat rocks or heat

the solutions which percolate through them. These illustrations show that

the alteration of a rock may be greatly affected by the surrounding rocks.

Degree of movement—Quc of tlie most Imjjortaut of the factors affecting

alterations is movement; indeed, the factor of movement is so important

that it has frequently been made a basis for a classification of metamorphism.

Changes of rocks take place with comparative slowness under conditions

of quiescence and take place with comparative rapidity under conditions of
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movement. Furthermore, the alterations which occur under dynamic con-

ditions are far more profound than those which take place under static

conditions. For instance, very ancient sedimentary rocks which have been

undisturbed by orogenic movements may be in almost the original condition

in which they wei"e deposited. On the other hand, rocks of comparatively

recent age which have been in mountain-making areas and been deeply

buried may be profoundly modified. Little metamorphosed rocks of great

age are illustrated by the St. Peter sandstone of Wisconsin and the uncon-

solidated Cambrian sands of Russia. Profoundly metamorphosed rocks

of comparatively recent age are illustrated by the Eocene and Neocene

rocks of the Coast Range of California and the Eocene of the Alps.

Depth.—Rocks at or near the surface of the earth are ordinarily under

conditions of slight pressure and low temperature. Rocks at some depth

below the surface are under conditions of considerable pressure and

temperature. It will be shown that the alterations of a given rock under

these varying conditions are very different. Therefore depth is a matter of

great conseqiience in the consideration of metamorphism. Indeed, depth

is believed to be the most important of the influences which determine the

character of the alterations of rocks. Therefore the geological factor

which in this treatise will serve as the primary basis for a classiftcation of

metamorphism is the dominant factor of depth. On this basis metamor-

phism will be classified into (1) alterations in the zone of katamorphism

and (2) alterations in the zone of anamorphism. The zone of katamoi'-

phism is subdivided into (a) the belt of weathering and (b) the belt of

cementation. The zone of katamorphism may be defined as the zone in

which the alterations of rocks result in the production of simple com-

pounds from more complex ones. The zone of anamorphism may be

defined as the zone in which the alterations of rocks result in the pro-

duction of complex compounds from more simple ones. The belt of

weathering is the belt which extends from the surface to the level

of ground water. The belt of cementation is the belt which extends

from ground-water level to the zone of anamorphism.

It is to be noted not only that this classification is geological, but that

the factor is one which is universally applicable. Geological factors of

different kinds, such as movement, contact action, etc., are not introduced.

It is therefore clear that the proposed classification follows one law of all
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good classifications, viz, that a factor or factors of the same class shall be

used throughout as a primarj^ basis. While the primary classification of

metamorphism will be based upon depth, it is recognized that there are no

sharp dividing lines between the zones and belts. In metamorphism, as in

every other branch of geology and of science, there is complete gradation

between the phenomena of the varioiis classes.

However, it has been seen that depth is not the only geological factor

of consequence in metamorphism. It is recognized that various other

geological factors enter into the alteration of a given rock. Moreover, these

various factors overlap. In the discussion of the zones of metamorphism

the geological factors of subordinate importance will be given proper

consideration.

Before considering the general alterations in the zones of katamor-

phism and anamorphism, and the alterations of the individual nainerals

and rocks in these zones, it is necessary to consider the forces and the

agents of metamorphism from chemical and physical points of view.

It should therefore be recalled that the forces of metamorphism are

chemical energy, gravity, and heat and light, and that the agents of

metamorphism are gases, liquids, and organic compounds. The rocks

are the materials upon which these forces and agents work. The forces

of metamorphism are considered in Chapter II, the agents of metamor-

phism in Chapter HI, and the work of these forces and agents upon the

rocks in the later chapters.



CHAPTER II.

THE FORCES OF METAMORPHISM.

As already seen, the impoi'tant forces of metamorpliism are cliemical

energy, gravity, and heat and hght.

CHEMICAI. ENERGY.

When different compounds are brought together molecular interchange

may occur between them. As a result the compositions of the compounds

are mutually changed. Such interchange is chemical action. Chemical

action usually involves expenditure of chemical energy, which is one of the

main original sources of energy; but it will be seen that other forms of

energy may be transformed into chemical energy, and chemical action in

this way be promoted.

Chemical action may take place between gas and gas, gas and liquid, gas

and solid, liquid and liquid, liquid and solid, and solid and solid. Chemical

action, or molecular interchange, involves movement between the atoms and

molecules. Chemical action therefore never takes place without dynamic

action. So far as we know chemical action never takes place without the

presence of heat. Under the conditions obtaining' in the crust of the- earth

chemical action is usually promoted by heat and by mechanical action. As

chemical action always produces a heat effect, positive or negative, such

action may result in the liberation or in the absorption of heat. The heat

effect may hasten or retard further chemical action. In so far as chemical

action results in the liberation of heat, it usually hastens further chemical

action, and therefore promotes ixietaiuorphisni ; in so far as chemical action

results in the absorption of heat, it usually retards further chemical action,

and therefore stays metamorphism. It is shown (pp. 170-186) that both

classes of reactions take place on a very extensive scale.

In consequence of chemical action material may be added to or sub-

tracted from a given mineral. A mineral may alter into two or more other

minerals with the simultaneous addition or subtraction of material. Two

or more minerals may unite to produce a single mineral. Either of these

45



46 A TREATISE ON METAMORPHISM.

changes may take place without addition of material, or added material

mav be derived from some other particle or particles near or remote.

Material subtracted from any given mineral particle may be added to

another mineral particle at a greater or less distance. Illustrating the above

are the alterations of feldspar into muscovite and quartz, and of olivine

into serpentine, magnesite, magnetite, and quartz. Chemical action is in

most cases accomplished through solutions. Therefore its detailed discus-

sion is considered in connection with the agents of metamorphism, gaseous

solutions, and aqueous solutions. (See Chapter III.)

GRAVITY.

Gravity is now the great dominating force of the universe. Indeed,

it is a main original source of energy. Certainly it is the source of energy

which has largely controlled the development of the solar system, including

the sun and all the planets and satellites. The transformations of gravity

into chemical energy, heat, light, and other forms of energy are important

factors in the development of the solar system, inchiding the earth. More-

over, gravity still remains as the great dominating force which controls

earth movements," both vertical and horizontal, and also the circulation of

the water, both overground and underground. By earth movements are

meant all movements of the solids or rocks of the earth not in solution. ^ In

this broad sense the movement of glaciers is an earth movement.

The direct work of gravity in metamor^Dhism may be considered under

two headings—mechanical action and water action.

MECHANICAL ACTION.

Rocks may be stressed within the elastic limit, or the stress may

extend beyond the resisting power of the material. In either case the

rocks are strained. Strain may occur with or without chemical action.

Strain is always accompanied by some transfer of energy into heat.

When the rocks are strained the molecules are moved with reference to

one another. If the strain be within the elastic limit and chemical change

does not take place, the molecules are only slightly farther apart or closer

together, and when the stress is removed they may return to their original

a Van Hise, C. K., Earth movements: Trans. Wisconsin Acad. Sci., Arts, and Letters, vol. 11,

1898, pp. 512-514.
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positions, or nearly so. If under the stress chemical interchange also takes

place between the molecules, when the stress is removed the body may still

return to nearly its original form. But if the strain extends beyond the

elastic limit the form of the body is notably changed, as when a piece of

wrought iron or steel is drawn out or when a piece of cast iron is crushed.

Mechanical action may therefore be considered as molecular or mass.

By molecular mechanical action is meant differential movements of the

molecules. By mass mechanical action is meant differential movements of

large masses of the rocks. Molecular movement also frequently involves

differential movements of the atoms. Metamorphism by molecular move-
ment has generally been called static metamorphism. But molecular
mechanical action is always accompanied in some degree by mass
mechanical action, though this process may be subordinate. The term
"dynamic metamorphism" has usually been restricted to alterations in con-
nection with mass deformation. But mass mechanical action is always
accompanied by molecular mechanical action- as an important and essential

concomitant, although this invariable relation has not always been recog-
nized. Further, as mass movement becomes important molecular move-
ment, instead of becoming less important, is likely to be of even greater
consequence. There is therefore gradation between molecular mechanical
action and mass dynamic action.

MOLECULAR MECHANICAL ACTION.

Molecular mechanical action involves various degrees of movements.
Presumably the lesser movements are the cases of change in crystalline

form and of strain within the elastic limit. In the change of a substance
from one crystalline form to another—as, for instance, of aragonite to cal-

.cite—the movement of the molecules may not involve more than a rear-

rangement of those which are adjacent. In the case of substances strained
within the elastic limit, the molecules are simply pressed shghtly closer

together or pulled slightly farther apart, and yet these very slight adjust-
ments may have a profound effect upon the physical properties of the
materials. For instance, amorplious glass when strained but slightly and
well within its elastic limit becomes an anisotropic substance. Leucite
crystaUizes in the isometric system at high temperatures. As the mineral
cools it passes at once into an anisotropic form. The transformation from
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one to the other may be seen by alternately heathig and coolmg- this

mineral under the microscope. In the foregoing cases, while we can not

doubt that movement occurs, the readjustment is molecular, and it is there-

fore beyond the power of the microscope to determine its character.

It might at first be supposed that such slight movements as are involved

in strains within the elastic limit are unimportant, but it is to be remembered

that strains of this kind not only affect every mineral particle, but displace

the individual molecules with reference to one another, so that the strained

masses are affected throughout. While, therefore, it requires polarized

light to detect the strained condition in minerals, it is certain that the effect

is pervasive. It will be seen (pp. 95-98) that such state of strain is of

fundamental importance in the matter of solution and deposition tlirough

the agency of solutions.

In a second class of movements there is molecular interchange between

substances by which the compounds are modified in composition. Such

interchanges involve chemical action. The motions which occur during

chemical changes in solids are commonly for such short distances that the

naked eye does not discover the relations of the original and secondary

minerals. Such movements are microscopic. Chemical interchange may
be mainly accomplished by chemical forces and the movement be an

incident of this process. On the other hand, mechanical action may be the

inciting cause which leads to chemical action. And, finally, the purely

chemical and mechanical forces may interact, each promoting the other.

The more important chemical reactions resulting from mechanical action

are accomplished through the agency of solutions, and hence are treated

in Chapter III. But Prof. Walther Spring" has shown that chemical

changes may be induced by mechanical action alone, without the presence

of solutions. For instance, when barium carbonate and solid sodium

sulphate were mixed in equal molecular proportions and subjected to a

pressure of 6,000 atmospheres a change took place by which 80 per cent

of the barium carbonate and sodium sulphate were changed to barium

sulphate and sodium carbonate, respectively; and conversely, when barium

sulphate and sodium carbonate were mixed together in equal molecular

proportions and subjected to a like pressure about 20 per cent was changed

" Professor Spring on the physics and chemistry of solids, review by C. F. Tolman, jr. : Jour.

Geol., vol. 6, 1898, p. 323.
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to barium carbonate and sodium sulphate." In all such changes the
fundamental princii^le controlling is that reactions shall take place which
result in smaller volumes. Spring'' found that in the case of dry reactions
induced by mechanical action time is a very important factor, the reactions
taking place much more slowly than when compounds are moist and water
is an intermediate agent.

MASS MECHANICAL ACTION.

Mass mechanical action (a) may permanently strain the rocks without
openings, (b) may strain the rocks with rupture and openings, and (c) inay
close the openings in rocks and produce welding.

Permanent strain without openings.—In Order that permanent strain beyond
the elastic limit without openings may take place in the rocks it is nec-
essary that deformation shall occur while the rocks are under a sufficient

pressure in all directions to hold the molecules so close together that the
molecular attraction is effective. This will be true only where the pressure
is greater in all directions than the crushing strength of the rocks. It is

well illustrated by Adams and Nicolson's experiment on the deformation
of marble while under pressure in all directions." The molecules were
held close to one another, and the deformed marble retained considerable
strength.

Later we shall see that the process of readjustment may be mechanical
or chemical or partly each. When the process is mechanical the mineral
particles are usually granulated—that is, finely fractured. When the
process is chemical the particles are recrystallized. Also the process of
readjustment may be accomplished by any combination of granulation and
recrystallization (See pp. 737-748.) Under natural conditions, in order
that the pressure in all directions shall be greater than the crushing strength
of a rock, it is necessary that it be in the zone of flowage for that rock.

Permanent strain with openings.-WhcU thc rOcks arC Straiuod bcyOud thc claStic
limit and the pressure is not greater in all directions than the crushing
strength of the rocks, rupture and openings are produced. The ruptures
may be regular or irregular. The regular ruptures may be of great extent

«Nernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London, 1895

^ Spring, op. cit, p. 322.

Philo??r: I
^•' ^"'^,^'^7l«°"' J- T., An experimental investigation into the flow of marble:

Philos. Trans. Royal Soc. London, ser. a, vol. 195, 1901, pp. 363-401.
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and wide apart, as in the case of faults; or of moderate extent and width,

as in the case of joints and bedding- partings; or close together, as in the

case of fissilitJ. The irregular ruptures may be continuous and the open-

ings wide, as in the case of the coarse breccias; or discontinuous and the

openings small; or so minute as to affect the individual particles, and thus

grade into defoi'mations without openings or granulation.

Under natural conditions, in order that the pressure shall not exceed

the crushing strength of a rock in all directions, it is necessary that it shall

be in the zone of fracture for that rock.

Permanent strain with closing of openings and welding. Mcchauical aCtloU may clOSC

openings in rocks and weld the separated parts. In this case there is a

diminution of volume due to bringing the particles closer to one another.

In order that welding shall take place there must be sufficient pressure in

all directions to bring the particles so close together that the molecular

attractions are effective, or the pressure in all directions must be greater

than the crushing strength of the rock.

Of course, the pressure required to satisfy the above conditions lor

welding dejiends very greatly upon the character of the material. Moder-

ate pressure may be sufficieiat to weld material composed of small and

weak particles. For instance, moderate pressure of clay may bring many

of the minute particles of kaolin so close to one aiiother as to place them

within the limits of effective molecular attraction. When the clay is dried

the mass becomes harder. This hardening is doubtless due in part to the

precipitation of the dissolved material contained by the water and the conse-

quent cementation of the particles, as explained on pages 617-621. In pro-

portion as the particles are coarse, strong, and large, and have relatively

few points of contact, the pressure necessary to produce welding increases.

To produce deformation with welding of the separated large particles of

the strong minerals considerable pressure is necessary.

WATER ACTION.

The movement of water under the force of gravity is of the utmost

importance in metamorphism. It is, indeed, the great agent of transporta-

tion of material both overground and underground, and is the dominating

agent through which metamorphism is accomplished. Its work is fully

considered in Chapter III, on "The agents of metamorphism."
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HEAT AND r,IGHT.

Heat and lig-ht are forms of energy of the first importance. It lias

already been noted that their ultimate source is largely gravity. Heat
is always present as a factor in metamorphism, for nowhere upon the surface

of the earth nor within the earth is the temperature absolute zero. Other

things being equal, the higher the temperature the more rapidly do alterations

of rocks take place. Light also affects all parts of the earth at the surface.

In metamorphism heat and light should be considered from two points of

view—(1) sources of heat and light, and (2) effect of heat and light upon
the alterations of rocks.

SOURCES OF HEAT AND LIGHT.

Heat and light agential in the alteration of rocks are derived (a) from the

sun, (b) from deep within the earth by conduction or by convection through
water or magma, (c) from mechanical action, and (d) from chemical action.

The heat from all these sources is important; light, howcA^er, is derived

chiefly from the sun, that from the other three sources being of Httle

consequence.

THE SUN AS A SOURCE OF HEAT AND LIGHT.

The heat and light of the sun are forces of the first order of magnitude
in the alterations of rocks. The effect of these forces needs to be considered

in four cycles—the cycle of the solar system, that of the seasons, that of

the cyclone, and that of the day.

The solar-system cycle is the most important. This cycle involves

two factors—the absolute temperature and change in temperature.

As to the absolute temperature, were it not for the heat and light of
the sun it is certain that the temperature of the surface of the earth would
not greatly exceed that of the interstellar spaces. Probably it would be—200° C, or even lower. At the present time the temperature of the
surface of the earth averages 10° C. (283° C. absolute) or more. Therefore
the temperature of all the upper zone of the earth is 200° C, or more,
greater than it would be withoat the heat from the sun. Were it not for

this heat the water in the outer zone of the earth would be congealed, and
the atomic and molecular energy would be greatly diminished. As a

comparatively slight increase of temperature over that prevalent at the
surface of the earth increases greatly the speed of alteration of rocks, it is
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to be presumed that under such low temperatures changes in rocks would

be so slow as to be ueglig-ible.

How deep below the surface of the earth the heat of the sun produces

an effect can not be accurately determined. It is highly probable that it

has an important effect to a depth of thousands of meters, probably beyond

the limits of the zone of observation. If the sun were not furnishing heat

to the earth, and the increment of increase in temperature were the same

as at present (1° C. for 30 meters), and the temperature at the surface were

200° C. lower it would be necessary to penetrate to a depth of 6,000 meters

to reach a temperature as high as that at the surface under the present

conditions. Below 6,000 meters the temperature would increase approxi-

mately as it does now from the surface downward. However, it is not to

be supposed that the effects of metamorphism would be the same as those

in the outer 6,000 meters at the present time, for the conditions of pressure

would be very different. (See Chapter I, p. 43, and Chapter IV, pp. 159-

160.) The assumption that the increment of temperature would remain

the same were not the sun giving heat to the earth is only approximately

true; but when it is remembered that 6,000 meters is an exceedingly small

fraction of the eartii's radius, it seems probable that the increment of

increase of heat with depth in the outer part of the crust of the earth

would not be greatly different, even if the sun had long ceased to be a

source of heat; but if it were not for the heat of the sun, the temperature

of that part of the lithosphere directly under observation would be so low

that all chemical changes would be very slow, if indeed they were not

inappreciable.

The absolute temperature at the surface is also dependent upon

latitude. The average temperature at the warmest tropical regions is about

300° C. absolute, or, stated in the ordinary scale, 27° C; the average

temperature of the coldest polar region where observations have been made

(latitude 81° 44') is 252.9° absolute, or, in the ordinary scale, —20.1° C."

At intermediate latitudes there are all gradations between these extremes.

At any place the temperature may be presumed to increase with depth from

these surface temperatures at the rate of 1° C. per 30 meters.

It would be fruitless to attempt a discussion of the changes of the

temperature of the outer part of the earth due to the solar cycle. So far

"Hann, Julius, Handbuch. der Klimatologie, J. Engelhorn, Stuttgart, 1883, p. 733.
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as rock alterations now taking- place are concerned, the sun may be regarded

as furnishing- to the earth a uniform amount of heat.

The seasonal changes of temperature are very important, at the surface

ranging from 30° C. or less to as much as 80° C. However, the depth to

which the seasonal change produces an effect is not great, probabl}^ aboT.it

15 meters.

The cyclonic changes of temperature may be very great, ranging from

a few degrees to about 70°, but the depth to which these changes extend is

slight, probably less than 3 meters.

The diurnal changes in temperatme are scarcely less than the cyclonic,

ranging from to 50° C. or more; but the depth to which the diurnal

changes extend is insignificant, probably but a fraction of a meter.

From the foregoing it is plain that the heat and light derived from the

sun are of very great direct importance in the chemical and mechanical

changes that rocks undergo. It will also be seen that the various changes

of temperature as well as the absolute temperatures are of great consequence.

Moreover, the heat and light of the sun exert a very important indirect

influence upon metamorphism by reason of their being the sole source

of the energy which produces plants and animals, and these agents will be

seen to have a far-reaching effect upon the alterations of rocks. The effects

of the heat and light derived from the sun are fully considered in Chapters

VI, VII, and VIII, on "The belt of weathering," "The belt of cementation,"

and "The zone of anamorphism."

HEAT DERIVED FROM WITHIN THE EARTH BY CONDUCTION OR CONVECTION THROUGH

WATER OR MAGMA.

The amount of heat derived by the crust of the earth from the interior

depends upon the conductivity of the various rocks and upon the convec-

tional luovements of magma and water.

The heat conductivity of the majority of rocks is between 0.4 and 0.6,

silver having a conductivity of 100. It is apparent that the conductivity

of rocks is very low as compared with that of the metals, but it can not be

doubted that there is a steady but slow flow of heat by conduction from the

interior of the earth to the zone of observation.

The amount of heat derived by the crust of the earth from intrusions

of igneous rocks is very great. So far as this heat passes into the adjacent
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rocks by conduction, tlie coefficients are the same as in tlie transfer of heat

from the interior of the earth. The transfer of the heat of magma to adjacent

rocks is probably largely accomplished by convection. The magmas fre-

quently furnish heated solutions. Ordinary circulating waters approach or

come in contact with the igneous rocks; they thus become heated. The

heated waters move through the rocks controlled by the laws of under-

ground circulating waters (see pp. 146-153), and give up a part of their heat

to the surrounding rocks. The imjoortant metamorphosing effects of the

great igneous masses through water convection may extend several miles.

Contact metamorjohism is sometimes restricted to the very marked effects

due to high temperature immediately adjacent to' the igneous rock. How-

ever, the alterations thus produced by high temperature as the result of

direct conduction are probably small, compared with the widespread effects

resulting from the dispersal of heat and material by means of underground

waters.

JVIECHANICAL ACTION AS A SOXTRCE OF HEAT.

It is a well-known principle that when work is done involving strain

of solids within the elastic limit, or subdivision of solids, or differential

movement between solids in contact, the energy is partly transformed to

heat. Hence strain within the elastic limit, subdivision of the rocks, and

differential movement between rock masses and particles and within the

particles raise the temperature of the rocks, and this greatly increases the

speed and extent of the chemical reactions. Heat developed by mechanical

action is therefore an important factor in the metamorphism of rocks.

Indeed, the resultant metamoi'phic products are A^ery different under con-

ditions of movement and under conditions of quiescence; but heat is only

one of the factors entering into the differences. (See pp. 685-707.)

CHEMICAL ACTION AS A SOURCE OF HEAT.

Chemical action always produces a positive or negative heat effect,

and thus promotes or retards metamorphism.

EFFECTS OF HEAT AND LIGHT ON ALTERATIONS OF ROCKS.

The relations between metamorphism and heat and light may be gener-

ally stated as follows: The kinetic energy of the molecules of substances,

whether in the form of gas, liquid, or solid, is increased by heat and light



EFFECTS OF HEAT AND LIGHT. 55

The speed of metamorpliism is therefore largely dependent upon the amount

of heat and light present, especially the former.

In rock alteration heat and light produce direct effects and indirect

effects.

DIRECT EFFECTS OF HEAT AND LIGHT.

The more important direct effects may be either mechanical or

chemical.

Mechanical effects.—The mechaiiical effects are desiccation, baking, and

fusion. At the surface of the earth the heat of the sun frequently results

in evaporating the moisture and desiccating the rocks; an attendant result

is induration. This process is especially important in the clay sediments,

and occurs to the greatest extent in the hot and arid regions, although

desiccation is not unimportant in the colder regions. The details of the

process especially concern the belt of weathering and are treated in the

chapter on that subject. (See Chapter YI, pp. 541-550.) Where igneous

rocks as a consequence of volcanism are brought into contact with other

rocks the latter may be baked for a longer or shorter distance from the

igneous rocks. The process of baking as here used is restricted to modifi-

cations similar to those which take place in the baking of bricks; that is, to

effects which are mainly due directly to the heat. This process is restricted

to the belt above the level of underground water—the belt of weathering

—

and is therefore treated in detail in the chapter on that subject. (See

Chapter VI, pp. 488-494.) Below the belt of weathering the rocks are

saturated with water and the heat effects are mainly produced through that

agent. Even in the belt of weathering the baking effect is not wholly due

to heat, but is partly accomplished through the agency of the contained

water, precisely as is the transformation of clay to brick by burning; for all

rocks under natural conditions contain gas and water, and usually consid-

erable quantities. During the baking process the original molecules are

brought nearer together, but there are also important chemical changes.

Where the masses of the igneous rocks are very great, and especially

where adjacent rocks are included in masses of igneous rocks, the rocks

may be softened by the heat or even absorbed by the magma. Where

the rocks are softened they are likely to be very greatly changed, perhaps

reci-ystallized. Where they are absorbed by the magma they are lost as

original rocks and become a part of the magma by. which they are absorbed.
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When the modified mag-ma crystalhzes it takes the form of an ordinary

igneous rock, and may show no evidence of the fact that previously

sohdified rocks have contributed material.

Chemical effects.—In proportiou as the temperature is hig-h chemical reactions

are likely to take place between solids. This is illustrated by the case-

hardening of iron. When soft iron is jjlaced in contact with pulverized

charcoal and the temjDerature is raised to a red heat, but not to the point

of fusion, some of the carbon unites with the iron, transforming the outer

part of it into steel. Thus it is casehardened. Just how the union takes

place between the iron and the carbon is uncertain. It is supposed to be due to

the direct union of the solids, but we can not be quite sure that the result

is not accomplislied through the agency of a gas. The carbon may be partly

oxidized, and thus be transformed to the gas carbon monoxide. This may
penetrate the iron, which may reduce the carbon monoxide to carbon again.

The reduced carbon may at the instant of reduction unite with the iron,

forming the carbide, or steel. While it is certain that high temperature is

favorable to the mutual chemical reactions of solids, when the temperature

becomes so high as to transform the solids to liquids the chemical reactions

are those of liquids rather than those of solids.

INDIRECT EFFECTS OF HEAT AND LIGHT.

The indirect effects of heat and light are accomplished through the

agents of metamorphism—gases, water, and organic forms. The move-

ments of the atmosphere and hydrosphere are the conjoint efiPect of heat

and light and gravity. It has already been noted that the movements of

these bodies are the agents which do the main work of epigene transfer

of material. Not only do gas and water act as agents of transfer, but they

act as agents for chemical changes. It has already been seen that chem-

ical action may be a direct result of heat. However this may be, it is

certain that by far the more important, indeed the dominant, effects which

heat and light have upon chemical reactions are accomplished through the

agency of gases and water and organic forms. Of the forces heat and

light, the former is the important one in the reactions accomplished through

the agency of gases and water solutions ; but light is very important in the

production of organic agencies. The indirect effects of heat and light and

all other conjoint forces are considered in connection with the agents of

alteration in Chapter III.
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GEKEBAI. STATEMENTS.

From the foregoing it is apparent that the effects of chemical energy,

gravity, and heat and light are not independent of one another; on the

contrary, they are most intricately interlocked. To a considerable degree

any one of the forms of energy may be transformed into the others. Con-

sequently the action of one almost always produces an effect upon the

action of the others. Moreover, one almost never acts without the action

of the others. Frequently all of the forces of metamorphism are important

simultaneous factors in the results; again, one or two of the forces may be

prominent, or even dominant, the others playing a subordinate part. But,

in every transformation of metamorphism, if all the energy factors of the

entire system affected be taken into account, some of the energy is changed

into the lowest form of energy, heat, and at least a portion of this heat is

dissipated."

«Daniell, Alfred, A text-book of the principles of physics, 3d ed., Macmillan Co., New York,

1895, p. 51.



CHAPTER III.

THE AGENTS OF METAMORPHISM.

GE^TERAL STATEMENT.

The agents through which the alterations of rocks take place are

gaseous and liquid solutions and organisms. ' Solutions are the special

subject of this chapter. Organisms are influential onlj in the belt ot

weathering, and their action is therefore considered in connection with that

belt. (See Chapter VI.)

The circulation and work of solutions involve a consideration of the

circulation and work of the gases of the earth, of which the atmosphere is

the dominant portion, and a consideration of the circulation and work of the

water of the earth, of which the ocean is the dominant portion. While the

circulation and work of the atmosphere and of overground water may from

a purely theoretical point of view be considered as a part of a treatise on

metamorphism, the work of these epigene agents is the subject of that

division of geology which has been named physiography, and as the work

of the atmosphere and overground water is so fully dealt with in connection

with that subject, this branch of metamorphism will not be discussed here

at all. But the circulation and work of underground gas and water solu-

tions are of fundamental importance in metamorphism and must be some-

what fully considered.

Gas and water below the surface in the openings of the rocks will be

called ground gas and ground water, to discriminate them from gas and

water above the lithosphere.
j

Solutions "are homogeneous mixtures which can not be separated into

their constituent parts by mechanical means."" The properties of solutions

vary continuously and regularly with the concentration.'' Under the

«Ostwald, W:, Solutions, translated by M. M. Pattison Muir; Longmans, Green & Co., London,

1891, p. 1.

''Cameron, F. IC, Application of the theory of solutions to the study of soils: Kept. No. 64, Field

Operations of the Division of Soils, 1899, U. S. Dept. of Agric, 1900, pp. 142-143.
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definition, solutions may be made by mingling gases and gases, o-ases and
liquids, gases and solids, liquids and liquids, liquids and solids, and solids

and solids. The solutions resulting from these various combinations mav
be gases, liquids, or solids, or partly two or all. Gaseous solutions may be

formed by the mingling of gases and gases, of gases and liquids, and
of gases and solids." Liquid solutions may be formed by the mino-lino- of

gases and gases, of gases and liquids, of liquids and liquids, of sohds and
liquids, and of gases, liquids, and solids. Solid solutions may be formed

by the mingling of gases and solids, of liquids and solids, of solids and
solids, and of gases, liquids, and solids. But however complex the orio-in

and however numerous the components, the com23ounds with which the

geologist has to deal are gases, liquids, and solids. The two common
combinations which he has to consider are gaseous solutions and solids

and liquid solutions and solids. The liquid solutions are universally

aqueous. The solids are the rocks. The combinations gaseous solutions

and solids, and aqueous solutions and solids will be treated under Parts I and

II of this chapter.

PART I. GASEOUS SOIiUTIONS.

Since the geological work of gases and vapors can not be practically

discriminated, the term gas is here used to cover both gases and vapors.

The gases which are important in rock alteration are oxygen (O2),

sulphur (Sg to S2), water gas (HoO), ammonia (NH3), carbon dioxide (CO,),

sulphurous oxide (SO2), boric acid (H3BO3), hydrochloric acid (HGl), and
hydrofluoric acid (HF).

Never is one of these chemical comjjounds at work alone upon the

rocks ; at the place of action there are always solutions of several gases.

Mineralizers in rocks, according to the original definition, are substances

which, act in the gaseous condition;* but it will be seen (pp. 490-494)

that the term has been practically restricted to peculiar gases under special

circumstances. Notwithstanding the definition of the term, the action of

water solutions containing certain compounds, which if alone would be

gaseous, has been spoken of as due to mineralizers. The term miner-

alizers, if it is to serve any useful purpose, should be definitely restricted

«Daniell, Alfred, A text-book of the principles of physics. 3d ed., Macmillan Co., New York,
1895, p. 330.

6 Expression " Agents min^ralisateurs " first used by Elie de Beaumont and defined by H. Ste.-

Claire Deville: Comptes rendus des Stances de I'Acad^mie des Sciences, vol. 52, 1861, pp. 920, 1264.
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to the action of some particular compound or compounds, or else to some

form of compound, such as g-ases.

Gaseous solutions require consideration from two points of view—the

chemical and physical principles controlling the action of gases and the

geological work of gases.

SECTION I. CHEMICAL AND PHYSICAL PRINCIPLES CONTROLLING THE ACTION
OF GASES.

The chemical and physical principles controlling the work of gases

may be considered under (1) the gases present, (2) the pressure, and (3)

the temperature.

Gases present.—The law of grcatcst importance controlling the chemical

action of gaseous solutions is: The properties of a homogeneous mixture or

solution of various gases are the sum of the properties of the constituents of

the mixture. To illustrate, when carbon dioxide (CO2) and oxygen (Oo) are

mixed the properties and activities of each are the same as if the same

quantity of each were free from the other and occupied the same space.

Therefore, in the belt of weathering, where gases are active, the carbon

dioxide and oxygen are both doing their work, the one that of carbonation

(see pp. 473-480), the other that of oxidation (see pp. 461-473), as if the

other were not present. It is clear, therefore, that the jjroperties of gaseous

mixtures are additive.

Slight deviations from this law have been noted under certain condi-

tions, but these mainly concern the exact physics of the gaseous solutions

rather than their geological work, and hence are not here considered. In

applying the law, however, we must be sure that the gases do not unite

chemically and produce a new compound. To illustrate, while the law is

certainly applicable to the case mentioned, that of a mixture of carbon

dioxide and oxygen, it is not certain that this is the case when water gas

(H2O) and carbon dioxide or sulphurous oxide (SO2) are mixed, for these

compounds may unite with water gas, producing carbonic acid (II0CO3)

and sulphurous acid (HoSOg) gases. Certainly the law will not apply to a

mixture of the gases ammonia (N H3) and water, for these gases will largely

unite and produce ammonium hydroxide (NH4OH), which may exist in the

form of gas. In case a gas be formed by the union of two or more gases,
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the law controlling the action of gases is applicable to the new compound,
and to the other gases with which it is mingled but does not unite

chemically.

As to the relative importance of the gases, it might at first be thought

that the strong acids, such as hydrochloric and hydrofluoric, are of greater

consequence than the much less active compounds, carbon dioxide and
oxygen; but it should be remembered that carbon dioxide and oxygen are

everywhere at work upon the surface of the earth, whereas the presence

of the strongly active compounds in more than minute quantities is excep-

tional. It therefore follows that the action of the universally present

weaker agents, such as carbon dioxide and oxygen, is of immeasurably

greater geological importance than the action of the stronger but much less

abundant gases.

The pressure..—lucrease of prcssure increases the chemical activity of a gas.

This law follows from the fact that the number of molecules which act upon
a given space is directly as the pressure. The varying atmospheric pressure

may be taken as illustrating this principle. When the pressure increases,

say, by .05, this means that 1.05 times as many molecules of gas are actively

at work upon a given area as before.

One of the best illustrations of the increased activity of gases in accom-
plishing chemical work when under pressure is that of carbon dioxide. As
shown in another place (pp. 175-176), carbon dioxide is capable of decom-
posing many silicates at ordinary temperatures; but Struve and Mueller"

have shown that when carbon dioxide is under pressure its efi^ect in decom-
posing silicates is very much greater than under ordinary conditions. This

is in accordance with the law of mass action. In proportion as the pressure

increases the number of active molecules increases, and therefore the

geological work increases in proportion.

The temperature.—Tlic activlty of gases lucrcases with increase of temper-

ature. In proportion as the temperature is high, the kinetic molar energy
of the molecules of gases is great. The absolute temperature of a perfect

gas is believed to be a direct measure of its kinetic molar energy. By
molar kinetic energy is meant the energy of translation of the molecule of

a gas, and not the vibratory or rotary motions of the molecules themselves.

« Mueller, Richard, Untersuchungen liber die Einwirkung des kohlensiiurehaltigen Wassers auf
einige Mineralien und Gesteine: Tschermaks mineral. Mittheil., vol. 7, 1877, p. 47.
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The kinetic energy of a moving- body is the product of one-half of its mass

into the square of its velocity. When a gas is very dense its molecules

are closely crowded, and on account of the molecular attraction there is

an appreciable decrease in the theoretical pressure, which is a measure of

the kinetic molar energy. Since the kinetic energy of the gaseous molec-

ular projectiles increases as the squares of the velocities, this may explain

why a slight increase of temperature often greatly increases the chemical

reactions of the gases in contact with the solids of the earth's crust, for

the likelihood of a chemical union depends, among other things, upon the

energy with which the particles of a gas come in contact with the minerals

of the rocks.

SECTION 2. GEOLOGICAL WORK OF GASES.

The observable geological work of gases is mainly above the level of

ground water, or in the belt of weathering. In the belt of cementation,

below the level of underground water, the rocks are saturated with water

solutions. G-aseous substances, if present, would be in solution in water,

and their action Avould tlierefore fall under water solutions, treated on later

pages.

In the belt of weathering oxygen and carbon dioxide are immeasura-

bly the most important of the mineralizers, because they are present in the

interstices of the rocks in this belt throughout the land areas. However,

in volcanic districts any or all of the geologically important gases may be

present and have a very marked metamorphosing effect upon the rocks.

But of these gases that of water is of vastly the greatest consequence.

The consideration in detail of the effects of these various mineralizers and

of their action in conjunction with other agents properly falls in Chapter VI

on "The belt of weathering."

In the deep-seated zone of anamorphism water itself is mainly above

its critical temperature (see pp. 659-661), and is therefore in the form of a

gas. On account of the great pressure the gases are dense. Under these

conditions most or all of the substances held in solution would also be in

the form of gases. The active substances would be solutions of gases in

gases. One would expect that the action of water gas holding in solution

other gases under such conditions of pressure and temperature would be

different from the action of highly heated water, in that its viscosity would
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be veiy small. It would therefore have a greater penetrating power than

water, and would be more highly energetic in its action. Under these

conditions the minutest spaces would be somewhat readily traversed. The

rocks of the deep zone in which action of this kind has taken jilace can

reach the surface only by passing through the zone in which water is in the

liquid form. Therefore the effects which were produced by the mineralizers

in the deepest zone will have been modified by the action of water solu-

tions during- the long time the rocks were in the belt of cementation. The

details of the efi'ect of water gases in the zone of rock flowage will be con-

sidered in Chapter VIII, on "The zone of anamorphism."

All of the gases may act in either of two ways: (1) By their presence

they may influence crystallization or recrystallization without entering into

combination. (2) They may enter into the combinations forming oxides,

hydroxides, carbonates, sulphates, etc. The first of these actions is spoken of

as that of crystallizers, and the second as that of mineralizers. In the meta-

morphic rocks it is ordinarily difficult to prove the past action of gases, not

in water solutions. Occasionally the materials of volcanic cones have been

rendered porous and the rocks altered in consequence of the action of

gaseous exhalations. In such cases the gases usually have united to some

extent with the materials through which they have passed, and in this way

furnish evidence of their past action.

PART II. AQUEOUS SOLUTIONIS AND SOLIDS.

GENERAL CONSIDERATIONS.

The one liquid through which the greater part of the alterations of

]'Ocks occur is water solution. Indeed, this is so profoundly true that the

water of the earth has been compared with the blood of an organism. And it

is certainly true that the transformations of tissues by the blood are scarcely

more far-reaching than those of the lithosphere by the agency of water. It

has been determined by laboratory experiments that pure water at ordinary

temperatures is capable of dissolving all compounds to some extent. Cor-

responding with this fact, analyses of ground waters show that they contain

in solution all of the elements which occur in nature. The solutions may

vary from very dilute to rather strong. So far as the gases are dissolved in

water, their action is to be treated under water solutions, not under gases.
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In the belt of weathering, above the free surface of ground water,

gaseous solutions and liquid solutions work together. In this belt the rocks

are not ordinarily saturated with water, but on the average contain a con-

siderable amount of water held by adhesion between the liquid and the solid

mineral particles. It is believed that in this belt the gases act upon the

rocks chiefly through water solutions. As evidence of this is the small

amount of decomposition of the disintegrated rocks in arid regions. (See

pp. 496-498.) It therefore appears that the dominant agents of alterations

in the belt of weathering are aqueous solutions.

In the belt of cementation below the free surface of ground water the

rocks are practically saturated, and in this belt aqueous solutions are the

chief agents of alterations.

Water sokitions are also a chief agent in the transportation of material

fi'om one place to another.

At this point it is necessary to understand that the places of interaction

of aqueous solutions and solids are the contacts between the two. It will

be seen later that, on account of the molecular attraction between water and

rock, a thin film of wa,ter adheres to the solid particles with which it is in

contact. This film is not in active circulation, yet it is the part of the

agent, water, which is immediately concerned in the transfer of mineral

material from the rocks to the solutions and from the solutions to the rocks.

The contact film may take material of the rock into solution. From

this film the materials taken into solution migrate to other parts of the

solution. Probably the migration from the contact film to the free water is

largely by diffusion (see pp. 82-83) ; but, once beyond the contact film, the

migration is largely accomplished by convectional movements. Material

may be supplied to the contact film by migration of material from the free

parts of the solution. From the contact film material may be deposited in

the rocks.

In this connection it is interesting to note that in the portions of the

solutions near the contact with solids "there is often a concentration of

the dissolved material. This phenomenon has been called adsorption.""

The phenomena of adsorption seem to show with great clearness, not only

that the contact film is the active agent in transfer between the free solu-

« Cameron, Frank K., Application of the theory of solutions to the study of soils: Report No. 64,

Field Operations of Division of Soils, 1899, TJ. S. Dept. of Agric, 1900, p. 142.
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tions and the solids, but that in this fihu the migration of the dissolved

material is to some extent stayed b}" the molecular attraction of the

crystals.

Aqueous solutions as a geological agent require consideration from two

points of view—the chemical and physical principles controlling the action

of ground water, and the circulation and geological work of ground water.

These are treated in the following sections I and II, respectively:

SECTION I. CHEMICAL AND PHYSICAL PRINCIPLES CONTROLLING THE ACTION
OF GROUND WATER.

The work of ground water, like any other work, requires the expendi-

ture of energy. The energy by which the water accomplishes its work is

derived from chemical action, heat, and mechanical action.

In order to comprehend the processes of alteration of rocks it will be

necessary to summarize the important conclusions of physical chemistry as

to solutions and chemical reactions. The princiijles here contained are

mainly taken from the works of Ostwald and Nernst.

Chemical action will be considered under the headings, " Principles of

solutions applicable to ground waters," and "Principles of chemical reactions

applicable to ground waters."

PRINCIPLES OF SOLUTIONS APPLICABLE TO GROUND WATERS.

While the consideration of the principles of solution logically falls

under general chemical action, and, perhaps, ought to be treated as a special

case under the general treatment of chemical reactions, it seems advisable,

because the subject of solutions is somewhat simple as compared with the

interactions of complex chemical compounds, to take up this subject first,

after which the general laws controlling chemical reactions will be given.

The water of rocks, whether at ordinary temperatures and pressui-es or

at higher temperatures and pressures, may take any of the substances

with which it comes in contact into solution; it may deposit substances

from solution; it may combine with substances forming hydroxides, as in the

case of many of the zeolites and liinouite; it maj^ part with its hydrogen in

exchange for bases, thus at the same time changing the composition of the

rock and taking the bases replaced into solution. This is illustrated by the

alteration of enstatite to talc. (See Chapter V, p. 268.) There may be

MON XLVII- '04 5
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reactions as a result of different substances being taken into solution at

different times; there may be reactions as a result of different solutions

coming together, and thus mingling; there may be reactions between

substances in solution and the solid material with which the water is in

contact; there may be reactions as a result of changing temperature and

pressure. All these changes are in the nature of chemical action. There-

fore by chemical action through solutions is meant the taking of material

into solution, the deposition of material from solution, the interchange

between materials in solutions, the interchange between materials in solu-

tions and adjacent solids, and, finally, the interchange of the adjacent solid

particles, for such an interchange is usually accomplished through the

medium of a separating film of water. In this case the apparently simple

reaction between solids is really accomplished by transfers through sepa-

rating solutions. In all these interchanges the materials pass through a

stage of solution.

Salts are combinations of the metals and the acid radicals. Thus

Na2S04 is a combination of Nag and SO4, and KCIO3 of K and CIO3.

Faraday called these constituents ions. This term will be used as defined

by Faraday without any implication that a compound in solution separates

into its constituent ions or is dissociated.

According to many chemists" salts in various solutions are at least

partly separated into their ions. Such supposed separation has been called

electrolytic dissociation. If electrolytic dissociation takes place to a consid-

erable extent, the properties of the compounds are practically the sum of

the properties of their separated ions. In its power of dissociation of

dissolved salts water is held to exceed all other solvents. Water itself is

held to be slightly dissociated, or the HgO separates into the ions OH and

H. According to the theory of dissociation the presence of free ions in

water solutions is therefore universal. * By the advocates of the theory it

is held that it is by the interaction of these free ions that chemical

interchanges are accomplished. But dissociation is held to be very imper-

fect in strong solutions, relatively far advanced in dilute solutions, and in

very dilute solutions nearly or quite complete. As the greater portion of

oNernst, W., Theoretical chemistry, trans, by C. S. Palmer, Macmillan & Co., London, 1895,

p. 307. Ostwald, W., Outlines of general chemistry, trans, by James Walker, Macmillan & Co., Lon-

don, 1895, pp. 266-290.
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underground solutions are very dilute, at least where somewhat free circu-
ation .s the rule, if the theory of dissociation be true we may suppose
hat the salts held in solution are largely separated into their ioni milethe theory of dissociation and the explanation of chemical reactions by

chemtr^'I T "" ^"' ^^- ''"''^ ^^'^ ^ ^*™"^ ^°«*h«l^ "^ *--ticalchemist
y, they have never gained universal support; and recently theheory has been_ strongly attacked by Kahlenberg, who not only holdshat the theory .s unnecessary to explain chemical reaction, but brinc^s

together many facts which appear to controvert it.« He has shown moreover that nistantaneous chemical changes take place in solutions t'hat arethe best of msulators.'

Until recently it has not been known how the most important of thegeological compounds, the silicates, behave when dissolved HoweverKahlenberg and Lincoln ^ have shown that when dilute solutions of sili^cates are made the sdica exists in such solutions in the form of colloidal
Scheie acid. To Illustrate: If a sufficiently dilute solution of sod msihcate be made, but much more concentrated than ordinarily occurs inunderground waters the compound breaks up into NaOH and colloidal
sihcic acid From this fact it would not be supposed that the silicic acid isa chemically active compound, and it is not active near the surface of theearth at ordinary temperatures and pressures; but on subsequent pages itwill be seen that at considerable depth, where the pressure and temperature
are much above the normal, silicic acid is a most active compound

Before the ionic theory of solutions gained recognition it was cusomary in the published analyses of underground waters to suppo! that^he b and acids of the dissolved materials are united in a ,eZ ^For instance, chlorine was ordinarily considered as united with the potalmm, sodium, or calcium. The sulphuric oxide radical SO, was supposedt« be united with the oxides of potassium, magnesium, calciu:n, and oZmThe carbon dioxide radical CO3 was supposed to be united with the oxfdTs
""J^^^hj^^^^^^^!!-^^^ .ihea were

pp. 339-392.
'

' PP- -^y->^51, also Jour. Phys. Chem., vol. 5, 1901,

JoJ.'^tit:t!^i:olX^frr,
-'''-'''' ^^^'^^-^ -^ ^^^^ theory of electrolytic dissociation!

vol. l^'^::^rss-,r'
^^"°°'"' ^- " ^°^"*'°- ^^ ^^^^-^ °^ ^^e al^anes: Jour. Phys. Che..,
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usually regarded as oxides, althougli in some cases the aluminum was

treated as united with the chlorine." However, results of recent analyses

have ordinarilj^ been given on the basis of ions.*

In a solution, under the law of mass action, each of the bases is to be

considered as divided between all acids, and under the theory of disso-

ciation there are also present in the solutions the free ions of both the

bases and the acids. For example, suppose a strong underground water

solution to contain three bases and three acid radicals; as, for instance, the

bases sodium, calcium, and magnesium, and the radicals of carbonic,

sulphuric, and hydrochloric acid; then the following nine compounds are

present, NaoCOs, Na^SO^, NaCl, CaCOg, CaSO,, CaClj, MgCOg, MgSO^,

MgCL, and also the six free ions, Na, Ca, Mg, COg, SO4, and CI, making

altogether fifteen separate combinations of the elements. However, under

the theorj^ of dissociation, if the solutions be so weak that the substances in

solution are wholly ionized the nine compounds first mentioned will not be

present. If the dissociation theory be rejected, under the law of mass

action in all cases all of the nine compounds will be present, but not the

free ions.

Under the principles of solutions it is necessary to consider the cases

of (1) the solution of gases in ground waters, (2) the solution of solids in

ground waters, and (3) difl:'usion.

SOLUTION OF GASES IK GROUND WATERS.

The quantity of gases which can be dissolved in underground water

depends upon the gases present, the pressure, the temperature, and the

solids in solution.

Gases present

—

^\\ the uatural gascs may be dissolved in water or may
Tinite with water. In the latter case the resultant compounds are dissolved.

In both cases solutions are formed.

Since below the level of the free surface of underground water it is

clear that the gases enter into solution either by absorption or by combina-

^ tion, it follows that the more far-reaching effects of these substances in

metamorphism are not as gases, but as aqueous solutions. The gases are

«Peale, A. C, Lists and analyses of the mineral springs of the United States: Bull. U. S. Geol.

Survey No. 32, 1886, pp. 43, 115, 133.

''Clarke, F. W., and Hillebraud, AV. F., Analyses of rocks and analytical methods, U. S. Geol.

Survey, 1880-1896: Bull. U. S. Geol. Survey No. 148, 1897. Clarke, F. W., Analyses of rocks,

laboratory of the U. S. Geol. Survey, 1880-1899: Bull. U. S. Geol. Survey No. 168, 1900.
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therefore importaut factors in the a : lion of ground waters, but they are of

course only a small portion of the substances which ground waters carry.

The more important of these gases which pass into ground waters are:

Oxygen (Oo), carbon dioxide (COo), hydrosulphuric acid (HoS), sulphur-

ous oxide (SO2), hydrochloric acid (HCl), hydrofluoric acid (HF), boric

acid (H3BO3), and ammonia (NH3). Sulphur and boric acid as gases occur

mainly in connection with volcanic action. If the above-mentioned or

other gases unite with the water the laws below given as to solubility do

not hold; thus carbon dioxide unites with Avater, forming carbonic acid

(C02+H20zrH3C03); sulphurous oxide unites with water, producing sul-

phurous acid (SO3+H2O— H3SO3); ammonia unites Avitli water, producing

ammonium hydrate (NHg+H^O^NH^OH). In some of these cases, for

instance, that of ammonia and sulphurous oxide, the water may unite with

many times its volume of the gas, with increase of volume; thus water at

0° C. and atmospheric pressure absorbs 1,050 volumes of ammonia as a

result of the union of the two. What portion of CO2 contained in ground

water remains as CO2 in solution, and what part unites with water, forming

carbonic, acid, is uncertain, but it is definitely known that much of the CO2

contained in the ground water is in the form of the so-called bicarbonates

—

for instance, such salts as Na2C03+H2C03 or 2NaHC03—and therefore is

united with the water.

When new compounds are formed by the union of the gases with the

liquids, the substances held in solution are the new compounds. When

these new compounds are gases the laws below given concerning the solu-

tion of gases in liquids apply only to the new compound, not to the original

gas. Where the compound is a solid—as, for instance, a bicarbonate—the

laws for the solution of gases in water do not apply, but such compounds

are held under the laws controlling the solution of solids in liquids. (See

pp. 72-82.)

In some cases in nature a part of a gas may unite with, a substance in

solution and make a new compound and a part may unite with water and

be dissolved in this form. If both the compounds be gases the laws for the

solution of gases in Hquids hold. If the new compound formed be a solid

salt the laws for the solution of solids in liquids apply to it, and the laws

for the solution of gases in liquids apply to the uncombined gas. This case

is illustrated by carbon dioxide, already mentioned.
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The pressure.—"The quaiititj of R gas dissolved by a specified quantity of

a liquid is proportional to the pressure of the gas." " This statement is true

(if each gas without reference to whether a gas be alone or mixed with other

gases. Thus the solubility of each of a number of mixed gases is controlled

by the pressure exerted by that gas, not by the total pressure exerted by

the mixture. It is therefore clear that under natural conditions the pi-ess-

ure of that part of any gas which is in the atmosphere and the pressure of

that part which is held in solution in the water immediately adjacent are

the same when the two are in equilibrium, and the water is therefore just

V saturated.

So far as ground waters are concerned, there are two cases; first, the

waters of the belt of weathering, or those to the level of ground water;

and second, those below the level of ground water, or the belt of satura-

tion. In the belt of weathering the pressure is atmospheric. Changes of

pressure are barometric. In so far as the atmospheric pressure varies—and

this is by fractions up to one-fifteenth—the solubility of the natural gases

in the water of the belt of weathering also varies directly as the pressure of

each of the gases varies, without reference to the pressure and solubility of

the other gases.

In the belt of saturation, just at the level of ground water, the amount

of gases held in solution is proportional to atmospheric pressure; but

at greater depths higher degrees of concentration of gases are possible,

although it might at first be thought that the atmospheric pressure or vapor

pressure at the free surface of the water would determine the concentration

of the solution. The pressure which really is determinative as to the

amount of gas which may be held in solution is that of a column of water

extending to the free surface, plus the atmospheric pressure. Since,

however, water is so much heavier than the atmosphere, at considerable

depths below the level of ground water the atmospheric pressure may be

neglected; and the pressure, and therefore the solubility of underground

gases in water, is almost directly pi'oportional to the depth below the level

of ground water. For instance, at a depth of only 100 meters below the

level of ground water the pressure of the atmosphere is only one-tenth

that of the water pressure; at a depth of 1,000 meters it is only one

oOstwald, W., Solutions, translated by M. M. Pattison Muir; Longmans, Green & Co., New York,

1891, p. 9.
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one-hundredth, and at still gi.ater depths the fraction of pressure due to

the atmosphere is insignificant.

But in order that satiiration for any gas corresponding to the pressure at

any given depth shall occur, it is necessary that a sufficient amount of gas

shall there exist. Gases may be produced below the level of ground water

by the chemical reactions, as by the liberation of carbon dioxide in the

process of silication. Later it will be seen (see Chapter VIII, pp. 677-679)

that this is one of the fundamental processes of the lower physical-chemical

zone. It follows from the above that at depth the amount of carbon

dioxide or other gas in solution per unit of water may be many score times

greater than near the surface. The pressure of carbon dioxide at the

surface is only about 0.0006 of an atmosphere. The water pressure at a

depth of 1,000 meters is almost 100 atmospheres; therefore the amount of

free carbon dioxide which may be held in solution, if pressure were the

only factor concerned, might be 166666 times as great as that held in

solution in the belt of weathering.

But it must be remembered that, as shown below, the increase of

temperature due to increase of depth somewhat reduces this multiple.

It should be remembered also that carbon dioxide combines with

water, producing carbonic acid, and the amount of this compound which

may be held in solution at the surface of ground water is not dependent

upon the pressure of the atmospheric carbon dioxide. But it is evident

that deep ground waters, where the pressure is great, may hold a vastly

greater quantity of carbon dioxide than can be held in solution near the

level of ground water.

As already pointed out, the law which obtains in reference to geological

work is that the activity of the carbon dioxide increases in direct ratio with

its quantity.

The theoretical conclusion that the action of carbon dioxide would be
increased by pressure, and consequent greater quantity, has been experi-

mentall}^ verified by Mueller" and Struve, who found that strong pressure

increased the action of carbon dioxide in the decomposition of the silicates

more than did increase of time.

a Mueller, Richard, Untersuehungen fiber die Einwirkung des kohlensaurehaltigen Wassers auf
einige Mineralien und Gesteine: Tschermaks mineral. Mittheil., vol. 7, 1877, p. 47.
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The temperature.—Ind'ease of tempGrature generally results in decrease of

solubility of a gas." Increase in temperature with depth, or because of

volcanisin, lessens the solubility of gases in ground water, and to this

extent works against the effect of increased pressure.

Solids in solution.—There is still another factor which enters to a slight

extent into tlie solubility of gases. Water holding solids in solution, in

most cases, absorbs less of a gas at a given pressure than does pure water.'

However, the solutions near the surface are ordinarily so dilute that this

law is probably not important, but at depth it may be of some consequence

in working against the effect of increased pressure.

SOLTITIOS OF SOLIDS IX GROUSD WATER.

Where a solirl is placed in a liquid some or all of it dissolves, and thus

forms a homogeneous mixture composed of the two, or a solution.

It has been found that if a liquid be placed in a vessel having two com-

partments separated by a membrane through which the solvent but not the

dissolved substance may pass, when a soluble compound—for instance,

sugar—is dissolved in the liquid in one of the compartments, pressure

against the membrane is produced. This pressure has been called osmotic

pressure, to distinguish it from ordinary gas pressure, known as vapor

pressure. According to van't Hoff, the osmotic pressure "is independent

of the nature of the solvent, and in general obeys the laws of gases." That

is to say, "the osmotic pressure is proportional to .the concentration; the

osmotic pressure is proportional to the absolute temperature; the same

osmotic pressure can be obtained by equimolecular quantities of the most

various substances in the same solvent; the osmotic pressure is exactly the

same as the gas pressure which would be observed if the solvent were

removed and the dissolved substance were left filling the same space in the

gaseous state at the same temperature."" These somewhat sweeping state-

ments need various modifications. For instance, where the solutions are

very concentrated the molecules in solution are believed to be so close to

"Ostwald, W., Outlines of general chemistry, translated by James Walker, Macmillan & Co.,

London, 2d ed., 1895, p. 121.

''Ostwald, op. cit, p. 121.

"Nernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London, 1895,

pp. 134-137. Ostwald, Vf., Solutions, translated by M. M. Pattison Muir; Longmans, Green & Co..

New York, 1891, pp. 112-117.



CONDITIONS OF SOLIDS IN SOLUTION. 73

one another that molecular attraction produces an effect, and in this case

the osmotic pressure does not vary directly as the concentration. But,

Cameron says, in so far as the molecules in solution are sufficiently sepa-

rated so that they may act as a gas, "the volume, pressure, and temper-

ature relations are dependent only upon the number of molecules involved.""

Since all of these relations are the same as the laws controlling the

behavior of gases, it is held by many physical chemists that when a solid

passes into solution it is transformed to a gas. Under this explanation the

osmotic pressure is a gaseous pressure. "The kinetic energy of the

molecules of the dissolved substance is equal to that of the gas at the same

temperature; and, moreover, as the kinetic energies of the molecules of the

dissolved subtance and of the solvent must agree, because these molecules

are in immediate contact, it follows also that the kinetic energy of the

molecules of the liquid must, on the whole, be the same as that of gaseous

inolecules at the same temperature."
''

If the above theoiy be correct, it follows that the solution of solids in

liquids is similar to that of gases in liquids; for in both cases the compound

when dissolved is in the form of a gas; and the geological work of under-

groimd water, whether the solutions be produced by a mingling of gases

and water, solids and water, or the three combined, could be considered as

a unit. (See pp. 63-64.)

In case a salt dissolved in water be an electrolyte, under tlie dissocia-

tion theory it is separated into ions to some extent. If this be so, the

luimber of dissolved jjarticles is represented by the number of ions plus the

number of uiidissociated molecules. Therefore in very dilute solutions,

where the dissociation is held to be complete, the number of dissolved

particles and consequently the osmotic pressure is doubled in the case of

a salt of a monad acid with a monad base. Thus the law of equal gaseous

pressure for equal number of molecules is believed by many to still hold

good. For instance, if NaCl dissociates into the ions Na and CI, or KOH
into the ions K and OH, thus giving twice as inany molecules as in the

case of a compound which does not ionize, under the law the osmotic

pressure is twice as great as that of the compound which does not dissociate.

aCameron, F. K., Application of theory of solutions to the study of soils: Report No. 64, Field

Operations of Division of Soils, 1899, U. S. Dept. of Agric, 1900, p. 144.

i^Ostwald, op. cit., p. 148.
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The conclusions of van't Hoff, Ostwald, and others in reference to

osmotic pressure being due to gaseous pressure of tht dissolved substances

have never been accepted by Mendele'eff, and have recently been strongly

opposed by Kahlenberg. Certainly there are many discrepancies between

the observations made as to the amount of osmotic pressure and the amount

which the pressure should be under the gas law. But, so far as the

observations of geology show, I see nothing that controverts or confirms

van't Hoff's theory. In studying the work of underground solutions I

have been unable to discover any criteria which will separate the work of

erases in water solutions from the work of solids in water solutions. So

far as geology is concerned, solutions of gases in water and solutions of

solids in water can not be discriminated. It has been held by some that

the presence of fluorite and other minerals is evidence of gaseous action,

but, as yet, I have not been able to find valid evidence offered by any

author for this conjecture. It may be that gases dissolved in water and

solids dissolved in water are held in solution in consequence of chemical

affinity, as held by Mendel(ieff, or they may be in solution as gases, as

held by van't Hoff, but in either case the manner of action of the two is

the same, and therefore there is no warrant for attribiiting the development

of fluorite, tourmaline, etc., to the presence of " mineralizers " in the sense

that these compounds are the products of the action of gases as opposed to

water solutions.

When a soluble solid is placed in a liquid solvent it at once begins to

dissolve. The temperature and pressure remaining constant, if an excess

of the solid be present after a sufficient time there is no further decrease

in the amount of the solid present, nor is there any increase. When this

state is reached the solution is saturated.

When a solid is in a saturated solution, and therefore constant in

amount, even if temperature and pressure remain constant it does not follow

that no interchange takes place between the dissolved and solid salt. The

kinetic theory of solutions leads to the conclusion that many molecules are

released from the solid to the solution, and pass from the solution into the

solid, but these amounts balance. This is well illustrated by sugar solu-

tions. If finely pulverized sugar be placed in the bottom of a saturated

sugar solution and sugar-covered threads be suspended in the solution,

sticks of rock candy will be formed. The crystals of the candy grow at
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the expense of the sugar below, which is being constantly taken into solu-

tion and deposited as crystals about the string; and, therefore, although the

solution is continuously saturated, there is continuous solution and deposi-

tion. Even if no sugar-coated strings were placed in the sugar, after a

time it would be found to be coarser grained or to have recrystallized.

Thus the constant interchange between a saturated solution and that of an

adjacent solid is certain.

The change occurs under the law by which large crystals grow at the

expense of small ones. In order that crystals shall grow in a solvent, it is

necessary that the solutions shall be saturated or supersaturated at the

immediate place of crystal growth. Since underground there is always a

superabundance of many materials as compared with the amount of water,

we may suppose that at a moderate depth below the surface, and especially

in the smaller spaces, where movement is very slow (see pp. 138-146), the

solutions are often saturated. It is well known that the growth of larger

crystals at the expense of smaller ones, under conditions of saturation and

superabundance of material, goes on more rapidly in proportion as the

temperature is high and the pressure is great. The principle is taken

advantage of in the chemical laboratory in the production, before filtration, of

a coarse precipitate by boiling or other means. During the process the finer

particles of the precipitate are dissolved and the coarser ones are enlarged

at their cost. The growth of the large crystals at the expense of the small

ones is due to the fact that the smaller crystals are somewhat more soluble

than the larger. The explanation of this change, as given by Ostwald,"

lies in the "surface tension which exists on the boundary surfaces between

solids and liquids, as on those between liquids and gases—the so-called

free surfaces of liquids. This tension acts so that the surfaces in question

are reduced in size, with the consequent enlargement of individual crystals

(the total amount of precipitate remaining practically unaltered), i. e., with

the coarsening of the grains." During the change, for a given volume of

solid the lessening of the total surface of the crystals, and consequently the

lessening of the surface tension, results from the fact that the surfaces are

small in proportion as the individuals are large. For a given volume of a

substance the surfaces of the crystals are inversely as their diameters. (See

3 Ostwald, AV., The scientific foundations of analytical chemistry, translated by George McGowan,

Macmillan & Co., London, 1895, p. 22.
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p. 98). The increase in the size of the crystals, lessening the surface

tension, may be considered as a transfer of potential into kinetic energy.

This passes into heat and is dispersed under the apparently general law of

the dissipation of energy. Why the tendency to the transformation of all

forms of energy into heat and the dissipation of heat should be a law of

nature it is not my purpose here to discuss. But such the law seems to

be, and in its application we carry the causal sequence as far as we are

now able.

The growth of large individuals at the expense of small ones in ground

water is of the most profound significance in the metamorphism of rocks.

It is illustrated by the secondary enlargement of minerals and by the por-

phyritic crystals which frequently develop in schists and gneisses, such as

the porphyritic crystals of feldspar, hornblende, garnet, staurolite, etc.

(See pp. 643-644, 699-700.)

The above principle in reference to the growth of large crystals at the

expense of small ones is very clearly applicable to the growth of segregations

of minerals of a certain kind as compared with smaller segregations. If,

for instance, at one place there be a mineral aggregate, this, so far as the

surface tension and the free surface of liquids are concerned, acts as a unit

and tends to draw to itself the material of smaller aggregates or of individual

mineral particles. For aggregates which do not have cr3^stal boundaries

the form which would be assumed under ideal conditions is spherical.

This principle of the growth of large aggregates at the expense of small

ones is illustrated by chert nodules. (See pp. 816-818.)

The quantity of a solid which can be dissolved in aqueous solutions

depends upon the compounds present, the pressure, and the temperature.

When the limit of solubility is reached the solution is said to be saturated.

COMPOUNDS PRESENT.

Theoretically all compounds are soluble to some extent in water. This

statement applies to all natural compounds; that is, the minerals of nature

are elements, oxides, or salts which are soluble in water. No substance is

wholly insoluble in the ground solutions, even at the ordinary temperatures

and pressures. This statement is illustrated by the solution of quartz and

the more refractory silicates at the surface." Under surface conditions

« Hayes, C. AV., Solution of silica under atmospheric conditions: Bull. Geo!. Soc. America, vol. 8,

1897, pp. 214-217.
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quartz grains are sometimes etched by meteoric waters, and the decompo-

sition and partial solution of the refractory silicates is universal. Under

conditions of deep-water circulation solution of quartz and the refractory

silicates may be accomplished with relative rapidity. This is illustrated

by the Calumet and Hecla conglomerate, many of the pebbles of which

have been partly or even completely dissolved and the space once occupied

by them taken by copper.'*

Since underground solutions always contain a number of compounds,

and often many, the influence of one compound upon the solubility of

another is of consequence in various ways. For instance, when several

compounds are present, a unit quantity of water will not dissolve as much

of a given salt as it would if it were alone. But if a number of units of

water are each saturated with a single salt, and the solutions are mingled

without chemical reaction, the mixture is capable of taking additional quan-

tities of the salts into solution. In other words, a unit of solution simul-

taneously saturated with each of several compounds contains a greater

total of solids than a unit of solution saturated with fewer of these com-

pounds, but less of any individual salt than it would were it saturated with

that salt alone.''

In the ground solutions the different compounds frequently react upon

one another, and therefore important modifications in the above statement

are necessary, as is explained under "Precipitation," pp. 113-123.

RELATIONS OF SOLUTION AND PRESSUKE.

In general, the volume of the solvent plus that of the dissolved

compound is greater than that of the solution. For a given quantity of

the solid the contraction is greater the more of the solvent is used." In

some cases, however, the volume of the dissolved compound and solvent is

less than that of the solution, or expansion results from dissolving the solid.

Ammonium chloride in water is an illustration of this case. From the fore-

going relations we obtain a rule as to the relations of pressure to solubility.'*

In the common case in which the volume of the solution is less than that of

"Pumpelly, R., The paragenesis and derivation of copper and its associates on Lake Superior; Am.
Jour. Sci., 3d ser., vol. 2, 1871, p. 3-t.

^Ostwald, W., Solutions, translated by M. M. Pattison Muir; Longmans, Green & Co., ITe-.v York,

1891, pp. 83, 84.

cQstwald, W., op. cit., p. 82.

f'Nernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London,

1895, p. 567.
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solvent and solid, pressure increases solubility; for in that case solution

tends to bring the molecules nearer together and works in conjunction with

the pressure. A mixture of water and ioe furnishes an excellent illustration

of this principle. At any moment the volume of the water is less than

that of the equivalent water and ice. Hence pressure promotes solution and

prevents freezing, or in other words, crystallization. In the reverse case,

that in which the volume of the solution is greater than that of solvent and

solid, pressure decreases the solubility, the reason being the reverse of that

of the previous case.

The above law may be illustrated by fig. 1. A given amount of salt,

say 10 cc. in volume, may be supposed to be placed in 90 cc. of water, and

the salt be of such a nature as to saturate the water at that

temperature and pressure. Before solution begins the

space occupied is 100 cc. After solution this space may
be greater or less than 100 cc, say 105 cc. or 95 cc; that

is, the water surface instead of being at aa will be at cc or

hh. If it be at hh, where ihe volume is less, and the pres-

sure be increased, an additional amount of salt ma} be

added and taken into solution. If it be at cc, and the

pressure be increased, a part of the salt already in solution

will be precipitated fi-om the solution.

It is well known that the solubility of calcium car-

bonate and of some other carbonates is increased by pres-

sure." It is a fair inference from Barus's work that the

solubility of the silicates is also increased by pressure.

Barns '' found that when soft glass is dissolved in water at temperatures

above 210° C, the volume is 20 to 30 per cent less than the two sepa-

rately. This glass is one which contains alkalies, alkaline earths, and

lead, and therefore is somewhat similar in composition to many natural

silicates. The carbonates and the silicates are the dominant compounds

in underground solutions. The solubility of many other salts, besides

the carbonates and silicates, occurring underground is increased by pres-

sure. Therefore, in the majority of the complex underground solutions

«Lindgren, W., Gold-quartz veins of Nevada City and Grass Valley, California: Seventeenth

Ann. Kept. U. S. Geol. Survey, pt. 2, 1896, pp. 176-178.

''Barus, C, Hot water and soft glass in their thermodynamic relations: Am. Jour. Sci., 4th

ser., vol. 9, 1900, p. 173.

Fig. 1.—Change of vol-

ume resulting from so-

lution, and relations of

solution and pressure.
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the totals of the sah-s in solution are in general increased by pressure,

and the volumes of the solution are less than those of the salts and solvents

separately.

KELATIONS OF SOLUTION AND TEMPERATURE.

The relations of solution and temperature have three phases; first, the

speed of solution; second, the quantity of material which may be held in

solution; third, the relations of solution to absorption and liberation of heat.

Speed of solution.—The Speed of solution is commonly increased greatly by
rise of temperature." A slight increase in temperature may increase the rate

of solution out of all proportion to the absolute change in temperature. At

temperatures above 100° C, and especially above 185° C, the activity of

water may increase to an amazing degree. The rapid solution of glass, by
Barus,'' at temperatures about 185° C. illustrates this. At any temperature

solution will continue until the point of saturation is reached, but this state

will be attained at high temperatures in but a small fraction of the time

required at low temperatures. For instance, to saturate an underground

solution with the refractory silicates or sulphides at ordinary temperatures

might require months, or even years, while to saturate them at temperatures

above 185° C. might require only an equal number of minutes, or at most,

hours. The capacity of water for action at high temperatures combined
with pressure, considered above, is adequate to explain the complete

recrystallization of great volumes of rock. (See pp. 749-751.)

Quantity of material which may be held in solution. Thc cffeCt of tCmperatUre UpOn
the quantity of material which may be held in solution does not admit of a

simple general statement." For most substances moderate increase of

temperature gives greater capacity for solution; but for many substances

there exists a temperature at which there is the maximum capacity for

solution, and the amount of material which may be held in solution at

higher and lower temperatures is less than this maximum. The quanti-

tative relations of solution and temperature at ordinary pressure between

oNernst, W., Theoretical chemistry, translated by 0. S. Palmer, Macmillan & Co., London, 1895
p. 568.

^Barus, C, Hot water and soft glass in their thermodynamic relations: Am. Jour. Sci., 4th ser.,

vol. 6, 1898, p. 270, and vol. 9, 1900, pp. 167-168.

«Ostwald, W., Solutions, translated by M. M. Pattison Muir; Longmans, Green & Co., New
York, 1891, pp. 55-77.
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0° C. and 100° C. are shown by fig. 2, taken from Ostwald." For various

substances the maximum capacity for solution IiCkS between 60° and 140°

C, and for many substances it is probably below 200° C. It therefore

follows, in respect to underground solutions, that a general statement can

not be made as to how change of temperature may affect solubility.

However, it is highly probable that up to temperatures of 100° C, and

therefore under normal conditions to depths of 3,300 meters, increase of

temperature increases the average capacity of underground water to hold

material in solution; and it is probable that the average capacity of

o-round water increases to temperatures considerably above 100° C, and

therefore to depths greater than 3,300 meters. But when water passes

downward to the deeper parts of the zone of fracture the increase in temper-

ature may lessen the average capacity for holding material in solution,

provided the joint effect of pressure be

barred. But it has been seen that increas-

ing pressure with increasing depth pro-

motes solubility. It is almost certain that

high temperature and pressure combined

greatly increase tlie capacity of water for

solution. This is pi-oved by the experi-

ments of Barus upon the solubility of

glass. He has shown that at temperatures

above 185° C. and below 200° C it is possible "to impregnate glass

with water to such an extent as to make it fusible below 200° C. The

solution occurs with contraction of bulk relatively to the ingredients and

increasing compressibility." . . . "If these solutions are sufficiently

concentrated they coagulate at ordinary temperature and the congealed

aqueous glass is not different in general appearance from common, glass.

The melting point of the coagulated aqueous silicate frequently lies below

200° C, probably above 150° C, depending on the glass." Andhe con-

cludes that "Grlass as a colloid is miscible in all proportions with water."
''

Since glass is one of the important silicate rocks which occur in nature,

these statements are directly applicable to one set of rocks. They may

f'Ostwald, W., Grundlinien der anorganischen Chemie, Engelmann, Leipzig, 1900, p. 222.

SBarua, C, EemaAs on colloidal glass: Am. Jour. Sci., 4th ser., vol. 6, 1898, p. 270. See also Am.

Jour. Sci., 4th ser., vol. 9, 1900, pp. 161-175.

(iO
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not be applicable to the same extent to crystallized silicate rocks, but it

seems to me highly probable that they apply in large measure to many.

In so far as Barus's final conclusion is applicable, there may result all grada-

tions, from solutions in which the water is the dominant constituent to

those in which- it is the subordinate constituent. This principle of the

increased quantity of material which may be held in solution as a result of

combined high pressure and temperature is believed to possess very great

significance in alterations in the zone of anamorphism, and to be of impor-

tance in alterations in the belt of cementation. (See pp. 602-603, 659-661.)

Relations of solution to absorption and liberation of heat. As already explained wlieU

material passes into solution the molecules are separated and acquire

kinetic energy, and are believed by many to change from the solid to the

gaseous form. This process absorbs heat. On the other hand, where the

volume of the solution is less than the volume of the solvent and salt sepa-

rately, the molecules of the solvent and salt combined are brought closer

together and heat is therefore liberated. In the reverse case, where the

volume of the solution is greater than that of the solvent and salt separately,

the molecules are pushed farther apart, and heat is absorbed. If the com-

pounds in solution separate into ions this process is believed to be usually

attended by liberation of heat" Whether there is a rise or fall of tempera-

ture of the solution will depend upon the relative values of these factors.

In the common case where there is decrease in the volume as a result of

solution, the heat thus liberated by change in volume plus the sup^aosed

heat of ionization are together preponderant, and there is, therefore, libera-

tion of heat and a rise in temperature. However, in the case where there

is increase in the volume as a result of solution, the heat thus absorbed and
the heat absorbed in changing the salt from the state of a solid to that of a

gas is greater than that supposed to be liberated by dissociation. The first

two factors are dominant, and there is usually a marked absorption of heat

and, consequently, a fall in the temperature of the solution. This is illus-

trated by the solution of ammonium chloride in water. The volume is

considerably decreased and the fall in temperature is very decided.

"Nernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co.. London, 189.5,

p. 562.
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DIFFUSION.

It has been seen that the molecules of gases and of solids when dis-

solved in water are distributed through the solution. When the matenal

dissolved is not evenly distributed the molecules are more abundant here

and less abundant there. If the theory be true that the dissolved solids are

gaseous the molecules would exert a greater pressure where more closely

packed. Under these conditions molecules where more closely packed

move toward places where they are less closely packed. This move-

ment is regarded by many as the explanation of osmotic pressure.

Kahlenberg, however, does not accept this explanation, but regards osmotic

pressure as due to the "mutual attraction between solvent and dissolved

substance."" Without reference to either theory the more important

conclusions in reference to diffusion may be summarized.

The force which drives the dissolved substances from place to place,

and the velocity with which a dissolved substance wanders in a solvent, is

pro2Dortional to the degree of concentration.* Therefore, "the quantity of

a salt which diffuses through a given area is proportional to the difference

between the concentrations of two areas infinitely near one another."" In

other words, diffusion is proportional to the difference in strength. The

quantity diffused is proportional to the square root of the time of diffusion,

and the distance over which a determinate concentration extends is also

proportional to the square root of the time of diffusion. "* Several salts in a

solution diffuse almost independently of one another, each at its own specific

rate.* At 20°, according to Ostwald, there is twice as much diffusion as at

0°, and at 40° twice as much as at 20°.-'^ When a solution is in equilibrium

the concentration of the solution varies inversely as the temperature. It

follows that when the temperature of the solution varies, equilibrium is

obtained not by equal distribution of the solutes, but by unequal distri-

bution. If the temperature be the same throughout a solution with equal

a Kahlenberg, Louis, The theory of electrolytic dissociation as viewed in the light of facts recently

ascertained: Bull. Univ. of Wisconsin No. 47, 1901, p. 349.

SNernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London, 1895^

pp. 143-144.

c Ostwald, W., Solutions, translated by M. M. Pattison Muir; Longmans, Green & Co., New York.

1891, p. 120.

<* Solutions, cit., p. 135.

<? Solutions, cit., p. 139.

/Solutions, cit., p. 13C.
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distribution of the dissolved compounds, a deviation from uniformity in the
temperature of the solution will disturb the equihbrium and result in
unequal distribution of the dissolved substances."

The values of the coefficient of diffusion (D) of certain substances in
water solutions at various temperatures are given by the following table
from Nernst:* (The table gives the number of grams of the dissolved
substance which will pass in one day through a section of 1 sq. cm. when
the difference in concentration of the cross section 1 cm. apart amounts to
1 gram in a cubic centimeter.)

Rat^ ofdiffmion of certain substances in water solutions at varioios temperatitres.

XT J ui • • 1
Temp. D.

Mydrochlonc acid qq -,.

Nitric acid on t'.-c

bulphunc acid ^ c
-i oa.

Acetic acid ___ , j „ '„-

Potassium hydroxide _ jo
5

-. \./.

Sodium hydroxide c q
,

' „„

Ammonium hydroxide ig , „o
Sodium chloride „ „ ' _^

D. .75
Ammomum chloride

jy 5 ,01
Potassium chloride qq '

„„

Barium chloride ' q'^ cc
T>. . . o. U .65
Potassium nitrate -. ^ „„

Sodium nitrate
IS qn

Silver nitrate ~ k
'„„

T ] .. , '-5 .90
Lead nitrate tt a -/^

Urea
y_ ^ ^^

Chloral hydrate n q \^

_

^^™i*« - ^-^--^--'--^^'^:::::::::. mo :38

This table shows that diffusion is extremely slow. The slowness
with which diffusion occurs is due, according to Nernst, to "the resistant
friction experienced by the dissolved substance in its movement through
the solvent."" This friction is very great, because the molecules themselves
are exceedingly small.

Later it will be seen that the process of diffusion is of very considerable
importance in the migration of compounds in ground water. (See pp
636-639.) This is illustrated by the very important process of solution
and deposition or recrystallization.

«Ostwald, Solutions, cit., pp. 150-151.
'

^^Nernst, W., Theoretical chemistry, translated by C. S. Palmer, MacmiUan & Co., London, 1895,

"Nemst, op. cit., p. 145.
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PRINCIPLES OF CHEMICAL REACTIONS APPLICABLE TO GROUND WATERS.

GENESAL STATEMENT.

DEFIKITIONS.

Before taking up chemical reactions it is advisable to give a number

of elementary definitions.

"Compounds whose aqueous solutions contain the hydrogen ion (H)

are termed acids, and those which contain the hydroxyl ion (OH) bases." "

To illustrate, HGl is an acid; NaOH is a base. When the hydrogen ion

united with one or more nonmetallic elements is mingled in solution with

the hydroxyl ion united with a metal a double reaction occurs, resulting

in the union of the hydrogen ions with the hydroxyl ions, forming water,

and the union of the nonmetallic parts of the compound with the metallic

parts. This latter union forms a salt. For example

—

HCl+NaOH=NaCl+H20.
H,0O3+2]SraOH=Na2CO3+2H2O.

The acids and salts which contain only a single nonmetallic element are

called binary compounds. The acids and salts which contain two non-

metallic elements are called ternary compounds. For example, HCl is a

binary acid; NaCl is a binary salt; H2CO3 is a ternary acid; NagCOa is

a ternary salt. Compounds having the composition of acids, bases, and

salts may be separated from solution as solids, and of course all of these

solids may pass into solution.

Some salts also contain a certain amount of acid, and such salts are

called acid salts. For instance

—

Na2C03+H2C03=2NaHC03. ,

'

'The latter compound is acid sodium carbonate. On the other hand, some salts

contain some additional base, and such salts are called basic. For example,

J''e2(S04)3 may be united with Fe3(OH)6, producing mFe2(S04)3.nFe2(OH)e.

This compound is basic fen'ic sulphate.

DISSOCIATION.

In explaining chemical reactions the theory of dissociation as advocated

by Arrhenius, Ostwald, Nernst, and others is followed for the most part.

«OstwaH, W., The scientific foundations of analytical chemistry, translated by George McGowan,

Macmillan & Co., London, 1895, p. 117.
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This theory is firmly placed iu the text-books. No opiuioii is expressed

by rae as to its correctn(3ss. Indeed, I have no right to any opinion on the

subject. As already pointed out, this theory has been vigorously opposed

b}^ Kahlenberg, but as yet that author has offered no constructive theory

to take its place. I therefore follow the theory of the standard text-books

so far as necessary to show how it would apply to the work of ground solu-

tions if it prove to be true; but so far as practicable I make the statements

in such form that they will be correct even if the theory of free ions and

reactions between such ions is finally abandoned.

Under the theory of dissociation the superiority of water as a solvent

for chemical interchanges is regarded as largel}^ due to the fact that the

dissolved substances are separated into their ions to a greater degree than

in any other solvent. To the fact of active reactions in water, whatever

their cause, are very largely due the profound changes which occur in rocks

through the medium of water solutions.

Under the theory of dissociation water solutions, acids, bases, and salts

separate into their ions. For instance, HCl separates into the free ions H
and CI; NaOH separates into the free ions Na and OH; and NaCl into the

free ions Na and CI. However, in solutions the dibasic acids are supposed

to separate into free ions somewhat differently from what might be expected.

For instance, it might be expected that H2CO3 would separate into the free

ions H2 and CO3, but it is supposed to separate thus

:

H2C03 = HH-HC03.

Other dibasic acids are thought to dissociate in a similar manner. However,,

if the dibasic acid be very strong tlie compound ion may again break up.

Thus, H2SO4 is thought to first break up into the free ions H and HSO4,

and the latter to break up into the free ions H and SO4, so that these would

be the ions present in the water. But in the case of the weak acid, carbonic,

it is thought that the last change does not take place, and that the free ions

remain H and HCO3.

Ostwald regards the absence of the second stage of dissociation as the

"explanation of the peculiar characteristics of carbonic acid." Since carbonic

acid is, next to silica, tlie most important rock-making acid, the manner in

which it breaks up is of great consequence in metamorphism.

"Ostwald, AV., Grundlinien der anorganischen Chemie, Engelmann, Leipzig, 1900, pp. 276-278,.

397-398.
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HYDROLYSIS, a

Under the theory of dissociation, not only do acids, bases, and salts

separate into ions in water solutions, but the water itself is believed to

dissociate to a very small extent, according to the equation HgOrrH+OH,
thus simultaneously forming free hydrogen and hydroxyl. If this be true

the hydrogen ions and the hydroxyl ions coexist and water solutions to a

small extent contain free acids and free bases at the same time. The

excellence of water as an agent for reactions between the substances it

holds in solution is held to be partly due to hydrolysis.

When strong bases and acids are in solution the amount of their dis-

sociation is believed to be so much greater than that of water that the

dissociation of the latter is of little consequence. But if a very strong base

be united with a weak acid the solution will give an alkaline reaction, and

this is regarded as showing the presence of free hydroxyl ions or of

hydrolysis. For instance, if the strong base, sodium, be united with the

weak acid, carbonic, and a water solution be made, it is held that hydrolysis

will take place to some extent, thus:

Na2C03+H20=lSraHC03+lS[aOH.

It is supposed that NaHCOg breaks up into the ions Na and HCO3, and

the NaOH into the ions Na and OH. Therefoi'e, in a solution of Na2C03

in water the coexistent ions are thought to be H, HCO3, Na, and OH.

Since the base, NaOH, is stronger than the acid, HCO3, the separation into

the ions is thought to be the explanation of the alkaline reaction.

Cameron has shown that sodium silicate in solution gives an alkaline

reaction, and his explanation is that this compound is hydrolized in a man-

ner precisely similar to that of sodium cai'bonate.* Not only do solutions

of sodium silicate give alkaline reactions, but Clarke has shown" that many

natural mineral silicates, when treated with pure water, show an alkaline

reaction. The following gave permanent alkaline reactions: Phlogopite,

oligoclase, albite, ca-ncrinite, sodalite, analcite, natrolite, pectolite, apophyl-

lite, segirite. The following gave more or less distinct colorations to the

phenolphthalein indicator, but in time faded: Muscovite, lepidolite, ortho-

"Oatwald, W., Grundlinien der anorganiachen Chemie, Engelmann, Leipzig, 1900, pp. 254-257.

^Cameron, F. K., Application of the theory of solutions to the study of soils: Rept. No. 64, Field

Operations of the Division of Soils, 1899, U. S. Dept. of Agric, 1900, p. 169.

<^ Clarke, F. W., Alkaline reaction of some natural silicates: Jour. Am. Chem. Soc, vol. 20, 1898,

pp. 739-742.
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clase, leucite, nephelite, spodumene, scapolite, laumontite, stilbite, chabazite,

heulandite, thoinsonite." If the theory of dissociation be true, this shows that

the sihcates are hydroUzed, thus:

E2Si04+4HOH=2R(OH)2+H4Si04.

However, according to Kahlenberg and Lincoln, the HiSiOi does not dis-

sociate into the radicals H and SiOj, but forms colloidal silicic acid.* Thus

this compound is inert and the reaction reverses only to a small extent and

under favorable conditions, and the hydrate of the alkali metal gives an

alkaline reaction.

In a similar manner hydrolysis is held to occur in water solutions of the

strong base sodium with the weak acid hydrosulphuric, thus:

Na.,S+H20=NaHS+NaOH.

Cameron further states that hydrolysis is to be expected in the case of the

aluminates and ferrates." When a strong acid is united with a weak base

the solution gives an acid reaction, and this is also explained by dissociation,

the free acid supposed to result from hydrolysis being stronger than the

weak base.''

Since the three most abundant acids of nature are silicic, carbonic, and

hydrosulphuric, all weak, hydrolysis, if true, is a reaction of fundamental

importance in metamorphism.

EEACTIONS.

When, after a number of chemical substances are brought together,

and especially when they are united by a solvent, interactions between

them may occur which after a time appear to cease. When the conditions

have become such that there is no increase or decrease in the amount of

any one of the chemical compounds, the system is in a condition of

chemical equilibrium." When two substances in solution, A and B, react

upon each other so as to produce two other substances, C and D, if

solutions of C and D are mixed they in turn will react upon each other to

a Clarke, cit, pp. 740-741.

6 Kahlenberg, L., and Lincoln, A. T., Solutions of silicates of the alkalies: Jour. Phys. Chem., vol.

2, 1898, pp. 77-90.

'^Cameron, cit., p. 169.

f'Ostwald, Grundlinien, cit., pp. 276-278, 397.

«Nemst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London, 1895,

pp. 355-356.
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produce more or less of the substances A and B.** That is, the reaction is

reversible to a greater or less degree. To illustrate, if two solutions, one

of them containing MgS04 and the other NagCOs, come together, the ions

are Mg, Na, SO4, and CO3. A part of the Mg will unite with the CO3,

producing MgCOg, and a part of the Na will unite with the SO4, jjroducing

jSra2S04. Vice versa, if solutions of Na2S04 and MgCOs are mingled in a

similar manner, MgS04 and NaaCOg will be produced. The reversible

reaction may be briefly expressed thus:

MgSOi- hNa2C03:?:±MgC03+Na2S04.

The sign 72 means that the equations may be read from left to right

or from right to left.

These are the facts: The ions do interchange between compounds

whenever a chemical reaction takes place. Just how and why they inter-

change is another matter, upon which there is not agreement. Under the

theory of dissociation the interchange takes place through the medium of

the free ions. The free ions of a compound A are held to collide with the

free ions of the compound B, and thus produce the compound C and D,

and vice versa. Or, in the specific case above given, of MgS04 and NajCOg,

the free Mg ions collide with the free CO3 ions and produce MgCOa, and

the SO4 ions collide with the Na ions and produce NagSOj. From the

MgCOg and Na2S04, MgS04 and NajCOs are reproduced in a similar manner.

Whether the theory of chemical reactions throug-h free ions be of any value or

not, it seems probable that free ions exist for a moment when the interchange

takes place. To illustrate, it seems hardly probable that the Mg is united

to the SO4 and the CO3 at the same time. If the Mg lets go of the SO4 to

attach itself to the CO3, for that instant the ion Mg is free. The same is

true of each of the other ions, Na, SO4, and CO3, at the instant of inter-

change. Hence the question at issue is the cause of the interchange. Does

it take place as the result of contact of free ions produced by dissociation,

or does the chemical affinity of the Mg for the CO3 cause a portion of it to

leave the stronger acid radical SO4 for the weaker acid radical CO3, etc.?

But this is a question for chemists to settle. The problem is stated here

because it is one of such fundamental importance in metamorphism.

But whatever the cause, reversible reactions are a certainty, and it will

aNernst, W., Theoretical chemistr}', translated by C. S. Palmer, Macmillan & Co., London, 1895,

pp. 356-357.
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be seen that certain reactions of the zones of katamorphism are reversed in
the zone of anamorphism, and vice versa. But it should be remembered
that to close the cycle in any case, or, in otlier words, to make a trans-
formation from left to right and then from right to left, thus completely
reversing any reaction, requires the expenditure and dissipation of energy.

The most general law controlling chemical systems is expressed by Le
ChateHer as follows: "Every change of one of the factors of an equilibrium
occasions a rearrangement of the system in such a direction that the factor
in question experiences a change in a sense which is contrasted with the
original change." "

Nernst remarks that this law reminds one of the principle of action and
reaction. Put in another way, it may be said that any chemical change, by
the mere fact of its occurrence, sooner or later renders the conditions less .

favorable for its continuance. To illusti-ate, if the increase in volume
demanded by the reaction becomes too great, this may stay the i-eaction.

For example, if calcium acetate and copper acetate be placed together in a
very strong vessel and but little additional space be left, the reaction resulting
in the expansion of volume will go on until the pressure becomes so great as
to stay the reaction.' Also, if in a closed vessel a large amount of calcium
carbonate be heated it will give off carbon dioxide. But as the amount of
CO2 increases, and the pressure therefore accumulates, the reaction will be
retarded and finally cease. At this stage the CO2 formed unites with the
CaO, producing CaCOg, as fast as CaCOg decomposes and produces CaO
and CO2.

If the heat as the result of a reaction becomes too great, this will stay
the reaction. For instance, at low temperatures CO will completely unite
with 0, producing 00^; but if the temperature becomes too high, as a
result of the change the reaction will be stayed or cease altogether. A
case of much greater geological consequence is that of hydration and
deliydration. A comparatively low temperature is favorable to hydration
of minerals. However, a very moderate temperature—anything above
110° C—at ordinary conditions of pressure is likely to stay the reaction
of hydration, or even to reverse this process and produce dehydi-ation.

« Nernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London 1895
p. 567. '

6 Jones, H. C, On the increasing importance of inorganic chemistry: Science, new ser., vol. 8
l&yo, p. 930.
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Van't Hoff states the general law controlling chemical systems in

another way: "A transformation will take place of itself only in case it is

in a position to do a positive amount of work. If the amount of work

done is negative, the transformation can take place of itself only in the

opposite sense. If the work done is zero, it can take place in neither

sense."
"

EQUILIBRIUM.

When the ions of any compound, A, unite with the ions of another

compound, B, so as to produce C and D, just as fast as the ions of C unite

with the ions of D to produce A and B the conditions are those of equi-

librium, or of chemical statics. When either change takes place faster

than the other, these are the conditions of chemical reactions, or of chemical

kinetics.'' When the two solutions, A and B, were first mingled, the con-

ditions would be those of chemical kinetics for a time—that is, until a

certain amount of C and D had been produced. However, when the

amount of C and D is sufficientlj^ great, so that they react upon each other

to produce A and B as fast as A and B react to produce C and D, the

conditions are those of chemical statics, or equilibrium. But it is plain

that this does not mean that chemical activity has ceased or that there is

real quiescence. Interchange is taking place all the time; but as this inter-

change is compensatory, no heat effect is produced, and the total quantity

of each of the compounds present remains the same. The equilibrium is

therefore really dynamic.

HOMOGENEOUS AND HETEROGENEOUS SYSTEMS.

A chemical system is homogeneous " when it has the same physical and

chemical nature at every point." When this is not the case it is heteroge-

neous." A solution is therefore homogeneous. If a solid substance be also

present, the system is heterogeneous. A heterogeneous system consists " in

the intimate association of different complexes, each of which is homoge-

neous in itself, such as solid salts and saturated solutions."'' Each of these

complexes is called a phase of the system. "The condition of equilibrium

of a heterogeneous system is independent of the relative quantity by weight

"Jones, H. C, On the increasing importance of inorganic chemistry; Science, new series, vol. 8,

1898, p. 930.

''Nernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London, 1895,

pp. 358-360.

cNernst, cit., p. 357.

f^Nernst, cit., p. 391.
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in which each phase is present in the system."" To illustrate, if an excess

of salt be in a solution, so that it is saturated, and an additional amount

of salt be added, this does not in the least change the quantity of salt

held in a given volume of the solution. Therefore the equilibrium in a

saturated solution is independent of the amount of undissolved salt in the

solution. It follows that in a heterogeneous system " the condition of

equilibrium is independent of the relative mass of each of the phases.'"" A
simple case of heterogeneous equilibrium is that between ice and liquid

water, or between liquid water and water vapor. " For a definite external

pressure there corresponds a definite temperature at which the two systems

can exist beside each other ; thus ice and water are coexistent at atmos-

pheric pressure at 0° C; and liquid water and water vapor, at atmospheric

pressure and at 100° C. If we change the external pressure, at a tempera-

ture which is kept constant, or if we change the temperature, at an external

pressure which is kept constant, then the reaction advances"* to equilibrium

in one direction or the other. " The process is ended as soon as the

expansive force of the evaporating or dissolving substance is held in equi-

librium by the gas pressure of the vaporized molecules or by the osmotic

pressure of the dissolved molecules, respectively.""

NATURE AND SPEED OF EEACTIONS.

The fundamental principle of chemical dynamics is that chemical action

is proportional to the active mass.** This is the law of mass action.

The speed of a chemical reaction which occurs under any given con-

ditions depends upon the compounds, the strength of the solutions, the

mechanical action, and the heat. Hence each of these features requires con-

sideration.
THE COMPOUNDS.

The reactions depend upon the compounds present, or, in other words,

upon the nature of the ions composing them ; for the conditions under which

two ions, A and B, iinite may be different from those under which one of

these ions will unite with a third, as A with C, or different from those under

which two other ions, C and D, unite. In order that ions shall unite in

solution they must meet or come within the limits of molecular attraction of

aNernst, cit., pp. 391-392.

ftNernst, cit.,p. 393.

<^Nernst, cit., p. 403.

t^Ostwald, W., Outlines of general chemistry, translated by James Walker, Macmillan & Co., 2d ed.,

London, 1895, p. 292.
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one another under certain definite conditions which are peculiar to each sub-

stance. Therefore not every time such a meeting occurs are compounds

formed. The ratio between meeting and union in the case of any two com-

pounds is a constant, which can be compared with the constant of any

other two compounds, each pair of which has its constant. This is mei'ely

another statement of the old law that different substances have different

affinities for one another, and it is well known that the chemical affinities

are developed only when the molecules are in immediate contact with one

another.

The ions which are present in ground waters in any given case

largely depend upon the character of the adjacent rocks. In a lime-

stone region, for instance, the water may quickly take into solution all

the calcium and magnesium it can hold, considering the acids present.

Under such circumstances the acid ions will be mainly balanced bj^ the cal-

cium and magnesium. The other substances, such as sodium and potas-

sium, pei'haps in more readily soluble forms than the calcium and magnesium,

will be largely kept from going into solution, or if in solution will be partly

thrown down, because these substances are obliged to compete for the acid

radicals with the vastly greater mimber of calcium and magnesium molecules.

Is it not possible that the agricultural Advantage of having calcium and mag-

nesium abundantly in the soil is largely, or at least partly, due to the fact

that the presence of these soluble substances in abundance prevents the

solution and washing out of the elements potassium and sodium which the

plants need!

Ostwald divides the bases into strong, moderately strong, and weak.*

The alkalies and alkaline earths, with the exception of magnesium, are

strong bases; magnesium is a moderately strong base; iron and aluminum

are weak bases—of the two aluminum is the weaker. It follows that,

other things being equal, in underground solutions the alkalies and alkaline

earths, with the exception of magnesium, largely take possession of the acids.

To a less extent this is true of magnesium, and to a still smaller degree of

iron and aluminum. Thus we have the partial explanation of the relative

solubilities of the bases in the belt of weathering. In this belt the alkalies

are dissolved to the greatest extent; next in order comes calcium, then

magnesium, and finally iron and aluminum. (See p. 518.)

a Ostwald, W., The scientific foundations of analytical chemistry, translated by George McGowan,

Macmillan & Co., London, 1895, pp. 55-56.
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Ostwald divides the acids into strong, moderately strong-, weak, and

very weak. The acids H2SO4, HCl, and HNO3, are strong acids. The
acids H2SO3 and H3PO4 are moderately strong. The acids H2S, H^BOs,

and H2CO3 are weak acids. The acids of silica are very weak."

The strong acids H2SO4, HCl, HNO3, when present in ground solu-

tions, as they sometimes are, of course take possession of the bases in

proportion to their quantity. However, in the crust of the earth strong

acids are not abundant on the average, although under exceptional con-

ditions, as in volcanic districts, they may be rather plentiful. Also the

moderately strong acids H2SO3 and H3PO4 are not abundant, although

phosphoric acid is rather wides^jread. Of the weak acids H2S and H3BO3

are not plentiful. The two great acids of nature are carbonic and silicic

acids, and the major contest in the rocks, so far as the acids are concerned,

is between the weak carbonic acid and the very weak silicic acid. These

two acids are everywhere very abundant in the rocks. While, therefore,

the moderately strong and the strong acids play a relatively important

part in proportion to their quantity, one weak and one very weak acid,

because of their dominant quantity, under the law of mass action play

the greatest part in rock alterations; and in the contest the very weak

acid, silicic, holds its own against the weak acid, carbonic, partly because

its far greater abundance compensates for its relative weakness. The fact

of the formation of carbonates and the simultaneous decomposition of

the silicates under surface conditions the world over is well known.

(See pp. 163, 473-486.) The partial explanation of the phenomena is the

relative abundance of carbonic acid tinder the conditions in the zone of

katamorphism. As shown in another place (see p. 479), the reaction is also

one which liberates heat, and this is a favorable factor in the process.

In the zone of anamorphism, where the pressure is great, the reaction

of the upper zone is reversed. (See pp. 173-178, 677-679.) The replace-

ment of carbonic by silicic acid results in decrease in volume (see p. 177).

Therefore, under the great pressures of the zone of anamorphism,

the relative volumes of the origuial and secondary compounds is a most

important, probably dominant, factor in the process. But also it is

probable that at the high temperatures and pressures which obtain in the

lower zone silicic acid gains strength as compared with carbonic acid.

"Foundations, cit., p. 55.
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It may under these conditions be a strongei' acid than at the surface,

and if this were the case the reactions would be partly explained.

Bearing in this direction is the experiment of Bischof, who has shown

that at 100° C. silicic acid, when present in abundance, may partially

replacfi carbonic acid of carbonates."

Ostwald's explanation of the varying strength of the bases and acids is

based on the varying amoinit of supposed dissociation.

The velocity of a reaction is proportional to the masses of the active

components, and according to Ostwald these are the free ions. Therefore

the speed depends upon the number of free ions which are acting. But

the number of free ions which are present is dependent upon the degree

of dissociation, and in this matter different compounds vary greatly.

Therefore the degree of electrolytic dissociation of the various bases and

acids determines their respective strengths and is " the measure of the

reaction capacities of all substances." *

From this it follows that an acid or base which is strongly dissociated

is stronger than, or, in other words, is able to largely replace, an acid or

base which is but slightly dissociated ; for the number of free ions of the

stronger compound far exceeds that of the weaker. It therefore becomes

important, from Ostwald's point of view, to know the comparative strength,

or the relative amounts of dissociation, of the abundant bases and acids

which occur in the rocks. According to Ostwald the strong bases and

strong acids may be largely dissociated; the moderately strong bases and

acids under ordinary conditions are dissociated to a much less extent; the

weak acids, carbonic, hydrosulphuric, and boric, are usually not dissociated to

the extent of 1 per cent; silicic acid under ordinary conditions is scarcely

dissociated at all.
STRENtiTH OF THE SOLUTIONS.

Saturated and strong solutions are more active than weaker solutions;

for the amount of the active compound increases with the concentration,

but not in a simple ratio. Weak solutions are relatively more active than

strong solutions, and by those who believe in dissociation this is attributed

to their nearer approach to complete dissociation; but the greater relative

activity of weak solutions never compensates fully for the greater dilution.

a Bischof, Gustav, Elements of chemical and physical geology, translated by Paul and Drummond,

Harrison & Sons, London, 1854, vol. 1, p. 6.

6 Nernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London, 1895,

p. 440.
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Altliough, as just seen, strong bases and acids have a great advantage

over weak ' bases and acids, the quantity of an element present is a very

important factor in the final result of the action of the solutions on the solids.

If a certain element is abundant in the ground solutions, it may to a large

extent replace another element in the solids, an element of the solid going

into solution at the same time. This may take place to a large extent even

if the element in solution is weaker th-an the one it replaces in the solid.

For instance, the relatively weak base, magnesium, when abundant in

solutions, is known to replace the stronger base, calcium, on a large scale

in calcium carbonate, thus changing limestone to dolomite. In this reaction,

while the abundance of magnesium is a very important factor, a number of

others enter; and therefore its detailed consideration is given under the

process of rock dolomitization. (See pp. 802-808.)

MECHANICAL ACTION.

It has already been seen that no changes in rocks take place without

movements of material, small or great, for long or short distances. Even
in the case of a mineral passing from one form to an allotropic form; there

is movement of the molecules. In short, wherever there is rearrangement

of the elements there must be movements.

Mechanical action alone is one of the processes of metamorphism of

the utmost importance. (See pp. 46-50.) However, the effect of mechan-

ical action in the promotion of chemical action is even more important

than m-echanical action alone.

Mechanical action influences chemical action in two general ways—the

speed is promoted, and the nature of the reaction is modified.

SPEED OF CHEMICAL ACTION.

The speed of chemical action is promoted directly by the deformation,

and indirectly by the heat liberated.

DIRECT DEFORMATION EFFECT.

As already shown (pp. 49-50), mechanical action produces deformation

in three different ways—by producing strain without rupture, strain with

rupture, and readjustment of the particles

strain without rupture.—Wlicu material is strained without rupture, even if

the amount of deformation be slight, a great change in the molecular con-

stitution may be involved. This is well shown by a common experiment
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on glass. If a piece of glass, free from stress, be placed under the micro-

scope with crossed nicols, the light is cut oif because the glass is isotropic.

If, however, the glass be slightly flexed, well within the elastic limit, it

immediately becomes anisotropic, and brilliant colors flash out. So far as

light is concerned—and this is one of the best agents for giving an insight

into the molecular constitution of bodies—the strained glass behaves wholly

different from mastrained glass. Evidently when glass is alternately strained

and freed from strain it undergoes a profound change in molecular consti-

tution. The greatness of the molecular change in material when strained

within the elastic limit is dwelt upon to show that such changes might

greatly affect chemical action; and it will be seen below that the facts

correspond to this expectation.

Barns has shown" in the case of metals strained to the point of rupture

that a considerable per cent of the energy expended in straining them is

potentialized; in "glass-hard" steel 50 per cent, in brass 40 per cent, in

copper 26 per cent. A larger percentage of the energy was potentialized

in the earlier stages of strain than in the later stages. By stating that

energy is potentialized is meant that the mechanical equivalent in heat of

the work done on the metals was only partially developed ; the remainder

of the energy is stored up in the strained metals. Now, considering a brittle

substance which is analogous in physical characters to rocks. Prince Rupert

drops, the explosion of a drop when a point is broken shows that a large

amount of energy is potentialized, or that the glass is in a high state of

strain. The experiments of Barus and the condition of the Rupert drop

show that in strained materials energy is probably potentialized. If this

be true, must it not be the case that the atoms and molecules of a strained

body are in a more than ordinaiily favorable condition for chemical action?

Bodies in which energy is potentialized are believed to be in an

exceptionally favorable condition for chemical action. For instance, if a

strained metal, in which on that account more than the usual amount of

energy is stored, be dissolved in an acid, less than the usual amount of

chemical energy is expended, for the resultant salts in the solution have the

same energy of combination in each case. But in the strained metal work

has been done, the equivalent of which has not escaped as heat during

strain, and is therefore stored energy. Therefore this energy is available

a Barus, C, The mechanism of solid viscosity: Bull. U. S. Geol. Survey No. 94, 1892, pp. 107-108.
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to assist the chemical reaction. That it is utihzed is shown by the fact

that the heat of combination of the resuh,ant chemical compound must

be the same whatever the condition of the metal. Hence less chemical

energy is required for the solution of a strained metal, and the reaction is

promoted by the state of the strain.

The validity of this reasoning is dependent upon the principle of the

conservation of energy. As a result of my studies in the phenomena of

recrystallization," I became convinced that strained minerals are more

readily acted upon by underground solutions than unstrained minerals.

(See pp. 690-692.) Barus's experiments already- cited suggested the above

explanation. I then predicted that experiments would show that strained

metals are more readily acted upon chemically than unstrained ones, and

asked that this prediction be tested experimentally. This Mr. Hambuechen
has done in reference to iron, with the following results:

The application of stress to metals causes an increase in chemical activity, this

Increase being especially marked after the elastic limit has been reached.

It is possible to get a curve showing the relation of electro-motive force to

strain which is similar to that of stress to strain.

There is a definite relation between the electrical potential of iron toward an

electrolyte and the amount of energy stored up in the metal through the application

of stress.*

Thus complete experimental confirmation of this jDrediction is made so

far as iron is concerned; and it can hardly be doubted that this illustrates

the general principle above given.

' Applying the above principles to strain and chemical action, it may be

said that in so far as minerals are strained either within or beyond the

elastic. limit, this potentializes energy and puts such minerals into a

condition more favorable for chemical reactions than unstrained minerals.

All rocks, except at the very surface of the earth, are ixnder stress, and

therefore strained to some extent at all times. It is true that the amount

of sti-ess may not be great within a few meters of the surface; but with

increase of depth the average amount of stress becomes more important.

In most cases of ordinary horizontal rocks near the surface it is customary

"Compare Van Hise, C. R., Metamorphism of rocks and rock flowage: Bull. Geol. Soc. America,
vol. 9, 1898, p. 300.

i Hambuechen, Carl, An experimental study of the corrosion of iron under different conditions:

Bull. Univ. of Wisconsin No. 42 (Engr. ser., vol. 2, No. 8), 1900, p. 255.
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to regard them as practically free from stress and strain. However, not

infrequently rapid deformation by uplift of an arch or by fracture when a

few meters of load is removed, as at the Chicago drainage canal and at

the combined lock of Appleton," shows that such rocks are under very con-

siderable stress, and therefore must be strained.

Not only are rocks generally under stress, but because of the com-

plexity and variability of rock compositions, structures, and textures,

wherever rocks are under stress the amount of stress and therefore of strain

continually varies with changing direction and changing position. Variable

amount of strain is therefore a universal law. In so far as any mineral

particle is strained to a greater degree than an adjacent mineral particle of

the same kind similarly strained, the particle under greater strain is more

rapidly altered by chemical action. In so far as any portion of a mineral

particle is strained to a greater degree than another portion of the same

particle similarly strained, the part under greater strain is more rapidly

altered by chemical action. Finally, for the same mineral particle or some

part of the same the strain varies continually during deformation.

From the foregoing it follows that the almost universal state of strain,

and the not less universal vainability in the amount of strain, are of the

most profoimd significance in metamorphism. (See Chapters VI, VII, VIII.)

strain with rupture—Wlicre deformatiou produces rupture, another feature

enters, also favorable to chemical action. Rupture is favorable to chemical

action since thereby the surface exposed to the underground waters is

inversely as the average diameter of the mineral particles. Granulation

very greatly increases the surface of action.

Readjustment of particles—Tlic readjustment of tlic rock particles with refer-

ence to one another can hardly fail to give better opportunities for the

chemical action of the ground waters; for during the adjustment the

water will necessarily be moving and will come in contact with a succession

of mineral particles, and thus promote chemical interchange. Hence I

conclude that mechanical action is favorable to metamorphism by chemical

action, whether the deformation be strain without rupture, with rupture, or

merely readjustment of the rock particles, or, finally, any combination of

these.

"Cramer, Frank, On the rock fracture at the Combined Locks mill, Appleton, Wis.: Am. Jour.

Sd., 3d ser., vol. 41, 1891, pp. 432-434.
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INDIRECT HEAT EFFECT.

It is a well-known law that mechanical action develops an equivalent

amount of heat, except for the part of the energy which is potentialized

It has already been seen that heat is ordinarily favorable to chemical

action. Therefore mechanical action promotes chemical action, because it

develops heat and raises the temperature. Indeed, the heat developed by

mechanical action is frequently one of the most important favorable con-

ditions for metamorphism. It will be shown (Chapter VIII, p. 740) that

where mechanical action is strong the complete recrystallization of rocks

may occur much nearer the surface than under quiescent conditions. This

result is largely attributed to the rise in temperature due to deformation,

which results in vastly greater efficiency of the water as an agent of

chemical action.

It therefore becomes of the utmost importance to consider to what

extent the temperature is raised in the rocks by mechanical action.

The heat, as already intimated, is produced by the transformation of

work into heat as a result of straining the rock particles within the elastic

limit, by rupturing them, and by their frictional movements over one

another. Mallet" has held that the heat thus developed may be sufficient

to liquefy rocks by aqueo-igneous fusion. He thus accounts for the crys-

tallized cores of many mountain ranges. He even holds that the material

fused by mechanical action may intrude the adjacent solid rocks. LeConte

follows Mallet in this belief. It may be theoretically possible that rock

material can be ground so fine as to develop sufficient heat to fuse it.

However, as explained (Chapter VIII, pp. 728-732), we have no evidence in

the field that this has occurred. It is shown (Chapter VIII, pp. 690-696),

that when the temperature of water-saturated rocks rises a certain amount,

readjustment occurs, not by mechanical subdivision and grinding of the

particles over one another, but b}^ recrystallization. The process is thus

cliemical, not mechanical, and the expenditure of energy and the conse-

quent development of heat are far less than by the former process. How-

ever, it is probable that, as a result of the interior kneading of rocks, the

temperature may be materially increased, perhaps several hundred degrees

beyond the normal temperature which obtains as a result of the depth of

« Mallet, Robert, Volcanic energy; an. attempt to develop its true and cosmical relations: Philos-

Trans. Royal Soc. London, vol. 163, 1873, pp. 147-227.
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burial. And it is certain that the temperature can be very materially

increased, and therefore that the chemical activity is enormously increased.

NATURE OF THE CHEMICAL REACTIONS.

Pressure influences chemical reactions under the following law: If a

chemical system be compressed at a constant temperature, there follows a

displacement of the equilibrium in that direction, which is associated with

a diminution of volume. This law in relation to pressure and chemical

activity may be stated in a more general form, as follows: "Those chemical

forces are strengthened by compression which condition a diminution of

volume; and those chemical forces are weakened by compression which

condition an increase in volume.''" In other words, so far as pressure

influences chemical reactions, changes go on in directions which produce

smaller volumes. Therefore pressure at all times and places is influencing

chemical reactions in the direction of the production of more condensed

systems. It has been seen (Chapter II, pp. 48-49) that pressure alone,

without the presence of solutions, may produce reactions under this law.

However, in nature, the vast majority of reactions under the law are

accomplished through the agency of water. The importance of water in

this connection is well illustrated by Spring's experiments upon the con-

solidation of clay when dry and wet. By pressure upon moist clay

confined in a cylinder he was able to consolidate the clay into a body as

compact as a piece of shale—indeed, so compact that it was difficult to

scratch it with the finger nail. But using the same pressure upon dry clay

lie produced a substance so little consolidated that it was easily scratched

with the finger nail. In the case of the moist clay, he attributed the consoli-

dation to the escape of the plastic material about the piston, and to the

precipitation of material from solution at the moment of escape.*" Spring's

explanation therefore does not introduce chemical readjustment of the com-

pounds. However, it will be seen that pressure does promote chemical

interchange, producing compounds wliich are, on the average, denser than

the original ones. This, as will be shown on the following pages, is

believed to be a dominant process for a great many chemical reactions

oNernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan Co., New York, 1895,

p. 567.

i'Tolman, C. F., jr., Professor Spring on the physics and chemistry of solids: Jour. Geol., vol. 6,

1898, p. 323.
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resulting from pressure as the chief motive force; and it may be that

chemical interchange is one of the processes which explain the consolidation

of the clay in Spring's experiment.

In the rocks a smaller volume may result in either of two ways:

Material may be taken into solution and deposited in a more compact
form without change in chemical composition, or with change in chemical

composition.

SMALLER ROCK VOLUME AS THE RESULT OF SOLUTION AND DEPOSITION WITHOUT CHANGE IN CHEMICAL COMPOSITION,

It has ali-eady been explained (pp. 77-78) that pressure promotes solu-

tion in case the volume of the solution is less than that of the solvent and
solid, and that pressure promotes precipitation in case the volume of the

solution is greater than that of the solvent and solid. Thus the solubility

of a salt increases with pressure, provided the dissolving is associated with

a contraction of the volume of the solution plus the salt; and, conversely,

the solubility decreases if the separation of the salt (from the solution) is

associated with a diminution of the volume of the system." In o-round

solutions ihe general law is that the volume of the solution is less than that

of the substances dissolved and the water. It follows from this law that

pressure in rocks, the interstices of which are filled with water, promotes
recrystallization and condensation.

The production of a smaller rock volume without change in chemical
composition may occur where the recrystallization and condensation take
place without change of minerals, and where the recrystallization and
consolidation take place with change of minerals.

Recrystallization and condensation without change of minerals. As aU iUuStratioU of the
principle, we may consider a stratum of unconsolidated crystallized calcium
carbonate over which is a layer of water saturated with calcium carbonate.
Inasmuch as the calcium carbonate is porous, the water in the rock is free
to move and is under the pressure of the hydrostatic column above it.

The particles of CaCOg are under this pressure, and also that of the solid

above All the water in the crevices and pores small enough to hold water
by capillarity is under both the pressure of the water and in part that of
the rock. This water is saturated under this pressure, and it can hold more
substances in solution than the water under less pressure. An interchange

aNernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan Co New York 189.5
p. 567.

' . .
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is constantly carried on between the free and tlie capillary water, and as the

capillary water becomes free it is siipersatui-ated and deposits some of its

load in the interstices of the rock. But gravity ever pulls the material

downward, and although this process is not rapid, it is continuous, and in

course of time the particles are cemented. A solidified and recrystallized

limestone is produced. Evidently the greater the pressure the more rapid

and complete is this change.

Another example of solidification without change in mineral composi-

tion is the change of snow or separate ice crystals where mingled with

water to solid ice, as at the head of glaciers. Ice has its melting point low-

ered by pressure. Where the grannies are under more than the average

pressure some of them melt. The water flows ont into the free spaces and

is again frozen. Or, as expressed above, under more pressure more of the

ice is dissolved in the water than under less pressure. ' When the pressure

is relieved in the more open spaces the ice is reprecipitated." As the

process goes on the particles are finally cemented. This process, like that

of the recrystallization of limestone, is continuous, and finally the separated

snow granules are transformed to continuous ice.

Recrystallization and condensation with change of minerals HeCrVStalllzation and COn-

densation with change of minerals but without change in chemical composi-

tion may take place by precisely the same processes as already given. The

resultant minerals, where the inducing cause is pressure, are more compact

than the original ininerals. Illustrating this principle, pressure induces

the transformation of amorphous calcium carbonate to calcite. Similarly,

pressure may induce the transformation of many other amorphous substances

to crystalline forms. Pressure also induces minerals to change to forms

'

having higher specific gravities. Thus pressure tends to transform tridymite,

sp. gr. 2.28-2.33, to quartz, sp. gr. 2.653-2.660; and marcasite, sp. gr.

4.85-4.90, to pyrite, sp. gr. 4.95-5.10. (See pp. 220-221, 215.)

We may also safely argue that, where the pressure is great, minerals

are not likely to crystallize in forms having low specific gravities. Thus

under great pressure it is to be expected that silica will crystallize as

quartz and not as tridymite. Doubtless this principle explains why

quartz is always found in the plutonic rocks, and why tridymite often is

aLe Chatelier, in Theoretical chemistry, by W. Nernst, p. 654. Zeitschr. phys. Ohemie, vol. 9,

1892, p. 335.
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found in the volcanic rocks. The plutonic rocks crystallize under condi-

tions of great pressure, while the volcanic rocks crystallize under conditions

of moderate or slight pressure. It would be interesting to know the

relations of quartz and tridymite in the matter of depth in the lavas, and
therefore in reference to pressure at the time of crystallization.

SMALLER VOLUME AS THE RESULT OF SOLUTION AND REDEPOSITION WITH CHANGE IN CHEMICAL COMPOSITION.

Pressure inducing chemical reactions involving changes in chemical

composition may produce crystalHzation and condensation of amorphous
compounds and recrystallization and condensation of crystallized com-
pounds.

Crystallization and condensation of amorphous compounds. Xll O^CUeral tllC amOmllOUS
compounds occupy more volume tlian their complex crystalline equivalents.

"Therefore, since the crystallized state is generally that which takes the

smallest volume, pressure aids crystallization." " According to Delesse, in

passing from the crystalline to the glassy state, granite decreases in density

9 to 11 per cent, syenite 8 to 9 per cent, diorite 6 to 8 per cent, dolerite 5

to 7 per cent, and trachyte 3 to 5 per cent.'' Thus glass occupies from 3 to

11 per cent more volume than the equivalent crystalHzed rocks. It there-

fore follows that pressure is one of the potent forces which result in the

devitrification of glass. In general it may be said that rocks near the

surface, whether original magmas, sediments, or schists and gneisses partly

altered in the belt of weathering, very frequently contain amorphous prod-

ucts; whereas rocks which have been altered while deeply buried rarelv

contain any considerable quantity of amorphous material. It is believed

that the explanation of the difference is largely due to difference in pres-

sure. At depth where pressure is forceful the amorphous products which
occupy more space than their crystalhzed equivalents either have not
formed or if formed at the surface and deeply buried have become crystal-

lized, the pressure being one of the important forces in the process.

Recrystallization and condensation of crystallized compounds. PrOSSUrC UiaV luduCe chem-
ical action upon crystallized compounds, producing recrystallized products

of a different kind and with more compact molecules, and therefore of

greater specific gravity. In some cases the recrystallization has occurred

«Tolman, C. F., jr., Professor Spring on the physics and chemistry of solids: Jour. Geol vol 6
1898, p. 320.

6 See Dana, J. D., Manual of geology, American Book Co., 4th ed., 1895, p. 265.
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at least twice. After one set of compounds was produced recrystallization

again occurred, producing heavier compounds. The first change may be

illustrated by the rearrangement of minerals which constitute mud so as to

produce mica, quartz, and feldspar, and the second stage may be illustrated

by the development from the latter rock of the still heavier minerals, garnet,

staurolite, etc. (See p. 685.) However, the process of recrystallization

in nature works in connection with more rapid solution of minerals where

strained (see pp. 95-98) and with other forces. Its full consideration is

therefore deferred to Chapter VIII (pp. 686-698).

GENERAL STATEMENTS.

Where pressure is unim^jortant, as near the surface of the earth, the

chemical reactions are ordinarily controlled by other factors than pressure;

but as the pressure increases, due to depth below the surface or other causes,

it becomes a more and more imj)ortant factor in the reactions which occur.

But it is shown in Chapter VI, on "Weathering," that pressure may be an

important factor in chemical reactions comparatively near the surface. This

is illustrated by granitic rocks in the District of Columbia, described by
Merrill,'* which when brought to the surface underwent rapid disintegration,

hydration, and expansion. The pressure of a few feet of rock was appa-

rently sufficient to prevent the completion of these reactions, and thus it is

clear that the adjustment between chemical reaction and pressure may be

very delicate.

However, as explained in Chapter VI, chemical reactions near the sur-

face do extensively take place with expansion of volume, and thei'efore in

spite of some pressiu-e. But it is also shown (Chapter VIII) that the

pressure becomes a more and more potent factor in controlling the reac-

tions; and, finally, that there existS; a lower zone of anamorphism in whicli

this is the dominant force. In this zone the chemical changes so take place

as to lessen the volume of the compounds, and therefore to produce heavy

minerals. Moreover, the reactions which occur in this lower zone are

frequently just the reverse of those which take place in the upper zone,

where pressure is unable to control, or the reactions in the two zones

reverse each other.

« Merrill, G. P., Disintegration of the granitic rocks of the District of Columbia: Bull. Geol. Soc.

America, vol. 6, 1895, pp. 322-332.
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HEAT.

Heat is a very important factor in chemical action. In the heat factor

two points are involved: first, the general efi"ect of heat; and, second, the

effect of change in temperature in consequence of the reactions.

As to the first of these, in the lithosphere the higher the temperature in

general the more rapid the alteration. To this law there may be excep-

tions, but none are positively known to me.

As to the second point, the chemical efi"ect due to the change in tem-

perature in consequence of a reaction is much more complicated.

In considering whether heat be liberated or absorbed as a result of a

chemical reaction it is necessary to take into account the heat changes in

solution, the heat changes in precipitation, the heat changes in mixing

solutions, and the heat effects of chemical reactions.

"By the heat of solution is meant the quantity of heat produced by

the solution of 1 gram molecule of a substance in a large quantity of the

solvent."" It has already been seen that in general the volume of the

solvent and salt is greater than that of the solution, and that in this case

there is usually liberation of heat and consequently rise in temperature;

but in exceptional cases the volume of the salt and solvent is less than that

of the solution, and in this case there is generally absorption of heat, and

consequent fall in temperature. The total effect as to the liberation or

absorption of heat depends upon whether the total of the factors, change

in volume, change of the solid to its dispersed form in the solution, and

the heat factor of dissociation, provided this occurs, is plus or minus.

Decrease of volume tends to liberate heat; increase of volume tends to

absorb heat. The change from the solid to the dispersed state of solution

absorbs heat. The supposed dissociation of a siibstance into its ions is

regarded as attended with either a liberation or an absorption of heat,

though liberation is held to occur more frequently.''

In precipitation the heat effect is just the opposite from that of solution

and is equivalent to the heat effect of the solution of an equal amount of

the like salt. "In general, in comparing substances which are chemically

analogous and soluble with difficulty, the heat of precipitation (= the

negative value of the heat of solution) is the greater the more insoluble

oNernst, W., Theoretical chemistry, translated by C. S. Pahner, Macmillan & Co., London,

1895, p. 503.

^Nernst, cit., p. 562.
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the substance is."" If this law be apphcable to quartz and to silicates it is

of great importance in metamorphism, because these are the substances

most largely dissolved and deposited by the ground water, with the pos-

sible exception of' the carbonates.

As to the heat relations wlien two solutions are mixed, Ostwald states

that in mixing solutions heat is produced by the work between the hetero-

geneous molecules, and heat is used in separating and spreading out the

homogeneous molecules. The sum of these may be positive or negative,

but in most cases the former is the case, and hence the two liquids usually

become warmer when they are mixed* Upon the same point Nernst says:

"No heat phenomena result from the mixture of salt solutions [provided

that no precipitate (and no volatile compound) is produced].""

When chemical reactions occur there is a certain amount of heat of

formation of the compounds. "By the 'heat of formation' of a chemical

compound is meant the quantity of heat which is given off in the formation

of the compound from its respective ingredients."'' "The 'heat-toning' of a

reaction is equal to the sum of the resulting heats of formation minus the

sum of the heats of formation of the vanished molecules."'* In whatever

way a chemical result is accomplished, and however many the stages of

process of the change, "the energy differences (and therefore the heat dif-

ferences) between two identical conditions of the system must be the same,

independently of the way by which the system is transferred from one

condition to the other."*

This last is an important law so far as the work of ground waters is

concerned, for in most cases we know only the opening and closing stages

of the processes of alteration, and can ascertain whether the heat effect of

a reaction is plus or minus only by comparing the heat required for the

production of the original minerals with that required for the production of

the secondary minerals, and their gaseous and fluid by-products.

While the above gives the conclusions as to the heat effect of indi-

vidual reactions, the reaction which is likely but not certain to obtain at

moderate pressure and temperature is covered by the rule of Berthelot.

He says, "Every chemical change gives rise to the production of those

("Nernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London, 1895,

p. 504.

^Ostwald, W., Solutions, translated by M. M. Pattison Muir; Longmans, Green & Co., New York,

1891, p. 308.

"Nernst, cit., p. 508. <« Nernst, cit., p. 505. « Nernst, cit., p. 496.
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substances which occasion the greatest development of heat."" And there-

fore, "other things being equal, there is the more chance that a substance

can be formed, the greater its heat of condensation.'"" While these are the

usual rules, they are not broad enough to cover tlie reactions of meta-

niorjjhism under all pressures and temperatures. A more general statement

of the law as to the relations of heat and chemical reactions is that of van't

HofF: "On the whole, the preponderating chemical reactions at lower tem-

peratures are the combinings (associations) which take place with a devel-

opment of heat, while the reactions preponderating at higher temperatures

are the cleavings (dissociations) which take place with the absorption of

heat."" The meaning of this law may be illustrated by the following

reactions: At ordinary temperatures CO combines with 0, producing CO2,

with great liberation of heat; at very high temperatures CO2 dissociates

into CO and O, with very great absorption of heat. This illustration

makes it clear, as stated by Nernst, that to cover all cases van't Hoff's

law must replace that of Berthelot, above given. Still more general laws

as to the relations of heat and chemical reactions are the following: "If

we heat a chemical system, at constant volume, then there occurs a

displacement of the state of equilibrium, and in that direction towards

which the reaction advances with absoi'ption of heat."'' "Those chemical

forces which condition a development of heat will always be weakened by
an increase of temperature; and, conversely, those which condition an

absorption of heat will be strengthened by such an increase in tempera-

ture; and it is this fact which, primarily, gives the preceding proposition

its universal vahdity.""* "If we heat the system, therefore, the reaction

which takes place will be accompanied by absorption of heat; if we cool

the system, the corresponding reaction will develop heat.'"^

Now that the general laws covering the mutual influences of heat and

chemical action have been given, we may consider in more detail their

meaning. The speed of the reaction is commonly increased much more

rapidly than the increase in absolute temperature. Thus, the speed of

reaction of two similar solutions, one of which is at higher temperature

"Nernst, cit., p. 581, quoting Berthelot.

6Nernst, cit, pp. 585-586.

"^Nernst, cit., p. 583.

f'Nernst, cit., p. 566.

«Ostwald, W., Outlines of general chemistry, translated by James Walker, 2d ed., Macmillan &
Co., London, 1895, p. 312.
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than the other, may be far greater in the solution at high temperature than

would be calculated from the relative absolute temperatures of the solutions.

Indeed, the velocity of a chemical reaction commonly increases

enormously with moderate increase of temperature. The partial explana-

tion of the phenomena lies in the fact that in most cases the reactions

themselves, as already seen, develop heat, which immediately reacts

to increase the kinetic energy of the remaining molecules, and this again

increases the kinetic enei'gy of the molecules, and so on, there being

continual action and reaction between the chemical activity and the rising

temperature.

Another illustration of the very important way in which increase of

temperature increases chemical action is the increased activity of substances

which at low temperatures are relatively inert. While at ordinary tempera-

tures carbon dioxide replaces silica in silicates, at temperatures of 100° C.

silica, if present in abundance, may replace carbon dioxide in carbonates."

While this is explained in part by the increase of activity of silicic acid

with increase of temperature, it doubtless in part is explained by the law

of mass action and the increased volatility of carbon dioxide at higher

temperatures.

If the dissociation theory be true, a third factor which may have some

effect in producing speed of reaction with increase of temperature is the

increase in the amount of hydrolysis with increase of temperature. This is

illustrated by ferric chloride, which at low temperatures is regarded as but

little hydrolized, but at high temperatures is believed to be hydrolized to a

perceptible extent according to the equation:

Fe2Cl6+6HjO=Fe2(OH)„+6HCl.

The presence of the ferric hydroxide is shown by the color of the solu-

tion.'' In a similar manner, the carbonates and silicates are believed to be

hydrolized to a much greater extent at high temperatures than at low

temperatures. This is illustrated by calcium carbonate, which in solution

at high temperatures gives a strong alkaline reaction of calcium hydroxide,

and this is regarded as evidence of strong hydrolysis. It is possible that

hydrolysis is an important factor in the reactions which take place in the

different zones of metamorphism.

aBischof, Gustav, Elements of chemical and physical geology, translated by Paul and Drum-
mond, Harrison & Sons, London, vol. 1, 1854, p. 6.

''Ostwald, W., Grundlinien der anorganischen Chemie, Engelmann, Leipzig, 1900, p. 583.
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While ill general, speed of chemical change is promoted by rise of

temperature, as indicated by the second part of van't Hoff's law, there is a

limit to the increase of speed due to action and reaction between chemical

change and heat, for when the temperature becomes too high a reverse

tendency is set up, since the compounds formed by the chemical reactions

frequently can not exist at very high temperatures. In such cases the rate

of reaction may cease to increase with increase of temperature, and, indeed,

the reactions which obtain at lower temperatures may be reversed.

Just as a slight increase of temperature may enormously increase the

speed of chemical reactions, so a slight decrease of temperature may very

greatly lessen the speed of reactions. Therefore, if the reaction be one

which itself absorbs heat, and thus lowers the temperature, the slight

decrease in the kinetic energy of the molecules may greatly retard the

speed of the reaction.

At the very moderate temperatures which generally prevail within the

outer part of the crust of the earth the heat resulting from the chemical

changes does not become so great as to stay the reactions. Therefore, it

may be said that the chemical reactions Avhich take place with liberation of

heat promote metamorphism, and those which take place with absorption

of heat retard metamorphism. The great importance of these two tenden

cies, as applied to rocks, will be shown on subsequent pages in connection

with the discussion of the zones of katamorphism and anamorphism.

On subsequent pages it will be seen that in the zone of katamorphism

the first part of van't Hoff's law or the rule of Berthelot generally prevails

in the alterations of rocks for a considerable distance from the surface.

That is to say, on the whole the preponderating chemical reactions are

those which take place with the liberation of heat. Moreover, as a

consequence of increase of heat with depth, at a very moderate depth

the temperature is rather high. Also, igneous rocks give high temperatures

to the surrounding rocks and solutions. As a result of any of these causes,

water may reach the moderate temperature of 100° to 200° C, and such

temperatures increase the activity of water in an amazing degree. (See

pp. 79-81.) Thus we see that in the zone of katamorphism the heat of

chemical action, and that derived from the interior of the earth through

conduction and convection by means of magma and water, all work

together to increase the speed of chemical action, and therefore to hasten

metamorphism.
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However, it will also be seen that in the zone of anamorphism, with

pressure as a dominant factor, reactions very generally occur with the

absorption of heat under the second part of van't Hoff's law. Thus, in this

zone the heat effect of the chemical reactions is to stay metamorphisni.

But while the reactions which occur at depth are very generally those

which absorb heat, it must be remembered that in the zone of anamorphism

the amount of heat available, due to increase of heat with depth and to the

difficulty with which the heat escapes from intrusive rocks, is ver}- great.

Therefore, notwithstanding the fact that the chemical reactions themselves

absorb heat, the temperature is much higher than in the upper zone.

Consequently one would expect that the chemical activity would be

greater in the zone of anamorphism than in the upper zone of katamorphism

;

and with these expectations the facts correspond. (See pp. 660-661, 690-

692, 749-751.)

KELATIONS OP CHEMICAL ACTIOS, MECHANICAL ACTION, AND HEAT.

All transformations of material upon the earth, provided all the energy

factors be taken into account, involve the expenditure of energy and the

dissipation of part of it as heat. If this were not true it would be possible

to manufacture an engine by means of which an equal or greater amount

of energy is available for work than is expended in driving the engine, and

perpetual motion would be possible. In metamorphism of rocks, in order

that the above general statement as to the expenditure of energy shall be

true, it is necessary to take into account the chemical force, mechanical

force, and heat which promote the transformations. In those cases where a

transformation of material does not at first sight appear to demand the

expenditure and dissipation of energy, this is due to the fact that some of

the energy factors are overlooked.

It has been noted that chemical actions are reversible, and it will be

seen subsequently that chemical reactions which take place on a large scale

in the zone of katamorphism are reversed in the zone of anamorphism.

When a chemical reaction takes place, and later that reaction is reversed

and the cycle is repeated, exterior energy must have been expended and

dissipated. To illustrate, let us consider the reversible reaction

FejOs+SHjO^FejOs.SHjO.

The reaction may advance from left to right by the expenditure of

chemical energy alone, and as a result of the process heat is liberated.
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However, to reverse the reaction or to advance it from right to left

requires the expenditure of a greater amount of external energy than the

chemical energy expended in the first reaction. In the reaction given

the available external energy may be from one of two sources—heat or

mechanical action. The ferric hydrate may be broken into ferric oxide

and water by heating. Also, if the pressure be very great and water have

a chance to escape the same transformation may take place bv the

expenditure of mechanical energy. Doubtless in nature in many cases

both of these forces unite in the process, but whether the dehydration takes

place as a result of the expenditure of heat energy alone or mechanical

energy alone, or the two combined, a greater amount of energy must be

expended than the chemical energy expended in the hydration of the iron.

Hence, when hydration takes place in the zone of katamorphism energy is

expended. This is potential chemical energy. When dehydration takes

place in the zone of anamorphism, reversing the first process, energy is also

expended. This is either potential mechanical energy or the energy of

heat, or the two together. I say potential mechanical energ}^, for I have

held in another place that all earth movements, provided all the factors are

taken into account, result in bringing the material moved nearer the center

of the earth, and therefore the energy expended is the potential gravitative

energy of position."

The reasoning applied to the case of hydration and dehydi-ation of

ferric oxide is applicable to every other reversible reaction in metamor-

phism; hence, when we take all the energy factors into account, at the end

of the process energy has been expended. Furthermore, a part of this

energy during the process has been transformed to heat and dissipated; for

in all transformations of energy there is an inevitable tendency for some
of the energy to run down into the lowest form, heat, a portion of which
is lost.''

In conclusion, therefore, in the zone of katamorphism, while chemical

reactions frequently take place which liberate heat and expand the volume,

and in the zone of anamorphism chemical reactions take place which absorb

heat and condense the volume, in both zones alike when all of the energy

«Van Hise, C. R., Earth movements: Trans. Wisconsin Acad. Sci., Arts, and Letters, vol. 11,

1898, pp. 487, 488, 512-514.

f'Daniell, Alfred, A text-book of the principles of physics, 3d ed., Macmillan Co., New York,
1895, p. 51.



112 A TREATISE ON METAMORPHISM.

factoi's are taken into account the reactions take place in such a way as to

demand the expenditure of energy and the loss of a part of it.

Where chemical force, mechanical force, and high temperature work

together, with an abundance of water, as an agent of metamorphism, the

speed of rock metamorphism is very great as compared with the slow

alterations which occur at the surface of the earth. For instance, Barus

finds that water at temperatures above 185° C. and under high pressure is

capable of ver}^ rapidly uniting with glass, forming a new compound, which

at these temperatures is liquid, and which he calls water glass. In a retort

he combined 210 grams of glass and 50 grams of water in twelve hours

at a temperature of 210° C. into water glass, which was liquid at that

temperature, but became a clear solid at ordinary temperatures."

Not only amorphous compounds but crystalline minerals also are acted

upon rapidly at such temperatures and pressures. At 180° C, with

pressure sufficient to keep the water in the liquid form, Lemberg*" has

completely dissolved zeolites in pure water. Under similar conditions

it has also been shown that pure water acts rapidly upon powdered

anhydrous silicates. For instance, Forchhammer showed that water under

these conditions dissolves potassium silicate from powdered orthoclase."

Within the zone of rock flowage temperatures and pressures higher

than those with which these experiments have been made are available, and

it is therefore to be supposed that in the zone of anamorphism there is rapid

transformation of the minerals to forms which are relatively stable under

the conditions obtaining at any given time and place. So far as substances

have not a compact state of aggregation energy is potentialized. Pressure

being a very potent factor, the transformations would of course be into

condensed systems, or into minerals having high specific gravity and

probably complex molecular structure. It is evident that in the forces of

chemical action, mechanical action, and heat, and the agent, water, we have

adequate causes for the crystallization of amorphous compounds, for the

recrystallization of strained minerals, and for the recrystallization of highly

a Barus, C, The compressibility of liquids: Bull. U. S. Geol. Survey No. 92, 1892, pp. 78-84.

Hot water and soft glass in their thermo-dynamic relations: Am. Jour. Sci., 4th ser., vol. 9, 1900,

pp. 164-65.

f> Doelter, C, Allgemeine chemische Mineralogie, Wilhelm Engelmann, Leipzig, 1890, p. 189.

c Forchhammer, G., Ueber die Zuaammensetzung der Porcellanerde und ihre Entstehung aus

dem Feldspath: Poggendorff, Annalen, vol. 35, 1835, p. 354.
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potentialized minerals to lower potentialized forms. These changes are

illustrated by the passage of glass to a crystalline form, by the passage of

minerals from a strained to an unstrained condition, and by the passage

of minerals of low specific gi-avity to minerals of higher specific gravity.

PRECIPITA TION.

From solutions, by changing conditions, solids may separate. This

process is called precipitation. Since precipitation from ground water

solutions is of the utmost importance in metamorphism, it is necessary to

consider fully the conditions under which precipitation takes place. It has

already been seen that in solutions the ingredient which is present in excess

is called the solvent and the ingredients which are subordinate are the sub-

stances dissolved. When from solutions the substance in excess, or the

solvent, separates, this is. called a freezing of the solution. When. in the

solution the substances dissolved first separate, this is called crystallizing

out of the materials dissolved. "The processes of freezing and of crystal-

lizing out are both to be considered from the same point of view ; and when
we are not deahng with dilute solutions where one ingredient is present in

large excess, but with a mixture, where both ingredients are present in

about the same proportions, then we would be in actual doubt whether the

separation should be regarded as a freezing (of the solvent) or a crystal-

lizing out (of the substance dissolved), or perchance of both processes.""

The necessary condition for precipitation is supersaturation ; for if a

solution be not saturated it will take more material into solution; but if a

solution be sufficiently supersaturated some of the material must be thrown
down or be precipitated. If solids are present similar to the compounds
in solution, considerable supersaturation- does not occur. This is very
frequently the case with ground solutions. Under such circumstances

the salts in solution separate out upon the minerals already present, or the

minerals grow. At any given pressure and temperature, provided the

changes occur slowly, equilibrium is nearly retained by this continuous

adjustment. This relation between minerals already present and solutions

is one of the most important factors which control the growth of minerals

which are present. If, for instance, in a complex solution containing

oNernst, W., Theoretical chemistry, translated by C. S. Pahner, Macmillan Co., New York
1895, p. 414.

_
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various ions there are also various crystalline minerals, the moment that

the solution becomes supersaturated with reference to several ions which

may unite to produce one of the solids present, this union will take place,

the material will be precipitated upon the minerals of that kind, and thus

they will grow.

This process of mineral growth applies alike to minerals in magmas and

to minerals in sedimentary rocks. If, for instance, in a magma plagioclase

and pyroxene individuals once begin to form, they may grow to large size

and produce a gabbro. In a sedimentary rock in which quartz and feld-

spar particles are present and the solutions are of a kind which furnish

constituents for their growth, these particles are likely to be enlarged.

Supersatuvatiou, and consequently precipitation, may result in various

ways, of which the following are the more important: (1) Precipitation

by change of pressiire, (2) precipitation by change of temperature, (3)

precipitation by reactions between aqueous solutions, (4) precipitation

bv reactions between aqueous solutions and gases, and (5) precipitation by

reactions between solutions and solids.

PBEC'IPITATION BY CHANGE OF PRESSURE.

Change of pressure may result in supersaturation, and therefore in

precipitation. Where the volume of the solution is less than that of the

solvent and substance dissolved, decrease of pressure is favorable to

precipitation. Where the volume of the solution is greater than that of

the solvent and substance dissolved, increase of pressure is favorable to

precipitation. The volume relations are opposite in the cases of the

ciystaUization of minerals from solutions of ground water and the crystal-

lization of minerals from magmas. In the case of substances dissolved in

ground solutions the volumes of the solutions are commonly less than those

of the solvent and the substances dissolved; therefore decrease of pressure

is favorable to precipitation. But in the case of crystallization from

magmas the volume of the solution is greater than that of the crystallized

minerals; therefore pressure is favorable to crystallization.

In another connection it is suggested that under certain conditions water

and magma are miscible in all proportions. (See Chapter VIII, p. 723.)

In other words, there is every gradation from water containing compounds

in solution to magmas containing subordinate amoimts of water. If this
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be so, ideally there must be a neutral point in which the volume of the

material is the same whether as a solution or as a solid. In this case

pressure would have no effect upon precipitation. However, the precipita-

tion of any part of the material from a solution modifies the character of

the remainder of the solution, and it is not to be supposed that a case is

likely to occur in which crystallization of material takes place without there

being any pressure effect.

Where circulating waters are descending the pressure is increasing,

and where ascending the pressure is decreasing. Therefore, in the case of

ordinary ground-water solutions the direction of water circulation which is

favorable to jwecipitation is ascension.

PKECIPITATION B\' CHANtlE OF TEMPEBAXURE.

Change of temperature may result in supersaturation, and therefore in

precipitation. In general, in ground solutions increase in temperature

increases solubility. (See pp. 79-81.) Therefoi'e decrease in temperature

is favorable to supersaturation and precipitation. While this statement is

true for most substances at temperatures below 100° C, and is correct for

many substances at temperatures considerably higher than this, at very

high temperatures the conditions are reversed for some substances. (See

p. 79.) In the common case, that of precipitation with decrease of

temperature, the freezing point of the solution is lower than that of the

solvent." Apparently the amount of lowering is proportional to the

molecular weig'hts, and is stated by Raoult as follows: "One molecule of

any compound when dissolved in 100 molecules of a liquid lowers the

solidification point of the liquid by an amount which is nearly constant,

viz, 0.62°;" or, the molecular depression, when the solvent is to the

solute as 1:100, is 0.62°.'' In dilute solutions of salts in water, the

molecular depression may be larger than this, in which case the substance

is regarded by many as dissociated." It was by the application of the

principle of molecular depression that Kablenberg and Lincoln were able

to reach the conclusion already given (p. 87), that silica goes into

solution as colloidal silicic acid. When the silicates are dissolved and

"Ostwald, W., Solutions, translated by M. M. Pattison Muir; Longmans, Green & Co., New
York, 1891, p. 199 et seq.

i Ostwald, Solutions, cit., p. 208.

«Ostwald, Solutions, cit., p. 214.
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decomposed by hydrolysis into colloidal silicic acid and metallic hydroxides,

the latter (or, according to the dissociation theory, their ions) caused the

molecular depression, which was unaffected by the colloidal silicic acid.

In precipitation from complex mixtures the substances do not solidify

at the same time. The compounds crystallize in such order, and the

separated sohd is of such a character, that "the freezing point of the

remaining liquid is lowered." " After one compound has separated another

follows, which again lowers the freezing point, and finally a liquid is left

with the lowest freezing point, and this liquid is the last compound to

crystallize.

Change in temperature is the rule for underground circulating waters.

The waters which are passing to lower levels are, on the average, becoming

warmer. Waters which are rising to higher levels are, on the average,

becoming colder. Also there are changes of temperature, both positive

and negative, due to varying local conditions ; for instance, the presence of

intruded igneous rocks. Ascending waters are, on the whole, precipitating

material, because they are losing heat. The increase in the capacity to

hold material in solution with rising temperature, and the simply enormous

increase in this capacity as the temperature becomes very high, have

already been pointed out. (See pp. 79-81.) During the upward journey

of the water the temperature continuously falls, and if the journey be long

the total loss of heat is great, and the amount of precipitation is correspond-

ingly large. Since the upward course of the water is likely to be in the

larger openings (see p. 583). such as the spaces of porous sandstones,

faults, joints, etc., we ha^•e the partial explanation of the filling of these

openings in the belt of cementation. However, this general statement

needs various modifications, dependent upon many variable factors. (See

pp. 629-640.)

PRECIPITATIOIV BY REACTIOSS BETWEEN AQUEOtTS SOLUTIONS.

It has already been seen that when solutions containing various salts

are mixed the resultant solution will contain all the salts which can be

made by the various combinations of their positive and negative ions.

(See p. 68.) The first law of precipitation may be stated thus: When any

combination of the various ions in a solution can form to a sufiicient extent

aNernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan Co., New York,

1895, p. 111.
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to be insoluble in the liquid present, such compoinid will be produced and

precipitated. To illustrate, if a solution of BaCl2 be added to a solution

of NaaSOi, the ion Ba can unite with the ion SO4 and produce the insoluble

compoimd BaS04, which will be precipitated.

The above is a statement of the empirical facts. The explanation of

these facts under the theory of dissociation is g-iven by Ostwald as follows:

In any given case there is a constant relation between the amount of a

compound which can be held in solution and the number of free ions of

that compound. Upon this statement are based the laws of precipitation

from solutions. Says Ostwald:

In solutions a state of equiUbrium subsists between the ions of the electrolyte

and the nondissociated portion. To take the simplest possible case, if we have a

binary electrolyte C, which can break up into ions A and B', and if a, b, and c

represent the concentrations of these three constituents in a given solution, then the

following simple formula holds good: ab=kc.

Now, the two kinds of ions are produced in equivalent quantities, in the above

case, hence a=b. If, further, the total amount of the electrolyte =1, and a repre-

sentsthe ionized portion, then a=b=- and c= ,v being the volume of the solu-
V V

tion in which unit quantity (a molecular weight in grammes) of the electrolyte is

contained. By carrying out the substitution we get the formula jz r==kv, which

expresses the state of ionisation of an electrolj^te at the dilution v."

In the saturated aqueous solution of an electrolyte we have a complex equilib-

rium. On the one hand the solid is in equilibrium with the nonionised portion of

itself which is in solution, while on the other hand this nonionised portion is in

equilibrium with the dissociated part—i. e., with the ions of the same substance.

The first equilibrium comes under the law of proportional concentration, or, since

we are dealing here with a substance of unalterable concentration on the one hand,

the concentration of the nonionised portion in the solution must have a perfectly

definite value. For the second equilibrium we have in the simplest case—i. e. , when

the ions of the compound are monovalent—ab=kc, a and b representing the concen-

trations of the ions and c the cuncentration of the nonionised portion.

Now, since c is constant at a given temperature, as we have already seen, kc,

and therefore ab, must be constant also. Equilibrium is thus established between a

precipitate and the liquid above it when the product of the concentrations of the two

ions, into which the precipitate falls, has a definite value. This product may be

termed the solubility product for the sake of brevity.

"Ostwald, W., Foundations of analytical chemistry, translated by George McGowan, Macmillan &
Co., London, 1895, p. 59.
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If the electrolyte consists of polyvalent ions in the proportion mA:nB, the

solubility product takes the form: a^b"^ constant."

From the foregoing follows Ostwald's statement of the first law of pre-

cipitation, already given: "Whenever in any liquid the solubility product

of a solid is exceeded, the liquid is supersaturated with respect to that solid,"*

and therefore precipitation of the salt follows. Of the various salts which

may be precipitated from a solution, that one will be precipitated first

whose solubility product exceeds its constant of solubility.

Ostwald illustrates this by the cases already cited: If a solution of

BaCla be added to NaoSOi, BaSO^ will be precipitated. According to

Ostwald's view, this happens because the solubility product of the ions in

BaSOi is very small.

The second law of precipitation follows from the fact that "the solu-

bihty of one salt is depressed in the presence of another having a common

ion.'"' This is equivalent to saying that "the solubility of each molecular

species iia a mixture is always smaller than for the particular species when

alone." '' Hence, when to a solution containing certain ions a solution is

added which has an ion in common with one of those abeady in the solu-

tion, supersaturation and precipitation are promoted. An example of this

is the addition of HCl to a solution of BaClg. The chlorine ion is common,

and if the solution is near saturation before the HCl is added, BaClj will be

precipitated. Again, if one adds a saturated solution of NaClOg to a satu-

rated solution of KCIO3, an abundant precipitate of the latter salt will form.

The above law is a general statement which includes the rule that "The

addition to a solution of a hquid which is able to form a homogeneous whole

with the solution causes precipitation of more or less of the substance in

solution if that substance is insoluble in the liquid which is added."" This

rule is illustrated by the same examples. It follows from this that "in

order to precipitate a substance completely from its solution, an addition of

an excess of the precipitant is an advantage."-''

The converse of the second law of precipitation is : The solubility of a

salt increases on the addition of a second salt containing no ion in common.

Ostwald, W., Foundations of analytical chemistry, translated by George McGowan, Macmillan

& Co., London, 1895, p. 76.

''Ostwald, Foundations, cit., pp. 76-77.

cNernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan Co., New York,

1895, p. 446.

<?Nernst, cit, p. 453.

« Ostwald, Solutions, p. 90.

.^Nernst, cit., p. 449.
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To illustrate: "If one adds some KNO3 to Ag-BrOs, a number of molecules

ofAgNOg and also of KBrOg will be formed. This will result in a diminution

of the number of the molecules of Ag'BrOg, which must be replaced from

the solid salt," or the solubility will be increased."

Cameron gives two illustrations of this converse which are of great

importance in ground solutions :

Gypsum, which is essentially the salt calcium sulphate containing' some water,

is sparingly soluble in water. But the addition of an electrolyte with no common
ion, such as .sodium chloride, will considerably increase the solubility of the gypsum.

Some experiments made in this laboratory have shown that in moderatel}'' strong

brines containing only sodium chloride gypsum can be regarded as a soluble salt.

The reason for this is readil}' seen when the substances which are formed are con-

sidered, both the calcium chloride and the sodium sulphate being very soluble salts.

The transportation of large quantities of lime by the drainage and ground waters in

arid regions where these salts ai-e found is readil}' explicable from this point of view.

Calcium carbonate, so abundant and so important in nature, is dissolved in a

precisely similar wa}'; but the ionization of carbonates being i-elatively small, the

effect is not so striking and relatively much less lime is transported in the solution.

Treadwell and Renter* have recently published investigations on this point and find

the solubility of calcium carbonate in sodium chloride solutions does not become
markedly large until considerable concentrations of the latter salt are reached. The
effect of carbon dioxide in forming the more soluble bicarbonate of lime undoubtedly

is an important element in this connection, but as the ionization is but little affected

by its presence its influence must be small in the presence of such a salt as sodium

chloride. <'

PRECIPITATIOS BY REACTIONS BETWEEN A(JUEOUS SOLUTIONS AND GASES.

Another case of precipitation occurring in nature follows as a result

of mixing solutions, one of which is a gas which acts upon the compounds

in the aqueous solution, producing ions of a different kind from those before

present, and in some cases forming compounds, the solubility of which is

so small that precipitation results. Perhaps the most important case of

this kind is the mixing of oxygen with a solution containing salts of iron

protoxide. As a result of this the iron is changed from ferrous to ferric

form, and the latter is precipitated as a sesquioxide or hj^drosesquioxide of

iron. In the latter case hydration occurs simultaneously with oxidation.

"Nernst, cit., p. 450.

6 Treadwell, F. P., and Eeuter, M., Ueber die Loslichkeit der Bikarbonate des Calciums und
Magnesiums: Zeitschr. fiir anorgan. Chemie, vol. 17, 1898, p. 170.

'^Cameron, F. K., Application of the theory of solutions to the study of soils: Kept. No. 64, Field

Operations of Division of Soils, 1899, U. S. Dept. of Agric, 1900, pp. 150-151.
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PRECIPITATION BY REACTIONS BETWEEN SOLUTIONS AND SOLIDS.

"If one pours a solution of KBr over solid AgCl, ... the bromine

existing in the solution will be largely replaced by chlorine, because as

AgBr is much less soluble than AgCl an equivalent quantity of AgCl will

be changed into AgBr. This is also established by experiment. If one

knows the solubilities of AgCl and AgBr, then for a given concentration of

KBr we may state the point of equilibrium which the system strives to

reach."" Hence we conclude that if a salt, A, is treated with a saturated

solution of another salt, B, a greater or less part of the salt B may separate

out, the salt A being taken into solution at the same time. In this case

"the active mass of the solid substance is a constant." * The meaning of

this is that if any of a solid salt is present after the reaction has ceased

there was sufficient to produce equilibrium between the salt and the

solution.

An excellent case illustrating precipitation from solution in nature by

the action of a solid, one of the most fundamental importance, is the partial

dolomitization of the calcium carbonate of shells and corals by the sea

waters, which contain both calcium and magnesium salts. In this case,

under the law of chemical equilibrium, there is constant action and reaction

between the magnesium salts in solution and the solid CaCOg. The

magnesium and calcium partially interchange, the calcium going into

solution by uniting with the ions before combined with the magnesium, and

the magnesium simultaneously uniting with the CO3 ion before united with

the calcium and thus being thrown down as MgCOg. Thus the calcite is

partially dolomitized.

This case of dolomitization well illustrates the principle that simul-

taneously with the precipitation of one element or mineral another element

or mineral may be dissolved, one being conditioned upon the other. There

are very numerous complicated cases of this kind which need investigation.

(See pp. 203-206.)

The sohds present exert an important influence in precipitation

independently of the passage of elements of the solids into the solutions.

That is to say, if there be solids present, even if none of the elements of

any of such compounds pass into solution, these solids may influence the

aNernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan Co., New York, 1895,

p. 452.

^Nernst, cit., p. 450.
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nature of the precipitation. This statement is applicable both to com-

pounds present in solutions before precipitation begins and to compounds
formed by precipitation itself Once any precipitate begins to form, par-

ticles of that precipitate are present and influence further precipitation,

precisely as do other solids which were present before the precipitation

began. The proof of the influence of the solids present is furnished by
the very well-known tendency to the enlargement of mineral particles

already existing in preference to the formation of new individuals.

The growth of mineral particles already present is probably con-

nected with the phenomenon of adsorption, described on pages 64-65. It is

there noted that the contact film of solutions with solids contains more than

an average amount of material in solution. It may be suggested that this

is due to the molecular attraction of the crystal for the molecules in solu-

tion, just as the adherent film of the liquid itself is due to the molecular

attraction between the solids and liquids. As the particles in solution move
about they, continually impinge against the solids in the solutions. These

particles thus come within the limits of the molecular attraction of the solids

and are to a certain extent held, and hence the concentration. It would

follow that the adherent films of liquid are likely to become supersaturated

in advance of the remainder of the solutions. Under these circumstances the

moment supersaturation is reached with reference to the compounds forming

a given particle, these materials will be deposited upon the particle, and

will grow. Precipitation immediately follows supersaturation of the con-

centrated film because of the orienting and selecting power of the mineral

particle already existing. It is probable in the case of a given mineral that

for compounds other than those which can unite to produce the mineral

supersaturation can take place to some extent, and that from this slightly

supersaturated adherent film this material may escape into the free solution.

However, when such solutions become supersaturated in the presence of a

mineral which could use them they would be thrown down. By this process

is explained the selective power by which each mineral particle is able to

take from solution material like itself and add it to itself; and also the fact

that particles once formed abstract materials like themselves from solutions

in preference to the formation of new particles." The presence of any

"For explanation of adsorption see Ostwald, W., Grtmdlinien der anorganischen Cheniie,

Engelmann, Leipzig, 1900, pp. 387-389.
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mineral species will prevent considerable supei'saturation of the solution, so

far as the compounds of that species are concerned. The result is that if

there be materials in a solution which can unite to jjroduce mineral species

which are present they will do so. In this way the minerals control or

guide to a considerable extent the character of the solids which are deposited,

since when a certain mineral is absent, before that mineral can begin to be

23recipitated supersaturation must occur with reference to the chemical

combination which composes it.

Therefore the mineral species which are present in a solution have

an advantage over other kinds of minerals which are absent. To a less

degree, minerals which are abundantly present have an advantage over

those which are sparse. To illustrate, if quartz be present and the solu-

tions contain ions of silica, it will be apt to abstract the silica from

the solutions the moment supersaturation occurs.' In the same way, if

feldspar be present and there are ions of sodium, calcium, aluminum, and

silica in proper proportions, these are likely to be grouped together to

produce feldspar. Moreover, it appears to be the case that the feldspar

may so nearly control that a closely analogous feldspar is produced, and

twinning and other phenomena characteristic of the original graiiis be

continued in the secondary growth. The same statements apf)ly to

hornblende, tourmaline, calcite, and, in fact, to all minerals in which a

secondary growth has been noted. Of course, in a rock in which there

are present a large number of mineral particles, the particular mineral

which is formed will depend upon the various ions in the solution, their

relative proportions, and the relative insolubility of the salts. For instance,

tourmaline can not form unless the boric acid ions are present; horn-

blende can not be produced unless there are in the solution all the bases

demanded by that mineral in sufficient abundance. Thus the particular

mineral which forms depends upon a complicated adjustment of the mineral

particles present, the ions present in the solution, their relative proportion,

and tlie solubility of the mineral particles.

In the above chemical principle lies a partial explanation of the strange

fact that minerals are so firmly cemented by material like the dominant

original mineral. In quartzose sandstone the chief cement is silica; in feld-

spathic sandstone the chief cement is likely to be feldspar; in strongly horn-

blendic rocks one of the chief cements is hornblende, and so on. Another



GROUND WATER UNIVERSAL. 123

important factor in the process is the extension of the rock masses from

the places of solution to the places of deposition. For instance, in any
rock which extends from the belt of weathering to the belt of cementation

the water at the places of sohition (especially the belt of weathering)

would obtain material adaj)ted to the enlargement of the minerals of the

same rock at the place of deposition (especially the belt of cementation).

Consequent upon the two factors above given, rocks in many instances

are cemented by minerals like those j)resent before cementation began.

SECTION 2. CIRCULATION AND WORK OF GROUND WATER.

UNIVERSAL PRESENCE OF WATER IN ROOKS.

It has already been explained at the opening of this chapter that water

is the great dominating agent through which the greatest transformations

are accomplished. Free water is present to some extent in all rocks within

the zone of observation. That it is abundant in porous rocks is well

known. Water has also the power to slowly penetrate the apparently solid

rocks. Between the mineral particles there is space sufficient for water to

make its way, and a small amount of water is found in the most massive

and relatively impervious rocks.

Besides the free water in rocks, there is always present water in a

combined form. The combined water varies from a small fraction of 1 per

cent to several per cent. Commonly the combined water does not fall

below 0.50 per cent, and seldom is higher than 8 per cent. It therefore

appears that all rocks contain water, both in the free and in the combined
form. The amounts of each of these are very variable. Bischof many
years ago noted the penetration of basalt by water." The permeation of

apparently solid rocks by water is well illustrated by the readiness with

which agate, chalcedony, and such materials are affected by a staining

solution. When agates are boiled in colored solutions, the Hquid luakes its

way through the minute subcapillary spaces so small that the microscope

can not detect them, and the bands are differently tinted, the amount
of deposited coloring material depending upon the relative sizes of the

minute openings.

o Bischof, Gustav, Chemical and physical geology, translated by Paul and Drummond, Harrison
& Sons, London, vol. 1, 1854, p. 10.
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The water in rocks may completely or partly fill the openings. Where
the openings of a rock are completely filled, the rock is saturated. Unless

all the ojDenings in a rock are subcapillary it will remain saturated only

so long as it is surrounded or partly surrounded by the saturating liquid.

If withdi-awn from the saturating liquid, all the water may be drawn

off by ordinary physical means except that adhering to the walls of the

openings. This residual amount of water is called the water of imbibition.

The difference between the water of saturation and that of imbibition,

which, as will be seen, is the water which may flow somewhat readily, may
be called the water of hygrometricity. In the rocks having subcapillary

openings (see pp. 143-146) the attraction extends from wall to wall, and

therefore the entire film of water in the spaces adheres to the rock particles,

or is water of imbibition. In the rocks having subcapillary pores only, the

water of imbibition and saturation is the same.

The next question which arises is as to the source of the ground water.

On pages 661-668 reasons are given for the belief that the circulation in the

zone of anamorphism, which corresponds to the zone of rock flowage, is

very slow indeed. In this deep-seated zone decarbonation, dehydration,

and to some extent deoxidation of the rocks take place. It is shown (see

pp. 764-766) that with these exceptions, excluding igneous rocks, the compo-

sition of the rocks metamoi'phosed in the zone of anamorphism closely

corresponds with their original composition, contrasting greatly in this

respect with the rocks metamorphosed in the zone of fracture. From these

and other facts it is certain that the circulation of water in the zone of

anamorphism is very slow. However, it is probable that a large portion of

the carbon dioxide and water liberated slowly makes its way into the zone

of fracture. It is also explained that some water may join the zone

of fracture through the agency of igneous rocks which enter this zone.

But the amount of these supplies of water at any one time is small—indeed,

insignificant compared with the amount required to keep up the active

circulation which we know exists in the zone of fracture. Since, then, it can

not be shown that any considerable fraction of the water of circulation of

the zone of fracture is derived from the zone of rock flowage, we can only

suppose that this water is derived from precipitation. The subterranean

water is therefore predominantly of meteoric origin.
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POKE SPACE OF ROCKS.

The pore space of rocks varies from a small fraction of 1 per cent to 50

per cent or more. The pore space in compact, strong, igneous rocks is

exceedingly small. For instance, in fresh, strong granites the percentage

of water absorbed by the dry rock varies from 0.08 to 0.20 per cent, which

corresponds to a pore space of 0.20 to 0.50 per cent. The more compact

limestones also contain very little pore space. Some of them absorb as

sma-ll an amount as 0.20 per cent by weight of water, which corresponds to

a pore space of about 0.55 per cent.

Ordinary compact limestones used for building material, when satu-

rated, contain from 1 to 5 per cent of water by weight, and this corre-

sponds to a pore space of about 2.5 to 12.5 per cent. The more porous

limestones are capable of absorbing 10 per cent or more of water by weight.

Sandstones are ordinarily very porous, holding from about 2 or 3 to 15

per cent of water by weight. This corresponds to a pore space of from

about 5 to 28 per cent Capacity to hold about 10 per cent by weight, and

therefore a pore space of about 20 per cent, is very common in sandstones.

The extreme of porosity for sandstones yet reported is the Dunnville sand-

stone of Wisconsin, Avhich, according to Buckley, contains a fraction more

than 28 per cent of air space when dry," and therefore when saturated is

capable of having 28 per cent of its volume occupied by water. According

to Merrill,'' chalk may contain as much as 20 per cent by weight of water.

Supposing the specific gravity of the chalk to be 2.8, this corresponds to a

pore space of about 41 per cent. However, in coherent rocks, pore spaces

of more tha,n 25 per cent are rather uncommon.

In unconsolidated rocks where cementation has not taken place at all,

and in products of the belt of weathering, the pore space may be even

greater than the above amounts. If grains of sand are spherical, of uniform

size, and " are arranged in the most compact manner possible, each grain

will touch the surrounding grains at twelve points." " In this case the pore

space will be 25.95 per cent.'* If the particles be spherical, of uniform

"Buckley, E. R., Building and ornamental stones of Wisconsin: Bull. Wisconsin Gaol, and Nat.

Hist. Survey, No. 4, 1898, p. 225.

("Merrill, G. P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897, p. 198.

Slichter, C. S., Theoretical investigation of the motion of ground waters: Nineteenth Ann. Rept.

U. S. Geol. Survey, pt. 2, 1899, p. 306.

''Slichter, cit., p. 310. Becker, G. F., Geology of the quicksilver deposits of the Pacific coast:

Mon. U. S. Geol. Survey, vol. 13, 1888, p. 399.
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size, and arranged "so that the hnes joining their centers form cubes,"" this

will be the most open possible arrangement. In this case the pore space

will be 47.64 per cent*

King has made a number of experimental determinations of the pore

space of unconsolidated sands, of broken rocks, and soils, the material being

packed as closely as he was able to pack it." Where quartz sand com-

prising materials varying greatly in coarseness was used, a pore space as

low as 25.43 per cent was obtained.'' But " well-rounded grains of nearly

uniform diameter tend to give a pore space which lies between 32 and 40

per cent. * * « For simple sands with angular grains the pore space is

much larger than it is for the rounded sands of the same size of grains, and

in the case of the crushed glass, whose grains are more angular than those

of the crushed limestone, which have a tendency to be cuboidal in form,

the pore space is the largest of all."
''

Seelheim found that clays when allowed to settle in water have a pore

space of 50 to 79 per cent, and that there is no sensible reduction of this

space under a pressure of 30 meters of water.-'^

In clay loams and clays pore spaces as high as 48 to 52 per cent were

obtained by King.'' He suggests that the high pore space of clays may

possibly be partly explained by the angularity of the grains, it being well

known that the very fine mechanical sediments are largely composed of

angular particles.''

It is evident from these experimental results of King's that the grains

of sands and soil are not packed by nature in the most compact manner

possible; otherwise the pore spaces would run lower, rather than higher,

than Slichter's minimum pore space (25.95 per cent); for the natural grains

«Slichter, cit., p. 308.

ftSlichter, cit., p. 309.

« In order to get the closest packing, the material was added " in small lots at a time and gently

tamped with a broad, flat-faced pestle until the vessel was filled. . . . The vessel, after being filled

by tamping, was ' struck off ' with a piece of plate glass, then held firmly while with light blows the

walls of the tubes were struck gently, but repeatedly, as long as any reduction in volume could be

produced."—King, F. H., Principles and conditions of the movements of ground water: Nineteenth

Ann. Kept. TJ. S. Geol. Survey, pt, 2, 1899, p. 208.

f^King, cit., p. 211.

«King, cit., p. 215.

/Seelheim, Zeitschr. fiir anal. Chemie, vol. 19, p. 387; cited in King, F. H., Principles and con-

ditions of the movements of ground water: Nineteenth Ann. Kept. U. S. Geol. Survey, pt. 2, 1899, p. 78.

!/King, cit., pp. 213-215.

'iKing, cit., pp. 217-218.



PORE SPACE IN ROCKS. 127

of soil and sand are not spherical in shape, or of uniform size. In so far as

the grains vary from regular forms and uniform magnitude the pore space

would be less than calculated; but in so far as the method of packing is

not the most compact possible the pore space would be greater than calcu-

lated. Thus these two factors neutralize each other to a considerable

degree, and we are obliged to turn to experiment to ascertain approxi-

mately the facts. It is probable that King's experimental results" on sands

composed of well-rounded grains of nearly uniform diameters, where the

pore space was between 32 and 40 per cent, represent approximately the

original pore space in the coarser assorted mechanical sediments. The

more porous sandstones, where the pore space, as ascertained by Buckley, *

varies from 18 to 28 per cent, have a crushing strength varying from 172

to 413 kilograms per square centimeter; indeed, are strong enough to serve

for building stones. It is clear that a considerable amount of cementing

material has been added, and that the pore space measured is much less

than the original space in the sands before cementation. Hence it appears,

both from experimental work by King and by deductions from actual

measurements of the space in partially cemented sandstones, that the

original pore space in clean, well-assorted sands probably A^aries from one-

fifth to as much as two-fifths, with a probable average of about one-third.

It is much more difficult to give a statement as to the average pore

space of the lavas. Some of these rocks are rather dense and had orig-

inally a very small amount of pore space ; others are exceedingly vesicular

and originally had pore spaces amounting to 50 to 75 per cent, or even

more. It is rather pi'obable that where a succession of thin-bedded basic

lavas are piled up one on the other, as in the Keweenawan of the Lake
Superior region, the pore space averages as much as in ordinary sandstones

;

but from this maximum the average runs down as the lava flows become
thicker and as they become more acid. Therefore the average pore space

of the vesicular lavas is probably not more than one-third to one-half as

great as in the mechanical sediments.

It is even more difficult to make an estimate of the amount of pore

space due to fractures in the rocks, such as faults, joints, fissility, the open-

«King, cit, pp. 147-157.

6 Buckley, E. E., Building and ornamental stones of Wisconsin: Bull. Wisconsin Geol. and Nat.

Hist. Surv. No. 4, 1898, pp. 393-395, 402-403.
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ings of autoclastic rocks, etc. In the case of some breccias the pore space

is certainly as large as in the mechanical sediments, and such breccias in

some places are present in considerable volume. From this maximum

amount the pore space of course varies to a fraction of 1 per cent.

I am therefore wholly iinable to give any general averages of the

amount of pore space, taking the world as a whole. But Shaler has esti-

mated that the amoimt of igneous and vein material of certain regions of

the New England coast is from 3 to 6 per cent of the superficial area."

Since the volumes are as the cubes of the dimensions, if the amount of vein

material were the same in other directions this would involve a filled pore

space of from 0.52 to 1.12 per cent.

From the foregoing it is plain that, while it is easy to ascertain the

amount of pore space in a given rock, it is very difficult indeed to make any

estimate of the average amount of pore space in the zones of katamorphism

and anamorphism. It is shown on pages 187-191 that these zones corre-

spond, respectively, to the zones of fracture and flowage. It is certain that

the pore space in the zone of fracture is far greater than in the zone of flow-

age. It is also equally certain that the pore space in the belt of weather-

ing is vastly greater than in the belt of cementation. When these various

zones and belts are discussed it will be shown that both the unconsolidated

materials and the coherent rocks of the belt of weathering are exceedingly

open and have a very large pore space. It will further be seen that in

passing downward from the belt of weathering to the belt of cementation

there is a sudden diminution in the amount of pore space available, the

rocks becoming almost at once far less open. Doubtless on the average

the amount of pore space in the belt of cementation steadily diminishes

from the upper to the lower part; and in the zone of anamorphism the pore

space is almost certainly but a fraction of 1 per cent.

It is to be remembered that below the comparatively thin belt of

weathering, the rocks, with unimportant exceptions, are saturated. Dana

estimates the average amount of water contained in the rocks as 2.67 per

cent of their weight.* Supposing that the specific gravity of the crust is 2.7,

this would mean a pore space of 6.89 per cent of the volume of the rocks;

or, if the rocks were saturated, about 69. liters of water in every cubic

Shaler, N. S., The crenitic hypothesis and mountain building: Science, vol. 11, 1888, p. 281.

''Dana, J. D., Manual of geology, American Book Co., 4th ed., 1895, pp. 205, 311.
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meter. Supposing the pore space for the upper part of the zone of fracture

to be one-fifth of that suggested by Dana and to diminish to zero at the

lower part of that zone, this would give an average pore space for that

zone of 0.69 per cent. Supposing that the zone of fracture extends to a

depth of 10,000 meters and that the pore space is saturated, the amount of

contained water, if concentrated to the exclusion of rock, would make a

sheet 69 meters thick, extending throughout the continental areas. This

calculation is of course made upon an hypothetical basis (see pp. 569-571),

but it shows that the underground water is truly a great subterranean sheet.

This subterranean sheet may be compared to the blood of an organism,

and the comparison has force to the degree that it is the chief medium
through which the transformations of the rocks are accomplished.

CIRCULATION OF GROUND WATER.

Subterranean water must be considered from two points of view

—

its circulation and its work.

The actual ground-water circulation depends upon the openings in the

rocks, the forces jDroducing water circulation, and the forces opposed to

circulation.

OPENINGS IN ROCKS.

The rate and amount of flowage of water is largely dependent upon

the openings in rocks. The openings in rocks in reference to flowage

need to be considered from the following jjoints of view: The form and

continuity of the openings, the size of the openings, and the percentage of

openings, or pore space.

FORM AND CONTINUITY OF OPENINGS.

For a given cross section, in proportion as an opening approaches a

circular form—that is, as it approaches a minimum of wall area per unit of

volume—the flow increases, because the friction between the moving water

and the film of fixed water upon the walls is less per imit volume. In

proportion as the openings are continuous in rocks the flow increases.

The openings in rocks include (1) those which are of great length and

breadth as compared with their width, and thus are essentially flat parallel-

opipeds; (2) those in which the dimensions of the cross sections of the

openings are approximately the same, and therefore resemble tubes of

various kinds; and (3) irregular openings.

MON XLVII—04——9
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(1) The openings which have great length and breadth as compared

with their width are those of bedding partings, of faults, of joints, and of

fissility. It is recognized that many of the fractures are exceedingly

complex. They are, indeed, in many instances a series of ^jarallel or

intersecting fractures, forming a zone of brecciation. However, for such a

a zone, as a whole, the statement still holds that the openings have great

length and depth as compared with their width.

Bedding partings are parallel to the layers. Since ground waters

very frequently follow foi'mations, the bedding partings become important

factors in the promotion of flowage parallel to the formation This is

especially true of the contacts of formations of diiferent character. These

contacts are places of maximum differential movements, of consequent com-

plex fracturing, and therefore of important openings and large circulation.

In position the fault, joint, and fissile openings ordinarily have an

important vertical element, or at least traverse the beds. Frequently they

are nearly vertical, or traverse layers or formations at right angles. In

consequence of this they ai'e very important factors in the vertical move-

ments of ground water.

As to continuity, bedding partings are likely to be the most continuous

;

faults come next in continuity, joints next, and fissile openings are those

that are least continuous.

Bedding partings are likely to be continuous for long distances, and

because of this and their size (considered on pp. 137-138), they are fre-

quently important factors in the flowage of ground water."

Faults may have very great continuity. Thrust faults of 15 kilometers

and more along the dip are known; and along the strike faults may extend

for even hundreds of kilometers, although ordinarily their extent is much

less. From their great persistence and from the fact that they are likely to

cut across formations, thus frequently severing and displacing imjoervious

strata and consequently connecting porous strata separated by impervious

strata with one another, faults are of very great consequence in the flowage

of ground water.

Joints are less extensive than faults, but they may extend across an

entire formation, or even across two or more contiguous formations. The

"King, F. H., Principles and conditions of the movements of ground water: Nineteenth Ann.

Rept. U. S. Geol. Survey, pt. 2, 1899, p. 126.
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extent of joints along the strike may be many kilometers. While joints

are less extensive than faults, they are far more numerous. Probably their

number, as compared with faults, more than compensates for their lack of

extent. Joints are therefore of AJ'ery great importance in the flowage of

ground water. On the average they may be of even greater importance

than faults. Joints, like faults, may connect separated porous strata, but

vei-y frequently the joints do not pass through the relatively plastic

separating impervious strata, and therefore in this respect are of less

consequence than faults.

Fissility openings usually have less extent than bedding partings,

faults, or joints; and the openings are small. "While they doubtless have an

important influence in water flowage, they are not of such consequence as

bedding partings, faults, or joints.

(2) Openings in which the dimensions of the cross sections are

approximately the same are those of the mechanical deposits, including

conglomerates, sandstones, soils, tuffs, etc.

The openings of mechanical sediments have a strong tendency to a

definite form, and are continuous. The forms of these openings have been

fully discussed by Slichter." The openings alternately narrow and widen.

At the wider parts their sections are roughly polyg'onal, the polygons

having more than three sides, and these ciuwed. At their narrowest places

the cross sections of the openings approximate triangles, and where the

grains are of equal size the triangles are equilateral. The form of the

tubes at their minimum is due to the contact of three grains in a plane,

the space between which is nearly triangular. (Fig. 3.)

Professor Slichter has further shown that there are various possible

natural systems of packing of particles. In nature one system of packing

may hold for a certain distance, and then be replaced by another system.

Within any system of packing all the openings are connected with one

another by straight or curved tubes, triangular at their minimum cross

section, and no opening is shut off" from any other opening. Slichter has

shown that in the various natural systems of packing of the particles there

is at least one direction in which the tubes are straight; in other words,

there is one direction in which a straight wire may be thrust without coming

o Slichter, C. S., Theoretical investigation of the motion of ground water: Nineteenth Ann. Eept.

U. S. Geol. Survey, pt. 2, 1899, pp. 305-323.
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in contact with any grain. (Fig. 4.) In any other than the one direction,

where the grains are natm'ally arranged, the tubes are ordinarily interrupted^

In any case the continuity of the tubes in straight hnes persists so far as the

arrangement of grains is by one system of pihng. Slichter has shown that

the openings in the directions in which the tubes are not straight may be

neglected so far as the fiowage of water is concerned; he therefore con-

cludes the quantity of flowage to be dependent upon the continuous straight

or nearly straight tubes. These of course vary in size, but the Avater

may be reckoned as passing through continuous tubes of the minimum size,

made by the cross section between three grains arranged in a plane at right

angles to the direction of the tubes. Of course it is understood that any

Triangular cross sections of pore space. After Slichter,

one system of arrangement does not extend indefinitely, and that where

one system of packing changes into another there are, ordinarily, bends in

the tubes.

Slichter further shows that the amount of space in mechanical sediments

before cementation takes place is largely dependent upon the system of

'

packing. It is also dependent upon the regularity of the grains and their

variation in size. The more nearly spherical the grains and the more

nearly uniform the size, the greater is the pore space.

Ordinarily the continuous tubes of mechanical sediments are limited

by the boundaries of a stratum or formation. However, a porous formation

may extend for hundreds of kilometers and have a thickness of hundreds
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of meters. This is well illustrated by the strata bearing artesian water
many of which certainl}^ transmit great quantities of water for hundreds of

kilometers. An excellent illustration of porous strata of this class is the

Dakota sandstone. This sandstone yields great quantities of water along
the James River Valley, and the nearest feeding area, so far as known is

in the Black Hills, 400 kilometers distant. The volume of water which issues

r'"^- -l—Spheres packed in the most compact manner possible, showing continuous open-

ings in one direction. After Slichter.

from sandstone strata in artesian basins shows how imjDortant is the class of

oj)enings under consideration.

Since the continuous openings of sediments are commonly limited to

a formation, it is plain that such openings are very favorable to the flowage
of water along a formation, but are less potent in the transference of water
from one stratum or formation to another.

(3) Irregular openings are those of the vesicular lavas and of the
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irregular fractures of rocks. In rocks where the opening-s are exceedingly

irregular in form the flowage of water is limited by the continuous openings,

however small thej may be.

Irregular openings may be of any form. In the lavas they are fre-

quently spherical or ovoid. In the compact rocks they are confined to the

very minute, exceedingly irregular interspaces between the mineral par-

ticles, which apparently are in perfect contact. As already seen, in the very

vesicular lavas the pore space may vary from a small per cent to a very

large amount, even to 75 per cent or more. The openings are more likely

to be continuous where the pore space is large than where it is small. But

even where the pore space is very large the openings of lavas are not nearly

so continuous nor the minima of the tubes so large as in sands. In the

igneous rocks and in the rocks metamorphosed under deep-seated conditions

the openings are minute; they are controlled by the form of the grains.

They are, therefore, very irregular and discontinuous.

SIZE OF OPENINGS.

. The size of the openings is very important in the circulation of ground

water. The size of openings must be discriminated from the amount of

pore space. The amount of pore space may be the same in two cases, but

in one the openings may be very few and large, and in the other very

numerous and small. The flowage in the two cases, other conditions being

equal, is very different. For a given mass of water the internal friction,

both within the moving water and between the moving and fixed water

increases very greatly as the openings decrease in size. It is, therefore,

necessary to consider the various classes of openings in reference to size.

Upon the basis of size openings in rocks may be divided into (a) open-

ings larger than those of capillary size, or supercapillary openings; (b)

capillary openings, and (c) openings smaller than those of capillary size, or

subcapillary openings.

For water, openings larger than capillary openings, according to

Daniell," may be circular tubes which exceed 0.508 mm. in diameter, or may
be sheet openings, such as bedding partings, faults, joints, etc., the widths of

which exceed one-half of this, or 0.254 mm. To movement of water in such

"Daniell, Alfred, A text-book of the principles of physics, 3d ed., Macmillan Co., New York,

189.5, pp. 315-317.
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openings the ordinary laws of hydrostatics apply. Capillary openings for

water solutions include those which, if circular tubes, are smaller than

0.608 mm. in diameter, and those which, if sheet spaces, are narrower than

0.254 mm., and which in either case are larger than the openings in which
the molecular attractions of the solid material extend across the space.

Such openings in the case of circular tubes are those smaller than 0.0002 mm.
in diameter, or, if sheet passages, are below 0.0001 mm. in width. Capil-

lary openings, therefore, include circular tubes from 0.508 to 0.0002 mm.
in diameter, and sheet passages from 0.254 to 0.0001 mm. in width. Capil-

lary openings of other forms have a range hmited between 0.508 and
0.0001 mm., but no one form has so wide a range as this. To movement
of water in openings such as these the laws of capillary flow apply. By
subcapillary openings are meant those in which the attraction of the solid

molecules extends from wall to wall. These include all tubes smaller than
0.0002 mm. in diameter, and sheet openings smaller than 0.0001 mm. in

width. For intermediate forms the subcapillary openings have as their

maximum limit a I'ange from 0.0002 to 0.0001 mm.
It is not supposed that supercapillary openings, capillary openings,

and subcapillary openings are sharply separated from one another. They
grade into one another, and the laws below given which control the flowage
in one class of openings are gradually modified until they pass into the

laws which control the flowage in another class of openings. For instance,

water in circular tubes shghtly larger than 0.508 mm. in diameter would
to some extent obey the laws of flowage of capillary openings, and water
in tubes slightly less th^n 0.508 mm. in diameter would to some extent
obey the laws of supercapillary flow. In short, flowage in openings near
the dividing line between two classes obeys laws intermediate between
those controlhng flowage in the typical cases of each class.

The areas of openings of variable size and similar form vary as the

squares of their respective diameters. The circumferences of openings of
variable size and similar form vary as their respective diameters. It follows,

for a given volume of water, that the larger the openings in which it is

contained the less is the surface of contact. For instance, if for an opening-

of any form, of given diameter, the surface of contact for 1 cm. of length

be 1 sq. cm., if the cross diameter be doubled, the length remaining the

same, the volume of the water is four times as great, but the surface of
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contact is only twice as great. If the diameters be decreased to one-third,

the volume of the water is decreased to one-ninth, but the surface of contact

to one-third only.

As a consequence of the relation between size of openings and area of

contact, it follows that in small openings a given volume of water is capable

of performing much more work upon the rocks than in openings of larger

size, for the surfaces of contact are the places where chemical interaction

between the water and rock takes place. How important is the factor of

small size in the amount of work which may be accomphshed by ground

water can be adequately comprehended only when the surface of action for

a o-iven volume of water for small openings is calculated. To illustrate, if

the openings are circular tubes of a size at the border line between those of

supercapillary and capillary size—that is, tubes 0.508 mm. in diameter—

1

cu. cm. of water would have a surface contact with the rocks of about 78.74

sq cm. If the openings be sheet openings at the boundary between super-

capillary and capillary—that is, 0.264 nnn. in width—1 cu. cm. of water

would have a surface contact of about 78.74 sq. cm. If the openings be

circular tubes at the border line between those of capillary and subcapillary

openings—that is, 0.0002 mm. in diameter—1 cu. cm. of water would have

a surface contact of about 200,000 sq. cm. If the openings be sheet open-

ings at the border line between those of capillary and subcapillary size

—

that is, have a width of 0.0001 mm.— 1 cu. cm. of water would have a

surface contact of 200,000 sq. cm. Therefore 1 cu. cm., or 1 gram of water,

has a surface contact varying from 0.007874 to 20 square meters in circular

capillary tubes; and in sheet passages has a surface contact varying from

0.0U7874 to 20 square meters. It has been calculated by Whitney that

"the grains in a cubic foot of soil have, on the average, no less than 50,000

square feet of stu-face area."" The magnitude of these numbers shows how

important a factor in the work of a given volume of ground water is the

size of the openings in which the water is contained.

It follows from the above relations that the area of contact, and

therefore the friction between moving water and the fixed film of water

adherent to the walls, is inversely as the size of the openings. As will be

o Whitney, Milton, The phj'sical principles of soils in their relations to moisture and crop distri-

bution: Bull. Weather Bureau No. 4, U. S. Dept. of Agric, 1892, p. 14.
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seen, this is a matter of controlling consequence in flowage in small and

especially iu very small openings.

supercapiiiary openings—Xlie flowage of Water through supercapillary tubes

is controlled by the ordinary laws of hydrokinetics. Ignoring friction,

the flowage of water is as the square root of the pressure or head. If

V—velocity, H=head, and Gr=:force of gravity, then V per second

^V2GH. For instance, the velocity resulting from a pressure of 1 atmos-

phere or a head of 1033.3 cm. would be the square root of 2 X 981 X
1033.3 = 1423.8 cm. per second.''

This formula is only approximately correct, for the internal friction in

supercapiiiary tubes is dependent upon the viscosity of the solutions, upon

the reg'ularity of the openings, upon their length and size, and upon the

velocity of flowage. If the openings be not straight, or vary in size, or

both, eddies form, which increase the internal friction and decrease the

speed of movement. The friction between the moving liquid and that fixed

to the walls increases witla increase of length, with decrease of size, with

roughness of surface, and with increase in velocity. If the available area

be great and the movement consequently very slow, the resistance per unit

of length due to friction becomes so small as to be almost inappreciable.

But even if the openings be large and continuous the formula gives some-

what too high results. If the flow be rapid in long, rough, irregular

underground passages, the resistance is so great as to make the formula

above given inapplicable.

Supercapiiiary openings include the greater number of bedding- part-

ings, fault openings, joint openings, some of the openings of fissility, and

the openings in the coarser mechanical sediments, such as coarse sandstones

and conglomerates. The distance from an angle to the opposite side of the

roughly triangxilar tubes (fig. 3, p. 132) in sandstones composed of spherical

grains of equal size, which average 3 mm. in diameter, somewhat exceeds

0-508 mm.' The average diameter of the pores in the system of closest

packing is 43 per cent greater than the minimum section of the triangular

pores." It therefore follows that a sediment composed of grains just large

aDaniell, Alfred, A text-book of the principles of physics, 3d ed., Macmillan Co., New York, 1895,

p. 303.

''Slichter, C. S., Theoretical investigation of the motion of ground water: Nineteenth Ann.

Kept. U. S. Geol. Survey, pt. 2, 1899, p. 316.

cSlichter, cit., p. 317.
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enough to make the pores capillary at the smallest section have super-

capillary pores in other parts of the section. Hence, it may be said that

sandstones and conglomerates the grains of which exceed 3 mm. in diameter

have tubes whicli are greater than those of capillary size. But the grains

in the great majority of sandstones average less than 3 mm. in diameter,

and hence the pore openings in sandstones are for the most part capillary,

and are considered under the next heading.

It is through openings exceeding those of capillary size—that is, cir-

cular tubes larger than 0.508 mm. in diameter and sheet openings greater

than 0.254 mm. in diameter—that the rapid circulation of underground

water is accomplished. For instance, the openings through which springs

of large size issue mainly exceed those of capillary dimensions.

Capillary openings.—Capillary opculngs include the great majority of the

openings of sands and saiidstones, many of the openings of fine conglom-

erates, many of the openings of porous lavas, and many of the openings

produced by fracture. As already noted, the superior limit of size of

grains of sands and sandstones composed of grains of uniform size, the

smallest openings of which are capillary, is 3 mm. in diameter. The inferior

limit of size are grains, the diameters of which are six times the maximum

diameter of subcapillary tubes, or 0.0012 mm. The majority of the par-

ticles of most clays, shales, and slates are much smaller than this, and

therefore the openings of these rocks are subcapillary. Hence capillary

openings in mechanical sediments range from very fine sands to very

coarse sands. Many of the openings of fissility are capillary; but the

majority of bedding partings, fault openings, and joint openings are partly

supercapillary, although often the walls of such fractures are so close

together as to make even these openings capillary in part.

In capillary openings the resistance to flow increases very rapidly as a

tube diminishes in size. This is due to the fact, already explained, that

the area of contact between the moving liquid and that fixed to the wall

increases inversely as the size of the openings. Indeed, the friction between

the moving and the fixed liquid becomes the dominant factor in the resist-

ance to flowage in capillary ttibes. As openings decrease in size, at the

diameter at which this factor controls for a given liquid the openings

become of capillary size for that liquid.
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According to Poiseuille, the general formula for the flow through a

tube of circular section is

/=
%)Jil-

in which /is the discharge in cubic centimeters per second, a is the radius

of the tube, I its length, p is the difference in pressure at its ends in dynes

per square centimeter, and ^ is the coefficient of viscosity of the liquid."'

According to Slichter, "if J. is the area of cross section, this formula may
be written

and the mean velocity of the fluid in the tube is given by

In a triangular tube the flow per second is represented by the formula

and the velocity by the formula

-y^ (0.02887)^

"The mean velocity for a circular tube of equivalent area of cross section

was found to be about 38 per cent more.'"'- Slichter finds the vohime and

velocity of flow in an elliptical cylinder to vary but slightly from that of

a circular tube. "Even an eccentricity of 0.866 will change the flow by
but 10 per cent, and an eccentricity of one-half will reduce the flow by
about one-half of 1 per cent. Thus it is clear that a slight change in the

shape of the cross section of a tube will change but slightly the flow

through it. Analogy warrants us in extending this truth to tubes having

other than elliptical sections. For example, we may conclude that the flow

through a tube whose section is an oblique triangle is given approximately

by the formula for a tube whose section is an equilateral triangle of the

same area, even though the shape of the section of the given tube differs

slightly, or even materially, from that of an equilateral triangle.'"' Further-

« Slichter, 0. S., Theoretical Investigation of the motion of ground water: Nineteenth Ann. Kept.

U. S. Geol. Survey, pt. 2, 1899, p. 317.

''Slichter, cit., p. 319.
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more, in capillary tubes "the velocity of flow through a tube of variable

section will be less than the velocity of flow through a tube having a

uniform section equal to the mean section of the first tube, because of

the viscosity or internal friction of the expanding or contracting stream.""

Daniell expresses a part of the laws of capillary flow in words, instead

of in a formula, as follows: "The flow in capillary tubes is proportional not

to the square, but to the fourth power of the radius; the velocity is propor-

tional not to the square root of the pressure, but to the pressure itself

The resistance in capillary tubes varies directly as the velocity; in wide

tubes approximatel}^ as the square of the velocity. This seems discrepant;

but it is due to the formation of eddies in the wider tubes; in a capillary

tube the flow is steadj^."'

From the foregoing it follows that the flow in a tube with a radius

one-fifth millimeter in diameter is sixteen times as great as in a tube

one-tenth millimeter in diameter. Furthermore, in a tube of any definite

length, if the pressure be doubled the flow is doubled ; if trebled the flow is

trebled, etc. However, experimental work by King ujjon the flowage of

water through capillary openings of sandstones and sands gave results

showing that under the conditions in which he performed his experiments

the flowage increased faster than the pressure. The pressure in the experi-

ments varied from a small fraction of an atmosphere to somewhat more than

an atmosphere. The departure from Poiseuille's law varied from less than

1 per cent to more than 50 per cent." In the experiments the departures

seemed to be greater, on the average, when very low pressures were used

than when moderate pressures were used. The very variable results may

be partly explained b}' the conditions under which the experiments were

performed, but it is entirely possible that the departures are partly to be

explained by the relative importance of internal friction due to viscosity

when the rates of movements are slow. (See pp. 141-143.)

Also, according to Poiseuille's law, the flowage is inversely as the

viscosity. When it is remembered that the viscosity of water decreases

rapidly with increase of temperature, it is seen that this is a very important

f'Slichter, C. S., Theoretical investigation of the motion of ground water: Nineteenth Ann. Eept.

U. S. Geol. Survey, pt. 2, 1899, p. 320.

6 Daniell, Alfred, A text-book of the principles of physics, 3d ed., Macmillan Co., New York,

1895, p. 316.

«King, F. H., Principles and conditions of movements of ground water: Nineteenth Ann. Kept.

U. S. Geol. Survey, pt. 2, 1899, pp. 135-157.
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factor. The relative viscosity of water at various temperatures below

100° C. is as follows:''

Relative viscosity ofwater at different temperatures.

0° 100.00

15° 63. 60

30° 44. 90

45° 33. 89

60° 26. 94

75° 21.75

90° 18.16

From this table it appears tliat the viscosity of water at 45° C. is about

one-third its viscosity at 0° C; at 90° C, less than one-fifth as great as

at 0° C. It therefore follows that temperature is a factor of the greatest

importance in the flowage of water throug'h capillary openings in the litho-

sphere. It is shown (pp. 138, 145-146) tbat the openings in the lithosphere

are larg-ely those of capillary or subcapillary size ; lience the importance of

the temperature element.

Another factor entering into the flowage of ground water is the

influence of the meniscus where the openings are not fully occupied by

water. Wolff'' lias shown that if water be introduced into an empty

capillaiy tube, the meniscus in advance of the column is an important

retarding influence, and consequently that the movement is slower than

under circumstances where there is no meniscus. This influence is likely

to be important in many cases in the belt of weathering, where partial

filling is the rule, but is probably of little consequence in the belt of

cementation below the level of ground water, where saturation is the rule.

In conclusion, it should be fully understood that the laws of capillary

flow, as developed by Poiseuille and others, involve rather rapid movement

through the capillary openings. It has already been stated that viscosity

of the solutions and friction between the moving and the fixed water are

the determinative factors in reference to capillary flow. It is highly

probable that where the movements are very slow the friction is minute or

inappreciable and that the consequent departures from Poiseuille's laws are

very great. Apparently in the exceedingly slow movements of many of

« Landolt and Bornstein Tabellen, 1894, p. 288; supplemented by experimental data furnished by-

Mr. C. F. Bowen.
!> Wolff, H. C, The unsteady motion of viscous liquids: Trans. Wisconsin Acad. Sci., Arts, and

Letters, vol. 12, pt. 2, 1900, pp. 552-553.
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the larger masses of ground water the viscosity of water and the friction

becomes almost zero per imit area. Evidence of this is furnished bj the

fact that artesian water flowing through rocks for hundreds of kilometers,

the openings of which are capillary, may have nearly the full pressure due

to head. For instance, the artesian water adjacent to Lake Michigan at

Chicago at the early wells, before they became so numerous as to interfere

when allowed to flow, had a head of 30 meters above the surface, and the

feeding area is only about 80 meters above Chicago;"^ yet the water has

traveled underground from 150 to 250 kilometers. Tlie resistance causing

the loss of head of 50 meters is to be distributed through this distance;

therefore the friction per meter must have approached an infinitesimal

amount. The same thing is again finely illustrated by the artesian wells

of the James River Valley of South Dakota. The water of these wells

must have traveled at least from the eastern border of the Black Hills, 400

kilometers. The elevation at the source is 1,500 meters and at the James

River 500 meters. The consequent loss of head of considerably less than

1,000 meters is due to resistance through the entire distance, and again must

be almost immeasurably small per meter.'' In all such instances the average

movement is exceedingly slow, for it will be shown that to accomplish the

first of the above journeys more than a ceutur}^ was perhaps required, and

for the second possibly centuries were necessary. (See pp. 585-586.)

But the moment the speed of movement becomes appreciable the resist-

ance promptly runs up. This is shown by the very slow fall of a slanting

water table in sands as the result of lateral flowage. The best illustration of

this of which I know is that kindly furnished me by J. B. Lippincott, city

engineer, of Los Angeles, Cal. The Los Angeles River is mainly fed by

ground waters derived from granitic and other sands which are of moderate

coarseness, but the openings of which are capillary. The water table

rises from the headwaters of the river to a point north of Fernando—about

16.1 kilometers—from a little more than 180 meters to a little more than

330 meters, or 9.3 meters per kilometer. Mr. Lippincott says that from

1896 to 1900, inclusive, five years, there was practically no rainfall, and

aLeverett, Frank, The water reaouroea of Illinois: Seventeenth Ann. Kept. U. S. Geol. Survey,

pt. 2, 1896, pp. 805-806, 811.

!>Darton, N. H., Arteaian waters of the Dakotaa: Seventeenth Ann. Eept. U. S. Geol, Survey,

pt. 2, 1896, pp. 665-670, pi. Isx.
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therefore no addition to the ground waters During that time the water

table fell in the granitic sand, on an average, at the rate of 0.38 meter per

kilometer per annum. This fall of water during these years in the granitic

sands alone, Mr. Lippincott says, is sufficient to account for the entire dis-

charge of the Los Angeles River. A head of 9.4 meters per kilometer in

lai'ge channels where friction is small would result in the outjjouring of the

great quantity of water held in the gravels into the Los Angeles River in a

very short time. But the openings in the sands are capillary, and the resis-

tance due to friction and to viscosity is such that the water was very slowly

delivered to the i-iver under a head of 9.4 meters per kilometer, the average

fall being, as explained, 0.38 meters per kilometer per annum.

Movement as slow as this must be rapid as compared with the exceed-

ingly slow movement of the ground water in the artesian basins referred

to. It follows from these illustrations that the ordinary rates of movement

in the belt of cementation are very much slower than were the move-

ments under the conditions in which Poiseuille, King, and others carried

on their experiments. It is plain that the laws derived from experiments

as given by Poiseuille and King in reference to capillary flow are only

very partially applicable to movements of ground water; indeed, their

application is probably limited to the somewhat rapid movements of the

water in the capillary tubes above the level of ground water in the belt of

weathering where gravity has its full effectiveness, and adjacent to large

openings, either natural or artificial.

subcapiuary openings.—By subcapillary openings, as already explained, are

meant openings smaller than capillary openings. In subcapillary openings

the attraction of the solid molecules extends from wall to wall, and there-

fore in these openings the water is wholly that of the films attached to the

walls by molecular attraction. There is no free water, in the sense that

the molecules are free to move among themselves, resisted only by the vis-

cosity of the fluid. The ratio of the resistance to movement of water thus

attached as films to solids is almost infinitely great as compared with that

of free molecules. Water thus attached is as if glued to the walls.

Quincke has determined that the attractive influence of glass upon a

fluid extends through a silver film 0.00005 mm. thick; or, stated in another

way, he finds that the distance through which molecular attraction acts is
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in general 0.00005 mm." Plateau made the distance through which mole-

cular attraction acts yt^ mm.,'' which amount is slightly greater than

Quincke's determination. Since each wall holds a film of water, sheet pas-

sages below 0.0001 mm. in diameter are subcapillary. The maximum size

for the subcapillary circular openings is twice as great, or 0.0002 mm. in

diameter.

The laws of flowage of water through tubes of such small size have

not been investigated, so far as I am aware. However, upon theoretical

grounds one would expect that the flow would be exceedingly, indeed

indefinitely, slow even as compared with flow in capillary tubes. This

anticipation is fully justified by the observed facts of geology. It is well

known that natural oil and gas may be held in anticlinal arches and domes

for long periods of time, even when under great pressure. It is certain in

these cases that the escape of oil, or even gas, through the subcapillary

openings of the shales is slower than the manufacture of these products in

nature's laboratory. The facts as to the retention of oil and gas under

shale roofs render it highly probable that flow in subcapillary openings

is so slow as to be inappreciable during the time through which an experi-

ment is ordinarily continued; but the flow in subcapillary openings during

geological periods is probably of great consequence. (See pp. 892-904.)

It may be anticipated that the slow movement of water in subcapillary

openings is greatly influenced by change of temperature. At high temper-

atures the viscosity of water is an important element in flow, and this

rapidly decreases with increasing temperature. That water gas does not

obey the law of flow of liquids in subcapillary tubes is shown by the

experiment of Daubr^e," in which the vapor of water at a temperature of

160° C, and consequently at a pressure of 6 atmospheres, passed through

a layer of apparently solid rock 2 cm. in thickness, and gave a pressure on

the other side of 1.9 atmospheres. This experiment shows beyond all

question that water gas under high pressure and temperature does not

adhere to the walls strongly, and has such a small viscosity that it slowly

but surely passes through subcapillary openings. However, ground water

at all temperatures below the critical temperature under ordinary conditions

« Quincke, M., Ueber die Entfernung in welcher die Molecularlsrafte der Capillaritat noch wirk-

sam sind; Poggendorft, Annalen, vol. 138, p. 402.

6 Plateau, J., Statique des liquides, vol. 1, 1873, p. 210.

JDaubr^e, A., Geologie experimentale, Paris, 1879, vol. 1, pp. 236-238.



FLOWAGE IN SUBCAPILLARY OPENINGS. 145

is held by the pressure in the form of a Uquid. But at temperatures

higher than 365° C, or the critical temperature of water, whatever the

pressure, the water is in the form of water gas. In this case it may be

supposed to have a much greater penetrating power than in the form of

liquid, since it can not be considered as adhering to the walls of the

openings.

Even if subcapillarj^ openings be very small and the flow very slow,

it does not follow that the water within these minute openings is not an

agent through which important geological work is accomplished. The

water in such spaces is capable of taking into solution the substances with

which it is in contact, of depositing material from solution, of reacting upon

the substances by hydration; in short, is capable of performing all the

transformations which freely moving water is able to accomplish. Indeed,

it has already been seen that all transfers of material between water and

rock must take place through the fixed films of water. (See p. 64.)

The transfer of material in subcapillary openings is confined to short

distances because tliere is no free circulating water. The interchanges of

material are probably slow, except between adjacent or nearly adjacent

mineral particles; therefore it seems highly probable that a given volume

of water in the subcapillary openings is far more effective in transforming

rocks than an equivalent volume in larger openings. The same reasoning

applies here as in the case of the capillary openings as coinpared with

supercapillary openings. The surface of action per unit volume in the

subcapillary tubes is vastly greater than in larger openings. As shown

on pages 686-698, the above conclusion as to the efficacy of water in

subcapillary openings is fully justified by the facts. It is there seen

that the minute amount of water contained in the subcapillary openings is

the medium through which the complete transformation of rocks to schists

and gneisses has been accomplished. I therefore conclude that, while it

is probable that the actual flow of water and transfer of material in

subcapillary openings is comparatively slow, it is certain that most

profound alterations of rocks take place through this water as the agent of

transformation.

Subcapillary openings include the openings of mechanical sediments

the particles of which, if spherical and of uniform size, are not greater than

0012 mm. in diameter. As a matter of fact, many of the openings in

MON XLVII—04 10
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wliicli a portion of the particles are lai'ger than this have subcapillary

openings, since the larger openings are occupied by grains as small as or

smaller than the above dimensions. The great majority of the clays,

shales, and slates are largely composed of particles smaller than 0.0012

mm. in diameter and their openings are snbcapillary. Minute openings

between the grains of the igneous rocks and of the rocks metamorphosed

to schists and gneisses are also usually subcapillary. Where practically

all of the openings are subcapillary, whether they be the openings of

sedimentary, igneous, or metamorj)hic rocks, such rocks constitute practi-

cally impervious strata; for the contained water is in fixed films held by

molecular attraction, and the circulation, as already explained, is so slow as

to be negligible during short time intervals.

PERCENTAGE OF OPENINGS, OR PORE SPACE.

The percentage of openings in the rocks, or the pore space, is a func-

tion of the number and the size of the openings. In so far as the openings

in rocks are large and numerous, there is a large pore space. It has

already been seen (pp. 124-129) that the absolute amount of openings in

rocks, as shown by observation, varies from a small fraction of 1 per cent to

over 50 per cent. The larger the pore space the more favorable the condi-

tions for circulation, but since the variation in pore space is so gi-eat it is

evident that the flowage of water dependent upon porosity is very variable.

Water passes readily through rocks which contain much pore space; water

does not flow to an appreciable extent through rocks which have a small

fraction of 1 per cent of pore space. Other factors being the same, and the

pore space of the same character, the flowage is in direct ratio to the amount of

pore space.
FORCES PRODUCINCJ WATEE CIRCULATION.

The forces producing circulation of ground water are gravity, heat,

mechanical action, molecular attraction, and vegetation. The dominant

force, upon which the movement of ground water mainly depends, is gravi-

tative stress.

Gravity.—Gravity ever tends to pull the water downward. And this

never-ceasing force at work throughout the zone of water circulation, on

the average continuously carries the circulating water to lower levels. This

condition of affairs is analogous to the work of gravity in earth movements."

« Van Hise, C. R., Earth movements: Trans. Wisconsin Acad. Sci., Arts, and Letters, vol. 11., 1898,

pp. 465-516.
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But in earth movements aiad water circulation alike, all the elements of the

movement must be taken into account. The downward movement of a

greater mass of earth or water may result in the upward movement of a

lesser mass. The upward movements of water dependent upon downward

movements of other water are of relatively greater importance in the water

circulation than are the upwai-d movements of rocks consequent upon

downward movements of larger masses of material in earth movements.

Indeed, it will be seen that commonly the circulation of a system of

ground water in the belt of cementation involves both downward-moving

and upward-moving masses. In such systems of ground-water circulation

gravity is effective in the movement in proportion to the head. Head is

due to the fact that the water entering the ground at a certain level, after a

short or long underground journey, issues at a lower level.

Also where there is a difference in the density of the two columns due

to difference in the amount of material held in solution, gravity promotes

circulation independently of head, the column holding more salts being

pulled down and the lighter column driven upward. Probably the amount

of material in solution is usually not so great as to make this an important

factor in the process, but in salt regions it may be important. The density of

the water of the sea as compared with fresh water is 1.02765 to 1.02795," and

the density of a saturated solution of sodium chloride at 4° C, as experi-

mentally determined by Mr. S. H. Ball, is 1.2063. Of course in actual cases

such differences as these are not found, for both columns are sure to have

salts in solution; but where springs empty under the sea the first case is

approached. In such instances, the hicreased density of the sea water

opposes the head of the lighter stream of relatively pure water.

Heat.—Change in temperature may result in the ex23ansion and contrac-

tion of water, and such changes in volume necessarily involve some move-

ment. The volume of water varies as the temperature. Taking the

volume of water at 4° C. as 1, its volume at 50° C. is 1.0120, at 75° C. is

1.0258, and at 100° C. is 1.0432.^ Therefore the increase in the

temperature of underground water may increase its volume and lessen its

density as much as 4 per cent without exceeding its boiling point at atmos-

pheric pressure, and a difference in the density of two columns by 1 per

« Bischof, Gustav, Elements of chemical and physical geology, translated by Paul and Drummond,
Harrison & Sons, London, vol. 1, 1854, p. 97.

6 Austin, L. W., and Thwing, C. B., Exercises in physical measurements, Allyn & Bacon, Boston,

1895, p. 151.
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cent or more is probably not uncommon. Decrease in temperature may
correspondingly increase the density of water.

Gravity and heat—Wliilc cliauge of temperaturc necessarily involves some

movement, its chief effect in water circulation is as a force subordinate to

gravity. In so far as water in a connected descending and ascending

system is warmer at its point of issuance than it was when it joined the sea

of underground water, this gives gravity an effect in circulation in the

same direction as head. This is consequent upon the fact, noted above,

that the density of water varies inversely with the temperature.

It is therefore evident that in columns of water of equal length the

stress of gravity is greater upon the column having the lower temperature.

That the diffence in gravitative stress due to difference in temperature may
be sufficient to produce rapid circulation in pipes that are supercapillary is

shown by the use of the principle in the hot-water system of heating

buildings. Underground, as in the hot-water system of heating, heat is the

energy which causes the -water to expand, and gives a difference in density.

When heat has produced a difference in density of the two columns,

gravity is the force which inaugurates and maintains the circulation.

It is believed that underground circulation may be promoted to an

important extent by difference in temperature of the descending and

ascending columns of water, resulting from heat abstracted from the rocks

due wholly to their normal increment of temperature with depth. Later it

will be shown that the downward-moving water is ordinarily dispersed in

many small openings and moves relatively slowly; therefore it may be

supposed at any given place to have approximately the temperature of

the rocks. The upward movement of water, on the contrary, is shown to

be usually in the larger openings and relatively rapid; therefore at any

given place its temj^erature is probably higher than is normal for the rocks

at that depth. The result is a difference in temperature between the des-

cending and ascending columns, tbe ascending column being the warmer.

In regions where volcariism, or mechanical action, or both, have

recently occurred, the difference in density resulting from difference in

temperature between the descending and ascending columns is likely to be

a much more important influence in the circulation of the ground waters

than in regions where the difference in temperature is due to the normal

heat of the rocks. Such a region is the Yellowstone Park.
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In some countries the issuing- waters throug-liout great regions are very

clearly at a higher temperature than the entering waters, and in such

regions the difference in temperature nmst be a veiy important factor in

the imderground circulation. In such cases the difference in teiiiperature

between descending and ascending waters generally results from a combina-

tion of the normal increase of temperature due to depth, from regional

volcanism, and from the rocks having a higher temperature than normal

because of recent orogenic movements. An excellent illustration of such

regions is the Cordilleran region of western United States. (See pp. 591-

692.)

As already noted, the expansion of water with increase of temperature

is considerable, amounting to over 4 per cent betv/een 0° and 100° C;

ihat is, a given mass of water occupies a volume 4 per cent g-reater at the

latter than at the former temperature. In other words, if there be an

average difference of 100° C. between the ascending and descending

columns, 100 meters of the downward-moving water balances 104 meters ot

the upward-moving water. If we suppose the descending and ascending

columns to be connected, of equal height, and having an average difference

in temperature of 100° C, this would be equivalent to a head of 4 meters per

100 meters for the entire height of the column. Probably the difference in

temperature between two columns is not often so great as 100° C, but if it

be sufficient to give a difference in density of 1 per cent, and the ascending

and descending columns be the same length, this is ample to give a stress

sufficient to overcome friction and viscosity, and give a decided movement

to ground water. As an illustration of the principle may be mentioned the

water power of the sea mills of Cephalonia, which, according to the Crosbys,

is wholly dwe to difference in temperature between the descending and

ascending waters."

Mechanical action.—A third force iuflueucing ground-water circulation is

mechanical action. Earth movements may close or partly close the

openings in the rocks, and in this process squeeze out the water, as in the

production of the schists and gneisses from the sedimentary rocks. If the

deformation of the rocks be referred to their ultimate cause, gravity, even

the circulation of the water resulting from deformation is indirectly due to

the stress of gravity.

oCrosby, W. F., and Crosby, W. O., The sea mills of Cephalonia: Tech. Quar., vol. 9, 1896,

pp. 6-23.
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Molecular attraction.—Tlie foui'th forcG affecting tliG movemeiit of ground

water is molecular attraction. This attractive force works between the

particles of water themselves (cohesion) and between the particles of water

and rock (adhesion).

As a )'esult of molecular attraction water may rise against gravity in

capillary or hair-like openings, thus saturating the rocks at higher altitudes

than it would were it not for this cause; it may creep along the walls of

the openings of rocks without extending from wall to wall, and therefore

without saturating the rocks.

The rise of water when it fills capillary openings raises the free surface

of water above the normal level. This rise of the free surface is explained

by the attraction between the water and the walls, and the attraction of the

molecules of water for one another. The strong attraction between the

surfaces of mineral grains and water has already been alluded to. As a

result of this, water tends to rise along a wall or tube. This is dependent

upon the fact that there is greater attraction between the molecules of rock

and water (adhesion) than between the molecules of water themselves

(cohesion). However, the molecular attraction between the particles of

water is very great. The strength of the surface tension of a film of pure

water is dependent upon cohesion, and is 81.96173 dynes per square centi-

meter." When a molecule is surrounded on all sides by free water tlie

attractions in the various dii-ections equalize one another, and so particles

are comparatively free to move However, at the surface the upward com-

ponent of the attraction is zero; hence there is effective tangential and

downwai'd attraction. The rise of the water along the walls is due to

adhesion. As a result of this attraction a film of water is drawn alousr the

walls. Because of the attraction of cohesion the film of adherent water

draws up the next row of molecules away from the walls; these molecules

in turn exert an attractive force on the next adjacent molecules, and so on.

The attractive force of the surface film of water for the water below draws

up the molecules constituting it; this in turn acts upon the film below, and

so on. The total effect of the molecular attraction between the walls and

oPaniell, Alfred, A text-book of the principles of physics, 3d ed., Macmillan Co., New York,

1895, pp. 271-279. Ostwald, W., Outlines of general chemistry, translated by James Walker, 8d ed.,

Macmillan Co., New York, 1895, pp. 107-111. Barker, Geo. F., Physics, Holt & Co., New York, 1892,

pp. 200-211.
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the water and the molecular attraction between the particles of water is to

produce an elevation above the normal surface of the water, the upper

surface of which is of a shape as though it were an elastic membrane
adhering to the walls and being stretched by the weight of the water above

the ordinary level below.

The height to which water rises above this natural level is indirectly

as the diameter of the capillary openings. In circular glass tubes 1 mm. in

diameter, at 20° C, pui-e water rises 3.32 cm." Between plates 1 mm. apart

it rises half of this amount. Since the height is inversely as the diameters

of the openings, in circular tubes 0.01 mm. in diameter, the height in tubes

would be 3.32 m. and in sheet openings 1.66 m.

In circular tubes 0.001 mm. in diameter the height in tubes would be

33.2 m., and in sheet openings 16.6 m.; and in circular tubes 0.0002 mm. in

diameter—that is, openings of a size intermediate between subcapillary and

capillary—the water would rise to a height of 166 m, and in sheet open-

ings 83 m. Since many rocks have openings as small as or even smaller

than this, capillary attraction may be very important in the position of the

ground-water level. (See pp 411-412.) If the openings are inclined the

lengths of the openings thus filled are correspondingly great.

The height to which the water rises is independent of the character of

the walls, provided the walls are wetted,* and hence the above numbers are

applicable to rocks. However, the height to which the water rises dimin-

ishes as the temperature increases; hence, the above numbers should be

modified somewhat as the top of the sea of ground water has a temperature

below or above a temperature of 20° C. Ordinarily this modification is of

minor importance.

Above the level to which the water may be raised as a continuous, sheet

in the capillary openings, the water may still creep along the walls of the

openings without filling them. The obstinacy with which a film of water

holds to the rock surface has already been explained. This water is that of

imbibition (p. 124). In proportion as the water of imbibition varies in

amount the water under molecular attraction creeps from areas of greater

humidity to areas of less humidity. To the rise of the free surface due to

capillarity there is a definite limit; there is no limit to the creep of water

along the walls. It is presumable, however, that such movement is rela-

a Barker, cit., pp. 209-210. !> Barker, cit., p. 210.
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tively slow, and that the amount of water which is thus transferred for

a given surface is small. But in the soils very large stirfaces are available

for creep, and therefore this process is a very important one, especially

in connection with plant growth. The process is one which especially

pertains to the belt of weathering and is therefore later considered. (See

pp. 412-423.)

The rise of the free surface of ground water above the normal level

saturating the rocks, the creep of water along the walls without saturation,

and the flowage of water through small tubes where there is no free sur-

face are generally described under the term capillarity. However, it is

evident that under the term thus used are included three very different

things. The principles involved in the flow of water through capillary

tubes are very different from those which control the free surface of ground

water in capillary tubes, and these laws again are different from those

which control the creep of water along the walls of openings.

Vegetation—The roots of plauts absorb ground water and transport it to

the surface. The absorption of Avater by plant roots causes a relative

deficiency of water. This deficiency is remedied by the movement of

water from other places toward the roots by the forces already considered.

But the influence of roots upon the flow of ground water mainly concerns

the belt of weathering. The subject is therefore later considered. (See

pp. 417, 422-423.)

General statements.—In couclusiou, it may be Said that the immediate cause

of movements of ground water are five—gravity, heat, mechanical action,

molecular attraction, and vegetation.

So far as the forces are concerned, the vertical component of the move-

ments of ground water is of far the greatest importance.

But whatever the cause of the flow of ground water, the direction of

movement is from places of greater pressure to places of less pressure. A
current going in any direction is evidence of an excess of pressure in the

rear of the current. Thus water which enters by seepage or through capil-

lary tubes into a larger opening, such as a fissure, must be under greater

pressure than the column of water into which it makes its way. Whether

the motive force in the movement of the water be difference in gravitative

stress or temperature, or any other cause, the excess of pressure resulting

in movement is behind the current.
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THE FACTOR OPPOSINM WATER CIRCULATIOX.

The factor opposing- water circulation is internal fiiction of the water.

The internal friction is dependent upon the viscosity of the solutions. The

elements entering into viscosity ai-e the concentration of the sokitions and

the temperature. The more concentrated the solutions the greater the

viscosity ; but as the undei'g-round solutions of water are commonly not

strong, this is ordinarily not an important element. The viscosity of water

decreases A^ery rapidly with increase of temperature. The relative viscosity

of pure water at 0° C, 45° C, and 90° C. is respectively 100.00, 33.89, and

18.16. (See p. 141.) From these ratios it is apparent that the viscosity of

water at 45° C. is about one-third of that at 0° C, and at 90° C. only about

one-fifth of that at 0° C.

It is therefore clear that the higher the temperature the less the

viscosity and the less the internal friction. Internal friction due to viscosity

results from the variable speeds of different parts of moving water columns

and from the friction between the moving and fixed portions. The greater

the variations in speed of the moving parts the greater the internal friction

due to this cause.

Water usually wets the surface of the rocks. In other words, there is

molecular attraction between the water solutions and tlie minerals com-

posing the rocks. This attraction is so strong that a thin film of water is

firmly held by the walls of the openings—so firmly that it may be consid-

ered as fixed; at least the only interchange which occurs between it and

the passing water currents is that of diffusion, not that of flow. Daniell

says the friction between the layer of adherent water and tlie rock is

infinite as compared with the friction within the liquid." That the friction

is between the moving liquid and the fixed film of liquid is shown by the

fact that for any liquid the composition of the walls has no effect upon the

flowage.* This being the case, it is clear that in the flowage of water

tlirough tubes there is no friction of the water against the rock walls. The
adherent films of water are the walls of the moving columns, and the internal

friction between the water and the walls is that between the fixed films and

moving water.

"Daniell, Alfred, A text-book of the principles of physics, 3d ed., JMacmillau Co., New York,

1895, p. 306.

i* Daniell, cit., p. 316.
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The greater the speed of the moving water the greater the internal

friction, because of the differential movements both in the moving water

and between the moving water and the films fixed to the walls. Where

the rate of movement is sufiiciently slow the internal friction due to viscosity-

drops to an almost inappreciable factor. Therefore where the movement

is very slow, even if the passages be long and small, the pressure due to

head may diminish very slowly. Indeed, nearly the full pressure may be

maintained for long distances—many or even hundreds of kilometers.

This principle is of the utmost importance in the flowage of ground water,

and its applications are later developed. (See pp. 585-588.)

GEKEEAL STATEMENTS.

In general it may be said that in proportion as the driving forces,

gravity, mechanical action, etc., are great, circulation is likely to be rapid.

In proportion as the ojDposing force, internal friction, is great, circulation is

likely to be slow. In proportion as the openings approach the circular

form, circulation is likely to be rapid. In proportion as the openings are

continuous, the circulation is likely to be rapid. In proportion as the pore

space is great, circulation is likely to be rapid.

However, of all these various factors dependent upon the character of

the openings, that of size is probably the most important; for rocks which

do or do not readily transmit water may have the same proportion of pore

space. For instance, if the grains be supposed to be spherical, of the same

size, and arranged in the most compact fashion possible, the unoccupied

space is 0.26 of the entire space, without reference to the size of the grains.

Thus the relative proportion of the openings in a great bowlder conglom-

erate and a fine-grained clay may be the same. But the capacity for the

transmission of water by the former will be indefinitely greater than by the

latter. As illustrating this, an experiment showed that a quartz sand, the

water of saturation of which was the same as that of a certain chalk, trans-

mitted water under a certain pressure six hundred times as fast as the chalk."

In the compact soils, the particles of which are exceedingly small (see

pp. 138-146), the openings between the particles are of capillary or sub-

« Prestwich, Joseph, Geology, chemical, physical, and stratigraphical, Clarendon Press, Oxford,

vol. 1, 1886, p. 159.
~~
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capillary size. In the case of the fine soils and clays the pores may be almost

wholly subcapillary, or the water is that of imbibition. In this fact we
have the explanation of the retention of soil moisture in fine clays. The
moisture is g'lued to the grains. There is practically no circulation, and

the water is removed only by high temperature or high pressure, or the

two combined. It follows from the foregoing that, under given conditions

with a given pore space, the coarse conglomerates furnish a much larger

flow than fine conglomerates, the fine conglomerates a larger flow than the

sandstones, and these a vastly greater flow than the soils, clays, and shales.

Bedding, fault, joint, and fissility openings may be so close together

that the pore space is very large. Ordinarily fault openings are wider

spaced but larger than the joint openings, and joint openings are wider

spaced and larger than the openings of fissility. It can not be said which

kind of opening gives, on the average, the larger pore space. Since,

however, large openings are favorable to rapid flow, for a given pore space

the fault openings are likely to give a greater flow than joint openings, and

joint openings a greater flow than those of fissility. This follows from the

greater size of the fewer openings. To this is to be added the element of

greater continuity of the larger openings, as explained on pages 130-

131. Therefore, with a given pore space the flow may be vastly greater

in the case of faults than in the case of joints, and much greater in the

case of joints than in the case of fissility.

In this connection it may be said that the capacity of a rock for

imbibition gives a very good idea as to its power of transmission. The
water of imbibition, it may be recalled (see p. 124), is the amount which

adheres to the walls of the openings. It is evident that in rocks containing

the same percentage of water when saturated the power of transmission

varies inversely as their capacity for imbibition. If the openings of a rock

be very small, but numerous, there is in a cubic centimeter a large surface

to which the water can adhere. If the openings be subcapillary, the water

of imbibition and saturation are the same and the powers of transmission

practically nil. If the spaces be capillary, the water of imbibition is much
less and the power of transmission greatly increased. If the spaces be

supercapillary, the water of imbibition is slight in amount and the power

[
of transmission very great.
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As already noted, there are two zones of metamorpliism, that of kata-

morphism and that of anamorphism, and the former consists of a belt of

weathering and a belt of cementation.

The major part of the water entering the ground must finally reach the

surface. A small part may be combined with the rocks in the underground

course of the water. A small part may possibly ^^enetrate deep within the

zone of anamorphism, but it is safe to say that at least 99 per cent of the

water entering' the ground reappears at the surface in some manner. A
very large part of the water penetrating the soil is drawn to the surface

after having taken a longer or shorter journey in the belt of weathering. A
lesser part of the water joins the sea of ground water and takes a journey

of greater or less distance in the belt of cementation before it reaches the

surface. This journey may be merely from the top of a small hill to its

base, or it may be hundreds of kilometers. An exceedingly small fraction

of the water doubtless penetrates the zone of anamorphism, although, as

explained (pp. 665-668), the general movement is from rather than to this

zone. The underground journeys of water, whether the exceedingly

short ones within the belt of weathering or the longer journeys in the belt

of cementation or the zone of anamorphism, may be resolved into two

components, one parallel to the surface of the earth and one at right

angles to this surface. The first may be called the horizontal component,

the second the vertical component. On the average, the horizontal com-

ponent of the journey is many times longer than the vertical component.

GEOLOGICAL WORK OF GROUND WATER.

From the foregoing it follows that the geological work of ground

water is favored by smallness of openings, by length of time, by pressure,

and by high temperature. Water enters the rocks mainly through the

smaller openings. A very large surface of the rock material is exposed to

water action. In so far as the water passes from the smaller openings to

the larger openings its geological work is lessened. The geological work

may be considered as directly proportional to the time. The smaller the

openings the greater the resistance, and therefore the greater the time for a

given joui'ney. That the resistance runs up very rapidly as the openings

become small, and especially as they become capillary or subcapillary, has
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already been shown. Since the horizontal journey is, on the average, long

as compared with the vertical journey, the element of time is of much
greater importance in the horizontal component of the journey than in the

vertical component. The capacity for geological work is increased by
pressure and by temperature. These forces, under ordinary conditions, are

a function of depth, and these factors in the work mainly concern the ver-

tical component of movement. During the downward journey the pressure

and temperature steadily increase, aiad the amount of material in solution

increases. During the upward journey the pressure and tempei'ature

diminish and the tendency for material to pass from solution or to be

precipitated increases, and the amount held in solution diminishes.

Pressure and temperature are ever working together according to

definite laws. Both increase in efficiency with depth, and they greatly

promote the activity of deep ground waters. However, of all the vary-

ing factors, varying temperature is the one which is of incomparably

the greatest importance. High temperature ordinarily results from depth

of penetration; but it has been pointed out that it may result from various

other causes, of which chemical action, mechanical action, and the in-es-

ence of intrusive igneous rocks are the more important. The capacity

which water has for taking and holding in solution various relatively

insoluble compounds, and the velocity of chemical reactions, increase

enormously with increase of temperature. Not only is liigh temperature

favorable to geological work, because of the chemical activity of the water,

but, as already pointed out, high temperature greatly decreases its viscosity,

and this, as already explained, is favorable to depth of penetration and
flow through minute openings. Since the temperature changes of ground
water are commonly dependent upon depth, the vertical component of the

movement of underground water is ordinarily far more important than the

longer horizontal com^Donent.

The underground journey of water may occupy hundreds of years.

(See pp. 585-586.) The surface of contact in very small openings is

very great. Under these conditions of slow movement and small openings

there is sufficient time nearly to establish complete equilibrium between
the solutions and the solids with which they are in contact; but it has been
seen (pp. 34-35) that rarely or never is the adjustment of a rock to its
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environment complete. In so far as the adjustment is not complete, changes

are going on, and the conditions are everywhere those of chemical dynamics,

although the chemical action may be so slow that if the operations were

conducted in a laboratory it might be concluded that the conditions were

those of chemical statics. This, however, but illustrates the importance of

time in geological operations.

Thus far the treatment of the circulation and work of ground water

has been general. There are many other factors concerned in the circula-

tion which have not yet been considered, but these are factors special to

the different belts and zones. They will therefore be treated in Chapters

VI, VII, and VIII, on the belt of weathering, the belt of cementation, and

the zone of anamorphism, respectively.



CHAPTER IV.

THE ZONES AND BELTS OF METAMORPHISM.

GENERAL CONSIDERATIONS.

The various geological factors which bear upon metamorphism have

been briefly discussed in the introductory chapter. It is there held that

the geological factor of dominating importance is depth. Upon the basis

of depth it is stated that the known crust of the earth is divisible into upper

and lower zones of metamorphism ; the first is called the zone of katamor-

phism, and the second the zone of anamorphism. It is further stated that

the zone of katamorphism is divisible into two belts, an upper belt of

weathering and a lower belt of cementation.

While in the introductory chapter these general statements were made,

there was no attempt to show that they are correct. It is one of the pur-

poses of this and the following chapters to furnish evidence of the utility

of this classification, and to show that very different metamorphic effects

follow from the work of the same forces and agents in the different belts and

zones. In the present chapter a brief general statement will be made as to

the characteristic reactions of the different zones and belts. This statement

is primarily from physical and chemical points of view. The next chapter

will treat of the alterations of minerals with reference to the different zones

and belts. In succeeding chapters the alterations of the rocks in the belt

of weathering, the belt of cementation, and the zone of anamorphism will

be taken up in detail. The treatment will be primarily from the geological

point of view, but with reference to physical and chemical principles.

Finally, the alterations of the individual rocks will be considered. This

and the following chapters might be regarded as a consideration of the

metamorphism of the crust of the earth from the point of view of the

physical-chemical principles developed in Chapters II and III.

159
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It has just been stated that the nature of the metamorphism varies

greatly with depth. The physical reasons for this are that, as depth

increases, temperature and pressure increase. It has been seen in Chapters

II and III that where the pressure is moderate chemical reactions are likely

to be such that heat is liberated, and this is a fact whether the reactions

decrease or increase the volume. It has also been seen that where the

pressure is great this is likely to be the controlling factor, and that under

such circumstances reactions take place which lessen the volume of the

materials. Whether the reactions take place with liberation of heat or

with absorption of heat is a subordinate matter; but very commonly the

reactions are of a kind that absorb heat.

When the law of chemical affinity controls, and the reactions take

place with liberation of heat irrespective of the volume change, the reac-

tions may be said to be chemical-physical reactions. Where pressure is a

dominant factor and reactions take place with diminution of volume

irrespective of the heat change, the reactions may be said to be physical-

chemical. It is because variations in the geological factor of depth result

in these contrasting reactions that the lithosphere is divisible into a zone of

katamorphism and a zone of anamorphism.

Z02fE OF KATAMORPHISM.

From the surface of the earth to a very considerable dej)th below the

surface (for strong rocks possibly 10,000 or 12,000 meters under quiescent

geological conditions) the rocks as originally formed may contain many
openings, as, for instance, those of sandstones, vesicular lavas, etc. Even if

not originally porous deformation may fracture the rocks and thus produce

many openings. Where the rocks contain openings chemical reactions may
take place, increasing the volume of the material without rupturing the

rocks and without raising them to a higher position. In the outer litho-

sphere the pressures and temperatures are moderate. Under such circum-

stances the reactions which take place are controlled mainly by the laws

of chemical affinity, not by the influence of pressure. At low temperatures

the fundamental chemical law is that, on the whole, the preponderating

chemical reactions are those which take place with the liberation of heat in

accordance with the first part of van't Hoff's law. Therefore in this zone the

occurrence of a reaction in the alteration of a rock is favorable to further
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alteration; for the heat developed by the first reaction is retained by the

adjacent material, at least for a time, and this promotes further reaction, etc.

But this tendency, as has been seen, may be reversed if the temperature

becomes too high. (See p. 79.) • •

Since the law of chemical reactions with the liberation of heat is the

dominant factor in this upper zone, alterations may take place which

work with or against pressure. In the first case both the chemical reaction

and the compression in volume result in the liberation of heat. In the

second case the heat liberated is that developed by the chemical reaction

minus that absorbed as a result of the work done in expanding the volume.

As a matter of fact, near the surface of the earth the very important

reactions from the point of view of the nonmetallic elements, aside from

solution, are those of oxidation, hydration, and carbonation. Oxidation

and hydration commonly involve the addition of material, although the

former frequently occurs by substitution of oxygen for sulphur, and

therefore by desulphidation. Carbonation frequently involves the addition

of material, but more commonly occurs by the substitution of COg for SiOj

and the decomposition of silicates. Often the freed silica, or a part of it,

remains in situ. All of these reactions are well known to liberate heat.

Commonly they decrease rather than increase the specific gravity of the

minerals. Since they usually involve addition of material, it is clear that

where all the residual material, or a large part of it, remains in situ the

volume of the rocks is considerably increased. However, it will be seen

that solution is also a very important reaction in parts of the zone of

katamorphism, and where this takes place to a sufficiently great extent

the volume of material may be decreased.

The main part of the oxygen and much of the carbon dioxide for

oxidation and carbonation is directly or indirectly derived from the atmos-

phere. The water is chiefly that of the ground circulation. It is there-

fore clear that in the upper zone oxygen and carbon dioxide are being

steadily abstracted from the atmosphere and fixed in the rocks, and groimd

water is steadily becoming fixed by hydration. The amount of oxygen

and carbon dioxide thus fixed is great. If it were not for replenishment,

it is little short of certain that the carbon dioxide of the atmosphere

would have long since become exhausted. But probably the amount of

water fixed by hydration is even greater than that of the gases, oxygen
MON XLVII—04 11
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and carbon dioxide. Analyses of rocks in the upper zone of metamorphism

show that the amount of combined water runs as high as 4.42 per cent in

shales (see p. 744), and it probably averages as high as 1.64" per cent.

When it is remembered that the zone of katamorphism extends to a depth

of thousands of meters, it is apparent that the anrount of water which is

thus fixed in the rocks by the process of hydration is enormous. However,

it will be seen that the process of hydration, like that of carbonation, is

reversed in the zone of anamorphism.

By the statement that oxidation, carbonation, and hydration are the

very important characteristic reactions of the zone of katamorphism it is

not meant to imply that the reverse reactions do not take place to some

extent. In fact, deoxidation, decarbonation, and dehydration all occur;

but oxidation, carbonation, and hydration are greatly preponderant, and

indeed dominant over the reverse reactions.

Summarizii ig so far as the energy factors are concerned, the changes in

volume commonly absorb heat, the chemical reactions dominantly liberate

heat and only exceptionally absorb heat. The heat liberated by the chem-

ical reactions is certainly very much greater than the sum of that absorbed

by the volume changes and that absorbed by the exceptional chemical

reactions. Therefore, so far as the rocks of the zone of katamorphism are

concerned, the total of the volume and chemical changes results in the

liberation of heat and the dissipation of energy.

The minerals formed in the zone of katamorphism are comparatively

few in number, with low specific gravities and probably for the most part

comparatively simple molecules; hence the propriety of calling this zone

the zone of katamorphism, or katamorphic zone. This use of the term

katamorphism is parallel to the use of tlie term katabolism in biology to

designate those chemical changes within a living body which result in the

production of simple compounds from more complex ones. The zone of

katamorphism may therefore be defined as the zone in which alterations of

rocks result in the production of simple compounds from more complex ones.

The zone of katamorphism is divisible into two belts, (1) an upper

belt of weathering, and (2) a lower belt of cementation. The belts are

«This is the average taken from analyses of shales, sandstones, limestones, and volcanic and

crystalline rocks, given by F. W. Clarke in Bulls. U. S. Geol. Survey No. 78, pp. 36-37, and No. 168,

pp. 16-17.
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delimited by the level of ground water. The separation of the belt of

weathering from the belt of cementation is therefore based upon the posi-

tion of an agent of metamorphism. It has been seen that the zone of kata-

morphism is separated from the zone of anamorphism by a reversal of the

physical-chemical factors. As one would suppose, the latter distinction is

of much more fundamental importance than the former.

BELT OF WEATHERING.

By some it has been proposed to call the belt of weathering that of

demorphism; and to call the alterations of all rocks below this belt

metamorphism. The fact that the alterations in the belt of weathering are

very different from the belts below has been well known for many years.

But it has not been generally recognized that the belts of weathering and

cementation are delimited by the level of ground water. This is doubtless

due to the fluctuations of that level and to a considerable transition band

between the two belts (see pp. 423-429, 560-561); but in many places the

change in the character of the alterations in ^^assing from the belt of

weathering to the belt of cementation is very sudden, and at such places

is very clearly connected with the level of ground water.

The belt of weathering is therefore defined to extend from the surface

to the level of ground water. In this belt all of the very important reac-

tions characteristic of the zone of kataniorphism—viz, oxidation, carbona-

tion, hydration, and solution—are at their maximum activity; but on the

whole, of these three reactions the most characteristic, but not the dom-

inant one, is that of the carbonation of the silicates. This reaction takes

place on a vast scale, producing carbonates from the silicates, and at the

same time setting free silica or colloidal silicic acid. Hydration is the most

extensive simple reaction in the belt of weathering. Oxidation is also very

important. As will be seen, this reaction is very general in this belt,

because not being saturated with water the oxygen of the atmosphere very

rapidly makes its way through the porous rocks and continually supj^lies

oxygen to replace that element used in the jjrocess of oxidation. The total

effect of these chemical reactions is decomposition. While hydration and

oxidation are usual for this belt, under special conditions these reactions may
be reversed. In places of luxuriant vegetation and very high humidity

deoxidation may take place. In regions of great heat and temporary or
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pei-manent aridity deliydration may locally occur. As already noted, as a

result of oxidation, carbonation, and liydration, the volume of the rocks

would be greatly increased if all the compounds formed remained in situ;

but the complex process of solution is dominant. . Many of the compounds

formed are dissolved in large quantities and transferred by the overground

water circiilation to the sea, or by the underground water circulation to the

belt of cementation below. Consequently the volume of the rocks contin-

uously decreases in the belt of weathering; and finally the resultant material

may occupy but a small fraction of the original volume.

In the belt of weathering, in addition to the characteristic chemical

reactions, mechanical disintegration is the rule. Thus the complex results

of weathering may be classified into disintegration, decomposition, and

solution. As a final result of the various mechanical and chemical changes,

rocks soften and degenerate. As coherent solids they are destroyed. The

processes of the belt of weathering are therefore destructive. The minerals

which remain are usually few and simple, and ordinarily are not well

' crj'stallized. In the destructive processes all of the agents of meta-

morphism, both inorganic and organic, are actively at work. The details

of these processes are fully developed in Chapter VI, on " The belt of

weathering."

BELT OF CEMENTATION.

The belt of cementation extends from the bottom of the belt of

weathering to the bottom of the zone of katamorphism. On the average

this belt is therefore much thicker than the belt of weathering. All of the

very important reactions characteristic of the zone to which the belt

belongs—viz, oxidation, carbonation, and hydration—take place. Water

is everywhere abundantly present in the belt, and hence hydration is the

most important of the three reactions. The minerals produced by meta-

somatic change from the original minerals, and those deposited from the

solutions are likely to be strongly hydi-ated. The processes of carbonation

and oxidation in the belt of cementation are largely limited by the amount

of carbon dioxide and oxygen there contained.

It will be seen (pp. 608-610) that carbon dioxide is derived from several

sources and that carbonation is usual throughout the belt, but that the

oxygen is limited to that derived from above, and consequently that oxidation
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is usual in only a very limited part of the belt. Not only are the processes

of carbonatiou and oxidation subordinate to hydration, ^but the process of

oxidation not infrequently is stopped or reversed in all but the upper part

of the belt of cementation. This anomaly is due to the fact that many of

the rocks contain org-anic materials or sulphides or both which have a

strong affinity for oxygen. When the oxygen is exhausted from the water

derived from the belt of weathering the reducing compounds may act

directly as reducing agents or may produce reducing solutions. The
demands of these reducing agents for oxygen may abstract this material

from highly oxidized compounds, such as ferric oxide, basic ferric sulphate,

etc. Deoxidation in the belt of cementation is most conmionly the result of

the burial of the higher oxide of iron and sulphates with a considerable

amount of organic material in the presence of abundant water. Under

these circumstances the ferric compounds may be reduced to ferrous

compounds and the sulphates to sulphides.

But it is to be noted that the reduction of these compounds involves

simultaneous oxidation of the organic compounds, the resultant products

being CO2 and water. The carbon dioxide may escape from the belt or

enter into other combinations. For instance, as explained fully in another

place, the' ferrous compounds largely unite Avith the carbon dioxide, pro-

ducing carbonates. Similar reactions may take place with reference to

other less abundant metals, as, for instance, manganese, and some metals

may even be reduced t'o the metallic condition, for instance, copper, silver,

and gold. These reducing reactions in the belt of cementation, except in

the case of iron, are of small consequence from a geological point of view,

but they have a most important bearing upon the deposition of ores. (See

Chapter XII.) It thus appears that oxidation and deoxidation are both

rather important in the belt of cementation.

The changes in the belt of ceinentation ordinarily produce crystalline

minerals. Minerals which were partly altered by processes in the belt of

weathering may be regenerated. This applies only to those minerals which

are adapted to the belt of cementation. The averag-e specific gravity of the

rocks is usually lessened.

It has been noted that the most characteristic reaction of the belt

of weathering is solution. In contrast with this the most characteristic

reaction of the belt of cementation is deposition in the openings of the
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rocks. The material deposited is derived from the belt of weathering or

from the alterations within the belt of cementation itself. Much of the

material dissolved in the belt of weathering is continuously transferred to

the belt of cementation by the downward movement of water. The total

amount of material which is thus derived from the belt of weatliering is not

limited to the thin belt which exists at any given time; for, as a result of

denudation, the belt of weathering is constantly migrating downward and

encroaching upon the upper part of the belt of cementation; and thus

there is never a lack of material for solution in the belt of weathering which

may be dissolved and transferred to the belt of cementation. Within

the belt of cementation itself the reactions of oxidation, carbonation, and

hydration all increase the volume, provided all the compounds formed, or

a large part of them, remain as solids. The material added to the belt of

cementation from the belt of weathering, and the reactions within the belt

of cementation, furnish an abundant supply of material for deposition in

the openings of the rocks, whether these openings be those originally

present or produced by erogenic forces. And, as a matter of fact, in the

belt of cementation the openings are continuously filled by mineral

matter and finally closed; but this does not show that solution may not

preponderate over deposition in this belt if the effect upon the original rocks

and the openings both be considered. (See pp. 612-617.) The mechanical

result of the various processes is to indurate the rocks. The processes of

the belt of cementation are constructive. The belt of cementation, from a

geological point of view, is fully considered in Chapter VII.

BELTS OF WEATHERING AND CEMENTATION CONTRASTED.

The alterations in the belts of weathering and cementation, while not

so fundamentally different as tho'se in the zones of katamorphism and

anamorphism, contrast strongly. In the belt of weathering, of the great

reactions characteristic of the zone of katamorphism—oxidation, carbonation,

and hydration^all are important, but carbonation is most characteristic. In

the belt of cementation, of these reactions hydration is most important. In

the belt of weathering, solution greatly dominates over deposition. In the

belt of cementation solution and deposition are more nearly balanced, but

because of reactions which increase the volume of the rocks the openings are
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filled. In the belt of weathering, the material continuously decreases in

volume due to solution; in the belt of cementation it continually increases in

volume due to deposition of material through reactions involving expansion

of volume. These changes of volume due to addition or subtraction of

material commonly involve decrease in specific gravity. In the belt of

weathering the mechanical results are disintegration and softening; in the

belt of cementation, cementation and induration. The belt of weathering

is therefore especially characterized by solution, decrease of volume, and

softening, resulting in physical degeneration. The belt of cementation is

especially characterized by deposition, increase of volume, and induration,

resulting in physical coherence.

ZONE OF ANAMORPHISM.

At a variable depth below the surface of the earth the pressure is so

great that it can not be supposed that considerable openings permanently

exist. The depth at which this condition of affairs is reached depends

largely upon the character of the rocks. For the strong rocks, as already

noted (p. 160), this depth, under quiescent geological conditions, may be as

great as 10,000 or 12,000 meters. If openings be originally present in

the rocks of the zone of anamorphism, as, for instance, sandstones, vesicular

lavas, etc., or be due to fracture while the rocks are not deeply buried,

when such rocks become sufficiently deeply buried to be in the zone of

anamorphism, it is certain that rock flowage will take place and the

openings will be closed, except possibly those of subcapillary size and

other minute openings in which water, carbon dioxide, or other liquids and

gases are occluded. In the zone of anamorphism there is great pressure in

all directions, and rnechanical energy becomes the dominant factor which

controls the reactions. Changes consequently take place which diminish

the volume of the rocks. This volume change increases the specific grav-

ity, and contrasts with the volume changes of the zone of katamorphism.

The fundamental chemical law of energy in reference to heat is subordinate.

Reactions take place with the liberation or absorption of heat, depending

upon what is demanded by the pressure. Commonly, the preponderant

chemical i-eactions are those which take place with absorption of heat.

The depth at which pressure becomes dominant is variable, depending
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upon tV>e character of the rock and upon whether the conditions are mass-

static or iTiass-mechanical.

It has been seen that at the moderate temperatures of the zone of kata-

morphism the preponderant chemical reactions are those which take place

with the liberation of heat. As the depth below the surface increases, the

temperature ever becomes higher; and consequentl}^ the temperature may

become so high that the tendency for chemical reactions to take place

with the liberation of heat is less dominant, and at sufficiently great depths

the heat may be so great that this tendency ceases, or is even reversed.

Or, using the words of van't Hoff, at high temperatures the preponderating

chemical reactions, or associations, which take place at lower temperatures

with the development of heat are replaced by preponderating chemical

reactions, or dissociations, which take place with the absorption of heat."

However, at moderate depths in the zone of anamorphism under ordinary

conditions the temperatures are not very high. For instance, at a depth of

9,000 meters the temperature is probably in the n ighborhood of 300° C
Therefore, so far as the temperature is concerned, for that part of the ci'ust

of the earth within observation the preponderant chemical reactions would

probably take place under the first part of van't Hoff 's law, rather than under

the second part, if it were not for the pressure. But the pressure is the

dominant factor which controls the reactions. The rocks in this zone are

under so great pressure in all directions that this fact demands chemical

reactions which produce diminished volumes irrespective of whether heat is

liberated or absorbed by them.

The very important reactions in the zone of anamorphism are silica-

tion, or union of silicic acids with bases producing silicates, and dehydi'a-

tion. Deoxidation is subordinate. The j)i'ocess of silication commonly

takes place upon carbonates, and consequently involves decarbonation and

the liberation of the carbon dioxide, which may escape and thus the volume

be decreased. To what extent the pressure is the controlling factor in the

production of this reaction is difficult to say. Probably it is the dominant

cause, but it is possible that at the temperatures which prevail in this zone

silicic acid may be relatively more active than at the lower temperatures of

the zone of katamorphism, where carbonic is the stronger acid.

«Nernst, W., Theoretical chemistry, translated by C. S. Palmer, Macmillan & Co., London, 1895,

p. 583.
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As illustrations of the process of silication may be mentioned the

formation of wollastonite from pure limestone, of tremolite from dolomitic

limestone, of actinolite from ankerite, and of griinerite from siderite. (See

pp. 239, 241, 243, 244.) In the impure limestones under deep-seated con-

ditions, where numerous bases are present, various complicated silicates

form, such as other pyroxenes and amphiboles, tourmaline, chondrodite, etc.

The process of dehydration involves the liberation of water. This

reaction, it is safe to say, is one which is controlled by pressure. The

combined water is actually squeezed out of the hydrated mineral particles,

transforming them to less hydrous and to anhydrous forms in a manner

similar to that in which free water is pressed from a sponge.

Whether or not pressure in the zone of anamorphism is sufficient to

deoxidize compounds is imcertain. Certainly it can not be asserted that

the pressure is sufficient to squeeze out a part of the oxygen of hematite,

tlius transforming it to magnetite. So far as deoxidation occurs, probably

the oxygen abstracted from the rocks usually, unites with the elements of

organic compounds, thus producing carbon dioxide and water. Thus the

chief products liberated by silication, dehydration, and deoxidation are car-

bon dioxide and water. These join the interstitial water in the subcapillary

spaces and probably slowly escape into the zone of katamorphism above.

(See pp. 665—667.) This results in loss of material, and since the specific

gravity of the minerals is increased on the average, the volume of the

rocks is decreased.

Besides the above processes, condensation may also be accomplished

by recrystallization, although this process generally takes place in connec-

tion with them. The process of recrystallization produces a rearrangement

of the elements in such a way as to form compounds of higher specific

gravity. This is well illustrated by the devitrification of glass.

The minerals produced in the zone of anamorjjhism are numerous,

definite, stable, crystalline, of high specific gravities, and probably have

complex molecules. The rocks formed are compact and strong. The

lower zone may therefore properly be called the zone of anamorphism, or

anamorphic zone. This use of the term anamorphism is parallel to the use

of the term anabolism in biology to designate those chemical changes in a

living body which result in the production of complex compounds from more
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simple ones. The zone of anamorphism may be defined as the zone in

which alterations of rocks result in the production of complex compounds

from more simple ones.

Summarizing the energy factors in the zone of anamorphism, so far

as the volume change is concerned, the result is to liberate heat; so far

as the chemical reactions are concerned, heat may be liberated or absorbed,

but the latter reaction is more common. In the latter case the heat

absorbed is almost certainly much greater than that liberated by decrease of

volume. If it were not that a considerable number of the chemical reactions

liberate heat, it would be certain that heat is absorbed in the zone of

anamorphism But the. heat liberated by some chemical reactions must

be added to that liberated by decrease of volume. Whether this sum is as

great as the heat absorbed by the preponderating chemical reactions is

somewhat uncertain; but it is thought to be rather probable, for the com-

pounds immediately concerned in the reactions, that the total effect is to

absorb heat and store energy. However, in order to accomplish this, energy

must be derived from an outside source, and when all the factors which in

any way affect the reactions are taken into account, including the movement

of the superincumbent material, heat is dissipated and energy lost. (See

p. 182.)

RELATIONS OF ZOKES OF KATAMOBPHISM ATSTD AISTAMORPHISM.

We shall nov,^ consider the zones of metamorphism together with

reference to the energy factors. So far as the chemical reactions are

concerned, it has been seen that they may take place with liberation or

absorption of heat. So far as heat is hberated energy is dissipated. So

far as heat is absorbed energy is stored. The change in volume may also

result in the dissipation or storage of energy. Where increase of volume

is preponderant energy may be stored (1) by increasing the volume of the

rocks affected by the reaction or (2) by elevating the overlying rocks in

order that the space shall be available for the expenditure. In a given

case the energy may be stored by (1) or (2) or a combination of them.

Where decrease of volume is preponderant energy is dissipated (1) by the

decrease of volume of the rock affected by the reaction or (2) by subsid-

ence of the overlying material, or by both. Below the extreme outer film

of the earth the factor of elevation or subsidence of the overlying rocks is

of vastly greater importance than the volume change, and the relative
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importance of this factor steadily increases with depth. This is more

broadly ti"ue in the case of increase of volume than in that of decrease

of volume ; for in the latter case in the zone of katamorphism the strength

of the rocks near the surface may prevent subsidence, and the decrease of

volume simply produce porosity. A common illustration of that is vesicu-

lar dolomite. However, in the zone of anamorphism, when the reactions

result in decrease of volume, subsidence occurs and energy is dissipated,

mie importance of the necessity of lifting- the overlying material in order

to find more room in the case of increase of volume is well illustrated by

the frequent rapid hydration or slacking, with great expansion and rapid

disintegration, which follows when a partly hydi^ated rock, buried but a

few feet, is brought to the surface." Apparently when buried the tendency

for hydration and necessary expansion with liberation of heat was not

sufficient to lift the superjacent material. When the necessity of elevat-

ing the superjacent material was removed by transfer to the surface the

process of hydration and expansion went on to completion with great

rapidity.

I conclude from the foregoing that in so far as energy is concerned

there are four cases. Chemical reaction may (1) release energy and result

in the liberation of heat, or (2) may consume energy and result in the

absorption of heat. The change of volume may be (3) by decrease of

volume, and result in the release of energy and the liberation of heat, or

(4) by increase of volume, and result in the consumption of energy and

in the absorption of heat. (1) and (3) will be called plus, and when they

are combined the heat developed is equal to their sum; (2) and (4) will

be called minus, and when they are combined the heat absorbed is equal

to their sum. When (1) and (4) or (2) and (3) are combined heat may
be liberated or absorbed, and consequently energy dissipated or stored,

depending upon the relative values of the opposing factors.

It has been noted that the three important reactions in the zone of

katamorphism are oxidation, carbonation, and hydi-ation; and in the zone

of anamorphism are deoxidation, silication, and dehydration.

Since all of the abundant metallic elements except iron are completely

oxidized as they occur in the original rocks, the important inorganic com-

pounds which are oxidized in the zone of katamorphism are mainly those

« Merrill, G. P., Disintegration of the granitic rocks of the District of Columbia: Bull. Geol. Soc.

America, vol. 6, 1895, p. 332.



172 A TREATISE ON METAMORPHISM.

of iron. Iron occurs extensively in the ferrous form, in magnetite, in car-

bonates, and in silicates. To a considerable extent it occurs as a sulphide.

To a small extent it occurs as metallic iron. In all of these forms it is

capable of oxidation. The main result of the oxidation of these com-

pounds, so far as the iron is concerned, is to change the monoxide to

ferric oxide. But where it is present as a sulphide it may be changed to a

sulphate, and then be thrown down as a basic ferric sulphate. Ferric oxide,

hydrous or anhydrous, is an important constituent in the sedimentary

rocks, and its presence is, without doubt, largely due to oxidation in

the zone of katamorphism. To a far less extent other metals, such as

copper, lead, zinc, etc., occur in the native form, in partially oxidized

forms, or as sulphides. All these substances may be oxidized. These

substances have little importance in general geology, but are of great

importance in the production of ores. All of the reactions of oxidation

take place with great liberation of heat and with increase of volume. In

the zone of anamorphism partial or complete deoxidation of the highly

oxidized compounds may occur. The ferric iron may be reduced to the

ferrous form. The sulphates of iron and the other metals may be reduced

to sulphides. In most cases the reducing agent is organic matter. The

reduction of the metals by organic compounds results in the oxidation of

the carbon and hydrogen, thus producing carbon dioxide and water. The

carbon dioxide and water largely escape. Where reducing agents are not

present the highly oxidized materials prodiiced in the zone of katamorphism

commonly remain in this condition even if the material passes into the

zone of anamorphism. Deoxidation can not, therefore, be said to be char-

acteristic of the zone of anamorphism to the degree that oxidation is

characteristic of the zone of katamorphism: The reducing reactions all

take place with great absorption of heat, so far as the metals are concerned,

and with decrease of volume. However, since heat is liberated by the

oxidation of the carbon and hydrogen, it is probable that the sum total

of the heat reaction in deoxidation in the zone of anamorphism is to

liberate heat.

In the matter of oxidation and deoxidation, the zone of katamorphism

presents a case in which the chemical law of the liberation of heat controls,

without reference to change in volume, while in the zone of anamorphism

the pressure tending to produce decrease of volume and chemical reactions

with the liberation o^ heat probably work together.
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Another set of reactions, of the most fundamental importance and

widespread character, which occur in an opposite sense in the two zones of

metamorphism are the mutual replacements of carbon dioxide and silicon

dioxide. It has already been noted that near the surface, or in the zone

of katamorphism, carbonic replaces silicic acid. Deep below the surface,

or in the zone of anamorphism, silicic replaces carbonic acid. Under the

conditions near the surface, where the pressure is small and the tempera-

ture is low, carbonic is the stronger acid; and under the conditions deep

below the surface, where the pressure is great and the temperature is

high, silicic is the strong-tv acid. The importance of the mutual replace-

ment of these compoimds l. ider different conditions makes it advisable to

summarize the chemical analogies of silicon and carbon. Silicon is the

characteristic element of inorganic compounds; carbon is the characteristic

element of organic compounds. How closely analogous are these two

elements is shown by the following comparative table

:

Chemical relations of silicon and carbon.

SILICON. CARBON.

SiOj silica, anhj'dride, solid COj carbon dioxide, gas.

SiHjj silicon hydride, gas CH^ methane, gas.

SiClj silicon chloride, liquid CCI4 carbon tetrachloride, liquid.

Boils at 57° Boils at 76°.

SiHClj silicon chloroform, liquid CHCI3 chloroform, liquid.

Boils at 34° Boils at 60°.

Si (C2H5) 4 silicon ethyl, liquid 0(02135)4 tetraethylmethane, liquid.

Boils at 150° '

Boils at 120°.

Si(002H5)4 ethyl orthosilicate, liquid 0(002115)4 ethyl orthocarbonate, liquid.

Boilsat160° Boils at 158". (See Mendel^eff, Vol. II,

Ohap. XVIII, pp. 99-100.)

HjSiOj orthosilicic acid H4OO4 orthocarbonic acid.

OH OH
o:/0H p/OH
"^VOH ^VOH
^OH ^OH

Si04(02H5)4 ethyl orthosilicate.

(MgFe)2Si04 olivine
|

Exists only in certain artificial organic compounds.,
OaAl2(Si04), anorthite [Natural orthosilicates. as ethyl orthocarbonate, 00-(C,H,)4.
R"3R'"2 (8104)3 garnet, etc.J

HjSiOs metasilicic acid H2OO3 carbonic acid.

/OH OH
0=81:; o=c(

^OH \0H
Exists in salts and in solution. Forms normal

(neutral) and acid salts ("bicarbonates").
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Chemical relations of silicoji mid carbon—Continued.

SILICON.

KAl(SiOs)2 leucite (normal salts)

A1^0-Si=0 o=c
0-Na

);Si=0)
K-O^ J

B^Al2(Si03)6 beryl,

etc.

Natural metasilicates.

o=c

^0-Na

(acid salts)

/OH
0=C

ONa

0=C/
OH

0=C

Ca

OH
HjSijOj disilicic or dimetasilicic acid H2C2O5 dicarbonic or pyrocarbonlc acid.

0=Si/
OH

0=Si
OH

o=c

0=0

OH

OH
Si : O : : 2 : 7 for basic salts.

Si : O : : 2 : 5 for acid salts.

Not known in free state.

LiAl (81205)2 petalite.

HeSijO, diorthosilicic acid ...

Known only in salts, as 0203(NaO)2, produced by

heating the acid salt.

.The corresponding carbon acid does not exist.

(OH)s

O
Si

^(OH),
HjMgjSijOg serpentine (normal salt).

,0-Mg-OH
SifO-H

;o>Mg

^0-H
^0-Mg-OH

HjCaSijOg+HjO okenite (acid salt).

H^SisOs polysilicic acid or trisilicic acid

(May be considered as metasilicic acid plus

disilicic acid.

)

/OH
Si=0
>0

Si=0

Si4(0H)3
(neutral salts of trisilicic acid)

KAlSi.Oo orthoclase.

The corresponding carbon acid does not exist.
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Another close analogy which exists between the carbonates and the

silicates is the fact that many salts of both give alkaline reactions, or under

the theory of dissociation are hydrolized as explained (pp. 86-87), and

that alkalinity increases with the temperature.

The specific volumes of the silicates and carbonates also have very

close relations. In general the specific volumes (the molecular weights

divided by the specific gravities) of the silicon compound are slightly the

greater. The comparative specific volumes of a number of the correlative

silicon and carbon compounds are as follows:"

Specific volumes of silicon and carbon compounds.

SiCli 112

SiHCIs 82

Si(OC2H5)4 201

CaSiO, 41

CCl^ 94

CHOI3 81

C(OC2H5)4 186

CaCOs 37

The specific volumes of SiOo and CO2 are wholly different, but this is

explained by the fact that one is a solid and the other a gas.

Since the specific volumes of the carbon compounds are less than those

of the silicon compounds, if there be a simple substitution of carbon for

silicon the volume is decreased; if silicon for carbon, the volume is

increased. However, as a matter of fact, the changes in the rocks are

never so simple as this. The volume changes in carbonation with desilica-

tion, and in silication with decarbonation in the rocks largely depend upon
whether the reacting and resultant compounds are gaseous, liquid, or solid,

and whether the products remain as solids or are dissolved and transported

elsewhere.

In the zone of katamorphism carbon dioxide replaces silicon dioxide

ordinarily with liberation of heat

The fact of the carbonation of the silicates is well known. So far as I

know, the importance of this process was first reahzed by Bischof He
attributes the general decomposition of the rocks near the surface mainly
to the action of carbonic acid, thus producing the carbonates which are

found in spring water. He shows by experiment that "the silicates of

alkalies, alkaline earths, protoxides of iron and manganese are decomposed

oMendeleeft, D., The principles of chemistry, translated by Geo. Kamensky, Longmans, Green
& Co., London, 1897, vol. 2, pp. 99-100.
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by carbonic acid at ordinary temperatures."" But he says that, since

carbonic acid does not combine with alumina or peroxide of iron, the

silicates of these compounds are not decomposed by carbonic acid.' How-
ever, we now know that the process of carbonation takes place with all the

natural silicates. It will be shown in Chapter VII that this process of

carbonation goes on throughout the entire zone of katamorphisra, but it is

in the upper of the two belts of the zone of katamorphisra, that of weath-

ering, in which the process of carbonation g-oes on with greatest rapidity

and is especially characteristic. Simultaneously with the substitution of

the carbon dioxide for the silica much of the silica separates as colloidal

silicic acid, is taken into solution, and is carried downward to the belt of

cementation by the percolating waters. In this belt the silica is deposited

on an enormous scale. The carbon dioxide is furnished in solution, being

mainly derived directly or indirectly from the atmosphere. When carbon

dioxide replaces silicon dioxide the volume would be decreased, provided

all of the silicic acid were abstracted in solution. But it is probable that

the larger portion of the silica set free in the zone of katamorphism by
carbonation is deposited in the belt of cementation, and therefore the

volume of the zone of katamorphism as a whole, so far as this reaction is

concerned, is increased. The deposition of silica in the belt of cementation

is probably accompanied by a considerable absorption of heat, under the

law that the negative value of the heat of solution is greater the more

insoluble the substance.

Carbonation in the zone of katamorphism may take place without

replacing silica, as in the case of the union of carbon dioxide with iron

oxide in magnetite, thus producing iron carbonate. In this case the

liberation of heat and the increase in volume are both great.

In the zone of anamorphism, and especially under mass-mechanical

conditions, silica replaces carbon dioxide in the carbonates on the most

extensive scale. So far as I am aware, Bischof was the first to realize that

under proper conditions the process of carbonation of the silicates could be

reversed. He shows by experiment that carbonates of calcium, magnesium,

and iron are decomposed by silica at a boiling temperature, and cor-

« Bischof, Gustav, Elements of chemical and physical geology, translated by Paul and Drummond,
Harrison & Sons, London, vol. 1, 1854, p. 2.

6 Bischof, cit., vol. 1, pp. 4-5.
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rectly infers that when any of these carbonates occur with quartz at a

sufficient depth within the earth, where a temperature of 100° C. is reached,

this reaction may take place. He calculates that this depth will be 2,440

meters. He correctly infers that the presence of abundant carbon dioxide

in deep-seated waters is probably due to this process of silication." We
now understand that under conditions of moderate pressure and temperature

not only are the carbonates which Bischof mentioned decomposed, but other

carbonates may be altered in a similar manner. However, it is noteworthy

that the carbonates which Bischof mentioned are those of predominant

importance.

The substitution of silicon for carbon would result in increase of

volume provided silica were derived from the solutions and the carbon

dioxide ^Jassed into the solutions. But in the process of silication in the

belt of anamorphism little material is available from outside sources.

Therefore the most of the silica which replaces carbon dioxide in carbonates

must be considered as a solid. It is probable that a large part of the freed

carbon dioxide slowly escapes; for at temperatures prevailing in the zone

of anamorphism the carbon dioxide is above its critical temperature, and

therefore a gas, and probably slowly makes its way through the subcapil-

lary spaces to the zone of kataraorphism (see p. 667.) Hence the volume

comparison must be made between the carbonate and replacing silica

combined and the resultant silicate. On this basis there is a marked

diminution of volume. One of the simplest illustrations of the formation

of the silicates with condensation of volume is the development of wollasto-

nite from calcium carbonate and quartz. In this change the volume of the

sohd remainder is decreased 31.48 per cent. However, this calculated

decrease is somewhat too great; for it will be seen (p. 667) that some
of the carbon dioxide does not escape, but is retained in the rocks in the

form of numerous inclusions.

It appears from the foregoing that in the replf^cement of silicon dioxide

by carbon dioxide in the zone of katamorphism, the chemical law of reac-

tions with liberation of heat dominates over that of pressure; and that in

the substitution of silicon dioxide for carbon dioxide in the zone of

anamorphism the physical law that pressure demands decrease of volume
dominates over the chemical law of reactions with liberation of heat.

"Bischof, cit., vol. 1, pp. 237-241.

MON XLVII—04 12
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The third important case in which the reactions occnr in the opposite

sense in the zones of katamorphism and anamorphism are hydration and

dehydration.

Hydration is a characteristic reaction of the zone of katamorphism,

only less important than that of carbonation; moreover, hydration occurs

on a great scale both in the belt of weathering and in that of cementation.

That hydration occurs extensively deep in the belt of cementation is

evidenced by the hydrated minerals which develop in the cavities of the

rather deeply buried rocks, sucli as the amygdules of amygdaloids.

Hydration represents, in the words of the tirst part of van't Hoff's law, '

' an

association which takes place with great liberation of heat." This process

also results in very considerable increase of volume, provided all or nearly

all of the products formed remain in situ.

Dehydration is a characteristic reaction of the zone of anamorphism,

only less important than that of silication. When the hydrated minerals

formed in the belt of katamorphism pass into the zone of anamorphism by

deep burial they are dehydrated. The pressure, or the high temperature,

or the two combined, unite to drive off a large part of the water. Dehy-

dration, in the words of the second part of van't Hofif's law, represents "a

dissociation which takes place with great absorption of heat" and it takes

place with decrease of volume.

Therefore, so far as hydration and dehydration are concerned, in the

upper zone the first part of van't Hoflf's law, that of chemical reactions with

the liberation of heat obtains, but in the lower zone the law of diminution

of volume controls, regardless of the heat effect. The tirst part of this

statement is sufficiently evident; the second possibly needs further expla-

nation. To drive off the combined water of I'ocks at ordinary jjressure

usually requires a temperature above 110° C. This temperature un(k'r

mass-static conditions would not be found until a depth of 3,300 meters ]i;i

been reached. It is certain that at depths much less than this, and

temperatui'es lower than this, dehydration takes place on an important seal r:

for it will be shown (p. 744) that in the transformation of mudstones to

shales there is a loss of about one-half of the combined water. I conclude

that under many circumstances the increase in temperature is not suffi-

cient to reverse the reaction of hydration, and therefore the reversal must
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be due to the pressure. However, in the lower part of the zone of ana-

morphism the temperature is frequently higher than 110° C, and under

such circumstances both the pressure and the temperature may work tog-ether

to produce dehydration.

The statement that the volume is decreased by dehydration is only

true provided the separated water, or a large part of it, escapes; for the

volume of the hydrated solid is less than that of the residual solid plus the

separated water; therefore, if the water could not escape, pressure would

tend to preserve the combination. Hence, the fact that the reaction does

take place in the zone of anamorphism shows that there is sufficient

pressure not only to separate the combined water from the rocks, making

it free water, but to squeeze the free water from the rocks as one can

squeeze the water from a sponge. The effective pressure doing the work

is equal to the pressure of the adjacent rocks less the weight of an equal

column of water extending to the surface. Thus, under mass-static condi-

tions, if the rocks have a specific gravity of 2.7, the effective weight in

producing dehydration and driving out the free water at a depth of 3,300

meters is that of a column of material of this height with specific gravity

of 1.7. Under mass-mechanical conditions, where the pressure as a result

of thrust may be much greater than that due to weight, the effective

pressure tending- to separate the combined water is much greater. Conse-

quently, under such conditions dehydration may occur at much less depth

than under mass-static conditions. (See pp. 766-768.)

One or two minerals may be mentioned which illustrate the processes

of hydration and dehydration in the two physical-chemical zones. Near

the surface and to a considerable depth, under mass-static conditions,

limonite and other hydrated oxides of iron develop. Deeper down, and

especially in connection with mass-mechanical action, limonite is dehy-

drated, and hematite is produced. As another illustration may be men-

tioned the somewhat similar compounds, chlorite and biotite. Near the

surface and under quiescent geological conditions chlorite forms. Deep

below the surface, and especially under mass-mechanical conditions, biotite

ordinarily develojjs. This is nowhere better illustrated than in the Michi-

gamme formation in the Marquette district of the Lake Superior reoion,

where these two minerals directly replace each other under tlit- 1 'i.
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stated." In the zone of katamorphism the complex hydrous silicates, such

as the kaolins, serpentines, and zeolites form. In the zone of anamorphism

these minerals are largely dehydrated, and such minerals as muscovite,

andalusite, garnet, staurolite, etc., are produced.

The physical-chemical principles cited (pp. 45-123) give reasons for

the existence of the above reverse sets of reactions in the two zones. We
can now give chemical or physical causes why oxidation, carbonation, and

hydration take place in the zone of katamorphism, and deoxidation,

silication, and dehydration in the zone of anamorphism, and so on for other

reactions.

While each of these sets of processes is particularly characteristic of

one zone, it is not meant to imply that each reaction may not occur in

both zones. But in the zone of katamorphism, oxidation, carbonation,

and hydration greatly predominate over the reverse processes. On the

other hand, in the zone of anamorphism, deoxidation, silication, and dehy-

dration predominate over the reverse processes.

If all of these sets of processes reversed as preponderant reactions at

the same depth, it would be possible to sharply separate the zones of

katamorphism and anamorphism. If, for instance, for a given region above

a depth of 10,000 meters the sum totals of the oxidation, carbonation, and

hydration were greater than the sixm totals of reverse processes, the zone

of katamorphism would be sharply separated from the zone of anamor-

phism at this depth. But this is not the case. The reversal of each pair

of processes occurs at diiferent depths; and, further, the reversal for a

given pair of processes is at diiferent depths under different conditions.

One of the most important of these is as to whether the conditions are

mass-static or mass-mechanical.

Of the three sets of reversing reactions, oxidation and deoxidation,

carbonation and silication, hydration and dehydration, the first reverses

with the least depth and pressure, the second requires the greatest depth

and pressure, and the last a mean depth and pressure. It has already been

noted that oxidation very frequently is replaced by deoxidation in the

lower part of the zone of katamorphism. It is certain that the process of

hydration is very greatly stayed, if it does not altogether cease, and may

/ a Van Hiae, C. R., and Bayley, W. S., The Marquette iron-bearing district of Michigan: Hon. U. S.

Geol. Survey, vol. 28, 1897, pp. 444-459.
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even be reversed in the lower part of the zone of Icatamorphism. It is

therefore apparent that the two zones are not sharply deliraited. In

general, however, it may be said, that the outer zone to a depth in which

oxidation, carbonation, and hydration preponderate is that of katamor-

phism, and that the deeper-lying zone, in which tlie reverse of these

processes preponderate, is that of anamorphism. But carbonation and its

opposite, desilication, are the most fundamental reactions of the zone of

katamorphism. Silication and decarbonation are the most fundamental

reactions of the zone of anamorphism. By these reactions more than by

any others, these zones are delimited. The three sets of reversing reac-

tions, oxidation and deoxidation, carbonation and silication, hydration and

dehydration, constitute three cycles in metamorphism. The second of

these cycles was recognized many years ago by Bischof (see pp, 176-177),

and was called the carbono-silicic cycle.

From the foregoing statement it is clear that the work of the zones of

katamorphism and anamorphism are opposed to each other. What the one

is doing the other is undoing. At the present time it is therefore possible

that in the case of any one of the pairs of opposed reactions, consider-

ing both the zones, either one of them preponderates, or that they are

approximately balanced. For instance, the amount of water being fixed

in the zone of katamorphism may be greater or less than the amount of

water being freed by dehydration in the zone of anamorphism, or the

two may be nearl}^ balanced. The same statement may be made in refer-

ence to the other reversing reactions. Upon the preponderance of these

opposing sets of reactions in the opposite zones depends the answer to

the question whether, on the whole, oxygen, carbon dioxide, and water

from the atmosphere and hydrosphere are being fixed or freed by meta-

morphism. This question is considered in Chapter XL
While the zones of katamorphism and anamorphism are separated

from each other by contrasting reactions, all reactions do not reverse in the

two physical-chemical zones. The first part of van't Hoff's law of heat

and the law of pressure may work together—that is, in both zones reactions

may occur which, simultaneously with the liberation of heat by cliemical

action, also result in liberation of heat l^y condensation. In so far as

there are cases of this kind it is to be presumed that such reactions fire

common to both zones. As an instance in which heat is probablv evolved
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both by the chemical reactions and by the vohime change in both zones may

be mentioned the devitrification of ghass. (See Chapter V, pp. 251-252.)

The chemical reaction is presumably under the first part of vau't Hoff's

law, and the volume is decreased. Another instance of chemical reaction

with the liberation of heat and condensation of volume is the replacement

of calcium by magnesium in limestone, thus transforming the rock into

dolomite."

It is thought to be certain that the total of all the changes taking place

in the whole of the mass of rocks concerned in any given modification of

the lithosphere results in the dissipation of energy, and it is believed that

sucli is the fact for each of the physical-chemical zones separately. In the

zone of katamorphism the chemical reactions result in liberation of heat;

the average volume reaction results in absorption of heat. It is, however,

thousrht certain that the residual is in favor of the former. In the zone

of anamorphism the average of the chemical reactions results in absorption

of heat; the average of the volume reactions results in the liberation of

heat. It has already been seen (pp. 170-171) that the amount of energy

required for the volume change rapidly increases with depth, and in the

lower zone it is thought that the heat liberated from the volume changes is

greater than the heat absorbed by the chemical reactions, and therefore

that the residual is in favor of the liberation of heat.

Hence, it is concluded that the changes which take place in each of

the zones are under the general law of the running down of energy into

the form of heat which is dissipated, and this accords with the apparent

order of the universe.

A corollary to the foregoing pages is the conclusion that in the upper

zone, where pressure is relatively unimportant, on the average, alterations

result in the expansion of the volume of the rocks; and that in the

deeper-seated zone, where pressure is important or dominant, on the average

the alterations result in the contraction of the volume of the rocks. It

follows as a further conclusion from this that the tendency of the alterations

a The verification from authorities of the heat of the chemical reactions and the volume relations

for the majority of the changes above mentioned have been very kindly made for me by Mr. A. T.

Lincoln. Mr. Lincoln either has found the results used in the works of Thomsen, Ostwald, MendeWeff,

or other standard authorities, or from the data there found has been able to calculate results which

answer the specific questions I gave to him.
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in the first zone is, on the average, to produce minerals of lower specific

gravity than the original minerals, while in the deeper-seated zone the

tendency, on the average, is to produce minerals of higher specific gravity.

Illustrations of the first rule are the minerals produced by the disinte-

gration and decomposition of rocks near the surface, out of which the sedi-

mentary rocks are built. Some of these are kaolinite (sjd. gr. 2.6-2.63),

quartz (sp. gr. 2.65), calcite (sp. gr. 2.72), chlorite (sp. gr. 2.60-2.96),

serpentine (sp. gr. 2.5-^2.65), talc (sp. gr. 2.7-2.8), zeolite (sp. gr. 2-2.4),

limonite (sp. gr. 3.5-3.96), etc. All of these minerals and most of the other

abundant imdecomposed minerals, such as feldspar (sp. gr. 2.55-2.75),

which make np great masses of sedimentary rocks, have comparatively

low specific gravities.

The second rule is illustrated by the change from low to high specific

gravity of the minerals where the sedimentary rocks are metamorphosed.

As just seen, the minerals which compose the unaltered sedimentary rocks

are originally those of low specific gravity. Some of the abundant result-

ant minerals in the equivalent metamorphosed rocks have considerably

higher specific gravities, as, for instance, muscovite (sp. gr. 2.76-3), biotite

(sp. gr. 2.7-3.1), jjyroxene (sp. gr. 3.2-3.6), and amphibole (sp. gr. 2.9-3.4),

and the still heavier minerals, garnet (sp. gr. 3.15-4.3), staurolite (sp. gr.

3.65-3.75), chloritoid (sp. gr. 3.52-3.57), hematite (sp. gr. 4.9-5.3), and

magnetite (sp. gr. 5.168-5.180). Less common heavy minerals are andalusite

(sp. gr. 3.16-3.2), fibrolite (sp. gr. 3.23-3.24), and chondrodite (sp. gr. 3.118-

3.24). With the above are the lighter minerals, quartz and feldspar; but

even these are quite as heavy as the average of the original minerals.

It is noticeable in the altered rocks that in proportion as deep-seated

metamorphism is advanced the heavier of the above minerals appear. In

the early stages of the metamorphism of shales, mica develops plentifully,

and the rocks become slates. Where the metamorphism is more intense

the heavier minerals, garnet and staurolite, appear, the material of the pre-

viously developed micas being absorbed at the places occupied by the

D-arnet and staurolite.

The garnet-, staurolite-, chloritoid-, andalusite-, and tourmaline- bearing

schists and gneisses of the Penokee and Marquette districts of Michigan

and Wisconsin and the Black Hills of South Dakota, produced b}' the
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alteration of clastic rocks, are perfect illustrations of the above changes."

In these rocks the acid feldspars (sp. gr. 2.55-2.67) have extensively

altered into quartz (sp. gr. 2.65) and mica (sp. gr. 2.76-3.01), and therefore

have passed into minerals denser on the average than those from which

they were derived. Also the heavier minerals, garnet, etc., have developed

on an extensive scale in the more metamorphosed varieties.

When all the minerals formed are taken into account the average

is as given. But it is not supposed that there are not exceptions to each of

the rules tliat in the upper physical-chemical zone lighter minerals form

and in the lower zone heavier minerals develop. Indeed exceptions are

known to both. An illustration of such exceptions in the upper zone is the

case already mentioned (see pp. 181-182), the replacement of calcium by

magnesium. A case of the change from higher to lower specific gravity

in the lower zone is the alteration of pyroxene into amphibole. On the

average the former is slightly heavier, and yet in the lower zone, under

both mass-static and mass-mechanical conditions, pyroxene very generally

alters to amphibole. Of course in this transformation a change simultane-

ously takes place in the chemical composition (and this may have an effect

upon the volume of the minerals); for, in general, pyroxene contains a

greater proportion of calcium and less proportions of magnesium and iron

than the amphiboles. If all of the compounds concerned in the change

were taken into account this apparent exception to the rule of the production

of compounds of high specific gravity in the lower zone would probably

disappear. In some of the deepest-seated .
schists, pyroxene and not

amphibole has developed, and it is suspected that sufficiently deep this is

the rule. If this be the case the real meaning of the change of pyroxene

to amphibole is, in order that pressure shall become the dominant factor for

each of the minerals as well as for the average, that the pressure must be

very great.

But whatever exceptions may be discovered in the cases of individual

minerals, the rules that in the upper physical-chemical zone the alterations,

on the average, result in decrease of specific gravity, and that in the lower

« Irving, E. D., and Van Hise, C. R., The Penokee iron-bearing series of Michigan and Wisconsin:

Mon. U. S. Geol. Survey, vol. 19, 1892, pp. 302-331; also vol. 28, 1895, pp. 448-150, 452-454, 456-459.

Van Hise, C. R., The pre-Cambrian rocks of the Black Hills: Bull. Geol. Soc. America, vol. 1, 1890,

pp. 222-229.
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zoue the alterations result in increase in specific gravity, are believed to

hold and to be of fundamental importance in the metamorphism of rocks."

This principle of the development of minerals of low specific gravity

near the surface and of high specific gravity at depth has a direct applica-

tion to the crystallization of magmas. From a magma of a given chemical

composition there can be little doubt that the greater the depth, and there-

fore the greater the pressure at which crystallization occurs, the higher the

average specific gravity of the rocks. In this treatise no attempt will be

made to work out the applications of the rule to individual minerals and

rocks, but one illustration in reference to minerals and one illustration in

reference to rocks may be cited. It is well known that in the lavas silica

frequently crystallizes in the form of tridymite (sp. gr. 2.28-2.33), but that

in the deep-seated igneous rocks quartz (sp. gr. 2.65) only is found. It is

believed that the explanation of this fact is that near the surface other

factors than pressure control the crystallization, and therefore that the less

heavy form of crystallized silica—tridymite—may be produced; and that in

the lower zone pressure is the determinative factor in the crj^stallization,

and therefore that the heavy form of crystallized silica—quartz—invariably

results. An illustration in reference to rocks is the presence or absence of

glass. Glass has a lower specific gravity than the equivalent crystallized

substance. . It is well known that where magmas crystallize near the surface

glass is a frequent j^roduct, and that where magmas crystallize deep below

the surface glass is either very subordinate or absent altogether. While

other factors besides pressure enter into this result, it is believed that the

frequent presence of glass near the surface and the presence of dense

crystallized minerals in the equivalent deeper-seated rocks crystallizing'

from magmas is a very striking illustration of the truth of the principle of

the development of minerals and rocks of low density where the pressure

is small and of great density where the pressure is great.

a The above conclusions as to the condensation of material at considerable depths lias an important
bearing upon Reade's theory of mountain making. (Reade, T. Mellard, The origin of mountain
making, London, 1886. ) His explanation of the rise of mountains is that the volume of the thick
deposits of sediments increases as a consequence of the rise of the isogeotherms. I believe that possible

expansion due to this cause is more than compensated in the case of the sediments b\' the mechanical
bringing of the particles closer together as the result of pressure, in many instances to the practical

disappearance of the interspaces, and by the condensation of the material itself by the physical-

chemical changes above explained. The condensation also has a bearing upon estimates of crustal

shortening. In so far as condensation occurs, shortening of the outer crust of the earth may allow

accommodation to a nucleus of decreasing size without crustal corrugation.
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In conclusion of this part of the subject it may be said that in the

zone of katamorphism the alterations ai-e mainly controlled by the chemical

law that reactions take place with liberation of heat, and this ordinarily

results in increase of volume, provided the compounds which form remain

as solids. In the zone of anamorphism the reactions are mainly controlled

by the physical law that reactions take place with decrease of volume, and

this commonly results in chemical reactions with absorption of heat. In

the upper zone chemical law is the determinative factor in the reactions;

in the lower, physical law. In the upper zone the important chemical

reactions are those of oxidation, carbonation (involving desilication), and

hydration; in the lower zone the important reactions are those of deoxida-

tion, silication (involving decarbonation), and dehydration. In the upper

zone the minerals are few in number, of low specific gravity, and probably

of simple molecular structure; in the lower zone the minerals are

numerous, of high specific gravity, and probably of complex molecular

structure.

If one were to select tln-ee words which roughly represent the charac-

teristics of the alterations in the belt of weathering, the belt of cementation,

and the zone of anamorphism, these three words would be, respectively,

destruction, construction, and reconstruction.

GEKBRAL CONSIDERATIONS.

It is now apparent that a geological classification of metamorphism

dependent upon depth carries with it profound chemical and phj-sical

significance. Not only is the classification applicable to all parts of the

earth, but the alterations of the zones of katamorphism and anamorphism

are more fundamentally diff'erent than any distinction heretofore made with

reference to metamorphism. Also, the alterations of the belt of weathering

and the belt of cementation of the zone of katamorphism, again dependent

upon depth, are very different so far as the geological facts are concerned,

but are closely allied from the chemical and physical point of view, and

therefore belong together in a single zone.

It is further to be noted that the classification is based upon one idea

throughout. There is no overlapping, although the different belts and

zones are side by side and grade into one another.

After the universal geological applicability of the classification proposed
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is understood and its chemical and physical significance appreciated, one

sees how partial, how overlapping, and how variable are the criteria upon

which are based such classifications as thermo-metainorphism, hydro-

metamorphism, dynamic metamorphism, contact metamorphism, regional

metaniorphism, etc.

RELATIONS OF ZONES OF KATAMORPHISM AND ANAMORPHISM TO
ZONES OF FRACTURE AND FIjOWAGE.

In connection with metamorphism in the zones of katamorphism and

anamorphism it may be recalled that the outer part of the surface of the

earth may be divided into two zones upon a different basis." It has been

shown from the structural jjoint of view that we may divide the rocks of

which we have knowledge into an upper zone of rock fracture and a lower

zone of rock flowage. Where the rocks are subjected to deformation while

in the upper zone they mainly undergo mass fractures called bedding jiart-

ings, faults, joints, fissility, etc. The deformation is accomplished but to a

slight extent by fracturing of the individual particles and by differential

movement between them. In the zone of fracture openings other than

those formed by deformation may exist. In the sedimentary rocks are

openings between the grains. In the lavas there may be gas openings.

So far as the mass-mechai deal forces are concerned openings of all of these

different classes may persist indefinitely. In the lower zone—that of rock

flowage—if openings could be supposed to be produced in any way, the

pressure is so great that the rock flows and fills them nearly completely,

except that water solutions and gases are to a small extent included in

minute cavities. Rock flowage will be subsequently shown to be mainly

accomplished by innumerable fractures of the mineral particles, by the

recrystallization of the mineral particles, or by a combination of the two

processes in any proportion. Mass fractures play but a subordinate part.

UPPER LIMIT OF ZONE OF FEOWAGE.

The depth at which deformation by flowage occurs depends upon many
factors, of which the character of the rocks, the temperature, the water

content, and the speed of deformation are of consequence. The more

"Yan Hise, C. R., Principles of North American pre-Cambrian geology; with an appendix on
flow and fracture of rocks as related to structure, by L. M. Hoskins: Sixteenth Ann. Eept. U. S. Geol.

Survey, pt. 1, 1896, p. 589.
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important factors which enter into the character of the rocks are the

strength and the mineral composition. The stronger the rock the greater

is the depth at whicli flowage begins. The rocks the materials of which

are refractory, as, for instance, those composed of quartz and feldspar,

require a greater depth in order that deformation may take place by flow-

ao-e than those rocks the materials of which are readily acted upon

chemically, as, for instance, calcite.

The higher the temperature the less the depth in order that deforma-

tion may take place by flowage. Since the temperature increases normally

at the rate of 1° C. for 30 meters, and since in consequence of orogeuic

movements and igneous intrusions the increase in temperature with depth

is often much more rapid than this, heat is a very important factor in the

depth at which rock flowage occurs.

Since rock flowage may be in large measure by recrystallization, and

recrystallization is dependent to a large extent upon the amount of water

present, the greater the amount of water the more readily does deformation

take place by flowage and therefore the less is the depth at which flowage

begins.

The speed of deformation is also of very great consequence in limiting

the upper part of the zone of flowage. The more rapid the deformation the

greater the depth of the zone of flowage; the slower the deformation the

more moderate its depth. Speed of deformation, and therefore the time

consumed in a given deformation, is of very great importance. It is well

known that a stress not sufficient to rupture a material or to appreciably

deform it within a short time, if applied for a long time may produce

important flowage deformation. The geologist must give this factor of

time greater weight than scientists in any other subject. How important

it is may be illustrated by the deformation of rock" as a result of placing it

in an unusual position. In cemeteries marble slabs have been placed

horizontally and supported at the ends ; in the course of a score or more of

years such slabs ai-e found to have sagged in the middle a very considerable

amount. This is illustrated in the cemetery of Jefferson City, Mo., where

a slab about 1.8 meters long, .9 meter wide, and 5.08 centimeters thick,

« Van Hise, C. R., Principles of North American pre-Cambrian geology: Sixteenth Ann. Eept.

U. S. Geol. Survey, pt. 1, 1896, p. 594.
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suspended at the ends, has sagged 3.8 centimeters in the middle." If it had

been attempted to bend the slab at the outset to this extent, undoubtedly

it would have been ruptured. The change in form without rupture is pos-

sible only by rock flowage, through a rupturing and differential movement

of the solid jjarticles with reference to one another, or by solution and

redeposition—i. e., by granulation or recrystallizatiovi, or by the two

combined.

On the assumptions (a) that the strength of the rocks is the same as at the

surface, (b) that the rocks are all of the same kind, (c) that the temperature

is the same as at the surface, (d) that the water present does not make any

difference in the character of deformation, (e) that the rocks yield as readily

by fracture as by flowage, (f) that the rocks break as readily by fracture

when the deformation is slow as when it is rapid, and (g) that the rocks are

among the strongest, I have calculated that the maximum depth of the

upper part of the zone of flowage under mass-static conditions can not be

greater than 12,000 meters. All of these assumptions, except the first, are

in favor of great depth for the zone of flowage. It is explained (Chapter

VIII, p. 672) that whei-e rocks are under pressure in all directions the

rigidity is probably greater than at the surface. Therefore the assumption

that the rocks are no stronger below than at the surface might lead to too

small a depth. However, the other assumptions would give too great a

depth, because the great majority of rocks are not nearly so strong as the

strongest, and many of them have only a small fraction of this strength;

because the temperature increases with increase of depth, with orogenic

movements, and with intrusives; because water is present in considerable

quantity, and where this agent is available with higher temperatures the

rocks are deformed by flowage rather than by fracture (see p. 188); and,

finally, because the rocks are ordinarily deformed so very slowly that with

a rather moderate pressure the deformation takes place by flowage rather

than by fracture. I can see no way to determine to what extent these

factors render the maximum depth calculated too great; nor can any
estimate be made as to how far the factor (a) renders the maximum depth

calculated too small ; but I suspect that the various factors giving too great

a depth are of far greater consequence than the one factor giving too small

«Winslow, A., An illustration of the flexibility of limestone: Am. Jour. Sci., 3d ser., vol. 43,

1892, pp. 133-134.
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a depth. Since there is no theoretical way accurately to evaluate these

factors and thus to calculate the maximum depth of the upper part of the

zone of flowage, one can judge of its real depth only by observation in

mountain areas where deep-seated rocks have been deformed when buried

under an approximatel)^ determinable thickness of rocks and afterwards

have been brought to the surface by denudation. From observation data

I suspect the maximum depth calculated is much too great, perhaps twice.

too great even for the strongest rocks ; and for the weaker rocks it is certain

that the alterations characteristic of the zone of flowage occur at depths but

a; fraction of 10,000 or 12,000 meters.

The boundary between the zone of fracture and the zone of flowage is

approximately the same as the boundary between the upper and lower

physical-chemical zones if indeed it is not identical with it. We may

therefore say that the upper physical-chemical zone, the zone of katamor-

phism, and the zone of fracture are synonymous terms, as are also the

lower physical-chemical zone, the zone of anamorphism, and the zone of

flowage. The reasons for the correspondence of the zone of fracture with

the zone of katamorphism, and of the zone of flowage with the zone of

anamorphism, are clear.

To the bottoin of the zone of fracture the rocks are strong enough to

support themselves, hence there is not pressure in all directions greater than

the strength of the rocks, and openings may exist. The reactions may

therefore take advantage of these spaces and fill them, thus expanding the

volume of the rocks without lifting them or doing the mechanical work of

rupturing them. The openings which may thus be utilized vary from those

of suj)ercapillary size, such as bedding partings, fault and joint openings, to

subcapillary openings between the individual grains. In order to thus fill

these spaces, no large amount of work must be done against pressm-e by the

chemical agents, but in proportion as the spaces are filled it is more and

more difficult for the reactions to occur requiring expansion of volume, as

an increased amount of work must be done against pressure.

However, below the bottom of the zone of fracture, in the zone of

flowage, the pressure in all directions is greater than the strength of the

rocks. If supercapillary spaces be supposed to be present they would be

closed by flow, unless this were prevented by occluded water or some other

liquid or a gas which could not escape. If a reaction here occurs which
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demands expansion of volume, it would be necessary to lift the entire

superincumbent mass of rock, and this would require a vast amount of

work. This work chemical affinity is usually not sufficiently strong- to

accomplish, therefore reactions do not take place which give increased

volume; but on the contrary, the pressure forces reactions in the opposite

sense from those in the upper zone, as a result of which the volume of a

material is diminished. If the reactions diminishing volume can be of such

a chai'acter as to liberate heat, this will occur; but frequently, in order to

produce a decreased volume, chemical reactions must take j^^^'Ce which

absorb heat. In this paper on metamorphism the terms zone of katamor-

phism and zone of anamorphism are used, as being most serviceable. In

structural work, however, the equivalent terms zone of fracturing' and zone

of flowage are more serviceable and therefore will there hold their place.

It may be seen on page 167, also on 23ages 766-768, that the passage

from the zone of katamorphism to the zone of anamorphism is a gradation

and not an abrupt change. The same is true of the change from the

zone of fracture to the zone of flowage. (See pp. 187-189.) Therefore,

whether the division of the outer crust of the earth into two zones be

considered from the metamorphic point of view or from the structural

point of view, there is a transition between the two.



CHAPTER V.

MINERALS.

In the previous chapters I have discussed the forces and agents of

alteration, and the general nature of the alterations in the zones of

anamorphism and katamorphism, including the two belts of the latter zone.

We are now prepared to consider the particular alterations which affect the

individual minerals in refei-ence to these forces, agents, zones, and belts.

SECTION 1.—CHEMICAL AND MITs^ERAL COMPOSITION OF THE KNOWN"
CRUST OF THE EARTH.

For convenience the outer part of the crust of the earth of which we

have positive knowledge will be called the crust. Clarke," for the purpose of

considering the chemical composition of the outer part of the earth, confines

this term "crust" to the part of the earth which extends from the tops

of the mountains to 10 miles below sea level. He thinks it fair to assume

that we may infer the approximate composition of this small part of the

earth by the parts of it which may be observed at or near the surface.'' The

term "crust" in this treatise will be used in the restricted sense of Clarke-

But in so using the term there is no intention to imply that there is any

sharp division between the crust and the deeper part of the earth, to which

the term " centrosphere " is applied.

Below is a table which gives the relative proportions of the twenty-one

elements composing as much as 0.01 per cent of the crust of the earth as

above defined, including the lithosphere, hydrosphere, and atmosphere, and

also their atomic weights."

"Clarke, F. W., Eelative abundance of the chemical elements: Bull. U. S. Geol. Survey No. 78,

1891, p. 34.

6 Clarke, cit., pp. 3+-37.

"Clarke, F. W., Analyses of rocks, laboratory of the United States Geological Survey, 1880-1899:

Bull. U. S. Geol. Survey No. 168, 1900, p. 15.
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next to them stand the carbonates, and the titanates and phosphates are

siTbordinate. Therefore the acids of the siHcates and carbonates—i. e.,

sihcic and carbonic acids—are the great rock-forming acids.

The natural combinations of the elements, so far as they occur as

important rock-making constituents, their systems of crystallization, chem-

ical formulae, molecular weights, logarithms of molecular weights, specific

gravities, logarithms of specific gravities, molecular volumes (i. e., molecular

weights divided by the specific g-ravities), and logarithms of molecular

volumes, are given in tables below alphabetically arranged.

In the tables the chemical formulae are usually those of the smallest

possible molecules. There is no attempt to make the formulte correspond

with the real molecular structure of the minerals, since in the present state

of knowledge it is quite impossible to do this. It therefore follows that

the molecular weights, molecular volumes, and logarithms of the same in a

given case are relative. The table should not be used to compare the

absolute molecular weights and molecular volumes of the different minerals,

as this would give wholly misleading results. For instance, actinolite, the

second mineral in the table, varies in the amount of magnesium and iron

so that it may have three special formulae. These formulae as written

make the molecular weight of the mean molecule twice that of the

smallest and that of the largest molecule four times that of the smallest.

This results in similar variations in the molecular volumes and also consid-

erable variations in the logarithms Manifestly there are no such differ-

ences as these. Probably the true molecular weights and molecular

volumes, and consequently the logarithms, are very close to one another.

However, the numbers given in the table serve the purpose, as explained

on pages 208-210, of calculating the changes of volumes when the particular

varieties of the mineral actinolite represented by the formulae are trans-

formed to other minerals. These remarks as between the different varieties

of actinolite apply equally well as between other minerals and their different

varieties.

The letters D, G, H, and C, following formulae or specific gravities,

signify that the authorities from which the same are taken are, Dana,

Groth, Hintze, and Clarke, respectively.
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SECTION 2.—GENERAL NATURE OF ALTERATIONS.

Minerals may be altered (1) without chemical change and (2) with

change of chemical composition.

ALTERATION WITHOUT CHANGE IN CHEMICAL COMPOSITION.

The alterations which occur without changes in chemical composition

are (a) molecular rearrangement and (b) simple recrystallization.

MOLECULAR REARRANGEMENT.

Molecular rearrangement alone means passage from one crystalline

form to another crystalline form. Such change of form may result from

changed physical conditions, as, for instance, change in temperature or

pressure or movement. As an example of molecular rearrangement due

to change of temperature may be mentioned leucite, which crystallizes

from a hot magma in the regular system, but which changes upon cooling

to ordinary temperatures to a complex twinned anisometric form. An

example of a change due to pressure is furnished by orthoclase, which is

said for this reason to alter to microcline. " Molecular readjustments such

as above are simply changes of form, and are therefore called paramorphism.

SIMPLE RECRYSTALLIZATION.

Simple recrystallization usually but probably not always occurs through

the medium of a certain amount of water, which is able to take material into

solution and deposit it from solution. Changing pressure and comparatively

high temperatures are favorable conditions for such recrystaUization. Per-

haps the most common example of recrystallization without chemical

change is that of the transformation of amorphous or finely crystalline

calcium carbonate to crystalline or more coarsely crystalline calcium

carbonate, such as occurs in limestones and marble. This process has

been called marmorosis. Another instance of recrystalhzation without

change in chemical composition which takes place, on an extensive scale, is

alteration of flinty or finely crystalline quartz to coarsely crystalline

quartz.
ALTERATION WITH CHANGE IN CHEMICAL COMPOSITION.

Alterations with chemical change may take place (1) without the

addition or subtraction of material or (2) with the addition or subtraction

a Dana, J. D., A system of mineralogy, Descriptive mineralogy by E. S. Dana, Wiley & Sons, New

YorK, 6th ed., 1892, p. 318.
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of material. For either of these changes the presence of water is required

in most instances, the alterations taking place through solution and redepo-

sition, although it is not impossible that solids may act upon one another

to an important extent without the help of water.

ALTERATION WITHOUT ADDITION OK SUBTRACTION OF MATERIAL.

In the changes which occur under this case the material moves only

short distances. Such changes may be (a) a crystallization of an amor-

phous substance or (b) interior alteration of mineral particles.

An instance of the crystallization of an amorphous substance is

furnished by the devitrification of glass. In this alteration the uniform

homogeneous solid glass changes into a heterogeneous crystalline solid, the

different mineral particles of which have differing compositions. This

involves segregation of the different elements in various proportions into

the different minerals. It is therefore clear that the materials have moved

very short distances.

Interior alteration of mineral particles is effected by the change of

one mineral into two or more minerals. This is illustrated by the change

of pyrope into enstatite, spinel, and quartz; the change of pyrope into

hypersthene, spinel, and quartz; the change of spodumene into eucryptite

and albite; the change of almandite into hypersthene, spinel, and quartz;

and the change of titanite into perovskite and quartz.

ALTERATION WITH ADDITION OR SUBTRACTION OF MATERIAL.

The changes which take place with the addition or subtraction of

ma,terial may vary from those which involve the slightest addition or

subtraction to complete substitution. The added material may come from

afar or from the adjacent mineral particles. The subtracted material may
enter into an adjacent mineral particle or may be transported great

distances before entering into a new mineral. Reactions between adjacent

minerals may produce new minerals. Two or more minerals may unite to

produce a single mineral. For example, olivine and quartz may pass into

anthophyllite ; nephelite and halite into sodalite; albite and halite into

marialite. Or two or more minerals may unite to produce two or more

new minerals. For example, rutile and magnetite may pass into ilmenite

and hematite; diopside and magnetite into tremolite and calcite; sahlite,

siderite, and magnesite into actinolite and calcite; augite, siderite, and
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magnesite into hornblende and calcite; or the reverse of this, hornblende

and calcite into augite, siderite, and magnesite.

The changes here belonging are by far the most numerous and impor-

tant of the various classes; indeed, are vastly more important than all of

the other classes together. By far the greater number of reactions written

out on the succeeding pages for the alterations of the various minerals fall

under this heading.

The more important of these alterations, considered from the point of

view of the nonmetallic elements, may be classified into:

(I) Oxidation. (2) Deoxidation.

(3) Hydration. (4) Dehydration.

(5) Carbonation. (6) Decarbonation.

(7) Silication. (8) Desilication.

(9) Silicification. (10) Desilicification.

Less important reactions are:

(II) Sulphidation. (12) Desulphidation.

(13) Sulphation. (14) Desulphation.

(15) Titanation. (16) Detitanation.

(17) Phosphation. (18) Dephosphation.

(19) Chloridation. (20) Dechloridation.

(21) Fluoridation. (22) Defluoridation.

(23) Boration. (24) Deborptlon.

A number of these reactions are of small consequence so far as the

alterations of rocks are concerned ; but all are important with reference to

the development of minerals, and especially in reference to economic

products. This phase of the subject in reference to the metallic products

is treated in Chapter XII.

(1) Oxidation is the addition of oxygen. Frequently the added oxygen

is substituted for another element, often sulphur.

(2) Deoxidation is the subtraction of oxygen. Often the subtracted

oxygen is replaced by another element—for instance, sulphur.

(3) Hydration is the addition of water, jDroducing hydroxides.

(4) Dehydration is the subtraction of water from hydroxides. When
carried to completion, anhydrous compounds are formed.

(5) Carbonation is the union of carbonic acid and base, or the substi-

tution of carbonic acid for another combined acid, in either case producing

carbonates. The oxide with which carbonic acid most frequently unites is
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iron oxide. Carbonic acid may replace any of the other ternary rock-

forming acids, including silicic, titanic, and phosphoric, and thus become

united with any of the important bases. The carbonation of the silicates

is of fundamental importance. The carbonation of the titanates and phos-

phates is unimportant.

(6) Decarbonation is the separation of carbonic acid from a base with-

out the addition of other compounds, or with the substitution of another

acid for the carbonic. The most frequent substituted acid is silicic.

(7) Silication is the union of silicic acid and base, or the substitution

of silicic acid for a combined acid, in either case producing silicates. The

only important oxide with which silicic acid unites as a rock-forming con-

stituent is iron oxide Silicic acid may replace carbonic, titanic, or phos-

phoric acid, thus becoming united with any of the bases with which it can

combine. The silication of the carbonates is of fundamental importance.

The silication of the titanates and phosphates is unimportant.

(8) Desilication is the separation of silicic acid and bases without the

addition of other compounds, or Avith the substitution of another acid for

the silicic acid. The most frequent acid substituted is carbonic.

(9) Silicification involves the addition of silica without union with

bases. The added silica may or may not replace other compounds.

(10) Desilicification involves the subtraction of free silica. The sub-

tracted silica may or may not be replaced by other compounds.

(11) Sulphidatiou is the union of sulphur with a metal forming

sulphides. Added sidphur may be substituted for another element, usually

oxygen.

(12) Desulphidation involves the subtraction of sulphur. Generally

the subtracted sulphur is replaced by another element, usually oxygen.

(13) Sulphation is the union of sulphuric acid with base or the

substitution of sulphuric acid for another combined acid, in either case

producing sulphates.

(14) Desulphation is the separation of sulphuric acid and base, or the

substitution of another acid for the sulphuric.

(15) Titanation is the union of titanic acid with base, or the substitution

of titanic acid for another combined acid, in either case producing titanates.

(16) Detitanation is the separation of titanic acid and base, or the

substitution of another acid for the titanic.



206 A TREATISE ON METAMORPHISM.

(17) Phosphaition is the union of phosphoric acid with base, or the

substitution of phosphoric acid for another combined acid, in either case

producing phosphates.

(ISy Dephosphation is the separation of phosphoric acid and base, or

the substitution of another acid for the phosphoric acid.

(19) Chloridation is the addition of chlorine, forming chlorides.

(20) Dechloridation is the subtraction of chlorine, destroying chlorides.

(21) Fluoridation is the addition of fluorine, forming fluorides.

(22) Defluoridation is the subtraction of fluorine, destroying fluorides.

(23) Boration is the union of boric acid with base, or the substitution

of boric acid for another combined acid, in either case producing borates.

(24) Deboration is the separation of boric acid and base, or the

substitution of another acid for the boric.

GENEKAL STATEMENTS.

The foregoing processes are seen to be in pairs, in each case one of a

pair being the reverse of the other. That is, deoxidation is the reverse of

oxidation, dehydration is the reverse of hydration, etc. Moreover, one of

the processes of a pair is in several of the cases frequently the complement

of that of another pair. To illustrate, the processes of the following pairs

are often complementary of each other, viz, oxidation and desulphidation,

sulphidation and deoxidation, carbonation and desilication, silication and

decarbonation. By complement is meant that one takes place simultaneously

with the other, and that the two may really be one chemical reaction. In

such a case the change may be considered from either of two points of view.

To illustrate, the process of carbonation may be also a process of desilication,

and the process of sihcation may be also a process of decarbonation.

In general the process is named on the basis of the substance added rather

than that subtracted, for such substance is the active agent which drives

off the other and takes it place. It has been shown (pp. 168, 170-181)

that for several reactions one of a pair is particularly characteristic for one

of the zones of metamorphism. To illustrate, oxidation and its complement

desulphidation, carbonation and its complement desilication, and hydration

are particularly characteristic of the zone of katamorphism ; sulphida-

tion and its complement deoxidation, silication and its complement decar-

bonation, and dehydration are particularly characteristic of the zone of

anamorphism.
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SECTIO^T 3.—ROCK-MAKING MINERALS.

MANNER OF TREATMENT.

GENERAL STATEMENTS.

In this treatise only the j^rincipal rock-forming minerals will be consid-

ered. The point of view is not that of mineralogy but that of metamorphism.

So far as it seems advisable without too much repetition, I shall consider

each mineral in reference to the following:

(1) Its composition, crystallization, specific gravity, and source, so far

as it is a rock-making mineral ; but its occurrence in veins will not be

considered.

(2) The minerals into which it may pass, giving their crystallizations,

specific gravities, and compositions.

(3) The chemistry and physics of the processes of change, including

the volume relations.

(4) The natural conditions under which the changes occur, and the

causes of the changes.

With many minerals this outline can be carried out nearly to com-

pletion. With others the present state of knowledge is such that it can

be only very incompletely done. Consequently there is great variation

in the satisfactoriness of the discussion of the different minerals. When
the treatment of each of the minerals from these various points of view

can be carried out we shall have an interlocking system by which each

mineral is considered in its most important metamorphic connections.

To a certain extent the plan involves repetitions, but in each case the

important facts which concern an individual mineral are brought together.

The method of treatment proposed seems advisable, for many minerals

are both primary and secondary, and only by considering each mineral

from both points of view is it possible to understand the causes of the

changes as well as the changes themselves. Ordinarily the latter only are

considered. When one of the sources of a mineral is the alteration of

another the exact reactions concei-ned in the change are not given under

the former, but may be found by referring to the latter mineral which is

mentioned as its source. Ordinarily, however, qualitative statements are

made. To illustrate, a source of limonite is siderite. The reactions involved

in this change are to be found under siderite, not under limonite; but under
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the latter mineral the statement is made that the change generally involves

liberation of heat and decrease of volnme. But when a mineral is derived

by precipitation from a solution, or results by the combination of several

minerals, it is necessary to consider the chemistry and physics of the change

in connection with the sources, for otherwise this important part of the

history of metamorphism of minerals would be omitted.

In discussing the sources of a mineral when it is derived from other

minerals the natural conditions of the alterations are not given, but may be

found by referring to the minerals from which the one under discussion

is derived. But where a mineral is derived by the interaction or union of

several other minerals the natural conditions are discussed under the source

of the mineral, for otherwise this part of the subject would be omitted.

As this treatise was originally planned it was designed to include the

heat and volume changes with the chemical reactions. But with the

present state of knowledge of the heat relations in chemical transformations

the first has been found impracticable. While very few quantitative

results can be given, in many cases it is possible to make a qualitative

expression of the heat reaction. To illustrate, the heat of combination of

calcium is far greater than that of iron in all analogous compounds in

which determinations have been made; but such determinations have not

been made with reference to the silicates. Where calcium is replaced by

iron in the alteration of the silicates it is inferred that a considerable amount

of heat is absorbed, though the exact amount can not be specified. Vice

versa, where iron is replaced bj calcium, a considerable amount of heat is

liberated. Of course, in each reaction the other chemical combinations

which occur simultaneously should be considered, for they constitute a part

of the chain, and in obtaining a correct end result their effects are vital. If,

for instance, a salt of iron and a salt of calcium interchange acids, no general

statement can be made as to the heat reaction. Therefore, if at the same

time the iron replaces the calcium the calcium unites with an acid which

was before in combination with the iron, the inference above given as to

absorption of heat can not be made.

For the calculation of the volume changes, the equations of the chem-

ical reactions written out by me and the specific gravities of the minerals,

taken from the standard Mineralogies, were turned over to Mr. A. T. Lincoln,

who made the numerical computations. Subsequently Mr. R. M. Chapman
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repeated the work in order to verify it. The following well-known principle

was employed:

The volume of the original compound is to the volume of the compound

produced directly as their molecidar weights and indirectly as their specific

gravities.

Under this general principle are two cases

:

Case L Where one solid compound alters into another solid compomid.

This case is illustrated by the well-known changes of limestone to dolomite.

In this change we have 2CaC03 replaced by MgCa(C03)2. The molecular

weight of 2CaC03 is 198.62. The molecular weight of MgCa(C03)2 is

182.96. The specific gravity of calcite may be taken as 2.7 135 ; of dolomite,

as 2.85. The compound proportion is therefore as follows:

„ VI 198.62:182.96
^ • ^ 2. 85 : 2. 7135

or the volume of the dolomite is 87.70 per cent of that of the calcite;

or, therefore, there is a decrease in volume of 12.30 per cent.

Case 2. This has three phases: (a) where two or more solid compounds

unite to produce a single solid compound
;

(b) whei'e a single solid

compound breaks up, producing two or more compounds, and (c)

where two or more solid compounds unite to produce two or more solid

compounds. In this case the method of calculation is slightly different

from case 1. The molecular weights of each of the compounds represented

in the equations are divided by the specific gravities of the respective

compounds. This gives their relative volumes. In phase (a) the volume

of the resultant single compound is divided by the sum of the volumes of

the producing compounds, and this gives the percentage of change. In

phase (b) the sum of the volumes of the resultant compounds is divided by
the volume of the original compound. In phase (c) the sum of the volumes

of the resultant compounds is divided by the sum of the volumes of the

original compounds. These diff'erent phases are so similar in method that

it is necessary only to illustrate one of them. The first phase is illustrated

by the formation of wollastonite by the union of calcite and quartz, the

reaction being:

CaCOs+Si02=CaSi03+COj.

The molecular weights of the three solid compounds are, respectively,

MON xLvri—04 14
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99.31, 59.94, and 115.58. Their specific gravities are 2.7135, 2.6535, and

2.85, respectively. The volume of the woUastonite is, therefore:

''''' " -.0.685
2.85

/ 99.31 .59. 94 \_
"I 2. 7135 I 2. 6.535

J'

That is, the decrease in volume in this case of silication of calcite is 31.5

per cent.

In order to expedite the laborious numerical calculations of the volume

relations for the very numerous alterations, Mr. Lincoln completed the table

on pp. 195-201 by adding the molecular weights, the logarithms of the

molecular weights, the logarithms of the specific gravities, the molecular

volumes, and the logarithms of the molecular volumes of each of the min-

erals. These determinations have been carefully verified by Mr. Chapman,

and may be used to check the volume changes given in the succeeding

pages, and also to make additional volume calculations.

In calculating the volume relations, tinless otherwise specified, the

compounds on both sides of the equations are regarded as solid except those

which by themselves independent of the solvents are liquids or gases, such

as H2O and CO2. All such compounds are supposed to be added in the

solutions or to be taken away by the solutions, and therefore are not taken

into account in the volume calculations. In general these liquid and

gaseous compounds do undoubtedly escape in large measure, although in

some cases they are confined as inclusions within the minerals formed.

(See p. 678.)

Where +k is added to the equation, this signifies that heat is liberated;

where —k appears, this means that heat is absorbed by the reaction.

No claim is made that the equations which are written in the following

pages exactly represent tlie changes that take place in the alterations of

the various minerals into other minerals Indeed, the probability is that

not half exactly represent the facts; for the great majority of the reactions

are more complicated than written, and in many cases substances in the

solutions or as solids not taken into account are concerned. Since these

are the facts, the question may be asked why the equations are written.

The answer is, first, that at some time the attempt must be made to give

a first approximation to quantitative exactness in the alteration of minerals.

The equations found on the following pages represent such an atiempt.

Before the appearance of this treatise scarcely more than a score of miner;',!
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alterations have been expressed b}^ chemical equations, and in fewer still

have the vohnne relations been calculated. Second, the imperfect

equations herein contained will be sure to lead to closer investigations of

the nature of the alterations, and to improved equations representing them.

Thus the progress of science will be promoted by the set of equations here

given, even if the great majority of them are defective. Third, it is

believed that when a more nearly correct set of equations is written it will

be found that the large majority of the equations herein contained substan-

tially represent the facts, and consequently that the volume changes are in

most cases roughly approximate. Many of them may be changed by a

few per cent one way or the other; but the sign of few will be changed,

and this is the fundamental point in reference to the zones in which the

alterations occur.

The weakest point in the accuracy of the volume reactions is not tound

in the chemical equations, but in the inexactness of the specific gravities of

the minerals as given in the text-books. For most minerals there is a con-

siderable range of sj^ecific gravity given; and with the exception of one or

two minerals, such as calcite and quartz, it is impossible to ascertain the

exact specific gravity of the pure minerals. In the table the mean between

the two best determined extremes is given as the best approximation

available of the specific gravities of the pure minerals. For most minerals

these extremes are taken from Dana's System of Mineralogy.

The facts as to the occurrences and alterations of the various minerals

given in the following pages are largely taken from the standard text-

books of mineralogy and petrology, and especially from Dana's great

System of Mineralogy. The information available is especially imperfect

as to the manner in which the complex minerals, and particularly the

complex silicates, break up into simpler compounds in the belt of weather-

ing. As explained fully in the following chapter, this is a general process.

For the better known of these changes equations ai-e written, but no

^attempt is made to express by equations the manner in which many of the

minerals decompose and degenerate, because so little exact information is

available upon which to base such equations.

As already stated, only those minerals will be considered which are

important rock-making constituents. It is impracticable at the present time

to consider the jihysical-chennstry of the rarer minerals.



212 A TREATISE ON METAMORPHISM.

Following the ordinary classification, the abundant rock-making

constituents may be considered under the headings: Native Elements,

Sulphides, Fluorides, Oxides, Carbonates, Silicates, Titanates, Phosphates,

and Sulphates.
NATIVE ELEMENTS.

GRAPHITE.
Graphite:

Crystallized carbon (C).

Rhombohedral.

Sp. gr. 2.09-2.23; av. 2.16.

Occurrence—Grapliitc occurs as a very widely disseminated constituent

in the extremely metamorphosed sedimentary rocks, which in their original

condition contained carbonaceous material. It is especially prevalent in

scales in the marbles, schists, and gneisses. In some instances the original

beds were so heavily carbonaceous as to give considerable layers a large

percentage of whicli is graphite. Such layers are illustrated by the

graphitic shales of Worcester, Mass." Graphite occurs to some extent with

the very hard anthracite coals, a part of the carbon having passed over to

the graphitic condition. Such graphitic coals occur in the Rhode Island

coal field.'' The reaction producing graphite as a metamorphic mineral

requires great pressure and takes place with decrease in volume. This

mineral in the sedimentary rocks is therefore a product of the zone of

anamorphism.

Graphite is said to occur as an original constituent in some basaltic

rocks. During the alterations of carbonaceous rocks the hydrocarbon com-

pounds, as gases, oils, and bitumen, wander widely in the solutions. In

some cases such compounds are deposited in the openings of original rocks

Later these compounds may be altered to graphite, and yet the carbon not

be an original constituent of the magma from which the rocks crystallized.

Alterations—Altcratlous of graphite are not recorded, but it is by no

means certain that this mineral is not very slowly oxidized under favorable

conditions in the belt of weathering.

THE SULPHIDES.

The sulphides which are important as rock-making minerals are

pyrrhotite, pyrite, and marcasite. Many other sulphides are important in

o Perry, J. H., Note on a fossil coal plant found at the graphite deposit in mica-schiats at Worcester,

Mass.: Am. Jour. Sci., 3d ser., vol. 29, 1885, pp. 157-158,.

fiShaler, N. S., Woodworth, J. B., and Foerste, A. F., Geology of the Narragansett Basin: Men.

U. S. Geol. Survey, vol. 33, 1899, p. 82.
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the genesis of ore deposits. These, however, will be considered only in the

chapter on that subject.

PTEKHOTITE, PTKITE, AND MAECASITE.

Pyrrhotite:

FejSe to Fe^.S^^; chiefly FeiiSi,.

Hexagonal.

Sp. gr. 4.58-4.64.

Pyrite :

FeSj.

Isometric.

Sp. gr. 4.95-5.10.

Marcasite:

FeSj.

Orthorhombic.

Sp. gr. 4.85-4.90.

Occurrence.—PyrrliotitG, pyrito, and marcasite are very widespread acces-

sory minerals, occurring in rocks of all ages and all kinds. So far as known,

these minerals artj not abundant original pyrogenic constituents, although

they frequently are found along the contact between intrusive and other

rocks, occurring in both the intrusive and the intruded rocks. Pyrrhotite

is an original mineral in meteorites. These minerals extensively form in

rocks in volcanic districts through the action of solutions of hydrogen

sulphide and other sulphide solutions upon iron salts. As secondary minerals

in the sedimentary rocks, and to a less extent in the igneous rocks, the

sulphides are extensively formed through the reducing action of organic

compounds upon the sulphites and siilphates, especially the latter, and par-

ticularly iron siilphate. Such reduction is characteristic of the belt of

cementation and the zone of anamorphism; but in the latter zone pyi-rhotite

or pyrite, rather than marcasite, probably forms.

The reducing agent of the sulphites and sulphates may be either a

solid organic compound or one of its gaseous products of decomposition,

such as carbon monoxide (CO) and carburetted hydrogen (CH4). If the

reducing agent be taken as CO, the reaction for pyrite and marcasite

may be:

2FeS04+7CO=FeS2+FeC03-|-6C02-|-ko

and for pyrrhotite:

12FeSOi-F45CO=FeiiSi2+FeCOs+45C02+k.

If the reducing agent were taken as carbon, similar results would be

obtained, except that the amount of CO2 would be less. This action, while

aSee page 210.
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ordinarily called a reduction, is reduction so far as the iron sulphate is

concerned, but is oxidation so far as the carbon compound is concerned,

and hence the explanation of the liberation of heat.

Pyrite, marcasite, and pyi-rhotite are also doubtless produced by the

action of soluble sulphides upon the iron oxides or iron salts. In the

change from crystallized FeaOg (hematite) to FeSs (in the form of pyrite),

the volume increases 56.14 per cent.

Alterations.—The first alteration to be considered is that of marcasite into

pyrite. In this alteration there is recrystallization, an increase of symmetry,

a decrease of 2.98 per cent in volume, but no change in chemical compo-

sition. The heat effect is undetermined, but probably heat is liberated.

The mineral pyrrhotite by recrystallization passes into pyrite. This

change may occur in volcanic districts by the action of hydrogen sulphide

upon the pyrrhotite, the reaction perhaps being:

FeuSi2+10H2S=llFeS2+10H2.

In this change the volume is increased 21.13 per cent.

The minerals pyrite and marcasite may by oxidation pass directly

into (1) hydrated sesquioxide of iron, of which, ordinarily, limonite (not

crystallized; sp. gr. 3.80) is the most common kind; (2) magnetite (isomet-

ric; sp. gr. 5.174); (3) ferrous sulphate, which may be removed in solution,

or (4) may be decomposed by further oxidation, either at the place of

formation or elsewhere, after a longer or shorter time, into hydrated sesqui-

oxide of iron, ordinarily limonite. The reactions for marcasite and pyrite

may be as follows, assuming in each case that the sulphur, or a part of it,

is also oxidized:

(1 ) 4FeS,+220+3H20=2Fe203.3H20-|-8SO,+k.

(2) 3FeS2+ 160=Fe30i+6S02 4-k, or

3FeS2+4H20+40=Fe30.i+4H2S+2S02-|-k.

(3) FeS2+60=FeSO.,+S02+k, or

FeS2+30+H20=FeS04+HjS+k.

(4) 4FeS04+20+7H20=2Fe203.3H,0+4H2S04+k.

As shown in Chapter XI, on "Ore deposits," pyrite and marcasite also

alter to hematite without oxidation by the reaction of an alkaline carbonate.

The alteration of common pyrrhotite into magnetite and limonite may
be written as follows:

(5) 3FeiiSi2-|-1160=llFe304+36SOi,+k, or

3FeiiSi2+36H20-|-80=llFe304+36H2S+k.

(6) 4Fe„Sij+33H20+1620=ll(2Fe203.3H20)+48SO,+k."'
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If ill the production of the limonite the pyrrhotite passes through the

stage of ferrous sulphate the reaction producing the sulphate may be:

(7) FeiiSi,+460=llFeS04+S02+k, or

FenSij+H20+430=nFeS04+H2S+k.

The change from the ferrous sulphate to the limonite is the same as in

the case of pjaite and marcasite. Where water is present the SO2 produced

in the above reactions would unite with water and form HgSOg, or if further

oxidized H3SO4.

As the end results of alteration are usually limonite or magnetite, the

volume relations for these two compounds will be given. In the change

of pyrite to limonite the volume is increased 2.93 per cent; to magnetite,

is decreased 37.48 per cent. In the change from marcasite to limonite the

volume is decreased 0.14 per cent; to magnetite, is decreased 39.34 per

per cent. In the change of jjyrrhotite to magnetite the volume is decreased

24.27 per cent; to limonite, is increased 24.68 per cent.

When pyrite and marcasite pass into limonite there is a change from

a crystalline to an amorphous form. In the alteration of pyrite to magne-

tite the system does not change. In the alterations of pyrrhotite and mar-

casite to pyrite there are changes from lower degrees of symmetiy to the

highest degree of symmetry, that of the isometric system. The change

from marcasite to pyrite occurs especially in the zone of anamorpliism,

subject to the principle there obtaining that the changes take place with

decrease in volume. The change of marcasite to pyrite is an excellent

illustration of the principle that where the pressure is great minerals tend

to pass into other minerals having a hig-her degree of symmetry and a higher

specific gravity (see pp. 360-365). The abundance of marcasite as an

autogenic constituent in rocks not deeply buried, its absence in the rocks

which have been in the lower zone, and the presence of pyrite in these

rocks, are thus all explained. Where the pressure is small near the surface

marcasite with lower symmetry and lower specific gravity than pyrite may
abundantly form. At depth where the pressure is great pyrite of higher

specific gravity and higher symmetry forms. If rocks near the surface in

which marcasite has formed are buried to a great depth by superimposed

strata the marcasite previously formed changes to pyrite.

Similar statements can not be made concerning pja-rhotite and pyrite,

for these minerals have itnlike compositions. Doubtless where the necesSarv
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chemical reactions can take place there is a tendency in the lower zone for

pyrrhotite to alter to pyrite.

The natural conditions for the transformation of pyrite, marcasite, and

pyrrhotite to limonite are those of abundance of oxygen and moisture.

These conditions are found in the zone of katamorphism, and especially in

the belt of weathering. In this belt the process goes on with such rapidity

that pyrite, marcasite, and pyrrhotite have generally been completely

oxidized where the rocks have been long exposed to the reactions of the

belt. The reactions are oxidation and hydration. They take place with

great liberation of heat and, for pyrite and pyrrhotite, with some expansion

of volume, and these changes may therefore be taken as typical illustrations

of alterations of the belt of weathering.

The conditions for the formation of magnetite from pyrite, marcasite,

and pyrrhotite are the presence of some oxygen, but not a sufficient amount

to fully oxidize the iron, and considerable pressure. Where iron carbonate

is present, which also alters to magnetite, oxygen is not necessary. This

reaction is of great consequence. (See p. 244.) The alterations of the

sulphides to magnetite involve a decrease of volume of 24 to 39 per cent

and liberation of heat. Corresponding with this fact, the changes take

place in the belt of cementation or in the zone of anamorphism.

THE FLUORIDES.

Among the fluorides the only important rock-making mineral is fluorite.

FLUORITE.
Fluorite:

CaFj.

Isometric.

Sp. gr. 3.01-3.25.

Occurrence—Fluorite occurs as an accessory constituent, especially in

granitic and syenitic rocks. It is also found in other eniptive rocks, and

in metamorphic rocks, such as the schists and marbles. It therefore has a

somewhat widespread occurrence, but is of very subordinate impoi'tance.

Alterations—By the actiou of alkaline waters fluorite alters into calcite

(rhombohedral ; sp. gr. 2.7135). Supposing the alkaline compound to be

sodium carbonate, the reaction is:

CaFj+Nai,C03=CaC03+2NaF+k.

The increase in volume of the calcite as compared with the fluorite is 47.66

per cent.



OCCURRENCE OF QUARTZ. 217

THE OXIDES.

The more important oxides occurring' as rock-building constituents are

those of silicon, iron, and titanium. The oxides of silicon are quartz,

tridymite, and opal. The important oxides of iron are hematite, magnetite,

and limonite. The important oxides of titanium are rutile, octahedrite,

and brookite. One oxide of iron and titanium, or else a ferrous titauate,

has a widespread occurrence; this is ilmenite.

QDARTZ.

Quartz:

SiOj.

Ehombohedral.

Sp. gr. 2.653-2.654.

Occurrence.—Quartz Is sccoud lu abuudancc only to the minerals of the

feldspar group. According to Clarke," quartz comprises 12 per cent of

the lithosphere. It is very abundant as an original pyrogenic constituent

of the igneous rocks, as an allogenic constituent of the clastic rocks, and

as an autogenic mineral in all classes of metamorphosed rocks. The

material for secondary quartz may be derived from the alterations of many

minerals in situ, or from the decomposition of minerals at some distance.

The most widespread of all the alterations which furnish silica to the

solutions is that of the decomposition of the silicates by carbonic acid in

the belt of Aveathering, with the simultaneous production of carbonates and

quartz, or a solution of colloidal silicic acid from which opal, chert, or

quartz may later separate. Such quartz may be extensively deposited from

the solutions in the porous rocks of the belt of cementation. It there fills

the minute spaces between the individual grains of sedimentary rocks.

It occupies spaces in pm-ous tuff's or in vesicular igneous rocks. It fills

openings between laminae, and joint, fault, and breccia openings. The

quantity of quartz thus deposited is far greater than that of any other

mineral, and not improbably greater than that of all other minerals com-

bined. By this process the rocks are cemented. (See pp. 617-621.) Not

only may the openings be occupied by quartz, but at the time of the

deposition of the quartz other minerals may dissolve and their places be

taken by the quartz. This process of deposition of silica as quartz is called

silicification. (See p. 205.)

oClarke, F. W., Analyses of rocks from the laboratory of the United States Geological Survey,

1880-1899: Bull. U. S. Geol." Survey No. 168, 1900, p. 16.
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As a metamorpbic mineral, quartz is derived from actinolite, anorthite,

anorthoclase, anthopliyllite, augite, biotite, bronzite, chalcedony, cumming-

tonite, diopside, enstatite, epidote, garnet, grossularite, bornblende, hypers-

tbene, microcline, oliAdne, opal, orthoclase, plagioclase, prehnite, pyrope,

sahlite, scapolites, serpentine, tridjnmite, and zoisite.

Modifications.—Tlie most frequent and important modification of quartz is

by recrystallization. Crystallized quartz is dissolved under conditions of

weathering, as are all other minerals. This process is, however, exceed-

ingly slow. As a result of solution the quartz crystals may be corroded.

Such corrosion has been described by Hayes." In the belt of cementation,

and especially adjacent to trunk channels of circulation, quartz may be ex-

tensively dissolved from veins and from the wall rocks. (See pp. 848-849.)

Granulation and recrystallization of quartz occur on a most extensive

scale in all quartzose rocks which are subjected to mass-mechanical action

or other favorable conditions in the zone of anamorphism. These changes

involve no heat and volume reactions so fai' as the quartz itself is concerned,

except that as the original minerals may be strained, or the new grains are

imperfectly adjusted, the change ma,j involve a slight expansion. But

such expansion is followed by an equal contraction when the material is

recrystallized into quartz free from strain. In tlie recrystallization many

small individuals may be merged into one large individual. In some

instances of recrystallization, where large grains are produced from smaller

ones, the large individuals may average more than a million times as great

as the small individuals from which they are derived. (See p. 695.) In

the production of a comparatively few large individuals from a multi-

tude of small individuals there is probably a release of energy. (See

p. 771.) During recrystallization the material .taken into solution may

be deposited practically in situ or may travel far and be extensively

deposited elsewhere. Often quartz deposited in situ, or nearl}^ so, can not

be discriminated from quartz deposited from solutions coming from distant

sources, as above described.

A second modification of quartz only less important than that of

recrystallization is silication by the union with bases united with other

acids," thus forming silicates. Of such acids carbonic is by far of

a Hayes, C. W., Solution of silica under atmospheric conditions: Bull. Geol. Soc. America, vol.

8, 1897, pp. 213-220.
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the greatest couseqiienoe. Some of the more common minerals in which

sihcation occurs on an extensive scale are calcite, dolomite, ankerite, and

siderite, thus producing wollastonite, diopside, tremolite, sahlite, actinolite,

and gi'linerite. The silica may unite with the bases of various carbonates

producing various complex silicates, such as chondrodite, augite, horn-

blende, garnet, etc. At the same time the material of previous silicates

may be absorbed. The heat and volume reactions in many of these

changes ma}' be found under the carbonates mentioned.

In this process of silication of carbonates it is not often j^ossible to

identify the remnants of the quartz individuals which furnished the silica

for the reactions. But apparent!}" the quartz particles which furnished the

silica for the process of silication ma}" be identitied in some instances.

This is best seen for such fibrous minerals as serpentine, talc, and actinolite,

the needles or fibers of which appear to grow into the quartz, in some

instances deeply. In such cases it seems clear that the silica of the quartz

furnished at least a part of the silica for the silicate, the bases being

furnished by the solutions.

One of the best instances of the extensive union of quartz with bases,

producing serpentine pseudomorphous after quartz, is that described by

Becker." He describes the exteriors of original clastic grains of quartz to

be "entirely occupied by felted fibers of serpentine, and long, slender

microlites pierce the quartz grain toward its center, like pins in a cushion.'"'

This is but one illustration of a very widespread replacement of quartz

by serpentine in the Coast Ranges. The growth of actinolite into quartz

is illustrated in the T}der slate of the Penokee district of Wisconsin,"

"

In instances where the quartz furnishes the silica for the penetrating

silicates the migration of the silica is microscopical, and it might be sup-

posed that the reactions occur without the solution of the silica of the

quartz; but it seems probable, even in such cases as these, that there is

solution of the silica before combination with the bases. In such reactions

it is presumed that the bases which unite with the silica were before united

with some other acid, and it is only when the previous combination is known
that the heat and volume relations of the reactions can be ascertained.

('Becker, G. F., Geology of the quicksilver deposits of the Pacific slope: Mon. U. S: Geol.

Survey, vol. 1.3, 1888, pp. 120-127.

''Becker, cit., p. 124.

<^ Irving, E. D. , and Van Hise, C. R. , The Penokee iron-bearing sefies of Michigan and Wisconsin:

Mon. U. S. Geol. Survey, vol. 19, 1892, pp. 210-215.
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In a third class of changes quartz may be wholly replaced by other

minerals, as by magnetite and hematite. Yerj frequently the deposition of

the new minerals seems to be conditioned upon the solution of the quartz.

The replacement of quartz by iron oxide is illustrated in the Lake Superior

region in both the iron-bearing and the slate formations."

The most favorable conditions for the solution of silica, especially of that

formed by the decomposition of the silicates by carbonation, are furnished

by the belt of weathering. The most favorable conditions for the deposi-

tion of silica as quartz are those of the belt of cementation. The solution of

silica in the belt of weathering of the zone of katamorphism and its deposi-

tion in the belt of cementation of this zone is perhaps the best illustration

of the principle explained on pages 634-636, that material dissolved in

the belt of weathering may be extensively deposited in the belt of

cementation. Recrystallization of quartz mainly takes place in the zone

of anamorphism, although it undoubtedly occurs to some extent in the

zone of katamorphism, and especially in the belt of cementation. The

process of silication takes place almost invariably with decrease in volume,

provided all the compounds concerned are solids. Where the carbonates

are silicated the decrease in volume ranges from 20 to 40 per cent. Silica-

tion occurs upoia a great scale in the zone of anamorphism—is, indeed, one

of the most distinctive chemical reactions of that zone.

TRIDYMITE.
THdymite:

SiO,

Hexagonal, or pseudo-hexagonal.

Sp. gr. 2.28-2.33.

Occurrence.—Tridymitc usually occurs as an autogenic mineral in cavities

in lavas, such as rhyolite, andesite, trachyte, etc.

Modifications.—Trldymitc is dissolved more readily than quartz. The

material of tridymite may go through any of the changes which silica of

quartz may pass through, with the difference that its recrystallization would

result in the production of quartz (rhombohedral ; sp. gr. 2.652-2.654)

rather than the original mineral, tridymite. The changes of tridymite into

other minerals than quartz need not be discussed in detail, since the reac-

tions are the same as with quartz, except that the volume decrea,se is greater

aVanHise, C. R., and Bayley, W. S., The Marquette iron-bearing district of Michigan: Mon. U. S.

Geol. Survey, vol. 28, 1897, pp. 370, 400-405.
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in the changes of tridyrnite than with quartz. In the change of tridymite

to quartz there is a diminution of volume, amounting to 14.24 per cent, and

there is also probably liberation of heat. Energy is therefore potentialized

in ti'idymite as compared with quartz. The change is one which is particu-

larly likely to occur in the zone of anamorphism, where pressure is the

dominant factor. In the fact that quartz is a denser mineral than

tridymite we probably have a reason not only for the passage of tridymite

into quartz in the lower zone, but for the absence of tridymite as an

original pyrogenic constituent in the plutonic igneous rocks which crystal-

lized originally in this zone. Under its conditions the denser mineral,

quartz, foi'med.

OPAL.

Opal:

SiOj.nHjO (HjO 2 to 13 per cent; but mostly 3 to 9 per cent.

)

Amorphous.

Sp.gr. 2.1-2.2.

Occurrence.—Opal, like most othcr hydrous minerals, is a product of the

zone of katamorphism. Opal is a direct deposit from hot springs. In the

sedimentary rocks it is abundantly formed from the siliceous skeletons of

certain animals and plants, such as radiolaria, sponges, and diatoms. Opal

is plentifully deposited in cavities in rocks by subterranean waters. Its

most common places of occurrence are the limestones, where it is largely

of organic origin, and the porous igneous rocks, especially as amygdules of

the amygdaloids, where it is a chemical precipitate.

In general, as a metamorphic product opal may be derived from the

same minerals as quartz.

Modifications.—The most frequent change of opal is to quartz (rhombohe-

dral; sp. gr. 2.652-2.654). Frequent intermediate products are chalcedony

and chert, which appear to be partly crystalline substances. (See p. 222.)

In the passage of opal into quartz, the changes are three: dehydration,

reduction of volume, and recrystaUization. Supposing the composition of

the opal is SiOa-IHsO, which would be about 6 per cent of water, the

decrease of volume would be 22.81 per cent. The change from opal to

quartz above given is commonly accomplished by solution and redeposition

or recrystaUization. When the material is taken into solution this silica may
be deposited near by or transported elsewhere. It may unite with free

bases, producing siUcates; it maj^ displace other acids combined with bases,
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as, for iustauce, carbonic acid, tlius also producing silicates. The heat and

volume relations of these reactions are discussed under "Quartz."

The reactions of dehydration, crystallization, and lessening of volume,

as seen on pages 167-170, are particularly characteristic of the zone of

anamorphism, and it is in this zone that the change from opal to quartz

probably most extensively occurs. As evidence of this is the frequent

occurrence of opal in the zone of katamorphism, and the general absence

of opal in the rocks which have been metamorphosed in the lower zone.

CHEET, CHALCEDONY, ETC.

Standing between opal and quartz are numerous varieties of jDartly

crystallized or very finely crystallized silica, of which chert and chalced-

ony may be taken as the more important kinds. With these substances

are frequently small but variable amounts of opal containing combined

water. The specific gravities of cliert and chalcedony are intermediate

between those of opal and quartz, i. e., between 2.15 and 2.65. Their most

frequent occurrence is as veins, nodules, belts, and members in carbonate

formations. Ordinarily they are derived from organic forms, such as

radiolaria, diatoms, and sponges, which lived under conditions similar to

those under which the limestone-building animals lived. (See p. 817.)

Chert and chalcedony are derived from opal. The naaterial here

included varies from that which is close to opal, having only a few minute

crystallized spots, through material which shows more and more evidence of

crystallization, to material which contains comparatively little amorphous

silica, and thence into fully crystallized silica or quartz. The transition

varieties may have the peculiar spotty appearance in polarized light char-

acteristic of ordinary chert or the peculiar radial fibrous polarization of

chalcedony or any combination of the two.

The alterations of chert and chalcedony are into quartz, or by combi-

nation with bases producing silicates, the same as opal. The chemistry and

physics of the change are the same as for opal except that the decrease in

volume is less, and therefore they need not be repeated.
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HEMATITE GROUP.

OOKUJiDUM, HEMATITE, AND ILMENITE.

Corundum:
Al,03.

Ehombohedral.

Sp. gr. 3 95-4.10.

Hematite

:

Fe,03.

Ehombohedral.

Sp. gr. 5.20-5.25.

Ilmenite:

FeTiOj; varies to mFeTiOj .nFejOs.

Ehombohedi-al.

Sp. gr. 4.50-5.02.

CORUNDUM.

Occurrence.—In Canada at one locality corundum occurs as an original

constituent of a syenite." Also, corundum as an accessory mineral has been

noted in granite, andesite, and other rocks. Corundum is, therefore, an

original pyrogenic constituent of igneous rocks. Corundum occurs along

the contact of intrusive basic rocks rich in alumina, especially those con-

taining more than 30 per cent, such as peridotites and pyroxenites. The
intruded rocks may be either igneous rocks or gneisses and schists. But

where corundum occurs in veins along contacts it is in many cases an

aqueo-igneous product (see pp. 720-728) or an aqueous deposit. Corundum
is a widespread accessory constituent in various micaceous, chloritic, and

hornblendic schists and gneisses, and in marble. Corundum, as a meta-

morphic mineral, is associated with chlorite and corundophilite. It is often

associated with other heavy metamorphic minerals, such as andalusite,

sillimanite, cyanite, spinel, rutile, etc. As a metamorphic mineral it is

derived from andalusite, cyanite, diaspore, gibbsite, sillimanite, staurolite,

and topaz.

Alterations.—^Coruudum alters into diaspore (orthorhombic ; sp. gr. 3 40),

gibbsite (monochnic; sp. gr. 2.35), spinel (isometric; sp. gr. 3 8), sillimanite

(orthorhombic; sp. gr. 3.235), cyanite (triclinic; sp. gr. 3.615), muscovite

(damourite), (monoclinic; sp. gr. 2.88), margarite (monoclinic; sp. gr. 3.035),

and zoisite (orthorhombic; sp.gr. 3.31). The reactions for the formation of

diaspore and gibbsite are simple reactions of hydration. The reactions for

"Miller, W. G., Economic geology of eastern Ontario; corundum and other minerals: Seventh
Kept. Ontario Bureau of Mines, 1897, Toronto, 1898, p. 213.
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the production of the other minerals require the addition of various othei'

constituents—in the case of spinel, magnesia ; in the case of silhmanite and

cyanite, silica; in the case of the complicated silicates, muscovite, mar-garite,

and zoisite, various bases and a large amount of silica. Therefore in these

cases it is clear that the common statement that corundum alters to the

minerals muscovite, margarite, and zoisite can have only the meaning that

the relations are such that corundum furnishes the alumina for the resultant

compound, and that the additional compounds are derived from another

source. It will be assumed in the alterations that the magnesia, lime,

and potash are derived from the solid carbonates and that the silica is

added as quartz. The equations for the reactions are as follows:

. (1) AlA+H,0=2[A10.(0H)]+k.
(2) AIAf3HjO=2Al(OH)s+k.
(3) AlA+MgC03=MgAlA+C02+k.
(4) AlA+Si02=Al2Si05+k.

(5) 3Al203+6Si02+K2C03+2H20=2H2KAl3Si30i,+COj+k.

(6) 2Al203+2Si02+CaC03+H20= HjCaAliSi20i2+C02+k.

(7) 3AL03+6Si02+4CaC03+H20=H2Ca4Al6Si60,6+4C02+k.

The increase in volume as compared with corundum is, for diaspore

(equation 1), 39.25 per cent; for gibbsite (equation 2), 161.83 per cent.

The volume of the corundum and the magnesite in passing to the spinel

(equation 3) is decreased 29.17 per cent. The volume of the corvmdum

and quartz in passing into sillimanite (equation 4) is increased 4.38 per

cent; into cyanite (equation 4) is decreased 6.59 per cent. If the volume

of the corundum be compared with that of the muscovite (equation 5),

with that of the margarite (equation 6), and with that of the zoisite

(equation 7), there will be great volume increases. If, on the other

hand, all the products which unite with the corundum in each case, with

the exception of the water, be counted as solid, there would be small

increase in the volume for muscovite, a considerable decrease for zoisite,

and a small decrease for margarite. On the first hypothesis the increase in

the volume in the production of muscovite is 264.25 per cent; in margarite,

159.02 per cent; in zoisite, 261.34 per cent. On the second hypothesis the

increase in volume in the production of muscovite is 1.62 j)er cent; to form

margarite the decrease is 1.22 per cent; to form zoisite the decrease is 23.58

per cent.

It is reasonably certain that the passage of corundum to diaspore and

gibbsite is a reaction characteristic of the zone of katamorphii^m, and
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especially the belt of weathering. It is almost equallj^ certain that the

passage of corundum into spinel, sillimanite, and cyanite is characteristic

of the zone of anamorphism.

The case, however, is not clear in reference to the muscovite, margarite,

and zoisite. The equations as written are those of silicifiation and slight

hydration. If these equations be correct, they should occur in the lower

part of the belt of cementation or in the zone of anamorphism. It is

tolerably certain that margarite, zoisite, and muscovite form in the lower

part of the belt of cementation; but the zone in which muscovite charac-

teristically develops is that of anamorphism. It is not at all impossible

that the potassium carbonate, and perhaps the calcium carbonate, or even

the silica, are added in solution for the inargarite and zoisite. In this case

there would be a considerable volume increase. Whether the same may
be assumed for the muscovite is uncertain. Very likely the materials

added to the corundum are in some cases carried in by tlie solutions, in

others are derived from adjacent minerals, and in still others partly from

both. Where the lime and potash are derived from minerals adjacent, they

may come from other compounds than carbonates, and the silica may have

been previously united with other bases. So far as this is so, in considering

the variations in volume the minerals from which the elements added to the

corundum to produce the muscovite, margarite, and zoisite were derived

must be taken into account. It is clearly impracticable in the present state

of knowledge to give definite statements as to the volume changes for these

minerals.

HEMATITE.

Occurrence.—Hematite Is a pyrogenic constituent in igneous rocks and is

an abundant metamorphic mineral. Its most abundant source in the

metamorphic rocks is by the dehydration of limonite, a reaction occurring

with the absorption of heat and reduction of volume. A second important

source of hematite is from iron carbonate by loss of carbon dioxide and by
oxidation, a reaction occurring with the liberation of heat and reduction of

volume. Hematite may also be produced by the oxidation of magnetite, a

reaction resulting in liberation of heat and expansion of volume. Fre-

quently after this change the hematite has the isometric form of the original

magnetite and is called martite. A fourth source of hematite is by the

oxidation of the ferrous iron of silicates at the time of their decomposition.

MON XLVII—04 15
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A fifth source is by oxidation of ferrous iron solutions, which may result in

the precipitation of hematite. The first reaction occurs most extensively

in the zone of anamorphism; the other four occur in the zone of katamor-

phism, and to these positions the heat and volume reactions correspond.

Finally, as shown in Chapter XII, on "Ore deposits," hematite maybe
formed from pyrite by the action of alkaline carbonate solutions.

In summary, hematite is derived from actinolite, ankerite, anthophyl-

lite, biotite, bronzite, garnet, greenalite, griinerite, hornblende, hypers-

thene, ilmenite, limonite, magnetite, olivine, parankerite, pyrite, serpentine,

and siderite.

Alterations.—The most frequeut alteration of hematite is into limonite

(amorphous; sp. gr. 3.6-4). The reaction is as follows:

2FeA+3H20=2Fe203.3H20+k.

In the change the volume is increased 60.72 per cent. A second altera-

tion of hematite is into magnetite (isometric; sp. gr. 5.168-5.18). This

may be accomplished by any of the reducing agents furnished by organic

compounds. Supposing the reducing agent to be the partially oxidized

carbon compound CO, the reaction is:

3Fe203+CO=2Fe304+C02+k.

While a reduction of the oxide of iron occurs a simultaneous oxidation of

the organic compound occurs, and the end result is the liberation of heat.

In the change the volume is decreased 2.38 per cent. A third alteration

of hematite is to pyrite (isometric; sp. gr. 5.025) or marcasite (orthorhom-

bic; sp. gr. 4.875). In the best-known instances siderite (rhombohedral

;

sp. gr. 3.855) or some other iron-bearing carbonate is simultaneously

produced. The reaction ma}^ be:

FeA+2H2S+C02=FeS2+FeC03+2HjO+k.

In the change to pyi'ite and siderite the volume is increased 76.12 per cent,

and to marcasite and siderite 78.73 per cent.

The alterations of hematite to limonite occur in the zone of katamor-

phism, and especially in the belt of weathering. Corresponding with this

position the reaction is with liberation of heat and expansion of volume.

The alteration of hematite into magnetite occurs in the belt of cementation

and the zone of anamorphism. This agrees with the fact that the reaction
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liberates heat and diminishes the volume. The alteration of hematite to

pyrite and marcasite is best known where organic compounds are present

to reduce sulphuric acid to hydrosulphuric acid and to furnish carbonic acid

to form the carbonates. The reaction is especially characteristic of the belt

of cementation, and to this position the expansion of volume and the

liberation of heat correspond.

ILMENITE.

Occurrence.—Ilmeuitc Is au abuudaut pyrogenic constituent of the igneous

rocks. It is found both as an allogenic and as an autogenic constituent in

metamorphic rocks. As an autogenic constituent the compounds which

unite to produce it have not been worked out. As a metamorphic mineral

ilmeuite is derived from perovskite and rutile.

Alterations.—Ilmeuite altcrs to titanite (monoclinic; sp. gr. 3.48), to rutile

(tetragonal; sp. gr. 4.18-4.25), and to octahedrite, or anatase (tetragonal;

sp. gr. 3.82-3.95). With these minerals magnetite (isometric; sp. gr. 5.174)

or hematite (rhombohedral ; sp. gr. 5.225) or limonite (amorphous; sp.

gr. 3.80) is simultaneously produced. One of the most frequent reactions

in the production of titanite is probably along the following lines

:

3FeTi03+,SCaC03+3Si02+0=3CaTiSi05+Fe30^+3C02+k.

The decrease in volume of the ilmeuite, calcite, and quartz in passing into

titanite and magnetite, supposing the CO2 to escape, is 22.35 per cent; but

the increase in volume of the titanite as compared with the ilmeuite alone

is 76.35 per cent. The alteration of ilmeuite to rutile and octahedrite, with

combined magnetite, is as follows:

8FeTi03+0=3Ti02+Fe304+k.

In case hematite is produced instead of magnetite the reaction is

:

2FeTi03+0=2Ti024-Fe203+k.

In case limonite is produced, one and one-half molecules of water are added

to both sides of the equation.

The increase in volume of the ilmeuite in passing into rutile and mag-
netite is 6.02 per cent; into octahedrite and magnetite, 11.07 per cent. In

case hematite or limonite be produced, the increase in volume is corre-

spondinglv greater.

It is certain that titanite forms from ilmenite in the lower zone. In this

zone, as explained on pp. 764-765, the CaCOg and SiOa can not be supposed
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to have been broug-ht in from the outside, and therefore the change takes

place with decrease in volume. It is also certain that titanite forms exten-

sively in connection with chlorite, which commonly develops in the belt of

cementation. In this case the calcium carbonate and silica may be intro-

duced in solution from an outside source, under which circumstances the

volume is increased.

The alterations of ilmenite to rutile and octahedrite, or any combina-

tion of them, certainly occur in the zone of katamorphism, and to this

position the heat and volume reactions correspond. However, I have not

found sufficient information on the subject to assert that these reactions do

not also occur in the zone of anamorphism.

SPINEL GEOUP.

SPINEL, MAGNETITE, AKD CHK03I1TE.

Spinel:

MgAljO^.

(Hercynite, FeAljOj.

)

(Pleonaste, [MgFe] [AlFeJAO
(Picotite, [MgFe] [AlCrJ^O^.)

Isometric.

Sp. gr. 3.5-4.1.

Magnetite:

FesO^.

Isometric.

Sp. gr. 5.168-5.180.

Chromite:

FeCrjO^.

Isometric.

Sp. gr. 4.32-4.57.

SPINEL.

Occurrence.—Spiiiel occui's as ail Original constituent in the igneous rocks,

but is much more abundantly present as a secondary constituent in the

metamorphic rocks, especially those which are rich in magnesium. In

many cases it is secondary to olivine and other minerals rich in magnesium.

The more important minerals from which spinel is derived are almaudite,

biotite, chlorite, corundum, diaspore, garnet, gibbsite, olivine, and pyrope.

Alterations.—Accordiiig to Daiia, spinel has been observed as altering to

talc (orthorhombic or monoclinic; sp. gr. 2.75), serpentine (monoclinic;

sp. gr. 2.575), and mica (monoclinic; sp. gr. 2.88-2.90). However, the

character of the alterations and the conditions under which they occur are

so little known that I shall not attempt to treat them from the physical-

chemical point of view.



SPINEL GROUP. 229

MAGNETITE.

Occurrence.—Magnetite Is a very abundant pyrogenic constituent in

igneous rocks. It is abundantly deposited from solutions, and especially

from solutions bearing iron carbonate, according to the reaction:

3FeC03+0=Fe30i+3C02+k.

Magnetite also extensively forms from siderite in situ. These changes

liberate heat and decrease the volume. A third source of magnetite is by

incomplete oxidation of pyrite and marcasite, reactions occurring with

liberation of heat and diminution of volume. Fourth, frequently siderite

and iron sulphide together pass into magnetite with decrease in volume.

(See pp. '244, 845.) A fifth way in which magnetite may be produced is

by the reduction of hematite by organic compounds, a reaction occurring

with the liberation of heat, because of the simultaneous oxidation o"f the

organic compounds, and with diminution of volume. A sixth way in which

magnetite is produced is by the incomplete oxidation of ferrous iron of

silicates; for instance, olivine and garnet.

In summary, magnetite is derived from actinolite, ankerite, arfvedsonite,

augite, biotite, bronzite, diopside, garnet, greenalite, griinerite, hematite,

hornblende, hypersthene, ilmenite, marcasite, and pyrite.

Alterations.—Maguctite alters into hematite (rhombohedral ; sp. gr. 5.225),

limonite (amorphous; sp. gr. 3.80), and siderite (rhombohedral; sp. gr. 3.83-

3.88). The reactions are as follows:

(1) 2Fe30i+0=3FeA+k.
(2) 4Fe30i+20+9H,0=3(2Fe203-3H20) +k.
(3) Fe:A+CO+2Cd2=^3FeC03+k.

In the change the inci-ease in volume is, for (1), 2.44 per cent; for (2),

64.63 per cent, and for (3), 101.30 per cent. The increase in volume in the

change from magnetite to siderite—over 100 per cent—is the greatest

volume change in which only two minerals are concerned which the calcu-

lations of Mr. Lincoln have given, with the exception of the alteration of

corundum into gibbsite. (See p. 224.) All of the above changes are well

known to occur in the zone of katainorphism, and corresponding with this

position the}' all take place with the liberation of heat, expansion of volume,

and decrease in symmetry.
CHHOMITE.

Occurrence.—Cliromite occurs in the igneous rocks, especially those rich

in magnesium. It also occurs in the metamorphic rocks, often in connec-
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tion with serpentine. In these positions it is very frequently a secondary

product of oHvine. The reactions occurring- in its production are given

under that mineral.

Alterations.—Tlie alteration of chromite into other minerals has not been

noted.
EUTILE GROUP.

KUTILE, OCTAHEDBITE, AXD BUOOEITE.

Rutile:

TiO^.

Tetr-agonal.

Sp. gr. 4.18-i.25.

Octahedrite:

TiO,.

Tetragonal.

Sp. gr. 3.82-3.95.

Srookite:

TiOj.

Orthorhombic.

Sp. gr. 3.87-4.082.

Occurrence.—Rutilc is a pyrogcnic constituent in igneous rocks, and has a

widespread occurrence in the clastic and metamorphic rocks, both as an

allogenic and as an autogenic constituent, in the latter case generally being

derived from ilmenite. Rutile is also derived from brookite, ilmenite, octa-

hedrite, and titanite.

Octahedrite in the metamorphic rocks is a secondary alteration of

other titanium-beai'ing minerals, especially of titanite. It is also derived

from ilmenite.

Brookite occurs sparingly, both in altered igneoiis rocks and in sedi-

mentary rocks. In some cases it is secondary to titanite.

Alterations.—Botli octalicdrite and brookite alter to rutile (tetragonal ; sp.

gr. 4.18-4.25). In the case of octahedrite the decrease in vokime is 7.83 per

cent; in the case of brookite the decrease is 5.69 per cent. The heat change

is undetermined, but probably the alterations occur with the liberation of

heat. If this be the case the alterations involve recrystallization, diminu-

tion of volume, and liberation of heat. In the case of octahedrite the sym-

metry remains the same; in the case of brookite the symmetry is increased.

It may be inferred that such changes as these occur in both zones,

being in all respects analogous to the changes which take place in dolomiti-

zation. (See pp. 238-240.) However, the geological occurrences of these

alterations have not been given with such definiteness as to enable one to

make definite statements as to the actual facts.
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In this connection the experiments of Hautefeuille" are very interesting.

He produced rutile, brookite, and octahedrite from the same compounds,

but at different temperatures, rutile forming when red heat was used,

brookite when the temperature was between that required for the volatiliza-

tion of cadmium and zinc, and octahedrite when the temperature was a little

below that for the volatilization of cadmium. Rutile, the mineral with the

highest specific gravity, forms at the highest temperature, and high tempera-

ture is especially characteristic of the zone of anamorphism.

Rutile may alter into ilmenite (rhombohedral ; sp. gr. 4.75) and into

titanite (monoclinic; sp. gr. 3.48). In the change to ilmenite the reactions

may be:

(1) Ti02+Fe304=FeTi03+Fe203+k, or

(2) Ti02+FeC03=FeTi03+C02+k.

In (1) the decrease in volume of the ilmenite and hematite as compared

with the rutile and magnetite is 1.88 per cent. In (2) the decrease in

volume is 34.77 per cent, provided the iron carbonate is present as solid

siderite and the CO2 escapes.

In the change to titanite the most probable reaction is:

(3) Ti02+CaC03+Si02=CaTiSi05+C02+k.

The decrease in voluine is 28.17 per cent, provided the compounds which

unite with the rutile are solids and the liberated CO2 escapes.

Those who have described the changes of rutile to ilmenite and titanite

have not indicated whether or not they occur as deep-seated alterations. It

may, however, be anticipated that such is the case, for they are changes

which involve liberation of heat and condensation of volume, and therefore

the kind which normally occur in the zone of anamorphism.

DIASPOEE GROUP.

DIASPOKE AXD LIMONITE.

Diaspore:

AIO(OH).
OrtlTorhombic.

Sp. gr. 3.3-3.5.

Limoniie:

2Fe203 .3H2O.

Amorphous.

Sp. gr. 3.6-4.00.

a Dana, J. D., A system of mineralogy; Descriptive mineralogy, by E. S. Dana; Wiley & Sons,

New York, 6th ed., 1892, p. 239.
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DI.ASPORE.

Occurrence.—Diaspore IS especjallv found in the serpentine- or chlorite-

bearing schists and gneisses and in dolomites. In these rocks it is frequently

associated with corundum. Diaspore has been recorded as a constituent

of granite, nepheline-syenite, and basaltic rocks. As noted on other pages,

for the alterations of various minerals in the zone of katamorphism, espe-

cially the belt of weathering, it may be produced as one of the alteration

products of the following minerals: Biotite, corundum, gibbsite, haiiynite,

muscovite, nephehte, noselite, phlogopite, scapolites, sodalite.

Alterations.—No altcratlous of diaspore are recorded. However, it is

probable that where diaspore is deposited in sedimentary rocks and is deeply

buried, so as to undergo alteration in the zone of anamorphism, it passes

into corundum (rhombohedral, sp. gr. 4.026); or, like corundum, unites

with other bases to produce such minerals as spinel (isometric, sp. gr. 3.8);

sillimanite (orthorhombic, sp. gr. 3.235), and cyanite (triclinic, sp. gr. 3.615);

muscovite (monoclinic, sp. gr. 2.88); margarite (monoclinic, sp. gr. 3.035);

and zoisite (orthorhoinbic, sp. gr. 3 31). So far as the hydrous minerals

muscovite, margarite, and zoisite are formed, the water may have been

derived from the diaspore, which contains more water, and thus their forma-

tion be really a process of dehydration and silication. For these supposed

reactions the equations may be

:

(1) 2A10(OH)=AlA+H20-k.
(2) 2A10(0H) +MgC03=MgAUOt+CO,+H20-k.
(3) 2A10(OH)+Si02=Al.,Si05+H,0-k.

(4) 6A10(OH)+6Si02+K,C03=2H,KAl3Si,Oi2+C02+H,0-k.

(5) 4A10(0H) +2Si02+CaC03=H,CaAUSi20i2+C02+HjO-k.

(6) 6A10(OH)+6SiOj+4CaC03=H2Ca,Al„SiA6+4COj+2H20-k.

Supposing that all the compounds in the first member of the equation are

solids, and that the liberated CO., and HjO escape, the decrease in volume

for corundum (1) would be 28.18 per cent; for spinel (2), 40.39 per cent;

for silKmanite (3), 13.52 per cent; for cyanite (3), 22.61 per cent; for

muscovite (4), 54.21 per cent; for margarite (5), 14.08 per cent; for zoisite

(6), 29.44 per cent. All take place with absorption of heat. Therefore

all of these reactions are characteristic of the zone of anamorphism.

LIMONITE.

Occurrence.—Limouite as a mineral is produced either as an original

chemical precipitate or by the alteration of other minerals. It is not,
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so far as kuowu, an original pyrogenic constituent of the igneous rocks.

The most important source of bodies of limonite is precipitation from

iron-bearing solutions, especially iron carbonate. For iron carbonate the

reaction is

—

4FeC03+20+3H,0=2Fe203.3H20+4C02+k.

A second important source for limonite is the oxidation and hydration of

solid iron carbonate in rocks, especially siderite, ankerite, parankerite, and

iron-bearing limestone or dolomite. The source iiext in importance is the

oxidation and hydration of pyrite, marcasite, and other sulphides. A foin-th

important source of limonite is the oxidation and hydration of the ferrous

iron of silicates. A fifth source is the hydration of hematite. A sixth

but unimportant source is the oxidation and hydration of magnetite. All the

reactions involve oxidation or hydration, or both, and therefore take place

with the liberation of heat. In the production of limonite from iron

carbonate there is an important contraction of volume; in the other cases

the volume of the limonite is greater than that of the compounds from

which it is derived. All the above reactions producing limonite occur in

the zone of katamorphism, and the controlling factor is the first part of

van't Hoff's law, that of chemical reactions with the liberation of heat.

Limonite does hot develop in the zone of anamorphism.

In summary, limonite is derived from the following minerals: Actino-

lite, ankerite, anthophyllite, arfvedsonite, biotite, bronzite, epidote, garnet,

greenalite, griuierite, hematite, hornblende, hypersthene, ilmenite, mag-
netite, marcasite, olivine, parankerite, pyrite, pyrrhotite, serpentine, and

siderite.

Alterations.—Tho important alterations of limonite are into hematite

(rhombohedral; sp. gr. 5.20-5.25) and siderite (rhombohedral ; sp. gr.

3.83-3.88). Hematite produced from limonite may be earthy or crystalline.

The reaction is

—

2FeA-3H,,0=2Fe203+3H20-k.

The decrease of volume is 37.78 per cent. The change is therefore one

of dehydration, reduction of volume, and crystallization. The transforma-

tion takes place on a great scale in the zone of anamorphism, that in which

pressure controls whether heat is absorbed or liberated.

The second important change of limonite is into iron carbonate.

Where this change occurs organic compounds are commonly present and
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decomposing to serve as reducing agents and to furnish abundant CO2 to

unite witli the iron. The reduction may be by the passage of CO into

CO2, of C into CO2, or of C into CO, as follows:

(1) 2Fe203.3H20+2CO+2C02=4FeC03+3H20+k.
(2) 2Fe203.3H20+C+3C02=4FeC03+3H20+k.

(3)
' 2Fe20s.3H20+2C+4C02=4FeC03+3H20+2CO-fk.

So far as the iron is concerned, its reduction and dehydration absorb heat,

but the oxidation of the C or CO and the union of the CO2 and FeO both

liberate heat, the amount of which is greater than that absorbed, so that in

each of these reactions heat is liberated. In all of the reactions the volume

is increased 22.27 per cent.

The reduction of the iron of limonite so as to produce protoxide for

the formation of iron carbonate may of course be accomplished by carbu-

reted hydi'ogen, especially methane (CH4), rather than by the compounds

suggested; but the carbureted hydrogen compounds are so numerous and

the resultant compounds so uncertain that no attempt will be made to

formulate equations for possible changes with these substances as reducing

agents.

The change of limonite to siderite is one which occurs extensively in

rocks bearing organic compounds in the zone of katamorphism. The

'formation of the abundant siderites which are used as iron ores of Carbon-

iferous and later age are believed for the most part to be thus derived from

limonite in the upper zone. The reactions correspond perfectly to this

position, being' those which occur with liberaition of heat and very consid-

erable expansion of volume. The siderite thus formed may later be

decomposed into various other compounds, or even reproduce limonite, but

the consideration of such changes belongs under "Siderite."

Brucite:

Mg(0H)2.
Rhombohedral.

Sp. gr. 2.38-2.40.

Oibbsite (hydrargillite):

A1(0H)3.

Monoclinic.

Sp. gr. 2.28-2.42.

BEUOITE GROUP.

BEUCITE AMD GIBBSITE.
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BRUCITE.

Occurrence.—Bi'ucite is 0116 of tliG miiierals which is produced in the

upper physical-chemical zone, especially in the belt of weathering. Brucite

is produced by the alterations of minerals rich in magnesia, being recorded

as secondary to chondi'odite, clinohumite, humite, and serpentine. It is

especially prevalent in serpentinous rocks and veins. Doubtless in many

instances it forms simultaneously with the serpentine and perhaps other

minerals, rather than secondary to them.

Alterations.—The oue altcratioii of brucite noted is that of carbonation,

into hydromagnesite (monoclinic; sp. gr. 2.145-2.180). The reaction

representing the change is

—

4Mg(OH)2+3CO.,=Mg,(C03)3.2iMg(OH).3H20+k.

The increase in volume is 73.08 per cent. The alteration is therefore

one of simple carbonation, and takes place in the zone of katamorphism,

especially in the belt of weathering, Avith expansion of volume and

liberation of heat.

GIBBSITE.

Occurrence.—Gibbsitc occurs as an accessory constituent in many of

the schists and gneisses, especially those which have been subjected to the

•forces of the upper physical-chemical zone, and particularly in the belt of

weathering. As noted on subsequent pages, it may be a result of the

alteration of many minerals, the more important of which are as follows:

Anorthoclase, andalusite, biotite, cancrinite, corundum, cyanite, epidote,

haiiynite, microcline, muscovite, nephelite, noselite, orthoclase, phlogopite,

plagioclases, pyrope, the scapolites, sillimanite, sodalite, topaz, tourmaline,

and zoisite. By reference to the discussion of these minerals and the

minerals which simultaneously form, the conditions of its formation may
be ascertained.

Alterations.—No altcratioiis of gibbsite are recorded in the standard text-

books, but where sedimentary rocks containing gibbsite are so deeply

buried as to pass into the zone of anamorphism it may become partly

dehydrated, producing diaspore (orthorhombic ; sp. gr. 3.40), or wholly

dehydrated, producing conindum (rhombohedi-al ; sp. gr. 4.025); or the

aluminum may unite with other compounds, producing the same minerals

that are produced by corundum or diaspore. It is believed that these
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alterations from diaspore and gibbsite have taken place on an extensive

scale, even if they have not been recorded. There is no doubt about the

formation of gibbsite abundantly in the zone of katamorphism, especially

in the belt of weathering. To my mind there is as little doubt that the

widespread corundum of the schists, gneisses, and marbles is derived in

large measure from gibbsite. I am confident that the hydrous aluminum

oxides furnish the bases for much of the spinel (isometric: sp. gr. 3.80),

sillimanite (orthorhombic; sp. gr. 3.235), and cyanite (triclinic; sp. gr-

3.615) which occur in these rocks. And it is little short of a certainty that

gibbsite furnishes alumina for the silicates, muscovite (monoclinic; sp. gr.

2.88), margarite (monochnic; sp. gr. 3.035), and zoisite (orthorhombic;

sp. gr. 3.31). As with diaspore, the reactions producing all the above-

mentioned silicates are those of dehydration and silicifiation. The following

eqiiations may be written for the above supposed reactions

:

(1) Al(0H)3=A10(0H)+H,0-k.
(2) 2Al(OH)3=Al20.,+3HjO-k.
(3) 2Al(OH)3+MgC03=MgAl,04+C02+3H20-k.

(4) 2A1 (OH)3+SiOj=Al2Si05+3H20-k.

(5) 6Al(OH)3+6SiO,+K,C03=2H2KAl3Si30i2+002+7H20-k.

(6) 4Al(OH)3+2Si02+CaC03=H2CaAliSi,Oi2+C02+5H,0-k.

(7) 6Al(OH)3+6Si02+4CaC03=H2Ca4Al6SiA6+4CO.,-H8HjO-k.

Regarding all the minerals as solid, the decrease of volume for diaspore (1)

is 46.82 per cent; for corundum (2), 61.81 per cent; for spinel (3), 60.12

per cent; for sillimanite (4), 43.68 per cent; for cyanite (4), 49.61 per cent;

for muscovite (5), 64.99 per cent; for margarite (6), 38.92 per cent; for

zoisite (7), 43.06 per cent. The decreases of volume are greater for the

corresponding minerals than for diaspore because of the greater amount of

water in the gibbsite. In all the reactions heat is absorbed. The reactions

are therefore typical of the zone of anamorphism.

THE CARBONATES.

The important carbonates which occur as rock-making constituents

are the calcite group, including calcite, dolomite, ankerite and parankerite,

magnesite, and siderite, and the aragonite group, of which aragonite is the

only important rock-making member.
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CALCITE GROUP.

CALCITE, DOLOMITE, ANKERITE, PABANKEUITE, JIAGNESITE, ASD SIDEKITE.

Calcite:

CaCOa-

Rhombohedral.

Sp. gr. 2.713-2.714.

Dolomite:

CaMgCOe.
Ehombohedral.

Sp. gr. 2.8-2.9.

Ankerite:

CaFeC,06.CaMgC206;(CaMgC206:CaFeC.A: -i-^ to 2:1).

Rhombohedral.

Sp. gr. 2.95-3.1.

Parankerite:

CaFeCA-SCaMgCjOeilCaMgC^O.rCaFeCjOe: :2:1 to 10:1).

Rhombohedrah
Sp. gr. 2.95-3.1.

Magnesite: .

'

MgCOj.
Rhombohedrah
Sp. gr. 3.00-3.12.

Siderite:

FeCOj.

Rhombohedrah
Sp. gr. 3.83-3.88.

Occurrence.—TliG clilef sources of calcite are (1) organic precipitates, (2)

chemical precipitates, (3) by alteration of arag-onite, and (4) by carbonation

of silicates.

The chief direct source of calcite is organic. Corals and innumerable

other kinds of shell animals, especially in the sea, abstract calcium carbonate

from the water and build it into their external or internal structures. Calcite

as a chemical precipitate may be deposited from the waters of the sea,

especially in inclosed lagoons; by the waters of inland lakes, especially

those having no outlet; by springs and streams, especially hot springs and

desert streams; and by underground waters in the openings of rocks, such

as the interstices between grains, the cavities of porous igneous rocks,

especially amygdules, and in cave, fault, joint, and fissility openings. The

deposited calcite may replace a considerable number of other minerals. As

a deposit in the openings of rocks calcite is second in abundance only to

quartz. Calcite is an alteration product of a large number of minerals, of

which the following are the more common: Actinolite, ankerite, antho-



238 A TREATISE ON METAMORPHISM.

phyllite, aragonite, augite, diopside, dolomite, epidote, fluorite, garnet,

grossularite, gjq^sum, liaiiynite, hornblende, noselite, parankerite, pyrope,

sahlite, scapolites, tremolite, and zoisite.

While the abundant direct sources of calcite are (1), (2), and (3)

above, the indirect and ultimate source which has probably furnished the

great quantity of calcium carbonate is the carbonation of the silicates. (See

pp. 473-480.) This process occurs on a great scale in the zone of kata-

morphism, especially in the belt of weathering. It is a reaction which

takes place with liberation of heat and increase of volume in case the

replaced silica separates as quartz in situ. Many of the individual carbo-

nation reactions of the silicates, as, for instance, wollastonite, diopside, etc.,

are given under that class of minerals.

Alterations.—Tlio first of the altcratious of calcite is recrj^stallization. Cal-

cite is 'the most mobile of the abundant rock-making minerals. It responds

readily to changes of physical conditions, and is very susceptible to weak

chemical agents. A slight stress may produce in it twinning structure. A
state of unequal strain favors its solubility. Where the pressure increases, >

solution increases; where pressure is lessened, deposition takes place.

Increase of temperature greatly increases its solubility, and vice versa.

The increase of carbon dioxide in water greatl)^ increases its solubility,

and vice versa. Thus it happens that in rocks where the calcite is almost

constantly subjected to changing pressure, temperature, and varying

amounts of carbon dioxide it is constantly being taken into solution

and, after a greater or less jotirney, being deposited from solution or

carried to the sea to be ultimately precipitated by organic agents. The
recrystallization of great masses of calcite, the solution of calcite in the

belt of weathering and. its partial deposition in the belt of cementation, the

formation of caves, cave deposits, etc., are considered later.

The second important change of calcite is partial replacement of cal-

cium by magnesium, often jjroducing dolomite (rhombohedral ; sp. gr.

2.8-2.9). The generalized reaction is:

(1) 2CaC03+Mg=CaMg(C03)2+Ca+k.

Supposing the calcium to be present as a carbonate, and supposing the

added magnesium to be a chloride—and this is believed to be a very

common case—the reaction would be:

(2) 2CaC03+MgCl2=CaMgC,06+CaCL+k.
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Or supposing- that the magnesium salt is a carbonate, and that this is depos-

ited and an equivalent amount of calcium carbonate is taken into solution,

the reaction would be:

(3) 2CaC03+MgC03=CaMgC206+CaC03+k.

Either of these changes is accompanied by the decrease in volume of 12.30

per cent if the original calcite be compared with the produced dolomite.

There might be no dimhuition in volume, or even an increase in volume,

in case less than the molecular weight of calcium salt equivalent to the

introduced magnesiuiu was dissolved. For instance, in an extreme case

the reaction might be:

(4) CaC03+MgC03=CaMg(C03),+k,

the MgCOs being added through solutions, and no calcium carbonate

dissolved. In this case the expansion in volume over the original calcite

would be very great—75.41 per cent. However, the normal case in

dolomitization, as noted below, appears to be the molecular replacement

represented by the specific equations (2) and (3). The compounds

concerned in these reactions are so important that the heat relations have

been determined as above given; so it can be asserted positively, from

chemical studies, that heat is liberated by them.

The calcium of calcium carbonate may be replaced by' other metals

besides magnesium, or calcite may be replaced by an oxide. The most

important of the elements which enter into such combinations, and the

only one which need be mentioned, is iron. At many localities, partly

or wholly occupying the place once held by calcite, iron carbonate is

found. For any definite proportion of iron replacing the calcium, equations

may be written paralleling those for the replacement of calcium by
magnesium.

The third important alteration of calcite is to wollastonite (monoclinic

;

sp. gr. 2.8-2.9). This alteration is, indeed, the chief source of wollastonite.

The equation is:

(5) CaC03+Si02=CaSi03+COj-k.

In the change the volume is decreased 31.48 per cent, provided the silica

used is a solid and the carbon dioxide escapes. In case the silicic acid be

brought in solution from an outside source, the volume of the solid is

increased 10.81 per cent. Between these extremes there are theoretically
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all gradations, but, as noted below, an approach to the former extreme

probably is the common case.

Recrystallization of calcite and dolomitization take place on the most

extensive scale at all depths and under both mass-static and mass-dynamic

conditions; they are therefore alterations which are common to both

ph5^sical-chemical zones. By dolomitization it is believed that great masses

of calcite have been transformed to dolomite. The evidence of this trans-

formation and the detailed facts in connection with the change are given

under dolomite. (See pp. 798-808.) The fact that dolomite forms in both

zones would be sufficient evidence that the reactions producing this com-

pound liberate heat, even if this had not been experimentally determined

to be the fact. It has been pointed out before (pp. 181-182) that the

formation of dolomite is a typical illustration of an alteration in which both

the volume and the chemical changes liberate heat, and which therefore

may occin- in all zones and belts of the lithosphere.

The change from calcite to wollastonite occurs chiefly or wholly in

the very deep-seated rocks, especially in the zone of anamorphism. In this

zone, as noted (pp. 764-766), it can not be assumed that material is added

in considerable quantity from an outside source by circulating water; hence

in this zone silica for the change is believed to have been a solid. The

reaction is therefore one taking place with the absorption of heat and

condensation of volume. The silication of calcite to wollastonite in the

zone of anamorphism may be taken as a typical example of the heat and

volume change of silication of carbonates in that zone.

DOLOMITE.

Occurrence.—Thc cluef sourcc of dolomite is believed to be the dolomiti-

zation of calcite (see pp. 238-239), but dolomite is also a direct chemical

precipitate. Dolomite also forms in subordinate amount by the alteration

of ankerite. The ultimate source of the magnesium carbonate for the

dolomitization of the calcite is the magnesium liberated by the carbona-

tion of the silicates in the zone of katamorphism, especially in the belt

of weathering. The reactions for the decomposition of some of the

simple silicates, such as diopside and tremolite, are given under those

minerals. The magnesium for the dolomitization need not be directly

derived from a silicate, but may be from the solutions of the sea or from
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a previously formed magnesium limestone or dolomite which is in the

belt of weathering. Dolomite produced by the carbonation of the silicates

or by solution of dolomitic formations is an important chemical precipitate

in caves and small crevices in the rocks, the same as calcite.

In summary, dolomite is chiefly derived as a secondary mineral from

ankerite, calcite, and parankerite.

Alterations.—Au important alteration of dolomite is to diopside (mono-

clinic; sp. gr. 3.2-3.38). This alteration is a typical example of silication.

(See p. 205.) The most probable reaction is:

(1) MgCaC.A+2SiOj= MgCaSi206+2C02-k.

The decrease in volume is 40. 1 1 per cent, provided all of the silica entering

into the combination was a solid. In case all of the silica were introduced

through water solutions there would be aii increase in volume of 2.03 per-

cent. More important alterations of dolomite are into tremolite (mono-

clinic; sp. gr. 2.9-3.1) and calcite (rhombohedral ; sp. gr. 2.713-2.714),

or into tremolite and woUastonite (monoclinic; sp. gr. 2.8-2.9). In the first

case the reaction is:

(2) 3CaMgC206+4Si02=Mg3CaSiA2+2CaC03-F4CO,-k.

The decrease in volume, provided the silica is present as a solid, the

calcite remains as a solid, and the carbon dioxide escapes, is 25.20 per cent.

However, the excess of calcium carbonate may simultaneously change to

woUastonite. In this case the reaction would be:

(3) :3CaMgOA+6Si02=Mg3CaSiA2+2CaSi03+6C02-k.

The decrease in volume as compared with the dolomite and quartz of the

tremolite and woUastonite is 33.09 per cent. In both of the changes, if a

portion of the silica be supposed to be introduced from an outside source

the decrease in volume would be lessened, a,nd if all of it were thus sup-

posed to be introduced there would be an increase in volume from the

sohd dolomite of 9.89 per cent in the case of tremolite and calcite, and 14

per cent in the case of tremolite and woUastonite.

The space once occupied hj dolomite, like that occupied by calcite,

may be taken by other carbonates or by various oxides. The most impor-

tant of these are carbonate of iron and oxide of iron. The carbonate may
be a replacement, or possibly a substitution, of the iron of some other iron
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salt for that of the calcium and magnesium. The oxide of iron is an illus-

tration of a pure replacement, not of an alteration.

The formation of diopside, tremolite, and wollastonite is known to

occur in deep-seated rocks, and especially in connection with mass-

mechanical action where the rocks are deformed by flowage. As

repeatedly noted, in the zone of anamorphism the circulation of water is

reduced to a minimum; and it can not be supposed that important addi-

tions are made from the outside, and therefore the silica must be supposed

to have been previously present in the rocks. Indeed, we know that silica

usually accompanies deposits of calcite and dolomite; hence I conclude that

the reactions take place with substantially the decrease in volume above

assigned to the changes. Iia the reactions heat is absorbed. The changes

are therefore again typical illustrations of silication in the lower physical-

chemical zone.

ANKEKITE AND PARANKEEITE.

Occurrence.—All tlie compouuds fi'om normal ankerite and parankerite to

the extremes of composition given above (p. 237) are included under the

general term ferro-dolomite, which I have elsewhere used as covering all

the ferriferous compounds standing between dolomite on the one side and

siderite on the other. (See p. 823.)

The sources of ankerite and parankerite are the same as siderite,

with the difference that at the time of the formation of the iron carbonate,

calcium and magnesium carbonate are present, or formed, and unite with it.

Alterations.—Thc more common alterations of ankerite and ^parankerite

are to limonite (amorphous; sp. gr. 3.80), hematite Trhombohedral ; sp.

gr. 5.225), and magnetite (isometric; sp. gr. 5.174), the calcium and

magnesium carbonates either separating or simultaneously undergoing the

alterations given under "Calcite" and "Dolomite." Equations may easily

be written for airy definite compound by which the iron carbonate passes

into the minerals mentioned in the same way that siderite does and the

calcium-magnesium carbonates separate. The volume changes are in the

same direction, and the physical conditions under which ankerite and par-

ankerite alter to limonite, hematite, and magnetite are the same as those

for the alteration of siderite to the like compounds. Therefore the equa-

tions and summary of physical conditions will not be here repeated.

Other important alterations of the ferro-dolomites are to sahlite (mono-
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clinic; sp. gr. 3.25-3.4) and to actinolite (monoclinic; sp. gr. 3.00-3.20).

Su2:)posing that the mag-nesium and iron are present in equal quantity in

the sahlite, the reaction in the case of normal ankerite is

:

(1) CaFeC206.CaMgC208+-iSi02=MgFeCa2Si40i.,+4C02-k.

Supposing the silica to be present as a solid, the decrease in volume is

37.27 per cent. In the formation of actinolite from normal ankerite, on

the supposition that the iron and magnesium are present in equal quantity

in the actinolite, the reaction is:

(2) 3CaFeC206.CaMgC206+8Si02=Mg3Fe3Ca2Si802i+4CaC03+8C02-k.

The decrease in volume, supposing the silica to be present as a solid and

the CaCOs as a solid, is 22.62 per cent. Of course, if the ferro-dolomite

were one in which the calcium carbonate is not so plentiful, being replaced

in equal molecular parts by magnesium and iron, it would not be necessary

for any calcium carbonate to form as a result of the reaction. For instance,

if the ferro-dolomite were CaFe3C40i2.CaMg3C40i2 the reaction would be as

follows:

(3) CaFe3CA2-CaMg3CA2+8Si02=Mg3FesCa2Si8024+8C02-k.

Using the specific gravity of normal ankerite, the decrease of volume of

the actinolite as compared with the ankerite and quartz is 32.72.

Sahlite and actinolite are both known to form abundantly in the zone

of anamorphism. Sahlite is found in the marbles of eastern United States.

Actinolite is ver}^ abundant in the iron-bearing- formations of the Lake

Superior region. The development of these silicates may be taken as

typical illustrations of the reaction of silication in the lower physical-

chemical zone, with condensation of volume and absorption of heat.

MAONESITE.

Occurrence.—^laguesltc may be a product of the alteration of any of tlie

heavily magnesian rocks. It is especially prevalent in the olivinitic

rocks and the chloritic, serpentinous, and talcose schists and gneisses,

being a product which is produced by the alteration of original minerals

simultaneously with the formation of chlorite, serpentine, and talc. It

is also found in dolomite. The more important minerals from which it is

recorded as forming are common garnet, olivine, pyrope, and serpentine.

Alterations.—No alteratious are recorded for magnesite. There is, how-

ever, no doubt that this compound does break up in the zone of anamor-
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ism, the carbon dioxide being liberated and the magnesia being furnished

for the formation of various dense magnesian minerals, such as enstatite,

tremolite, olivine, pyrope, etc. These changes would involve a diminution

of volume and an absorption of heat.

SIDBRITE.

Occurrence.—The clilef source of siderite is believed to be the reduction,

dehydration, and carbonation of hmonite. (See pp. 233-234.) This change

is one occurring with the liberation of heat if the reaction upon the organic

compound be taken into account, and increase of volume. A subordinate

amount of siderite is also derived from magnetite. This change takes

place with liberation of heat and increase of volume. Siderite also forms

from ankerite and parankerite, arfvedsonite, garnet, hematite, hornblende,

hydrous ferrous silicate, limonite, magnetite, and olivine, and replaces

calcite and dolomite.

Alterations.—Thc Importaut alterations of siderite are into limonite

(amorphous; sp. gr. 3.6-4.0), hematite (hexagonal-rhombohedral ; sp. gr.

5.225), magnetite (isometric; sp. gr. 5.168-5.18), and griinerite (monoclinic;

sp. gr. 3.713). The reactions are as follows:

(1) 4FeC03+20+3H20=2Fe203.3H20+4COj+k.

The decrease in volume is 18.22 per cent.

(2) 2FeC03+0=FeA+2C02-t-k.

The decrease in volume is 49.11 per cent.

(3) 3Fe003+0=Fe304+3COj+k.

Very often iron sulphide, as pyrite (isometric; sp. gr. 5.025) or

marcasite (orthorhombic ; sp. gr. 4.875), unites with the siderite to form

magnetite. This reaction is probably of great consequence in forming the

heavy beds of magnetite. (See p. 845.) It may be written:

(4) 2FeC03+FeSi,+2H20=Fe304+2H2S4-2COj-k.

The decrease in volume for the siderite alone to the magnetite, equation

(3), is 50 32 per cent; for siderite and pyrite, 46.67 per cent; for siderite

and marcasite, 47.135 per cent.

(5) FeC03+SiOj+nH20=FeSi03+C02+nH20-k.

The decrease in volume, regarding the siHca as a solid, is 32 53 per cent.

The alteration to limonite occurs in the zone of katamorphism, especially
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in the belt of weathering. The alteration to hematite occurs as a somewhat

deeper seated change, nsually in the belt of cementation of the zone of

katamorphism. The alteration to magnetite is especiall}' characteristic of

the zone of anamorphism, but it can not be asserted not to take place in

the belt of cementation. The alteration to griinerite occurs under deep-

seated conditions, and is in its heat and volume relations a characteristic

reaction of the lower zone. Magnetite and griinerite often form simul-

taneously. (See p. 284) The series of changes from siderite are very

interesting, in that the volume changes are all diminutions, and therefore,

so far as this factor is concerned, might take place in either zone. The first

three reactions (equations 1, 2, and 3) liberate heat, and hence these reac-

tions in their physical-chemical relations are similar to those of dolomite,

discussed on pages 182, 240, and may take place in both zones. But the

reaction of equatioii (4) probably absorbs heat, and that of (5) certainly does.

Magnetite having the origin represented by equation (4) is probably, and

griinerite is certainly, confined to the zone of anamorphism, where pressure

is a controlling factor.

ARAGONITE GROUP.

The only important rock-making member of this group is aragonite.

AUAGO'ITE.
Aragonite:

CaCOa.
Orthorhombic.

Sp. gr. 2.93-2.95.

Occurrence.—A cliicf source of aragonltc is as an organic precipitate.

It occurs intimately associated with calcite in numerous marine shells.

While abundant, it is very subordinate to calcite as an organic deposit. A
second abundant source of aragonite is as a chemical precipitate, frequently

in association with beds of iron carbonate and gypsum. It also occurs as

a chemical precipitate from ground-water solutions, in openings in rocks,

especially at ]ilaces where the temperature of the solutions is from 30° to

100° C. or more. Aragonite is not mentioned as an alteration product

of other minerals.

Alterations.—Thc cliief chauge of aragonite is to calcite (rhombohedral;

sp. gr. 2.713-2.714). This is a change involving recrystallization, increase

of symmetry, and lowering of specific gravity. The increase in volume is

8.35 per cent. The heat effect of the change has not been found; but it
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seems probable that heat is liberated, for the transformation of aragonite to

calcite occurs in both the physical-chemical zones, and I know of no excep-

tion to the principle that such reactions take place under the first part of

van't Hoff's law (see pp. 107, 181).

The change from aragonite to calcite is so complete in rocks of mod-

erate age that the presence of aragonite in the metamorphosed rocks is

almost unknown. The alteration of aragonite to calcite in both zones is of

considerable interest, as it presents a somewhat exceptional case. As

explained on pages 182-186, the common rule of change in the zone of

anamorphism is increase in specific gravity and increase of symmetry,

provided the volume change demanded will allow this. However, the

change of specific gravity in this case is a decrease rather than an increase,

and hence aragonite conforms only to the second of these rules—the first,

and usually the controlling rule, for the zone of anamorphism being

violated. These facts suggest the conclusion that in this instance sym-

metry is a more important factor than density—a very exceptional thing.

If this be so, the conclusion would follow that the symmetrical arrange-

ment of the molecules in calcite are those which best resist the changing

conditions of mass-static and mass-mechanical action in the lower zone

The suggestion occurs to one that, if rocks were ver}^ deeply buried, so as

to be extraordinarily deep in the lithosphere, pressure might control the

form, and calcite alter to aragonite. This, however, is a speculation which

has no verification.

THE SILICATES.

The silicates are the most important of rock-making constituents.

They include natural glass and many mineral groups. The groups of

rock-making sihcates are as follows: Feldspar, leucite, pyroxene, amphi-

bole, nephelite, sodaUte, garnet, chrysolite, scapolite, zircon, aluminum-

isihcate, epidote, humite, zeolite, mica, clintonite, chlorite, serpentine-talc,

and kaohn. Besides the members of the above groups are a number of

important rock-making sihcates not so included.

GLASS.

Glass, while not a definite silicate or ordinarily included among the

specific minerals, is an important rock-making constituent, and therefore must

be treated in connection with the sihcates in a treatise on metamorphism.
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Occurrence.—Natural gkss is ail abundant constituent of the eflfusive rocks.

It is especially prevalent in the more acid ones, but is not confined to them,

being not infrequently abundant in the intermediate rocks, such as basalts.

A lava or tuff may be almost wholly composed of glass, or glass may con-

stitute but a small part of the background. There are thus all gradations

between completely crystalline rocks and glassy rocks. Of the more recent

effusive rocks glass not infrequently composes a large part of the flows.

An instance is Obsidian Cliff, in the Yellowstone National Park. But in

proportion as lavas are old, glass is less and less likely to be found, and in

the more ancient lavas is ordinarily absent. The explanation of this

absence is devitrification after solidification.

Evidence that devitrification takes place.—Tliat ccrtalu rocks HOW wlioUy composed

of minerals were once glasses is shown by the preservation in perfection of

the flow structures and very delicate trichitic, perlitic, spherulitic, and other

textures characteristic of glass.

Scale of devitrification.—It is also Certain that the process of devitrification

has taken place in nature on a great scale. As evidence of this may be

cited the well-known American instances of devitrified glass in the original

Huronian district, described by Wilhains," the aporhyolite of South Moun-

tain, Pennsylvania, described by Williams and Bascom,'' the metarhyolites

of the Fox River Valley of Wisconsin, described by Weidman," and the

devitrified glasses of the Crystal Falls district of Michigan, described by

Clements." In the papers of these authors many other instances of

devitrification are cited, including European instances.

Not only does devitrification of natural glass take place, but under

proper conditions artifical glass devitrifies iu a similar manner. Well-

known cases of the devitrification of artificial glass under conditions of

weathering are those of the buried ancient glasses of Nineveh and of Rome.

o Williams, G. H., Notes on the microscopical characters of rocks from the Sudbury mining

district, Canada: Ann. Eept. Geol. and Nat. Hist. Survey of Canada, vol. 5, Pt. F, Appendix 1, 1890-

1891, pp. 74-82.

6 Williams,' G. H., The volcanic rocks of South Mountain, in Pennsylvania and Maryland: Am.

Jour. Sci., 3(i.ser., vol. 44, 1892, pp. 486-490.

Bascom, Miss Florence, The ancient volcanic rocks of South Mountain, Pennsylvania: Bull. U. S.

Geol, Survey No. 136, 1896, pp. 42-61.

c Weidman^'-Samuel, -A contribution to the geology of the pre-Cambrian igneous rocks of the Fox

River Valley, Wisconsin; Bull. Wisconsin Geol. and Nat. Hist. Survey No. 3, 1898, pp. 4-31.

<< Clements, J. Morgan, and Smyth, H. L., The Crystal Falls iron-bearing district of Michigan:

Men. U. S. Geol. Surv., vol. 36, 1899. pp. 87, 101-103, 138.



248 A TREATISE ON METAMORPHISM.

In glass found in the lake at Walton Hall, near Wakefield, Bingley'' found

that the alkalies had been wholly removed by decay. Another case of

devitrification largely due to original state of strain is the glass of certain

old buildings, such as cathedrals. A well-known instance is that of St.

Andrew's Chapter House.''

Rate of devitrification.—The ratc of devitrificatiou of glass depends, among

other things, upon (1) composition, (2) strain or lack of strain, (3) pressure,

(4) mass-mechanical action, (5) temperature, (6) moisture.

In any given case of devitrification several and sometimes all of these

factors enter, and hence it is impossible to discriminate the effect of each.

Very often devitrification has been described as hydro-metamorphism, but

by this no more can be meant than that water is usually an important

factor in the process.

(1) The rate of devitrification of glass increases Avith its basicity. This

follows from the ready solubility of basic glasses. It has also been deter-

mined that glasses rich in soda devitrify faster than those rich in potash.

This corresponds with the fact emphasized in another place (see p. 516)

that minerals rich in soda are more readily decomposed than those rich

in potash.

(2) It is shown in another place that a state of strain in minerals

promotes alteration. (See pp. 95-98.) The same is true of glass. It is

definitely known that uuannealed glass, which therefore cooled irregularly

and is in a state of strain, independently of pressure or movement may

partly devitrify in a few years. For instance, drawn-glass tubing, such as

is used in the chemical laboratory, if kept for a few years may devitrify so

as to become useless. Another well-known case of devitrification probably

due to strain is the glass of certain cathedral windows. As large masses

of glass cool under natural conditions, they must often be almost at the

extreme of the unannealed condition, and therefore in a high state of

strain. So far as glass is in this condition, even without reference to any

extraneous pressure or movement, there is a marked tendency toward

devitrification. The stage of the process due to this cause is dependent

upon the amount of strain and the time.

oBingley, C. W., On the peculiar action of mud and water on glass, as more especiall}- illustrated

by some specimens of glass found in the lake at Walton Hall, near Wakefield: Kept. Twenty-eighth

Meeting British Assoc. Adv. Sci., London, 1859, pp. 4.5-46.

6 Brewster, Sir David, On the decomposition of glass: Kept. Tenth Meeting British Assoc. Adv.

Sci., London, 1841, pp. 5-7.
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(3) Pressure produces a state of unequal strain, and hence is favorable

to devitrification.

(4) Mass-mechanical action not only produces a state of unequal

strain in minerals, but fractures the material, and this gives a large surface

of action for the solutions. It is therefore clear that mass-mechanical action

is very favorable to devitrification.

(5) Experiments in the laboratory show that if glass be raised to a

temperature short of fusion the tendency to devitrification is greatly

promoted. It is therefore certain that conditions of dry heat after sohdifi-

cation are favorable to devitrification. As glass occurs in considerable

bodies in a state of nature, it must for a long time, perhaps hundreds ot

thousands of years, have a high temperature due to the residual heat of

the magma, and only very gradually assumes the normal temperature

corresponding with its depth of burial. It is rather probable that micro-

htes and crystallites, which so frequently occur in glass, largely form

during this process of cooling after solidification.

(6) While devitrification of glass may occur without the presence of

abundant water, it is probably rare indeed that in nature the process occurs

without the presence of some moisture, and in general moisture .is a very

important factor favorable to devitrification.

It is therefore clear that each of the above factors may give a condi-

tion favorable to devitrification, but in general actual devitrification is

due to a combination of two or more of them.

Devitrification in the two zones.—In tlic zoHC of katamorphisui under ordinary

conditions it is probable that the devitrification occurs somewhat slowly.

But in areas of regional volcanism, and often in those of local volcanism,

the lava flows follow one another iu such rapid succession that beds are

piled up so deep that the water is held at a high temperature. By complex

intrusion the entire mass of a cooled glass may again be raised to a high

temperature. Orogenic movement if severe may produce a high tempera-

ture. Under any of these circumstances the conditions are furnished for

the complete and rapid devitrification of the glass.

The nature of the devitrification is certainly diflPerent in the belt of

weathering and the belt of cementation, although available descriptions do

not furnish data for accurate statements as to the diff"erences. But it is

certain that in the belt of weathering the several changes are along the
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lines given on pages 506-527 for that belt, finally resulting in the oblitera-

tion of textures and structures and producing an incoherent rock.

In the belt of cementation ordinarily the alterations do not result in

the obliteration of the original textures and structures of the glasses. This

is sufiiciently evident where the alterations occiu' under mass-static condi-

tions, and even wliere mass-mechanical conditions prevail. The glass is

simply fractured, as explained on pages 601-602, and the individual blocks

are altered by metasomatism under mass-static conditions.

So far as we know, glasses originally form only in the zone of

katamorphism, and mainly at or near the surface Therefore a glass can

get into the zone of anamorphism only by being buried binder succeeding

lava flows or tuffs or under sedimentar)^ rocks. Hence, before glass

reaches the lower zone, it must have been subjected for a long time to

devitrification in the belt of cementation, and the question arises whether

or not a glass would not be completely devitrified before it becomes

sufficiently deeply buried to reach the zone of anamorphism. However, if

glass ever does reach the lower zone, it is certain that its devitrification will

take place rapidly under either mass-static or mass-mechanical conditions.

The rocks in this lower zone are everywhere at temperatures exceeding

100° C; they contain water; hence, even under conditions of absolute

quiescence, it is certain that glass could not long exist. The crystallization

would be even more rapid under mass-mechanical conditions.

In so far as the glass had devitrified in the zone of katamorphism, and

had produced minerals characteristic of that zone, in the lower zone these

minerals would be recrystallized and minerals formed characteristic of the

latter zone. If mass-static conditions prevail this recrystallization may take

place without obliterating previous textures and structures. However, if

recrystallization takes place under conditions of mashing, the original

textures and structures are lost, and minerals are produced of such kinds

and proportions as correspond with the composition of the glass. More-

over, when the glass passes into the zone of anamorphism, textures and

structures may be formed characteristic of tlie slates, schists, and gneisses.

When such alteration is complete it is often impracticable to determine

whether the rock was originally glass or not. There can be little doubt

that many of the finer-grained schists are derived from rocks which were
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originally partly or wholly glassy. For instance, the Berlin gneiss of

central Wisconsin is in chemical composition the same as that of various

associated aporhyolites. The aporhyolites show that they were originally

glasses by retaining the characteristic textures of glass. The Berlin gneiss

which was altered under conditions of mashing in the deep-seated zone is

entirely devoid of any structure which can be attributed to glass, and one

can not be certain that it did originally have a glassy base, although this

seems probable.

Minerals produced.—Tlic minerals which are produced by the alterations of

glass are very numerous. It has already been noted that glasses form

from the most acid magmas, and also from those which are intermediate or

basic in character. Furthermore, it has been seen that glass is devitrified

in both the upper and the lower physical-chemical zones, and in the upper

zone both in the belt of weathering and in that of cementation. In each of

these zones and belts minerals form from the glass which are characteristic

of them. It is plain from the foregoing that evevj mineral which may be

a metamorphic product of an igneous rock of any kind may result from the

devitrification of glasses of different kinds under the different conditions

which obtain in the zones and belts of alteration.

Heat and volume relations.—Tlio devitrificatiou of glass is a proccss which

probably results in the liberation of heat. This is certainly true for the

zone of katamorphism, where oxidation, hydration, and carbonation take

place. As to the volume relations of the change, the devitrification itself by

means of which the substance passes from an amorphous to a crystalline

condition would decrease the volume, provided there were no additions of

other compounds. Biit where devitrification is accompanied by oxidation,

carbonation, and hydration there are considerable additions of material.

Therefore, in the belt of cementation there can be little doubt that

expansion of volume is the rule where glasses are devitrified; but in the

belt of weathering, where solution is prominent, doubtless there is diminution

in volume with glass as with other compounds. In the zone of anamorphism

devitrification takes place with decrease of volume, the reactions being

controlled by pi'essure. Whether heat be liberated or absorbed in the zone

of anamorphism doubtless depends in large measure upon how far the

reactions of the zone of katamorpliism have taken place during the time
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the glass was passing through that zone. If these had gone far, the undoing

of the oxidation, hydration, and carbonation woukl probably absorb heat.

But if the glass reached the zone of anamorphism in an anhydrous condition,

the cj'ystallization, producing a decrease in volume, would liberate heat.

Thus no general statement can be made as to the heat reaction in the zone

of anamorphism.

FELDSPAR GROUP.

The minerals of the feldspar g-roup are the most abundant of the

silicates. According to Clarke," the feldspars comprise 60 per cent of the

minerals of the lithosphere. The feldspars include minerals of two classes

of symmetry, monoclinic or pseudomonoclinic, and triclinic. Those of the

first class comprise orthoclase, microcline, and anorthoclase ; those of the

second class include albite, oligoclase, andesine, labradorite, bytownite,

and anorthite.

In chemical composition the feldspars vary from orthosilicates, through

metasilicates, to polysilicates. The readiness of decomposition is indirectly

proportional to the acidity, the orthosilicates being the most easily decom-

posed, and the polysilicates being the most difficult to decompose.

The more frequent alterations of the monoclinic feldspars and of the

polysilicate plagioclase feldspars are to mica, especially muscovite, and to

hydrated silicate of aluminum, especially kaolin. In this alteration there

is simultaneous liberation of silica, which may sepai'ate as quartz. Very

frequently also gibbsite is formed at the same time. Where the mica biotite

is produced it is necessary that iron and magnesium shall be added. The

.

most common alterations of the orthosilicate plagioclase feldspars are to

zeolites, epidote, and zoisite, frequently with the simultaneous formation of

another plagioclase and chlorite. Where epidote is produced it is necessary

that iron be added from some other source; where chlorite is produced it is

necessary that magnesium and iron be added from some other source.

All the important minerals produced by the alterations of the feldspars,

with the exception of quartz and plagioclase, are hydrated, though in

varying degrees; hence, in general, water is added during the alteration of

the feldspars. From the intermediate plagioclases there may be produced

any of the foregoing minerals

a Clarke, F. W., Analyses of rocks, laboratory of the U. S. Geol. Survey, 1880-1899: Bull. U. S.

Geol. Survey No. 168, 1900, p. 16.
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MONOCLINIC OK PSEVDOilONOCLINlC.

OKTHOCLASE, MICKOCLINE, AM) ANOKTHOCtASE.

Ortlioclase :

Monoclinic.

Sp. gr. 2.57.

Microcline:

KAlSisOg.

Triclinic.

Sp. gr. 2.54-2.57.

Anorthodase

:

niNaALSiaOa-nKAl^SisOs. (Na-silicate:K-silioate:: 2:1 or ,3:1, usually.)

PseudoQionoclinic or triclinic.

Sp. gr. 2.57-2.60.

ORTHOCLASE AND MICROCLINE.

Occurrence.—Ortlioclase aiid microcline have a very widespread occur-

rence as chief pyrogenic constituents. The minerals also are allogenic

constituents of tlie clastic rocks. They further have a very widespread

occuiTence in the metamorphic rocks, being chief constituents both as

allogenic and as autogenic constituents of the schists and gneisses of both

aqueous and igneous origin. In the development of the feldspars as

autogenic constituents it is usually necessary that two or more minerals

unite, except in the case of the derivation of the acid feldspars from the

more basic ones or from leucite. As a metamorphic mineral orthoclase is

derived from analcite, heulandite, leucite, laumontite, and stilbite. Micro-

cline is recorded as derived from spodumene.

Alterations.—Que of tlie iiiost important alterations of orthoclase and

microcline is to kaolinite (monoclinic; sp. gr. 2.60-2.63). The most prob-

able reaction, for reasons given below, is believed to be:

(1) 2KAlSi308+2H,0+CO.,=H,Al,SiA+4SiO,+K,C03+k.

The decrease in volume, supposing the freed silica to separate as quartz,

and K.2CO3 dissolved, is 12.57 per cent. If all of the freed silica be dis-

solved, the decrease in volume would be 54 44 per cent. In calculating

these volume changes and those which follow, the specific gravity of

orthoclase is used.

While the ordinary alteration of the potash feldspars to the kaolin

group is to kaolinite as indicated, the alteration ma}- be to other minerals

of this group; for instance, to pyrophylHte (monoclinic (1); sp. gr. 2.8-2.9),

halloysite (massive; sp. gr. 2.1), newtonite (rhombohedral ; sp. gr. 2.37),
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cimolite (amorphous; sp. gr. 2.24), allophane (amorphous; sp. gr. 1.87), aud

perhaps others. The chief dififerences are in the amounts of water added

and the amount of sihca which separates. Pyrophyllite (H2Al2(Si03)4)

differs from kaolinite in that less sihca is removed and less basic water is

added; it therefore might be considered as an intermediate stage in the

alteration. Halloysite (H^AhSiaOg Aq.) differs from kaolinite only in having

water of hydi-ation. Newtonite (HgAlaSiaOu.A'q.) differs from kaolinite in

containing twice as much basic water as that mineral, and in being hydrated.

Cimolite (HeAl4(Si03)9.3H20) differs from kaolinite in containing more

silica, more basic water, and water of hydration. Allophane (AlgSiOj.SHaO)

differs from kaolinite in containing less silica and much water. It would

be easily j^ossible to formulate equations along the line of that given for

kaolinite for each of these minerals and to calculate the volume relations.

However, this hardly seems necessary since these minerals as secondary

products to orthoclase and microcline appear to be very subordinate in

amount.

Another alteration of orthoclase and microcline of some little impor-

tance is into gibbsite (raonoclinic; sp. gr. 2.3-2.4). The reaction is:

(2) 2KAlSi308+3H20+C02=2Al(OH)3+6Si02+K,C03+k.

The decrease in volume of the gibbsite and quartz as compared with the

orthoclase is 6.61 per cent.

Another of the very important alterations of orthoclase and microcline

is to inuscovite (monoclinic; sp. gr. 2.76-3.0) and quartz (rhombohedral;

sp. gr. 2.653-2.654). The reaction is:

(3) 3KAlSi308+H20+C02= KH2Al3Si30i2+6SiO,+K2C03+k.

Provided the silica separates as quartz and the potassium unites with

carbonic acid and the potassium cai'bonate be removed in solution, the

decrease in volume is 15.58 per cent.

While this reaction may take place under exceptional conditions, it is

believed, as explained below, that where muscovite forms from orthoclase

one of the 'rich aluminous minerals often unites with the orthoclase to

produce the mica. Supposing the aluminous mineral to be gibbsite, the

reaction is

:

(4) KAlSi308+2Al(OH)3=KH2Al3Si30i2+2H20-k.

The decrease in volume of the muscovite as compared with the orthoclase

and gibbsite is 20.81 per cent.
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The alteration may be to hydro-muscovite or damourite (monoclinic;

sp. gr. 2.76-3.00). This is believed by most mineralogists to differ from

muscovite only in containing more water, but Dana states that a greater

content of water in damourite than that contained by ordinary muscovite

is not necessary.

From orthoclase and microcline, with the addition of magnesium and

iron compounds, biotite (monoclinic; sp. gr. 2.7-3.1) may be formed. If

the hydrogen and potassium be supposed to be present in equal proportions

and the same supposition be made with reference to magnesium and iron,

and the latter elements are supposed to be present as carbonates, the

reaction may be as follows :

(5) 4KAlSi308+2MgC03+2FeC03+H20=
2HKMgFeAl2Si30i,+5Si02+K2Si03+4C02+k.

The decrease in volume of the feldspar, magnesium carbonate, and iron

carbonate in passing into the biotite and quartz is 22.64 per cent. But, as

with muscovite, the more frequent reaction probably involves gibbsite,

thus

:

(6) KAlSi308 4-MgC03+FeC03+Al(OH)3=HKMgFeAl,Si30i2+H20+2C02+k.

This greatly simplifies the equation. The decrease in volume of the bio-

tite as compared with the compounds from which it is derived is 22.33

per cent.

Orthoclase and microcline are said also to alter to epidote (monoclinic;

sp. gr. 3.25-3.50); but if this be so calcium and iron must be introduced.

The foi-ms in which these compounds are present during the alteration are

doubtless variable. If they be assumed to be present as calcium carbonate

and iron sesquioxide, the reaction might be as follows:

(7) 4KAlSi308+Fe203+4CaC03+H,0=2HCa2Al2FeSi30i3+6Si02+2K2C03+2CO,+k.

Supposing the Al is to the Fe as 2 is to 1, the decrease in volume of the

epidote and quartz as compared with the feldspar, calcite, and iron oxide

together is 33.73 per cent. However it is so uncertain as to the forms of

the accessory compounds, both before and after reaction, that it is impos-

sible to make a definite statement as to the volume relations.

The alteration of orthoclase and microcline to minerals of the kaolin

group and to gibbsite occurs in the zone of katamorphism. The process

takes place on the most extensive scale in the belt of weathering, especially
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in the soil horizon. Wherever the feldspathic rocks are exposed to atmos-

pheric agencies this change steadily goes on, though not so rapidly as with

the orthosilicate feldspars. (See p. 519.) But wherever the potash feld-

spars liave been very long exposed to the weathering agencies they have

been partly or wholly decomposed, and in some places to a depth of several

hundred feet. The change is one of the most important of all those which

affect rocks. It is partly because the alterations take place near the

siu-face, where carbon dioxide is abundant, that it is believed that the freed

alkali largely unites with carbon dioxide, as given in the reaction. The

silica freed in the belt of weathering is in part undoubtedly taken into

solution as colloidal silicic acid and carried downward to the belt of

cementation. Indeed, the silica for the process of silicification in this belt,

which, as explained on page 480, is derived from the decomposition of the

silicates, probabl}'' in good part comes from the alteration of the feldspars.

Under the same conditions in which a part of the feldspar breaks up into

kaolinite another part of the feldspar may produce gibbsite, quartz, and

potassium carbonate. The potassium carbonate liberated at the time of

the formation of the kaolinite and gibbsite is largely dissolved and trans-

ported elsewhere, although the soluble potassimu compounds are often held

in the soil to a considerable extent. (See pp. 498, 541-543.)

The alteration of orthoclase and microcline to minerals of the kaolin

group and to gibbsite is not, however, confined to the belt of weathering.

It takes place on an important scale in the belt of cementation, though not

on a scale comparable to that in the belt above. So far as known, kaolin-

ization is not a reaction which occurs in the zone of anamorphism ; at least,

if it does there take place it is a very subordinate phenomenon. As seen

above, the reaction is one taking place with liberation of heat and fre-

quentl}^ with decrease of volume, since much and perhaps the most of the

freed silica is taken away iu solution. The heat reaction controls, and

lience the change is under the rules of the upper physical-chemical zone.

The alteration of orthoclase and microcline to mica occurs in rocks

which have been somewhat deeply buried, and the change has been noted

in connection with both mass-static and mass-mechanical action. Under

either of these conditions the alteration may be nearly or quite complete.

But it has taken place on the most extensive scale in connection with mass-

mechanical action, where the secondary structures, such as cleavage, are
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produced, and therefore in the belt of rock flowag-e. In the formation of

muscovite and quai'tz from feldspar by equation (3), as the specific gravity

of the separated quartz is somewhat greater than that of the original

feldspar, and that of the muscovite is considerably greater than that of the

feldspar, the condensation in volume above calculated is accounted for,

although the alteration is one involving hydration and possibly carbonation.

In the zone of anamorphism the wateradded is doubtless largely derived from

other minerals, as this is a belt of dehydration, and destruction of previous

minerals containing' hydroxides. This passage from one mineral to another

would involve no increase in the total volume, the controlling consideration.

The most doubtful point concerning equation (3) is the carbonation of the

potassium. It might be supposed that the potassium unites with a part of

the freed silica and with other elements to form potassium minerals. But it

is not easy to suggest such minerals, as leucite is not recorded as a meta-

morphic mineral. The more probable solution of the problem is that

potassium and a portion of the silica unite with the alumina of the gibbsite

or some other minerals and pi'oduce one molecule of mica from one of

prthoclase, as suggested in equation (4). This suggestion is rendered

especially plausible for the slates, schists, and gneisses derived from sedi-

ments, for such rocks usuallj^ contain residual orthoclase and also aluminum

hydroxide. (See pp. 232, 235, 898-900.) The reaction of equation (4) pro-

duces great decrease in volume, is one of dehydration, and thus absorbs heat;

it is therefore a perfect example of the rides of the zone of anamorphism.

The same remarks are applicable to equations (5) and (6), respectively, for

the production of biotite, as to (3) and (4) for the formation of muscovite,

with the addition that the development of biotite involves silication and

decarbonation, and therefore still better than muscovite illustrates the

reactions of the zone of anamorphism.

The physical-chemical principles for the alteration of orthoclase and

microcline to epidote are the same as for the alterations of the more basic

feldspars to epidote. As the process occurs much niore extensively in con-

nection with the latter minerals, it is discussed under the basic plagioclases.

(See pp. 263-264.)
ANORTHOCLASE.

Occurrence—This mineral is subordinate in quantity to orthoclase and

microcline. It occurs in both deep-seated and efFusive igneous rocks; in

MON XLVII—04 IT
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the latter, chiefly in the andesitic lavas. As an allogenic mineral it also

is found in the sedimentary rocks. Whether it occurs as an autogenic

mineral in the metamorphic rocks has not been determined.

Alterations.—Both ortlioclase and raicrocline contain some sodium. When
the sodium becomes important the mineral is anoi'thoclase. It naturally

follows from this fact that the alterations of anorthoclase are in all respects

like those of orthoclase and microcline, with the exception that the freed

alkalies are in good part sodium. The reactions are analogous to those

already given for orthoclase, but with the muscovite or biotite the soda-mica

paragonite (monoclinic; sp. gr. 2 84) is formed. Supposing the sodium

silicate is to the potassium silicate as 2 to 1, the more important reactions

may be written as follows:

(1) 2(2NaAlSi308.KAlSi308)+6H20+3002=3H4Al2Si20c,+12Si02+K2C03+2Na2C03+k.

(2) 2(2NaA18i308.KAlSi308)+9H20+3C02=6Al(OH)3+18Si02+K2C03+2NajC03+k.

(3) 2NaAlSi308.KAlSi30e+6Al(OH)3=KH2Al3Si30i.,+2NaHi,Al3Si30,2+6H20-k.

(4) 2NaAlSi30„.KAlSi30s+MgC03+FeC03+5Al (0H)3=
HKMgFeAl2Si30i2+2NaHs,Al3Si30,j+5HjO+2C02—k.

Supposing the sodium silicate is to the potassium silicate as 3 to 1, we have:

(5) 2(3NaAlSi308.KAlSi30„)+2FeA+8CaC03+2H20=
4HCa2Al,FeSi30,3-|-12Si02+K2C03+3Nas,C03+4CO,+k.

The equations corresponding to (3) and (5) under orthoclase and

microcline are not written, since their occurrence is very doubtful. The

decrease in volume of the kaolinite and quartz as compared with the

anorthoclase, equation (1), is 9.56 per cent, or of the kaolinite alone is 62.19

per cent. The decrease in volume of the gibbsite and quartz as compared

with the anorthoclase, equation (2), is 3.30 per cent, or of the gibbsite alone

is 68.02 per cent. The decrease in volume of the muscovite and paragonite,

as compared with the anorthoclase and gibbsite, equation (3), is 20.04 per

cent. The decrease in volume of the biotite and paragonite, as compared

with the anorthoclase and gibbsite, equation (4), is 10.91 per cent. The

decrease in volume of the epidote and quartz, as compared with the anortho-

clase, hematite, and calcite, equation (5), is 28.30 per cent. Equations cor-

responding with the above and the volume relations can be easily worked

out along analogous lines for other ratios of the sodium-bearing and potas-

sium-bearing silicates, but the general results would be the same, so this is

hardly worth the while.

The geological positions and physical conditions under which the



THE PLAGIOCLASE FELDSPARS. 259

changes take place are identical with the corresponding- chang-es of ortho-

clase and niicrocline—i. e., alterations represented by equations (1) and (2)

take place in the zone of katamorphism, and especially the belt of weathering.

Alterations (3) and (4) occur in the zone of anamorphism, and that of

equation (5) is known for the belt of cementation. One general point is

clear from the above, that in the anorthoclase rocks we have a source for

paragonite in the paragonite-schists and paragonite-gneisses.

TRICLISIC.

The plagioclase feldsj^ars are a group of triclinic feldspars which range

from sodium-aluminum silicate to calcium-aluminum silicate. The former

is a polysilicate and the latter an orthosilicate, lience there is great variation

both as to composition and as to acidity. The names, compositions, and

specific gravities of the species, as given by Tschermak and Dana, are as

follows:

ALBITE, OLIGOCLASE, ASDESINE, LABRADOBITE, BTTOWNITE, AND A\ORTHITE.

Alhite:

NaAlSijOa.

Triclinic.

Sp. gr. 2.62-2.65.

Oligodase:

Ab to AbsAiii.

Triclinic.

Sp. gr. 2.65-2.67.

Andesine:

AbjAni to AbiAnj.

Triclinic.

Sp. gr. 2.68-2.69.

Labradorite:

AbjAni to AbjAn.,.

Triclinic.

Sp. gr. 2.70-2.72.

Bytowniie:

AbiAnj to An.

Triclinic.

Sp. gr. 2.72-2.74.

AnorlJiite:

CaAlgSiA-
Triclinic.

Sp. gr. 2.74-2.76.

Occurrence.—Tlic plagioclascs are probably the most important rock-

making constituents, being approached in abundance only by the orthoclase

feldspars and by quartz. The plagioclases are present as pyrogenic con-

stituents in the great majority of igneous rocks. They also occur very
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abundantly as allogenic constituents in the sedimentary rocks. In such

rocks the more siliceous plag-ioclases are more plentiful than the less siliceous

plagioclases, because of the more ready decomposition of the latter. The

plagioclases develop abundantly as autogenic constituents in the metamor-

phic rocks of both sedimentary and igneous origin. The plagioclase albite

is recorded as being' derived from analcite, heulandite, laumontite, plagio

clases (with orthoclase), sodalite, spodumene, and stilbite. The plagioclase

anorthite is not recorded as being derived from other minerals. But it is

seen in the zone of katamorphism that anorthite passes into various zeolites

by simple hydration. It can hardly be doubted that when such zeolites

pass into the zone of anamorphism by dehydration they are sources of anor-

thite. Doubtless also anorthite is produced in different ways from the com-

binations of various minerals, just as it passes into different combinations of

minerals. The intermediate feldspars, which are intermolecular mixtures of

albite and anorthite, may be derived from any of the minerals from which

albite and anorthite are formed.

Alterations.—111 treating the alterations of the plagioclases the only prac-

ticable plan is to calculate equations and volume reactions separately for

albite and for anorthite. For any of the intermediate feldspars the corre-

sponding equations may be written by multiplying- the albite and anorthite

equations by the number of molecules of these compounds, respectively,

and adding the products. However, the alterations of the plagioclases are

so complicated that I have not been able to make the treatment more than

very partial.

The species belonging to the more siliceous half of the plagioclase feld-

spars—i. e., albite, oligoclase, and andesine—frequently undergo alterations

similar to those of the monoclinic feldspars, producing kaolin (monoclinic;

sp. gr. 2.615), gibbsite (monoclinic; sp. gr. 2.35), and quartz (rhombohe-

dral; sp. gr. 2.6535). These alterations may be considered as coming

from the albite molecule.

But the more common alterations of the plagioclases are into the zeo-

lites, epidote (monoclinic; sp.gr. 3.38), quartz, the scapolites, and paragonite

(monoclinic; sp. gr. 2.84), and the less siliceous feldspars into more siliceous

plagioclase feldspars. The plagioclases are also recorded as altering into

prehnite (orthorhombic; sp. gr. 2.875) and albite. By pyrochemical

methods plagioclase and sodium carbonate at 220° C. produce the zeolite

analcite (isometric; sp. gr. 2.255), and this process is more rapid in propor-
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tiou as the feldspars are less siliceous. The alteration of a given feldspar

may be into two or more of the above minerals. Doubtless often orthoclase

and plagioclase together pass into other minerals. One such reaction has

been considered by Becke, and is given below.

The less siliceous plag'ioclases, labradorite, bytownite, and anorthite,

alter rarely to kaolin alone, but this mineral may separate simultaneously

with zoisite (orthorhorabic ; sp. gr. 3.31) or epidote.

The alteration of albite to kaolin and quartz, to gibbsite and quartz,

and of albite and gibbsite to paragonite, respectively, may be written as

follows

:

(1) 2NaAlSi308+2H,0+C02=H^ALSi,09+4Si02+Na2C034-k.

(2) 2NaAlSi308+3H,0+C02=2[Al(OH)3]+6Sib2+Na,C03+k.

(3) NaAlSi308-|-2Al(OH)3=NaH2Al3Si30i2+2H20+k.

The decrease in volume in equation (1) of the kaolin and quartz is 4.89

per cent; in equation (2) the increase for the gibbsite and quartz is 1.58 per

cent; in equation (3) the decrease for the paragonite, as compared with the

albite and gibbsite, is 18.85 per cent.

Analcite (isometric; sp. gr. 2.22-2.29) may be derived from albite

according to the following reaction:

(4) 2NaAlSi303+2H,0=Na2Al2SiiOi2.2H20+2Si02+k.

The increase in volume is 20.82 per cent, supposing the silica separates as

a solid.

Natrolite (orthorhombic; sp. gr. 2.20-2.25) may also be derived from

albite according to the reaction:

(5) 2NaAlSi308+2H.,0=HjNa2Al2Si30i2+3Si02+k.

The increase in volume is 19.95 per cent, supposing the silica separates as

a solid.

From anorthite a number of zeolites are derived. Clarke is one of the

latest authors who has discussed the relations of the zeolites to the feldspars,

and the chemical alterations given are obtained mainly from his paper."

The equations for the more common varieties may be written as follows:

Thomsonite (orthorhombic; sp. gr. 2.3-2.4) is derived from anorthite

according to the following- i-eaction:

(6) 3CaAl2Sij08+7H20=Ca3Al6Si|j02t.7H20+k.

The increase in volume is 34.65 per cent.

a Clarke, F. W., The constitution of the silicates: Bull. U. S. Geol. Survey No. 125, 1895, pp. 32-45.
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Gismondite (monoclinic ; sp. gr. 2.265) is derived from anorthite

according- to the following reaction:

(7) 3CaAl,Si.A+12H,0=Ca3Al6SisOM.12H20+k.

The increase in volume is 52.76 per cent.

For laumoutite (monoclinic; sp. gr. 2.305) the change does not appear

to have been determined with reasonable certainty. It may be supposed

to be derived from anorthite by the simultaneous union of freed calcium

and aluminum with other compounds, the calcium perhaps passing into the

carbonate and the aluminum into the hydrate. On this hypothesis the

reaction is:

(8) 2CaAl.,Si208+7H,0+CO,=H^CaAljSiAr2H.,0+CaC03+2[Al(OH)3]+k.

The increase in volume is 33.65 per cent, supposiiig the calcium carbonate

to be dissolved and the aluminum hydroxide to remain as gibbsite. How-

ever, Clarke regards laumontite as derived from equal quantities of anorthite

and the hypothetical compound trisilicic anorthite" (Ca3Al6(Si308)6).

The zeolite phillipsite (monoclinic; sp. gr. 2.20) may be regarded as

derived from albite, anorthite, and leucite, as follows:

(9) 6CaAl2Si208+4NaAlSi308+6KAlSi20„+48H20+2C02=
3(K2Ca2Al„Si,A6-14H20)H-2Na2C03+4Al(OH)3+k.

The leucite is added as a source of the potassium. The increase in volume

of the three compounds in passing into phillipsite is 31.98 per cent.

Heulandite (epistilbite) (monoclinic; sp. gr. 2.20) and stilbite (mono-

clinic; sp. gr. 2.1495) are regarded by Clarke as derived from the

hypothetical com|)ound trisilicic anorthite. Chabazite (rhombohedral ; sp.

gr. 2.12) is regarded by him as derived from this compound and from

noi'mal anorthite. All four, however, may be equally well considered

as derived from intermediate plagioclases with carbonation of the excess

of calcium and hydration of the excess of aluminum. On these hypotheses

the reactions for the four may be written as follows:

(10) 4NaAlSi308+3CaAl2SiA+21H20+2C02=
3( HjCaAljSieOis-SHjO) +2^3,003 4 4[Al (OH) 3] +k.

(11) 4NaAlSi308+3CaAl.,Si208+24H20+2C02=
Ca3Ale(Si308)„.18H,0+2Na,C03+4Al(OH)3+k.

(12) 6NaAlSi308+6CaAl2Ri208+3CO,+45H,0=
2[Ca3Al6(Si04)3(Si308)3.18HjO]-t-3Na,C03+6[Al(OH)5]4-6SA+k.

a Clarke, F. W., The constitution of the silicates: Bull. U. S. Geol. Survey No. 125, 1895, p. 42.
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Supposing the sodium carbonate is dissolved and the other compounds

are solids, the increase in volume for (10) is 37.14 per cent, for (11) is

43.50 per cent, and for (12) is 46.76 per cent.

Scolecite (monoclinic; sp. gr. 2.16-2.40) may be derived from anorthite,

according to the following reaction:

(13) 3CaAl,Si208+9H20+CO,=2CaAl2Si30i„.3H20+2Al(OH)3+CaC03+k.

The increase in volume is 35.23 per cent, provided the gibbsite separates

as a solid and the CaCOg is dissolved.

Mesolite (monoclinic or triclinic; sp. gr. 2.29), according to Clarke,"

is an isomorphous mixture of equal quantities of natrolite and scolecite;

therefore the reaction for this compound may be expressed by the following:

(14) 4NaAlSi308+3CaAl,Si.A+13H2O+CO2=
2 ( HsNajCaAl^SieOji.H^O ) +6Si02+2Al (OH )

3+CaC03+ k.

The expansion in volume is 24.96 per cent, provided the silica and gibbsite

separate as solids and the CaCOg is carried away in solution. If all products

are solid the increase in the volume is 30.19 per cent.

Turning now from the zeolites to other minerals, the plagioclases are

recorded as altering into prehnite (orthorhombic ; sp. gr. 2.875). Since

albite is recorded as simultaneously separating, the most probable reaction

is by hydration of the anorthite molecule.

( 15 ) 4CaAl2Si20s-|-SH^O=2H2Ca,Al^SijOi,+4Al (OH )3+2810^+ k.

Supposing the compounds formed to be solids, the increase in volume is

14.85 per cent.

Another important alteration of the plagioclases is into zoisite

(orthorhombic; sp.gr. 3.25-3.37) or epidote (monoclinic; sp. gr. 3.25-3.5),

with the simultaneous formation of kaolinite or gibbsite. The reaction for

anorthite in the case of zoisite is probably:

(16) 4CaAl2SiA+3H20=H2Ca4Al„Sie026+H4Al2Si20<,+k,

or
(17) 4CaAljSiA+'lH20=HjCaiAl6Si6026+2Al(OH)3+2Si02+k.

The decrease in volume of the solids in (16) is 7.77 per cent, and in (17)

is 4.58 per cent.

In the formation of epidote the reactions are of a similar kind, but

FegOs replaces some AI2O3 of the feldspar molecule. Supposing the

a Clarke, cit., Bull. 125, pp. 35-36.
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aluminum is to the iron as 2 to 1, that the iron is derived from hematite, and

that excess of aluminum separates as gibbsite, the reaction for anorthite is:

(18) 4CaAl2Si208+Fe203+6H20=H2Ca4Al,,Fe2Si60,,6+H4Al2Si209+2Al(OH)3+k,

or
(19) 4CaAl2SiA+7H20+Fe203=H2CaiAliFe2SiA6+4Al(OH)3+2Si02+k.

The increase of the volume of the epidote, kaolin, and gibbsite as compared

with the anoi'thite and hematite, equation (18), is 3.6 per cent. The

increase in volume of the epidote, gibbsite, and quartz as compared with

the anorthite and hematite, equation (19), is 6.57 per cent.

The scapolites include marialite (tetragonal; sp. gr. 2.566), meionite

(tetragonal; sp. gr. 2.70-2.74), and various isomorphous mixtures. (See

pp. 311-312.) The alterations of the plagioclases into these two minerals

are given. From these equations those for any definite isomorphous mix-

ture of marialite and meionite can easily be formulated. According to

Clarke," albite changes into marialite, and anorthite into meionite. The

reactions may be written as follows

:

(20) - 3NaAlSi30„+NaCl=Na,Al3SiA4Cl+k.

Supposing the NaCl to be in solution, the increase in volume of the solid

compound is 10.29 per cent. If the NaCl be supposed to be a sohd, the

increase in volume of the solid compound is 1.84 per cent. The change

from anorthite to meionite is represented by the following reaction:

(21) 3CaAl2SiA+CaC03=Ca4Al6SiA54- CO^+k.

If the calcium carbonate be supposed to be jDresent as a solid, the decrease

in volume is 3.78 j^er cent; if it be supposed to be added in solution, the

increase in volume is 7.87 per cent.

Becke records the alteration of orthoclase and plagioclase into albite

(triclinic; sp. gr. 2.635), zoisite (orthorhombic ; sp. gr. 3.31), muscovite

(monoclinic; sp. gr. 2.88), and quartz (rhombohedral ; sp. gr. 2.6535).

His equation for this reaction is as follows :

*

(22) X ( NaAlSi308 ) +4 (CaAl^SijOg)+KAlSi308+2H2O=
x(NaAlSi308)+2(HCajAl3Si30i3)+H2KAl3Si30,2+2Si02.

It is impracticable at the present state of knowledge to write reactions

representing the changes of the less siliceous plagioclases into more sili-

ceous plagioclases and other minerals, because the exact comjDositions of

the original and resultant minerals are not known. The alterations of the

o Clarke, F. W., The constitution of the silicates: Bull. U. S. Geol. Survey No. 125, 1895, p. 29.

i'Becke, F., Ueber Beziehungen zwischen Dynamometamorphose und Molecularvolumen: Neues
Jahrbuch fiir Mineralogie, etc., vol. 2, 1896, p. 182.
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plagioclases to kaolinite, equation (1), and to gibbsite, equation (2), are

by reactions of carbonation and hydration; the alterations to the zeohtes,

equations (4) to (14), inclusive, are by reactions of hydration, and (8)

to (14), inclusive, also involve carbonation. The alteration to prehnite,

equation (15), is a reaction of hydration and desilication. The alterations

to zoisite and epidote, equations (16), (17), (IS), and (19), are by reactions

of hydration. All but (1), (3), (16), and (17) take place with ncrease of

volume ranging from 1.58 to 52.76 per cent, provided all the compounds

formed remain in situ. All take place with liberation of heat. The altera-

tions in all particulars are characteristic of the zone of katamorphism.

The development of kaolin is probably more characteristic of the belt

of weathering than of the belt of cementation. The development of the

zeolites and cpidotes is known to occur on an extensive scale in the belt of

cementation, both within the bodies of other minerals and within the open-

ings inrocks. Amygdules and veins of these minerals, with quartz, are of

great importance in cementing rocks. The material for this work is doubt-

less in large part, though not altogether, derived from fehlspathic minerals.

For the intermediate scapolites, equations (20) and (21), the alterations

take place with a slight increase in volume for luarialite and a slight

decrease for meionite, provided all the compounds which enter into them

are solids. The reactions are those of silication and decarbonation to some

extent, and this involves absorption of heat. The g-eological occurrences

correspond with the physical-chemical facts. The most common of the

scapolites which occurs as a secondary product in the altered rocks is

wernerite, an isomorphous mixture of meionite and marialite molecules.

As stated by Dana, wernerite "occurs in metamorphic rocks, and most

abundantly in granular limestone near its junction with the associated

granitic or allied rock."" Wernerite is associated with such minerals as

pyroxene, amphibole, and garnet, which occur as deep-seated alterations.

The formation of wernerite from feldspar is probably, therefore, a deep-

seated change which occurs in the zone of anamorphism.

The alteration of orthoclase and plagioelase together to albite, zoisite,

muscovite, and quartz, equation (22), is a reaction of hydration and desili-

cation. It involves an increase in volume. One would therefore expect

the reaction to take place in the zone of katamorphism.

«Dana, J. D., A system of mineralogy; Descriptive mineralogy, by E. S. Dana; Wiley & Sons,

New York, 6th ed., 1892, p. 470.
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LEUCITE GKOUP.

Leucite is the only rock-making mineral belonging to this group.

LEUCITE.

Leudte:

KAlSijOj.

Isometric.

Sp. gr. 2.45-2.5.

Occurrence.—Leucite is 'A common constituent of volcanic rocks, especially

the more recent ones. The fact that it is not abundant in the older volcanic

rocks is probably due to its ready alteration. It may have been present

originally.

Leucite is not known as a constituent of the schists and gneisses

derived from the sediments. Leucite has been produced by pyro-chemical

methods from analcite and potassium chloride. This is a reversal of the

reaction in the case of change of leucite to analcite.

Alterations.—Leucite frequently alters to analcite (isometric; sp. gr. 2.22-

2.29); to a mixture of orthoclase (monoclinic; sp. gr. 2.53-2.6) andkaohnite

(monoclinic; sp. gr. 2.6-2.63); to a mixture of orthoclase and muscovite

(monoclinic; sp. gr. 2.76-3.0); and to a mixture of orthoclase and nephe-

lite (hexagonal; sp. gr. 2.55-2.65).

The change of leucite to analcite requires a substitution of sodium for

potassium; hence sodium carbonate or some other sodium compound must

be supposed to be present. Supposing sodium carbonate to be the com-

pound, the reaction is:

(1) 2KAlSiA+Na2C03+2Hj,0=Na2AljSiA2-2H20+K2C03+k.

Ignoring the carbonates, the increase in volume is 10.74 per cent.

The passage of leucite mto orthoclase and kaolin is as follows, sup-

posing the freed potassium to unite with carbon dioxide:

(2) 4KAlSi20e+C02H-2H20=2KAlSi308+H4AljSi20<,+K2C03+k.

Supposing the potassium carbonate to be taken into solution, the decrease

in volume of the orthoclase as compared with the leucite is 38.57 per cent,

and the decrease of the orthoclase and kaolinite together as compared with

the leucite is 10.58 per cent.

In a similar way the passage of leucite into orthoclase and muscovite

is as follows:

(3) 6KAlSi2064-C02+H20=3KAlSi308+KH2Al3Si30i2+K2C03+k.
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As before, supposing the potassium carbonate to be taken into solution, the

decrease in volume of the orthoclase and muscovite as compared with the

leucite is 12.43 per cent.

In the passage of leucite into orthoclase and nephelite it is necessary

to suppose that a part of the potassium of ths leucite is replaced by sodium.

Supposing the nephelite formed to be a pure soda-uephelite, the reaction

would be:

(4) 4KAlSiA+Na2C03=2KAlSi308+2NaAlSi04+KjC03+k.

Ip-norinof the carbonates, the decrease in volume of the orthoclase and

nephelite as compared with the leucite is 7.59 per cent.

The reactions above given, except the last, are those of hydration,

and the second and third are those of carbonation also. They are,

therefore, reactions which are to be expected in the zone of katamorphism.

The change of leucite into orthoclase and nephelite gives decrease in

volume, with neither hydration nor dehydration, carbonation nor silication.

It is, therefore, to be expected that the change is one which takes place in

the zone of anamorphism.

The artificial transformation of leucite into analcite by treatment

with soda solutions, and the reverse alteration of analcite into leucite

by treatment with potassium solutions, as shown by Lemberg," is an

excellent illustration of the law of mass action and proves the importance

of this principle under natural conditions.

PYROXENE GROUP.

ORTHORHOUBIC PYROXENES.

ENSTATITE, BRONZITE, AND HTPERSTHENE.

Enstatite:

MgSiO,.

Orthorhombic.

Sp. gr. 3.1-3.3.

Bronzite:

(MgFe)Si03 -where Mg: Fe : : 8:1, 6:1, aud 3:1.

Orthorhombic.

Sp. gr. 3.2-3.3.

Hypersthene:

(MgFe)Si03 where Mg:Fe : : 3:1, nearly to 1:1.

Orthorhombic.

Sp. gr. 3.4-3.5.

oLemberg, J., Ueber Silicatumwandhmgen: Zeitschr. Deutsch. geol. Gesell., vol. 28, 1876, pp.

536-545.
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Occurrence.—The rliombic pyi'oxenes are common pyrogenic constituents

of igneous rocks rich in magnesium. They are common in the normal

diabases, gabbros, and basalts, and are abundant in the norites, peridotites,

etc. They also occur in the intermediate, basic, and ultrabasic volcanic

rocks, including both lavas and tuffs. A very common associate of the

rhombic pyroxenes is olivine. The rhombic pyroxenes also occur in the

schists and gneisses, especially those derived from eruptives. In such

rocks they are frequentl}^ associated with the monoclinic pyroxenes. They

further occur as vein materials and are found in meteorites.

As metamorphic minerals, enstatite is derived from pyrope and

hypersthene from almandite, biotite, and common garnet.

Alterations.—The most frequeut alteration of the rhombic pyroxenes is

to talc (orthorhombic or monoclinic; sp. gr. 2.7-2.8). The, less frequent

alterations are to serpentine (monoclinic; sp. gr. 2.50-2.65), bastite (ortho-

rhombic; sp. gr. 2.50-2.75), actinolite (monoclinic; sp. gr. 3-3.2), and

anthophyllite (orthorhombic; sp. gr. 3.1-3.2).

For the sake of simplicity it is assumed that where pure talc or

serpentine is produced these materials are derived from enstatite; and that

where bastite, actinolite, and anthophyllite are produced these minerals are

derived from bronzite or hypersthene. Of course, serpentine or talc may

be produced from bronzite or hypersthene, the iron separating as oxide or

carbonate. One such possible alteration is written. However, the ordinary

alterations of the ferriferous pyroxenes are to bastite, which is iron-bearing.

The change of enstatite to talc is as follows

:

(1) 4MgSi03+C02+H,0= H2Mg3Si40i,+MgC03+k.

Supposing the magnesium carbonate to be dissolved, the increase in

volume is 9.93 per cent. If a ferriferous pyroxene be supposed to alter

to talc, iron oxide miist separate. Supposing this to be in the form of

magnetite (isometi'ic; sp. gr. 5.174), and supposing that the magnesium

is to the iron as 3:1, or that the mineral is intermediate between bronzite

and hypersthene, the reaction may be written:

(2) 3Mg3FeSi,Oi,+3H,0+0=3H2Mg3Si40i,+Fe30,-|^k.

Similar equations may be written by which, instead of magnetite,

hematite (rhombohedral; sp. gr. 6.225) or limonite (amorphous; sp. gr.

3.80) is produced, in which case the expansion of volume would be
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greater. The calculated increase in volume of the talc and magnetite, as

compared with the pyroxene, is 14.68 per cent, provided the average

specific gravity of broncite be used, and 21.73 per cent provided the

average specific gravity of hypersthene be used. Probably the real

increase in volume is the average of the above, or about 18.20 per cent.

In the case of a hypersthene in which the iron is to the magnesium as

1:1 the alteration to talc may be as follows, provided the iron separate as

magnetite

:

(3) 3MgFeSi20e+H20+0=H2Mg3Si40i2+FeA+2Si02+k.

The increase of volume of the talc, magnetite, and quartz as compared

with the hypersthene is 12.84 per cent.

Serpentine is produced from enstatite by the following reaction

:

(4) 3MgSi03+2H,0=H,Mg3Si.A+Si02+k.

In case the Si02 is dissolved, the increase in volume is 14.25 per cent;

if it separates as quartz (rhombohedral ; sp. gr. 2.6535) the increase in

volume is 38,36 per cent.

If a rhombic pyroxene be taken in which the magnesium is to the iron

as 3:1—i. e., stands on the border line between hypersthene and bronzite

—

serpentine might be produced by the following reaction, with the simul-

taneous separation of hematite and quartz

:

(5) 2Mg3FeSiA2+'lH,0+0=2H,Mg3SiA+FeA+4Si02+k.

Using the specific gravity of lijqDersthene, in case only serpentine and

hematite separate as solids, the decrease in volume is 2 21 per cent, and if

the silica separates as quartz the increase of volume is 33.94 per cent.

Supposing the calcium is to the iron as 1:1 and the excess of iron

separates as magnetits, the reaction is :

(6) 3MgFeSi206+2HjO+0=H,Mg3Si209+Fe304+4Si02+k.

The increase in volume of the serpentine, magnetite, and quartz as

compared with the hypersthene is 20.24 per cent.

Other reactions may be written which represent the alterations of

bronzites and hypersthenes, in which the proportions of magnesium and

iron are different. Also reactions may be written in which the oxide of

iron forms as magnetite or limonite. Where magnetite forms, the increase

in volume would be less than for hematite, and where limonite forms the

increase in volume would be considerably greater.
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If in the formation of bastite, a pyroxene be taken which stands

intermediate between bronzite and liypersthene—i. e., in which the magne-

sinm and iron are as 3:1—and if the same proportions of these constituents

be supposed to hold in the bastite, the reaction is as follows:

(7) 3Mg3FeSiA2+8H20=HieMgsFe3Si803e+4SiO,+k.

Using the specific gravity of liypersthene, if the silica be dissolved the

increase of volume is 22.77 per cent (if the specific gravity of bronzite be

employed, 15.65 per cent); if the silica separates as quartz, 46.87 per cent.

Similar reactions may be written which represent the formation of bastites

which are richer and poorer in iron, in which cases the volume changes are

slightly difi'erent.

The passage of femferous rhombic pyroxene into anthophyllite may

be one of pure paramorphism, since in anthophyllite the proportions of

magnesium to iron have ranges paralleled by bronzite and h5'persthene.

Therefore, the only necessary change is a molecular one, a mineral being

produced of lower symmetry and lower specific gravity as a result of the

alteration. If the specific gravity of hypersthene be used, the calculated

increase in volume due to the lower specific gravity of the resultant

mineral is 8.70 per cent.

In the formation of actinolite from a rhombic pyroxene, it is necessary

that lime and silica be added. Supposing the magnesium is to the iron as

3:1 in both the rhombic pyroxene and actinolite, the equation is as follows:

(8) 3Mg3FeSi40,.,+-lCaC03+4Si02=Mg9Fe30aiSii5048+4C02+k,

The decrease in volume of the actinolite as compared with pyroxene,

calcite, and quartz is 7.40 per cent if the specific gravity of hypersthene

be used, and if that of bronzite is 10.77 per cent. Similar equations may
be written in which the proportions of magnesium and iron are difi'erent.

The changes of the rhombic pyroxenes to talc involve reactions of

carbonation and hydration, or of hydration and oxidation, or of all three

together. The changes of the rhombic pyroxenes to sei'pentine and bastite

involve hydration alone, or hydration and oxidation. All take place with

increase of volume and liberation of heat.

Corresponding with these facts, as a matter of observation the devel-

opment of serpentine, bastite, and talc from the rhombic pyroxenes takes

place in the zone of katamorphism. The development of talc is especially

characteristic of the belt of weathering, and serpentine and bastite of the
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belt of cementation, although it can not be asserted that the formation of
any of these minerals is confined to either belt.

The paramorphic change of rhombic pyroxene into anthophyllite
being one involving lessening of specific gravity and decrease of symmetry,
one would expect the change to take place in the upper physical-chemical
zone, but I have been unable to ascertain from the literature the facts in
this case.

The formation of actinohte from a rhombic pyroxene requires the
assistance of calcite and silica. This reaction is one of silication and
decarbonation. It occurs with diminution of volume and absorption of
heat. As a matter of observation, corresponding with these facts it is

well known that the change is a deep-seated one.

MONOCLINIC PYROXENES.

DIOPSIDE, SAHLITE, HEDENBEEGITE, AUGITE, AOMITE, SPODUMENE, WOLLASTONITE, AND PECTOLITE.

de:

CaMgSi^Og.

Monoclinic.

Sp. gr. 3.2-3.38.

Sahlite,:

Ca(MgFe)Si206.

Monoclinic.

Sp. gr. 3.25-3.4.

Hedenbergite:

CaFeSijOg.

Monoclinic.

Sp. gr. 3.5-3.58.

Augite:

Ca{MgFe)SiAwith (MgFe) (AlFeJ^SiOe-
Monoclinic.

Sp. gr. 3.3-3.5.

Acmite:

NaFeSijOe.

Monoclinic.

Sp. gr. 3.50-3.55.

Spodumene:

LiAlSijOe.

Monoclinic.

Sp. gr. 3.13-3.20.

Wollastonite:

CaSiOs.

Monoclinic.

Sp. gr. 2.8-2.9.

Pectolite:

HNaCajSisOg.

Monoclinic.

Sp. gr. 2.68-2.78.
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The minerals diopside, salilite, and augite constitute the so-called

diopside-augite series.

Occurrence.—Tlic pjroxene group is one of the most widespread and

important. One or another variety of pyroxene may occur in almost any

rock; but the pyroxenes are much more abundant in the intermediate and

basic than in the acidic rocks. Pyroxene is found in the plutonic and

volcanic rocks, as an original constituent of the clastic rocks, and as an

original and secondary constituent of the metamorphosed rocks, both of

igneous and of aqueous origin. The minerals of the pyroxene group occur

extensively in veins.

Diopside occurs in marbles, especially magnesian marbles. Indeed,

this is the common form of pyroxene which develops as a secondary

constituent during the metamorphism of the magnesian limestones. It also

occurs in veins. As a metamorphic mineral diopside is derived from

dolomite.

Sahlite occurs in ferriferous magnesian marbles. Like diopside, it is

also found in veins. Unlike diopside, it is a common product in many

hornblendic schists and gneisses, such rocks probably having been in their

original condition calcareous, magnesian, and ferriferous. Sahlite is derived

from ankerite and parankerite.

Hedenbergite occurs as a rather common constituent of some nepheline

syenites and other basic syenites.

Augite is a common form of pyroxene in the eruptive rocks, both

plutonic and volcanic. It occurs in many mechanical sediments. It also

is found in metamorphic rocks of both igneous and sedimentary origin,

though in the sedimentary metamorphosed rocks it is less common than

diopside and sahlite. But augite develops to a considerable extent in the

sedimentary rocks which are intermediate between the chemical and

,

meclianical rocks—that is, those which contain abundant calcium carbonate

and also are rich in aluminum. Augite is recorded as a metamorphic

mineral derived from hornblende.

Wollastonite occurs especially in the metamorphosed calcareous and

sedimentary rocks, it being a secondary product produced by metamorphism.

It is found abundantly in marbles, and in schists and gneisses which were

originally calcareous, especially the calcareous feldspathic schists. It also

develops in calcareous inclusions in eruptive rocks, and is found as a contact
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prpduct of igneous and calcareous rocks. The schists and gneisses contain-

ing wollastonite are often garnetiferous and epidotic.

The very frequent development of the above pyroxenes in the sedi-

mentary rocks which are calcareous, rather than amphiboles, is due to the

fact that the pyroxenes are richer in calcium than are the amphiboles. Where
sedimentary rocks contain magnesium abundantly with the calcium, the

amphiboles are likely to form rather than the pyroxenes.

Acmite occurs mainly in the eruptive rocks, and especially in those

which are rich in alkalies. According to Rosenbusch, it occurs especially

in granites, and syenites rich in sodium, in the elseolite- syenites, phonolites,

and leucitophyres. As a metamorphic mineral acmite is derived from

arfvedsonite.

Spodumene sometimes occurs as an accessory constituent in the granites,,

schists, and gneisses, and in some cases as considerable masses.

Pectolite, while not an abundant mineral, is present as a secondary

constituent in many basic eruptive rocks, both plutonic and volcanic. It is,

however, especially prevalent in the volcanic rocks, since these are more
porous, and pectolite is especially likely to occur in cavities or seams.

Occasionally pectolite is found in the metamorphic rocks as a product of

apophyllite.

Alterations of the diopside-augite series.—Tlic most couimon alteration of tlie non-

aluminous diopside and sahlite is into talc (orthorhombic or monoclinic;

sp. gr. 2.7-2.8). They also often alter into serpentine (monoclinic; sp. gr.

2.5-2.65). These changes are accompanied by tlie formation of calcium

carbonate, and frequently by the separation of a part of this carbonate as

calcite (rhombohedral ; sp. gr. 2.7135).

The aluminous pyroxenes, augite, and diallage, under the conditions of

the zone of katainorphism, change into chlorite (monoclinic; sp. gr. 2.08-

2.16), with which are usually associated epidote (monoclinic; sp. gr. 3.25-

3.5), this mineral often being embedded in the chlorite and calcite. Under
conditions of weathering, any of the minerals of the diopside-augite sei'ies

may be partly or entirely replaced by quartz (rhombohedral; sp. gr.

2.6535), chalcedony (cryptocrystalline ; sp. gr. 2.6-2.64), or calcite. Such
replacements are particularly common in the case of the poi-ous andesites

and trachytes, and also in tuffs. Not infrequently this replacement of

the pyroxene occurs without the feldspar being greatly affected.

3ION XLVII—Oi IS
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However, perhaps the most frequent and characteristic of the altera-

tions of the diopside-aug'ite series is uralitization or change to araphibole

(monoclinic ; sp. gr. 2.9-3.4). This process is particularly characteristic of

the ancient igneous rocks, and especially those which are under compara-

tively deep-seated conditions, although the alteration is by no means con

fined to deep-seated rocks. It occurs on a great scale under the conditions

of the transformation of the igneous rocks into schists and gneisses. During

the process of uralitization epidote also very frequently forms. Not infre-

quently also magnetite (isometric; sp. gr. 5.16-5.18) and calcite separate.

In some cases the change is accompanied by the development of a feldspar,

such as albite (triclinic; sp. gr. 2.62-2.65). The kind of amphibole which

forms depends upon the variety of the pyroxene. From diopside, trem elite

(monoclinic; sp. gr. 2 9-3.1) is the ordinary product; from sahlite, actino-

lite (monoclinic; sp. gr. 3.0-3.2) is normally to be expected; from diallage

aiad omphacite (according to Zirkel," varieties of augite), smaragdite (a

variety of hornblende) is ordinarily produced; and from ordinary augite,

hornblende (monoclinic; sp. gr. 3.05-3.47) is usually developed. Finally,

it not infrequently occurs that augite changes directly into biotite (mono-

clinic; sp. gr. 2.90).

The change of diopside to talc may be written as follows

:

(1) SCaMgSijOo+SCOj fH20=H2Mg3Si40i2+3CaC03+2Si02+k.

The increase in volume, supposing all compounds remain as solids, is 48.74

per cent. If only the talc remains, the decrease is 30.13 per cent. Sup-

posing the diopside were one in which a part of the calcium and magnesium

were replaceable by iron, so that the calcium and magnesium and iron are

present in equal proportion, thus approaching sahlite in composition, and

supposing the iron to pass into mag-netite, the reaction is

—

(2) 3CaMgFe8i30c,+3C02+H,0+0=HjMg3SiiOi2+3CaC03+Fe304+5SiOj+k.

The increase in volume of the talc, calcite, magnetite, and quartz, as com-

pared with the diopside, is 27.88 per cent.

The change of diopside to serpentine may be represented by the

following equation:

(3) 3CaMgSi206+3CO,+2H20=H4Mg3Si20s+4SiO,+3CaC03+k.

"Naumann, C. F., and Zirkel, F., Elemente der Mineralogie, Leipzig, 1898, p. 696.
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Supposing all the compounds separated as solids, the increase in volume is

56.32 per cent. If only the serpentine and quartz remain as solids, the

increase in volume is 0.44 per cent.

The change from sahlite to ferriferous bastite, provided that in both

compounds the magnesium is to the iron as 3 : 1, is

—

(4) 3Ca,Mg3FeSi80,4+12CO,+8H,0=HieMg9Fe3Si8036+16Si02+12CaC03+k.

If all the compounds separate as solids, the increase in volume is 56.41 per

cent; if the bastite and quartz remain as solids, 1.93 per cent. Supposing

the calcium, magnesium, and iron were in equal proportions in the sahlite,

and that in the bastite the magnesium were to the iron as 3 : 1, the equation

may be written

—

(5) 9CaMgFeSi309+9CO.+8H,0+20=Hi6MggFe3SiA6+2Fe30i+9CaC03+19Si02+k.

The increase in volume of the serpentine, magnetite, calcite, and quartz,

as compared with the sahlite, is 37.50 per cent.

It is, of course, not impossible that serpentine shall develop as one of

the products from augite. In this case it doubtless forms from the sahlite

molecule of the augite compound, the sesquioxide compounds passing into

some other mineral. It hardly seems advisable to attempt to write equa-

tions representing such an alteration.

In writing equations for the alterations of the aluminous pyroxenes into

chlorite and epidote it is necessary that certain assumptions shall be made
in reference to the relative proportions of the various elements. Moreover,

if equations are written which produce chlorite alone, a large amount of the

sesquioxide bases must be left over. If an equation be written for the forma-

tion of epidote, a large amount of magnesium is unaccounted for. Since it

is very common for the minerals chlorite and epidote to form simultaneously,

an equation is written on this supposition. In order to give definiteness to

the compound, it is supposed that there are twice as many molecules of the

diopside part of the augite molecule as of the other part. Furthermore, it

is supposed for the diopside molecule that the magnesium is to the iron as

2:1; and for the other molecule that the aluminum is to the iron sesquioxide

as 3:1. An epidote is taken in which the aluminum is to the iron as 2:1.

A chlorite between clinochlore and prochlorite is taken, as such a chlorite

is at about the middle of the series. As may be seen by reference to the

analyses of augites and epidotes, the proportions taken represent about their
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average compositions. With all these hypotheses, and supposing the extra

silica to separate as quartz, the magnesia to separate as magnesium carbonate,

and the iron as sesquioxide of iron, the equation may be written as follows:

(6) 6[2(Ca3Mg,FeSi60i8).Mg,Fe2Al,Fe3Sie036] -4-i2C02+39H,0+120=

18(HCa2Al,FeSi30,3)+3(H,oMg„AleSiA5) + 33Si02+12Fe203+12MgC03+k.

If all the compounds remain as solids the increase in volume is 15.43 per

cent. If the magnesium carbonate be dissolved the increase in volume is

8.58 per cent.

It is evident that many other equations could be written if other sup-

positions be made as to the relative proportions of the magnesium to the

iron and the aluminum to the iron in the respective compounds, and if other

chlorites than the particular one cliosen be produced. For the complex

silicates, present knowledge is not sufficient to determine whether or not

particular equations written accurately represent the alterations which take

place, although closer study in the future may possibly determine this.

But there is little doubt that substantially the change represented by equa-

tion (6) has occurred in many instances, whether it can be verified in an

individual case or not, as doubtless have also a multitude of alterations

which might be represented by otlier possible equations. The difficulty is

to ascertain in a given instance which of the eqiiations represents a given

alteration. It is hoped that the quantitative statement of the problem given

by equation (6) and following' equations will lead to closer study of the

compounds which enter into new compounds and the compounds which are

produced, and thus to more exact knowledge of the various alterations of

augite.

According to the above reactions, as would be expected from the nature

of the compounds, the alteration of diopside and sahlite more fi-equently

produces talc, serpentine, and bastite, while the alteration of augite more

frequently produces chlorite and epidote.

As already noted, perhaps the most characteristic of the alterations of

the pyroxenes is to the amphiboles. This alteration involves the substitu-

tion of magnesium, or magnesium and ii-on, for calcium. It is sujjposed

that the iron and magnesium are added in the form of carbonate, and that

the liberated calcium separates in the form of carbonate. Parallel equa-

tions can, however, readily be written on the basis of any other magnesium

compound being added and similar ii'on and calcium compounds being
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produced. It is assumed, further, that the alteration of a pyroxene results

in the production of the most closely allied amphibole. Of course this is

not always the fact, but it is believed to be usual. Following this assump-

tion, the. alteration of diopside is to tremolite, of sahlite is to actinolite, of

augite is to horiiblende.

The change from diopside to tremolite may be written as follows:

(7) 2CaMgSi20„+MgC03=CaMg3SiA2+CaC03+k.

Resrardinsr the magnesium carbonates as added in solution and the calcium

carbonate as subtracted in solution, the increase in volume is 5.68 per cent.

If the magnesium carbonate be considered as present as magnesite, and the

calcium carbonate be considered as present as calcite, the increase in a- olume

is 10.55 per cent.

The change from sahlite to actinolite, supposing the magnesium and

iron to be present in the sahlite in equal proportions, is as follows

:

(8) 2CajMgFeSiA2+FeC03-f MgC03=CajMg3Fe3Si80y+2CaC03+k.

Supposing the sahlite and actinolite only to be solids, the increase in vol-

ume is 7.28 per cent. If all the compoiuids are reg-arded as solids on both

sides of the equation, the increase in volume is 10.81 per cent.

Supposing that in the augite compound there are two of the sahlite

molecules to one of the sesquioxide molecule, and supposing that the mag-

^nesium and iron are in equal proportions in both the augite and hornblende,

the general alteration may be written as follows:

(9) 2[Ca2MgFeSi40,2. (MgFe) (AlFe)^ Si06]+FeC03rMgC03=
Ca2Mg3Fe3Sis024. (MgFe)^ (AlFe).iSi20i2+2CaC03+k.

But before the volume relations can be calculated it is necessary to

assume definite proportions between Mg and Fe, and Al and Fe, in the

second members of the augite and hornblende molecules. If the magne-

sium be taken to the iron as 2:1 and the aluminum to the iron as 2:1,

an average case, and only the augite and hornblende be considered as

solids, the increase in volume is 4.30 per cent. If all the compounds in

both equations are solids, the increase in volume is 6.14 per cent.

An inspection of the above equations giving the alterations of the

diopside-augite series to amphibole shows that the chemical change in the

alteration of diopside and sahlite to tremolite and actinolite is relatively

greater than in the alteration of augite to hornblende. Moreover, if it be
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supposed that the last half of the augite and hornblende molecules are

present in greater propoi-tion than given in the equations, the chemical

change would be of still less relative importance. This is of interest because

the alteration of augite to hornblende is a far more common phenomenon

than the alterations of diopside and sahlite to tremolite and actinolite The

equations also give reasons for the very frequent occurrence of calcite with

uralite. The nature of the alterations is such that calcium carbonate must

be produced, and very naturally a portion of this substance frequently

separates as calcite.

In the change of augite to biotite it is necessary that potassium be

derived from some source. Supposing it to be furnished in the form of

potassium carbonate, as a result of the decomposition of some of the potas-

sium-bearing silicates, the simplest form of reaction may be wi'itten as

follows

:

(10) 2[Ca(MgFe)Si,Oe.(MgFe)(AlFe)2Si06]+K2C03+H,0+C02=

2HK(MgFe)2(AlFe)2SisOi2+2CaC03-Lk.

Supposing the MgO: FeO: : 2: 1, and the AI2O3: FeaOg: : 3: 1—these ratios

being chosen because they represent about an average of the analyses

—

and multiplying the above equation by 6, we have:

(11) 2[CaeMg4Fe2SiiA6-Mg,Fe2Al9Fe3Si603e]+6K2C03+6H20+6C02=

2 ( HeKeMggFeiAlgFeaSiisO^ ) + 12CaC03+k.

Disregarding all other compounds, the increase in volume of the biotite as

compared with the augite is 17.26 per cent.

The alteration of diopside and sahlite to talc, serpentine, and bastite,

equations (1), (3), and (4), all involve increase in volume and liberation of

heat; also they are alterations involving carbonation and hydration. Equa-

tions (2) and (5) involve carbonation, hydration, and oxidation. In all

except equation (1), even if all of the separated quartz and calcite is

dissolved, there is still an increase in volume. They therefore stand as

alterations that are typical of all the jDrinciples of metamorphism in the

zone of katamorphism.

The changes of the pyroxenes, especially augite, to chlorite and epidote,

equation (6), involve hydi-ation, carbonation, and oxidation. The change

occurs with increase in volume and liberation of heat, even if the resultant

oxide of iron and magnesium carbonate be ignored. If these separate as

solids, the increase in volume is considerable. The alteration is, therefore,
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like the change to talc, serpentine, and bastite, one characteristic of the

upper physical-chemical zone. The change of pyroxene to the fibrous

amphibole known as uralite occurs in the belt of cementation on an exten-

sive scale, and to this position the volume change corresponds.

But the passage of pyroxene into definite amphibole individuals is one

of the most common alterations in the zone of anamorphism, and especially

under conditions of mashing. The rule for this zone is for alterations to

occur which result in minerals of higher specific gravity. The alteration

of pyroxene to amphibole seems to be an exception to this rule; for the

specific gravity of the pyroxenes ranges between 3.2 and 3.6, while that of

the amphiboles varies from 2.9 to 3.4.

Mainly in consequence of this decrease in specific gravity the increase

in volume, as already seen, of all compounds entering into the reactions in

the change from diopside to tremolite, equation (7), is 10.55 per cent; of

sahlite to actinolite, equation (8), 10.81 per cent; of augite to hornblende,

equation (9), 6.14 per cent, supposing that the necessary chemical constitu-

ents added to the pyroxene are solid carbonates and the other compounds

produced are solid carbonates.

Unlike the previous alterations, these changes do not involve oxidation,

hydration, or carbonation ; nor, on the other hand, do they involve deoxi-

dation, dehydration, or silication. They are substitution reactions, by which

magnesium, or iron, or both take the place of calcium. They are, there-

fore, analogous to the dolomitization or ferritization of the limestones ; but

the volume change is in an opposite sense from those alterations.

But another factor may enter into the problem, the eff'ect of which is

hard to estimate. The exchange of the magnesium and iron for calcium is

supposed to take place with the separation of a carbonate. If such carbon-

ate were simultaneously silicated, the entire volume change for all the fac-

tors concerned would be decrease. It is necessary to consider the volume

relations of all the resultant minerals rather than those of the pyroxene and

amphibole alone, and hence it may be that in the change of pyroxene to

amphibole in the lower physical-chemical zone, if one could ascertain the

entire effect of this alteration in connection with other alterations, the

volume would not be expanded but contracted, and thus there be no real

exception to the law that the reactions here take place with condensation

of volume.
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But, even if this be true, it is freely admitted that the case is not fully

covered, for it is very uncommon indeed for the chief resultant mineral of

an alteration in the zone of anamorphism to have a lower specific gravity

than the minerals from which it is derived with comparatively small chem-

ical change. Apparently, for some reason the amphiboles are more stable

under conditions of moderately deep-seated metamorphism than the pyrox-

enes. This view is confirmed by the fact that, while the majority of the

schists and gneisses are amphibolitic rather than pyroxenitic, in some of the

gneisses and schists which have been altered under very deep-seated condi-

tions the pyroxenes are present instead of the amphiboles. The significance

of this fact is probably that an unusually high pressure is required in order

to produce the mineral of the highest specific gravity in the case of the

pyi'oxene-amphibole group.

The change from augite tobiotite, equations (10) and (11), is one which

takes place in the zone of anamorphism especially under conditions of

mashing. In this change the volume of the biotite produced is greater

than that of the pyroxene; in the case of the equation (11) 17.26 per cent.

However, this case is similar to that of hornblende. Potassium salt must

be added from some other mineral and a calcium salt is produced. In

order to get the real volume relation of the reaction it would be necessary

to know the source of the potassium and the place to which the calcium

goes; and as present information does not enable us to determine this, no

definite statement can be made as to the total effect of all the changes

involved in the alteration of augite to biotite.

Alterations of pyroxenes other than the diopside-augite series. ]S O CqUatioUS are Written

for the alterations of wollastonite, hedenbergite, acmite, and pectolite,

because the character of the alterations of these compounds has not been

described in the standard authorities, although there is no doubt that these

minerals, like all others, do undergo various alterations. All these minerals

form under deep-seated conditions; and it is to be expected that under the

conditions of the zone of katamorphism, especially in the belt of weathering,

they would be decomposed; but, if so, the minerals into which they change

are unknown.

Alterations of spodumeue are recorded. According to Dana, the first

stage in the alteration of spodumene is to beta-spodumene (crystallization

not determined; sp. gr. 2.644-2.649), in which one-half of the lithium is
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replaced by sodium. The second stage in the process of alteration is the

beta-spodumene passing into eucryptite (hexagonal; sp. gr. 2.667) and albite

(triclinic; sp. gr. 2.62-2.65), or into muscovite (monoclinic; sp. gr. 2.76-3)

and albite, the uniform mixture of which has been known as cymatolite

(sp. gr. 2.69-2.70); or spodumene may jjass into muscovite and raicrocline

(triclinic; sp. gr. 2.54-2.57). The reactions representing the above changes

may be ex^jressed in the manner shown by the equations given below.

The change from spodumene to beta-spodumene may be written:

(12) 4LiAlSiA+Na2C03=2LiN"aAl2Si,0,2+Li2C03+k.

The increase in volume is 24.72 per cent. Where the beta-spodumene

breaks up into eucryptite and albite the reaction is:

(13) LiNaAl2SijOi,=LiAlSi04+NaAlSi308+k.

The increase in volume is 0.05 per cent. Where the beta-spodumene

passes into muscovite and albite the reaction is:

(14) 6LiNaAl2SUO,2+K.,C03+2H,0+2CO,=2H2KAl3Si30i,+6NaAlSi308+3Li,C03+k.

The decrease in volume is 0.76 per cent. In case the spodumene changes

into muscovite and microcline the reaction is:

(15) 12LiAlSiA+4K2C03+2C02+2H20=2H,KAl3Si30i2+6KAlSi308+6Li2C03+k.

The increase in volume is 31.74 per cent.

One would expect reactions (12) and (16) to take place in the zone of

kataoQorphism, but I know of no observations on this point, nor as to the

conditions under which reactions (13) and (14) occur.

AMPHIBOLE GROUP.

ORTHOKHOMBIC AMPHIBOLES.

AMHOPHVLUTE AXD (iEDRITE.

Anthophylliie:

(MgFe) SiOs Mg : Fe : : 4: 1 , 3 : 1, etc.

Orthorhombic.

Sp. gr. 3.1-3.2.

Qedrite:

(MgFe)2Si,Oe.MgAl>SiO,.

Orthorhombic.

Sp. gr. 3.1-3.2.

Occurrence.—Antliopliyllite aud gedrite occur in the schists and gneisses,

both those derived from sedimentary and those derived from igneous rocks.
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Tliey are frequently associated with hornblende and mica. Anthophyllite

occupies the same position in the rhombic amphiboles that bronzite does in

the rhombic pyroxenes, and gedrite the same position as hypersthene. As

already described (p. 270), the bronzites and hypersthenes alter into

anthophyllite. It is to be expected that gedrite in a similar manner forms

from hypersthene, but this particular alteration is not mentioned in the

standard books of reference. Also, as described (p. 310), anthophyllite

forms as a secondary product from olivine.

Alterations.—Authophyllitc by hydration passes into talc (orthorhombic

or monoclinic; sp. gr. 2.75) or bastite (orthorhombic; sp. gr. 2.6). Also,

Lacroix states" that rarely it alters into calcite (rhombohedral; sp. gr.

2.7135). Supposing the magnesium is to the iron as 3:1, and that the

freed iron separates as hematite (rhombohedral; sp. gr. 5.225), the alteration

to talc may be written as follows:

(1) 2Mg,FeSiA2+2H,0+0=2H,Mg3SiA.+Fe,03fk.

The increase in volume of the talc and hematite, as compared with the

anthophyllite, is 11.41 per cent. If the iron oxide be supposed to be

hydrated into limonite (not crystallized; sp. gr. 3.80), the increase in

volume would be still greater. If bastite be produced, and it be supposed

that the magnesium is to the iron as 3:1, the same as in the anthophyllite,

the equation may be written:

(2) 3Mg3FeSUO,.,+8H20=H,6Mg9Fe3Si803e+4SiO.,+k.

The increase in volume of the bastite and quartz (rhombohedral; sp. gr.

2.6535) as compared with the anthophyllite is 34.09 per cent. If the silica

be supposed to be dissolved the increase in volume is 12.09 per cent.

The particular alterations which gedrite undergoes are not described

in the standard text-books; therefore no attempt is made to write equations

for changes of this mineral.

The alteration of anthophyllite to talc and iron oxide involves hydra-

tion and oxidation. The alteration of anthophyllite to bastite involves

,
hydration and desilication. Both sets of reactions are, therefore, char-

acteristic of the zone of katamorphism; and it is in this zone, especially in

the belt of weathering, that the changes occur.

"Lacroix, A., Min^ralogie de la France, Paris, 1893-95, vol. 1, p. 637.
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iWNOCLINlC AMPHIBOLES.

The monoclinic amphiboles include the following rock-making minerals:

TREMOLITE, ACTINOLITE, CCMMINGTOMTE, GRUKERITE, HOKNBLENDE, (]ILAT]C0PHA?(,T;. RIEBECKITB, AMD
ARFVEDSOXITE.

TremoUte:

CaMgsSijOij

Monoclinic.

Sp. gr. 2.9-3.1.

AclinoUie:

Ca(MgFe)3SiA2.
Monoclinic.

Sp. gr. 3-3.2.

Cummingtonite:

(MgFe)Si03.

Monoclirfic.

Sp. gr. 3.1-3.32.

GriXnerite:

FeSiOs.

Monoclinic,

Sp. gr. 3.713.

Homhlende:

Chiefly Ca(MgFe)3Si40i2 with (MgFe)2(AlFe)4Si20i2, and Na^Al^SiAj-

Monoclinic.

Sp. gr. 3.05-3.47.

Glaucophane:

NaAlSiA-(FeMg)Si03.
Monoclinic.

Sp. gr. 3.103-3.113.

Riebeckite:

Na^FejSi^Oij.FeSiOa.

Monoclinic.

Sp. gr. 3.3.

Arfvedsonite:

(NaXaFe)4SiA2-(CaMg)j(AlFe)+Si20i2.

Monoclinic.

Sp. gr. 3.44-3.45.

Occurrence.—The monoclinic amphibole group of minerals is one of the

most important of the rock-making minerals. Like the pyroxenes, one

foi'm or another of amphibole may occur in almost any kind of rock,

running from the most basic to the most acid, including both plutonic and

volcanic rocks, the unmodified sedimentary rocks, and metamorphosed,

igneous, and sedimentary rocks. The amphiboles develop extensively as

secondary minerals, and especially is this true for the variety of amphibole

known as uralite, which, as seen on pp. 274-275, 276-278, is derived from

con-esponding pyroxenes.

Tremolite and actinolite are very abundant in the schists metamor-

phosed from carbonate rocks, especially those rich in magnesium and iron.
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They also occur in the metamorphosed calcareous frag-mental sediments.

Where iron is not al>undant, as in the marbles, tremolite is the mineral

which ordinarily develops. Where ferrous iron is plentiful actinolite

normally forms. Where iron is the chief or only carbonate, griuierite

ordinarily develops. Tremolite and actinolite also occur as alteration

products in igneous rocks, being noted in diabases, gabbros, and more basic

rocks. The secondary products frequently take the form of asbestos and

jade. They are frequently associated with talc and serpentine in steatite-

schists or serpentine-schists. Often, also, tremolite and actinolite are asso-

ciated with pyroxene, epidote, and chlorite. These amphiboles also occur

in veins. Summarizing, as metamorphic minerals, tremolite is derived from

diopside, dolomite, and olivine; actinolite from ankerite, bronzite, hyper-

sthene, olivine, parankerite, and sahlite.

Cummingtonite, the monoclinic amphibole corresponding in composi-

tion with the orthorhombic amphibole anthophyllite, occurs in various

schists of metamorphic origin. It is not known as an original constituent

of the igneous rocks.

Griinerite occiu's most extensively in connection with magnetite and

quartz, or with quartz alone, thus constituting griinei'ite-magnetite-quartz-

schists, or griinei'ite-quartz-schists. The griinerite in such cases often

develops as a secondary product from the alteration of siderite, as explained

on page 245. Grreenalite, probably having the formula FeSiOs.nHgO, occurs

extensively, as in the Biwabik formation of the Mesabi series of Minnesota."

If such material were so deeply buried as to be altered under the conditions

of the zone of anamorphism, dehydi'ation would take place and griinerite

would be formed. The mineral also occiu-s in the garnetiferous micaceous

schists; but in some of these rocks the griinerite itself develops from the

siderite, as in the case of the pure griinerite-quartz-schists and griinerite-

magnetite-quartz-schists.

Hornblende is the most abundant of the amphiboles, and has a veiy

widespread occurrence, being found as a principal constituent in various

igneous rocks, including plutonic and volcanic rocks, and among the latter

both in lavas and in tuffs. It also is a constituent of some of the sedi-

mentary rocks. It is a chief constituent of many of the metamorphosed

f Leith, C. K., The Mesabi iron-bearing district of Minnesota: Mon. U. S. Geol. Survey, vol. 43,

1903, pp. 101-115.
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rocks, especially those of igneous origin. Not infrequently it is also an

abundant constituent in the metamorphosed sedimentary rocks. The schists

in which the hornblende is the chief constituent, whether of aqueous or

igfneous origin, are generally known as amphibolites. In many other schists

and gneisses which are chloritic and micaceous it is an important constitu-

ent. As a metamorphic mineral hornblende has been noted as derived from

almandite, augite, melanite, and pja-ope.

Glaucophane occurs abundantly in certain of the amphibole-schists,

especially those which are derived from the de'bris of basic rocks which were

originally rich in sodium. Naturally, such rocks have a somewhat limited

occurrence; but where they do occur abundantly, as in the Coast Ranges

of California, glaucophane is also very abundant—in fact, is the chief con-

stituent of some of the schists, so that they may properly be called

glaucophane-schists.

Riebeckite occurs in some eruptive rocks which are rich in sodium and

iron, and also in metamorphosed rocks of both sedimentary and igneous

origin. Like glaucophane, it may locally occur abundantly, but is not a

widespread mineral.

Ai-fvedsonite, a soda-amphibole, very naturally occurs in the soda-

bearing igneous rocks, especially in elseolite-syenites and nepheliue-syenites.

Alterations.—Tlic muierals of the monoclinic amphibole group, ol such a

wide variety of composition and extensive occurrence, have naturally a

large number of alteration products. The more common of these are talc,

serpentine, bastite, chlorite, ejjidote, and biotite, These are frequently

accompanied by more or less magnetite, hematite, and limonite. In some

cases the amphiboles alter into the zeolites, pinite, and chabazite.

Taking up the individual minerals, tremolite is most frequently trans-

formed into talc (orthorhombic or monoclinic; sp. gr. 2.75), which may be

accompanied by calcite (rhombohedral ; sp. gr. 2.7135). Acfcinolite com-

monly alters into talc or serpentine (monoclinic; sp. gr. 2.575), often

with the simultaneous formation of calcite, quartz (rhombohedral; sjj. gr.

2.6535), and iron oxide. Cummingtonite commonly alters to bastite (ortho-

rhombic; sp. gr. 2.6). The standard text-books do not describe the altera-

tions of griinerite, although it is believed to alter to the iron oxides.

Hornblende under weathering conditions ordinarily changes to chlorite

(monoclinic; sp. gr. 2.71-2.725), which is often accompanied by epidote
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(monoclinic; sp. gr. 3.38), calcite, quartz, iron oxides, and siderite (rhombo-

liedral; sp. gr. 3.855). Under deep-seated conditions biotite (monoclinic;

sp. gr. 2.90) is frequently a product of the alteration of hornblende, and with

the biotite epidote may simultaneously form. Rarely serpentine is also pro-

duced. While these are the usual alterations of hornblende, in some cases,

under conditions of high temperature, hornblende alters into augite (mono-

clinic; sp. gr. 3.4), with the simultaneous separation of magnetite (isometric;

sp. gr. 5.174). Such alteration of the hornblende has been noted, according

to Lacroix, both in lavas and in bombs." In the lava the change is attributed

to the action of the magma, being analogous to resorption; but in the bombs

it is attributed to heat alone. The alterations of gla^^cophane and riebeckite

are not described in the standard text-books. Arfvedsonite under cei'tain

conditions changes into an acmite (monoclinic; sp. gr. 3.525) free from

calcium.'' With the acmite occur limonite (amorphous; sp. gr. 3.80), mag-

netite, and sometimes lepidomelane (monoclinic; sp. gr. 3.0-3.2). The

change of hornblende to augite and the change of arfvedsonite to acmite

are the reverse of the process of uralitization.

The alteration of tremolite to talc may be written as follows

:

(1) CaMg3Si40i2-fH20+C02=H2Mg3Si40i2-fCaC03+k.

The increase in volume of the talc and calcite as compared with the

tremolite is 25.61 per cent. The decrease in volume of the talc alone as

compared with the tremolite is 0.83 per cent.

The alteration of actinolite to talc, supposing the excess of iron to sepa-

rate as hematite (rhombohedral ; sp. gr. 5.225), and supposing that the

Mg : Fe : : 2 : 1, is as follows:

(2) 6CaMg2FeSi40i2+4H20+6C02+30=4Il2Mg3SiA2+6CaC03+3FeA+8Si02+k.

Supposing all the compounds to remain as solids the increase in volume

is 20.33 per cent. If magnetite be formed instead of hematite the increase

in volume is somewhat less; if limonite be formed, considerably more. If

it be supposed that all the compounds except the talc are dissolved the

decrease in volume is 36.51 per cent.

The alteration of actinolite to the variety of serpentine known as

bastite may be written as follows:

(3) Ca(MgFe)3Si40,2+2H20+C02=H,,(MgFe)3Si203+CaC03+2SiOj+k.

o Lacroix, A., Min^ralogie de la France, Paris, 1893-95, yoI. 1, pp. 668-669.

ftBrogger, W. C, Die Mineralien der Syenitpegmatitgange der Siidnorwegischen, Augit- und
Nephelin-Syenite: Zeitsclir. fiir Kryst. und Min., vol. 16, 1890, pp. 406-407.
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Supposing that the Mg : Fe : : 2 : 1, the equation is

—

(4) CaMg2FeSijOi2+2H20+COi,=H4Mg2FeSi20g+CaC03-|-2SiO,+k.

The increase in volume, supposing all the compounds to separate as solids,

is 38.67 per cent. If only the bastite remains as a solid, the decrease in

volume is 18.06 per cent.

The alteration of cummingtonite into bastite is as follows

:

(5) 3(MgFe)Si03+2H20=Hi(Mgire)3Si20g+Si02+k.

Supposing that the Mg : Fe : : 3 : 1, the equation is

—

(6) 3Mg3FeSi40,2+8H,0=H„Mg,Fe3Si303e+4SiO,+k.

The increase in volume of the bastite and quartz as compared •with the

cummingtonite is 36.76 per cent; of the bastite alone, 14.2 -per cent.

In writing equations for the alteration of hornblende into chlorite and

accompanying minerals the soda-bearing part of the molecule will be

omitted, since the amount of soda present in ordinary hornblende is small.

Supposing that there are eight actinolite molecules in the hornblende to

two of the sesquioxide molecules, that the MgO : FeO : : 2 : 1, and the

AI2O3 : FcoOs : : 2 : 1, that the chlorite produced is on the border line between

prochlorite and clinochlore, and that the Al : Fe in the epidote as 2 : 1, the

reaction may be written as follows:

(7) 8CaMg2FeSi40i2.2Mg4Fe2Al8Fe4Si6036+21H20+16C02=

2(H2„Mgi2AleSi,04.5)+2HCa2Al2FeSi30i3+4CaC03+i2FeC03+24Si02+3Fe203+k.

Provided all the compounds separate as solids the increase in volume is

25.39 per cent.

It is noticeable that the equation for the alteration of the hornblende

to chlorite as a chief resultant product demands that epidote, calcite, sid-

erite, quartz, and hematite be produced; and corresponding with this,

Lacroix noted all of these minerals as accompaniments of the chloritic

alteration with the exception of hematite." Of course all or a larger part

of the iron may pass into the form of iron oxide—magnetite, hematite, or

limonite—in which case some oxygen would need to be added to the equa-

tion; the amomit of CO2 required will be less; and the oxide of iron will

replace the iron carbonate partly or wholly. As these modifications can

easily be made in the equation, it hardly seems necessarj^ to write out

formulae for them.

«Lacroix, cit., pp. 667-668.
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The change of hornblende to biotite requires the addition of potassium.

The potassium can be derived from some other mineral. It is perhaps

most frequently derived from oithoclase, although it is imdoubtedly in

many cases derived from leucite. Supposing it is derived from orthoclase,

and therefore is in the form of potassium silicate, KoSiOg, and that the

actinolite molecule in the hornblende is to the sesquioxide molecule as 2 : 3,

the change may be represented as follows:

(8) 2Ca(MgFe)3SiA2-3(MgFe)2(AlFe)4Si20i,+3K2Si034-SiOj+3H20+2C02=

6HK (MgFe)2 ( AlFe )2Si30i2+2CaC03+ k.

In order to ascertain the volume relations it is necessary to make assump-

tions witli reference to the proportions of the Mg and Fe, and of the Al and

Fe. Supposing the magnesia is to the iron protoxide as 2:1, and the

alumina is to the iron sesquioxide as 2 : 1, the equation is:

—

(9) 2(CaMg,FeSi,Oi2).Mg4Fe2Al3FeiSieO30+3K,SiO3+SiO,+3H2O+2CO,=

HeK6Mg8Fe4Al8Fe4Sii80,2+2CaC034-k.

The increase in volume of the biotite and calcite as compared with the

hornblende and quartz is 41 13 per cent. It has been noted, however,

that the alteration of hornblende to biotite is often accompanied by the

separation of epidote; and this is natural, since there is residual calcium in

the hornblende not needed by the biotite, which could pass into the

ejMdote. Supposing this residual calcium to pass into the epidote, the

reaction may be written as follows

:

(10) 8Ca(MgFe)3SiA2-18(MgFe)2(AlFe)4SiA2 + 15K,Si03+19SiO,+17H20=
30HK(MgFe)2(AlFe)2Si3Oi2+4HCa2(AlFe)3Si3Oi3+k.

In order to calculate the volume relations it may be supposed that the

MgO : FeO as 2 : 1, and the AI2O3: FesO^ as 2:1, the equation being

—

(11) 8CaMg2FeSi40i2.6Mg4FeoAl8Fe4Si6036+15K2Si03+19Si02+ 17H20=
10H3K3Mg4Fe2Al4FejSisO38+H4Ca8Al8Fe4Sii,O52+ k.

The increase in volume of the biotite and epidote as contrasted with the

hornblende and quartz is 30.05 per cent. The increase in volume for

equations (9) and (11) would be much less if the KaSiOg were taken into

account.

Where serpentine also occurs as an alteration product accompanying

the chlorite, biotite, epidote, and other products, this mineral is doubtless

derived from the actinolite part of the molecule, and an equation may be

readily written which represents the simultaneous formation of the bastitic



ALTERATIONS OF HORNBLENDE. 289

form of serpentine by supposing that the number of actinolite molecules is

greater than given in the above equations and that such excess of these

molecules passes into bastite, according to equation (3).

While the more common alterations of hornblende are to chlorite,

biotite, epidote, and accompanying minerals, as above explained, the change

of hornblende into augite, just the reverse of that of augite into hornblende

described on pages 274-278, does take place, and j^robably on a great scale

at sufficient depth. The equation for one case may therefore be written:

(12) Ca,Mg3Fe3SiA4-(MgFe)2(AlFe)iSi20,j+2CaC03=

2[Ca,MgFeSi40i2. (MgFe) ( AlFe) jSiOJ +FeC03+MgC03+k.

If the Mg : Fe : : 2 : 1, and the Al : Fe : : 2 : 1, the equation is

—

(13) Ca2Mg3Fe3Si,0,4.Mg4Fe,AleFe,Si603e+2CaC03=

2[Ca2MgFeSiA2-Mg2FeAl4Fe2Si30i8]+FeC03+MgC03r|-k.

The decrease in volume of the augite as compared with the amphibole is

4.13 per cent.

It is not supposed that the above equations for the alteration of horn-

blende necessarily represent the actual facts of specific cases. Doubtless in

most instances materials from minerals aside from those given enter into

the alterations, and the actual changes are more complex than represented.

However, the equations very clearly show why it is that the production of

chlorite from hornblende demands also the production of other minerals

which Lacroix says so generally accompany chlorite. Also, they show why
epidote so frequently accompanies biotite secondary to hornblende. The
equations may be considered as average cases, which approximate to the

alterations that actually occur in many instances. The volume relations

calculated from the equations also are probably averag'es, for the proportions

of the elements taken in the equations given are chosen from a considera-

tion of analyses of the various minerals. The equations at least make a

quantitative estimate of the relations of the original and secondary minerals,

and therefore will lead to closer observations as to the minerals which

result from the alteration of hornblende, and their relative proportions.

The change of arfvedsonite into acmite is so uncertain in its character

that no attempt is made to write out the equations. In order to satisfactorily

write equations for this alteration it is necessary to know the composi-

tion of the particular arfvedsonite which changes into the particular acmite,

and what other minerals aside from the acmite are produced in the change.

MON XLVII—04 19
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The alteration of tremolite to talc, equation (1), is that of hydration

and carbonation. The alteration of actinolite to talc, equation (2), is that

of hydration, carbonation, desilication, and oxidation. The alteration of

actinolite to bastite, equations (3) and (4), is that of hydration, carbonation,

and desilication. The alteration of cummingtonite to bastite, equations (5)

and (6), is that of hydration and desilication. All these changes take place

with the liberation of heat and with expansion of volume, provided the

compounds which form mainly separate as solids. Whether or not thei-e is

an actual increase in the volume as a result of the changes depends, of

course, upon the amounts of the secondary material which is dissolved. It

is therefore clear that all of these changes are those which are typical of the

zone of katamorphism, and especially the belt of weathering. Moreover,

some of the changes, like that of actinolite to talc and the accompanying

compounds, illustrate all the processes normal to this position; i. e., hydration,

carbonation, oxidation, and desilication. The fact that calcite is so

frequently found associated with the talcs and serpentines secondary to

tremolite, cummingtonite, and actinolite, is rendered perfectly clear by the

equations; for there is always a residuum of calcium which evidently, under

the conditions of the upper physical-chemical zone, unites with the carbon

dioxide and produces calcium carbonate, which frequently separates as the

mineral calcite in large part, but which doubtless is frequently largely or

altogether carried away in solution.

The alteration of hornblende into chlorite and accompanying minerals

is one of liberation of heat and expansion of volume. It is an alteration

also of carbonatioia, and of oxidation in case some of the ferrous iron be

changed to sesquioxide. It is therefoi'e to be expected in the upper

physical-chemical zone, and as a matter of fact it occurs there. The change

from hornblende to biotite is a much deeper seated alteration. It involves

hydration, silication, and possibly carbonation, and thus includes an

unusual combination of reactions. Corresponding with these facts the

change of hornblende to biotite is one which takes place under rather

deep-seated conditions, particularly in connection with profound mechan-

ical action. The phj^sics of the interchanges between hornblende and

augite are elsewhere discussed (see pp. 279-280); but it may be said that

the change of the first to the second involves decrease of volume, and,

corresponding with this fact, is known to take place under very deep-

seated conditions of metamorphism.
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lOLITE (cORDIERITE).

lolite {cordierite)

:

H,(MgFe),Al8Sii„03,.

Orthorhombic.

Sp. gr. 2.60-2.66.

Occurrence.—lolIte occui's ill R grGRt vai'iety of schists and gneisses. In

some cases it is so abundant as to make the rock a cordierite-gneiss. It is

associated with the very heavy raetamorphic minerals, such as tourmaline,

andalusite, sillimanite, garnet, etc. lolite occurs, likewise, in ejected frag-

ments of volcanoes and as a contact mineral in connection with dikes ; also

rarely as an original mineral in igneous rocks.

Alterations.—Tlie most commou alteration is simple hydration. Further

changes may remove some of the ferrous iron or introduce alkalies, or

both, forming pinite (massive; sp. gr. 2.775). Simultaneously with this an

isotropic substance is said to be formed. lolite sometimes passes into a

chlorite similar to talc.

By the hydration of iolite, according to Clarke, chlorophyllite (crystal-

lization not given; sp. gr. 2.77) is formed." Supposing the Mg and Fe to

be in the same proportions both in the iolite and in the chlorophyllite, the

reaction is simple

:

(1) H2(MgFe)4Al8SiioO„+3H20=H8(MgFe)^Al8Sii„0„+k.

If it be supposed that the Mg : Fe : : 3 : 1 in both compounds, the equation is

—

(2) H.,Mg3FeAl3Si,„03,+3H,0=HsMg3FeAl8Si,„0„+k.

The decrease in volume is 0.86 per cent.

The reaction being hydration, toe would expect it to involve increase

of volume, but the chlorophyllite produced is enough heavier to compensate

for this. One would exjject the reaction to take place in the zone of kata-

morphism, but observations on this point are not known to me.

The character of the product which forms simultaneously with pinite

being unknown, and the character of the chlorite which forms as a sec-

ondary product not being ascertained, it seems hardly worth while to

attempt to write equations for these alterations, for they would be largely

conjectural.

"Clarke, F. W., The Constitution of the siHcates: Bull. U. S. Geol. Survey No. 125, 1895, p. 83.
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NEPHELITE GROUP.

NEPHELITE A*D CANCEIKITE.

The nephelite group includes

—

Nepheliie:

NaAlSiOj.

Hexagonal.

Sp. gr. 2.55-2.65.

Cancrinile

:

HfiNaeCa (NaC03)2AlsSi90s6.

Hexagonal.

Sp. gr. 2.42-2.50.

NEPHELITE.

Occurrence.—Nepliclite is a sodium-aluminum silicate. Commonly the

sodium is in part I'eplaced hj potassium. Nephelite occurs in both ancient

and modern igneous rocks, both surface and deep seated. It is abund-

ant in the syenite-schists and syenite-gneisses of certain localities, but

is not known in the metamorphosed secondary rocks. This is doubtless

due to its ready alteration. Nephelite has been produced artificially at

220° C. by a reaction between kaolinite and an alkaline carbonate. As a

secondary product nephelite forms from leucite, but this alteration is not

an important source of the mineral. Nephelite is als-o probably derived

from sodalite.

Alterations.—Thc most frcqucutly observed alteration of nephelite is to

the zeolites, and especially to hydronephelite (hexagonal; sp. gr. 2.263),

natrolite (orthorhombic ; sp. gr. 2.20-2.25), thomsonite (orthorhombic; sp.

gr. 2.3-2.4), and analcite (isometric; sp. gr. 2.22-2.29). Simultaneously

with the formation of some of the zeolites diaspore (orthorhombic; sp. gr.

3.3-3.5), or gibbsite (monoclinic; sp. gr. 2.35), or kaolinite (monoclinic; sp.

gr. 2.615), or some combination of these, is frequently formed.

The reaction for hydronephelite is

—

(1) 6NaAlSiOi-|-7H20+C02=2(HNa2Al3Si30i2.3H20)+Na2C03+k.

The increase in volume is 23.49 per cent.

The alteration next in importance is to natrolite and gibbsite, or to

natrolite and diaspore. The reaction in the former case is:

(2) 6NaAlSi04+7Hi,0+C02=2Na2Al2H,Si30i2+2Al {OH)3+Na5,C03+k.
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Supposing the sodium carbonate to be carried off in solution, the increase

in volume would be 24.46 per cent. If two molecules less of water were

added, instead of two molecules of gibbsite, two molecules of diaspore

would be formed, according to the reaction:

(3) 6NaAlSi04+5H20+00.=2Na2Al,H4Si30i2+2A10(OH)+Na2C03+k.

In this case the increase in volume would be only 15 per cent.

In the production of thomsonite, calcium must replace the sodium. It

will be assumed that this calcium is derived from calcium carbonate. The

reaction will then be

—

(4) 6NaAlSi04H-7H20+3Ca.C03=Ca3Al5Si6024.7H20+3Na2C03+k.

Supposing the calcium carbonate to have been brought in solution and the

sodium carbonate carried away in solution, the increase in volume is 24.60

per cent.

The less common alteration of nephelite to the zeolite analcite, with

the simultaneous production of diaspore or gibbsite, is expressed by the

following reactions

:

(5) 4NaAlSiO,+3H20+CO.,=Na2Al2SiA2-2H20+2[A10(OH)]+Na,C03+k

or

(6) 4NaAlSi04+5HjO+C02=Na2AljSiA2-2Hi,0+2Al(OH)s+Na2C03+k.

In the first case diaspore is simultaneously formed, and in the second case

gibbsite. Supposing the sodium carbonate to be carried awa}^ in solution

the increase in volume is 5.49 per cent if diaspore be formed, and 19.68

per cent if gibbsite be formed.

Alterations of nephelite to muscovite (monoclinic; sp. gr. 2.88), to hydro-

muscovite (pinite) (massive; sp. gr. 2.775), and to kaolinite (monoclinic; sp.

gr. 2.6-2.63) have also been noticed. Where this alteration takes place

the nephelite is probably a potassium-bearing one. Assuming that the

amount of potassium is one-third of the sodium, the reaction may be written:

(7) 2KNa3AUSuO,6+4H20+3CO,=2KH2Al3Si30,,+H,Al,Si20,+ 3Na.,C03+k.

The decrease in volume of the muscovite and kaolin as compared with the

nephelite is 16.50, provided the sodium carbonate is carried away in solu-

tion. The decrease is 13 per cent if the products are pinite and kaolinite.

The volume of the muscovite alone is 38.46 per cent less than that of the

nephelite.
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Another alteration of nephelite of some importance is to socialite

(isometric; sp. gr. 2.14-2.30)

—

(8) 3NaAlSiOiH-NaCl=NaC1.3NaAlSi04+k.

Supposing the NaCl to be added in solution, the increase in volume is

33.14 per cent. If the sodium chloride be present as solid halite (isometric;

sp. gr. 2.1-2.6), the increase in volume would be 15.64 per cent.

While the change is not recorded, it is believed to be highly probable

that nephelite during mass deformation under deep-seated conditions may

change into feldspar, probably albite (triclinic; sp. gr. 2.62-2.65). This

reaction would require the addition of silica, as follows:

(9) NaAlSi04+2Si02=NaAlSi308+k.
I

Supposing the silica to have been present as quartz (rhombohedral ; sp. gr.

2.653-2.654), the decrease in volume would be 0.41 per cent.

The formation of the zeolites, and simultaneously the minerals gibbsite

or diaspore, equations (1) to (6), are all alterations of hydration, carbona-

tion, and expansion of volume, except that of thomsonite, equation (4),

which does not involve carbonation. It is therefore to be expected that

these are reactions which take place in the zone of katamorphism, and such

is the fact. As a result of the alteration of the nephelites to the zeolites in

this zone, a part of the sodium separates and jjrobably goes into solution as

sodium carbonate, and thus we have one of the sources of this compound

which so frequently occurs in underground waters, especially in volcanic

regions. The formation of muscovite and kaolinite from nephelite is a

reaction involving hydration and carbonation and decrease of volume, and

therefore is characteristic of the zone of katamorphism. The formation of

sodalite from nephelite is one which might take place in either physical-

chemical zone, only in the upper zone the sodium chloride would probably

be added in solution, while in the lower zone it would probably be derived

from solid halite.

.CANCRINITE.

Occurrence.—Cancrinite is known only in the nepheline syenites.

Alterations.—By Daua it is mentioned as altering to natrolite (orthorhombic

;

sp. gr., 2.225). The reaction, supposing the excess of alumina passes into

gibbsite (monoclinic; sp. gr., 2.35), may be as follows

:

H6Na«Ca(]SraC03) 2Al8Si9036+6H,0=

3 (Na^AljSisOio.2HjO ) +2A1(OH )3-F CaC03+NajC03+ k.
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The increase in volume of the natroHte, gibbsite, and calcite (rhombo-

hedral; sp. gr., 2.7135) as compared with cancrinite is 8.64 per cent.

The reaction is that of hydration and breaking up of a complex com-

pound into several simpler compounds requiring greater volume, and is

therefore typical of the zone of katamorphism.

SODALITE GROUP.

SODALITE, HAUYNITE, AND SOSELITE.

The sodalite group includes

—

Sodalite:

NaCLSNaAlSiO^.

Isometric.

Sp. gr., 2.14-2.30.

Hailynite:

iSfa2Ca(NaS04. Al) AljSisOij.

Isometric.

Sp. gr., 2.4-2..5. '

Noselite:

lSrai(NaSOi.Al)Al2Si30i2.

Isometric.

Sp. gr., 2.25-2.4.

SODALITE.

Occurrence.—Sodalltc Is sodium alumiuum silicate with some chloride.

Sodalite occurs as an original constituent in the igneous rocks, both surface

and deep seated. .It is not known in the secondary rocks or their metamor-

phosed equivalents. In fact, the occurrence of sodalite is alnaost identical

with that of nephelite, which mineral is one of its sources.

Alterations.—The altcratlou products of sodalite are also identical with

those of nephelite, except that nephelite passes into sodalite, and the

reverse reaction is not recorded, although, as noted below, it is believed to

occur. The alterations of sodalite into minerals similar to those into

which nephelite alters is natural, as sodalite is made up of the nephelite

molecule with the addition of sodium chloride.

Sodalite alters to the same zeolites as does nephelite, viz, to hydro-

nephelite (hexagonal; sp. gr., 2.263), natrolite (orthorhombic ; sp. gr., 2.2-

2.25), thomsonite (orthorhombic; sp. gr., 2.3-2.4), and analcite (isometric;

sp. gr., 2.22-2.29). Simultaneously with the formation of some of the
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zeolites, diaspore (orthorhombic ; sp. gr., 3.3-3.5) or gibbsite (monoclinic;

sp. gr., 2.3-2.4) is frequently formed.

Ill the production of hydronephelite the reaction is

—

(1) 2(NaC1.3NaAlSi04) +4H20+002=2HNa,Al3Si30i2.3H20+2NaCl+Na5C03+k.

Supposing that the sodium chloride and sodium carbonate are dissolved,

the decrease in volume is 7.25 per cent.

In the alteration of sodalite to natrolite, gibbsite or diaspore is also

produced. The reaction, provided gibbsite be produced, is

—

(2) 2(NaC1.3NaAlSi04)+7H,0+C02=2Na,Al,HiSi30i2+2Al(OH)3+2NaCl+Na2C03+k.

If two molecules less of water were added, in place of the gibbsite two

molecules of diaspore would be produced, according to the reaction:

(3) 2(NaC1.3NaAlSi04)-^5H,0+CO,=2Na,Al2H4Si30,2+2A10(OH)+2NaCl+Na2C03+k.

Supposing the sodium chloride and sodium carbonate to be dissolved,

the decrease in volume in the first case would be 6.52 per cent, and in the

second case 13.62 per cent.

In the production of thomsonite the reaction is

—

(4) 2(NaC1.3NaAlSi04)+7H,0+3CaC03=Ca3Al5Si60y.7HjO+2NaCl-f-3Na2C03+k.

Supposing the calcium carbonate to have been in solution and the sodium

chloride and sodium carbonate to be taken into solution, the decrease in

volume is 6.41 per cent.

The alteration of sodalite to analcite and to diaspore may be written

as follows:

(5) 4(NaC1.3NaAlSiOJ+9H20+3C02=
3 (Na,AljSi^Oij .2HjO ) +6AlO (OH ) +4NaCl+ 3 (Na^COs) +k.

If six additional molecules of water were added, as in the case of the

reaction written for natrolite, gibbsite instead of diaspore would be formed.

The reaction is

—

(6) 4(NaC1.3NaAlSi04)+15H20+3C02=

3(Na2AljSi40i2.2H20)+6Al(OH)3+4NaCl+3Nai,C03+k.

Supposing the sodium chloride and sodium carbonate to be taken into

solution, the decrease in volume is 20.77 per cent in the case of diaspore

and 10.11 per cent in the case of gibbsite.
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The reaction for the alteration of sodalite to muscovite (monochnic;

sp. gr., 2.76-3) and kaolinite (monoclinic; sp. gr., 2.6-2.63), supposing

potassium to replace one-fourth of the sodium of the silicate, would be

—

(7) 2(4NaCl.K3Na,Al,, Sii,048)+12H20+9CO,=

eKHjAljSiaOij+SH^AljSi^Og+SNaCl+ONajCOs+k.

Provided the sodium chloride and sodium carbonate are dissolved, the

decrease in volume is 37.07 per cent.

As in the case of nephelite, it is suspected that sodalite may pass into

albite or other feldspar. However, as this change is conjectural, no reaction

will be written.

The various reactions above given are analogous, both from a physical-

chemical point of view and from a geological point of view, with the corre-

sponding reactions in the case of nephelite. Hence it need only be said

that the changes written are those occurring in the zone of katamorphism,

in which rock fracture occurs and ground solutions are active. These

ground solutions by the changes become bearers of sodium chloride and
sodium carbonate.

The relations between the alterations of nephelite and sodalite illustrate

very well the law of mass action. In the laboratory, if nephelite be exposed

to the " slow action of fused sodium chloride with the addition of vaporized

NaCl" it is changed into sodaUte." On the contrary, however, in nature,

where water is abundant and the amount of sodium chloride is small, the

reverse reaction takes place, and sodium chloride is abstracted. Probably
at the same time the nephehte molecule is altered as above indicated.

Thus, while observation does not as yet record nephelite as an alteration

product of sodalite, it is believed to be highly probable that this mineral is

really formed as a stage in the process of alteration of sodalite.

HAtJYNITE AND NOSELITE.

Occurrence.- -Haliynite is sodium-calcium-aluminum silicate with some
sulphate. Noselite is sodium-aluminum silicate with some sulphate.

f'Dana, J. D., A system of mineralogy; Descriptive mineralogy, by E. S. Dana, Wiley & Sons, New
York, ethi ed., 1892, p. 430. See also Eosenbusch, Mikroskopische Physiographie, Stuttgart, 1885, p. 284.
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Haliynite and noselite are common in certain igneous rocks, especially

those which contain nephelite and leucite. Neither of these minerals is

known in the schists and gneisses derived from the sedimentary rocks.

Alterations.—The minerals alter to zeolites, especially to natrolite (ortho-

rhombic; sp. gr. 2.20-2.25), stilbite (monoclinic; sp. gr. 2.094-2.205), and

chabazite (rhombohedral ; sp. gr. 2.08-2.16). Simultaneously with certain

of these alterations calcite (rhombohedral; sp. gr. 2.713-2.714) also forms.

Noselite passes into natrolite according to the following reaction

:

(1) 2Na4(NaS04.Al)Al2SiA2+C02+7H,0=
2 ( H^NajAljSisOi, ) +2Al (OH )3+2Na2S04+Na2C03+k.

It appears that the change requires the formation of gibbsite (mono-

clinic; sp. gr. 2.3-2.4) or diaspore (orthorhombic ; sp. gr. 3.3-3.5), although

these minerals are not recorded as forming contemporaneously with the

natrolite. Supposing the gibbsite to separate as a solid, and the sodium

sulphate and sodium carbonate to be taken into solution, the decrease in

volume is 16.44 j^er cent.

The parallel reaction for the passage of haliynite into natrolite and

gibbsite is as follows:

(2) 2Na2Ca(NaS04.Al) AljSi30,2+2C02+8HjO=

2(H4Na2Al2Si30i2)+2Al(OH)3+2CaC03H-2NaHS04-hk.

Supposing the gibbsite and calcite to remain as solids with the natrolite, but

the sodium acid sulphate to pass into solution, the increase in volume is 4.99

per cent.

As stilbite is a calcium-bearing silicate, it may be assumed that this

forms from haliynite rather than noselite. The reaction is as follows:

(3) 6Na2Ca(NaS04.Al)Al2Si30ii,+36HjO+6CO,=

Ca3Al6(Si308)6.18H20+12Al(OH)3+.3CaC03+6Na,SO^+3]Sra2C03lk.

It appears that the reaction for the formation of stilbite thus requires the

formation of calcite, and also of gibbsite or diaspore. The equation is

written for the former mineral, but could readily be changed to the latter.

Supposing the calcium carbonate and the gibbsite, as well as the stilbite, to

be solids, and the other compounds to be taken into solution, the increase

in volume is 0.460 per cent.
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The reaction for the formation of chabazite from haliynite is

—

( 4 ) 4Na^Ca ( NaSO^. Al ) Al2Si30i2+24H,0+600^=
Ca3Ale(SiO,)3(Si30s)3.18H,0+4Al(OH)3+CaS04+A],(SO,)3+6Na,C03+k.

This reaction again requires the formation of gibbsite or diaspore. Sujj-

posing the compound to be gibbsite, and it and the chabazite to remain as

sohds, and the other compounds to be taken into sohition, the decrease in

vokmie is 7.46 per cent.

The aherations of haiiynite and nosehte to the zeoHtes, calcite, and

gibbsite or diaspore are all reactions of hydration and carbonation and

liberation of heat. If the readily soluble compounds ai-e dissolved, as is

probable, the volume is decreased in most instances. The reactions are

therefore characteristic of the zone of katamorphism.

GARNET GROUP.

GKOSSCLAKITE, PTROPE, ALMAXDITE, SPESSARTITE, MEtANITE, AND BTABOVITE.

The garnet group includes the following rock-making species:

Grossularite:

Isometric.

Sp. gr. 3..55-3. 66.

Pyrope:

MgsAljSisOi,.

Isometric.

Sp. gr. 3.70-3.75.

Almandite:

Fe3Al2Si30,j.

Isometric.

Sp. gr. 3.9-4.2.

Spessartite:

Mn3Al2Si30i,.

Isometric.

Sp. gr. 4. 00-4. .30.

Melanite:

CajFejSiaOiz.

Isometric.

Sp. gr. 3.80-3.90.

TJvarovite:

CaaCr.SijO,^.

Isometric.

Sp. gr. 3.41-3.52.
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Occurrence.—Soiiie form of gamet is a very common mineral in a great

variety of the schists and gneisses, including those which are derived from

sediments and from all forms of igneous rocks, plutonic and volcanic, both

lavas and tuffs. Ordinarily the garnet is a subordinate constituent in these

rocks, although in some cases it becomes one of the chief constituents. The

mineral has its most widespread occurrence in the metamorphosed rocks

which have altered under the influence of mechanical action, or with the

assistance of igneous injections, or both. Not infrequently where garnet is

particularly abundant combined contact and mechanical action have assisted

in furnishing the conditions favorable to its formation. In many instances

the garnet develops after the mechanical action has ceased, showing that it

was not the movements themselves but the other favorable conditions result-

ing therefrom which produced the garnets. It appears, therefore, that the

conditions favorable for the extensive development of the mineral are heat,

moisture, and high pressure. The mineral garnet is the most important of

a group of heavy metamorphic minerals which form under the conditions

mentioned. Other minerals which form under similar conditions and are

frequently associated with garnet are wollastonite, cordierite, vesuvianite,

scapolite, chondrodite, staurolite, andalusite, sillimanite, cyanite, tourmaline,

zircon, etc. These minerals are all anhydrous, or nearly so, and mostly

of a high specific gravity, many of them having a high symmetry. All of

them are formed by the union of silica with bases, and are therefore

produced by processes of silication. In mau}^ instances this simultaneously

involves decarbonation, and this change, as already explained, p. 177,

absorbs heat and lessens the volume of the compounds. They are

therefore minerals which form normally in the zone of anamorphism.

Garnet thus produced can not in general be said to have been derived

from any single mineral. It is usually the result of the rearrangement of

material of two or more adjacent minerals. Dana notes " tliat when garnet

is fused, and the material recrystallizes, the resultant minerals are usually

pyroxene, melilite, monticellite, scapolite, anorthite, nephelite, etc.

This doubtless gives an indication as to some of the minerals which

ai-e rearranged under the conditions above described for the development of

garnet, which are very different from those of dry fusion. Also it is

« Dana, J. D. , A system of mineralogy; Descriptive mineralogy, by E. S. Dana, Wiley & Sons, New
York, 6th ed., 1892, p."447.
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certain that vai-ious hydrous minerals furnish material for the formation of

garnet, and also the limestones and dolomites. As already noted, garnet

has a great variation in composition, and in a given case one of the pure

species mentioned, or a coinbination of the molecules of two or more of

•them, will be formed which can be derived from the elements available.

For instance, from an impure limestone, calcium-aluminum garnet, grossu-

larite, is likely to form. In the magnesian rocks, magnesium-aluminum

garnet, pyrope, is likely to be produced. In the impure aluminous

carbonates of calcium, magnesium, and iron, some combination of two or

more of the species grossularite, pyrope, almandite, and melanite is likely

to be produced.

Grarnet may be an original constituent of some of the igneous rocks,

If this be so, this source of garnet is comparatively insignificant, as it is

very rare indeed that garnet is found in an unaltered igneous rock. In

some of the little altered igneous rocks it is found in lithophysse, but the

garnets in this position are apparently the latest products of crystallization,

the conditions of their formation being analogous to those producing garnets

under the ordinary conditions of rock metamorphism.

Considering the garnets individually, the following statements can be

made as to their occurrence:

Grossularite is especially common in the marbles, where it is frequently

associated with vesuvianite, wollastonite, diopside, etc. It also occurs in

the calcareous schists and gneisses, especially in the calcareous siliceous

rocks, such as calcareous quartzites and calcareous novaculites. Grossularite

also is associated with common garnet in other schists and gneisses. It is

recorded as being derived from melilite and gehlenite.

Pyrope, the magnesium garnet, as would be expected, is especially

prevalent in peridotites and their derivatives, such as serpentine and talc,

since these rocks are rich in magnesium. It also occurs in some basalts.

Almandite, one of the most widespread of the pure garnets, occurs in

granites, schists, gneisses, and granulites, and thus is present in both

feldspathic and feldspar-free schists. Almandite is also known in certain

andesites. It rarely has crystalline forms.

Spessartite occurs in large and small grains in contact rocks, in

poi'phyritic crystals of large size in quartzites, and is abundant in certain

whetstone-schists. With topaz, it is known in lithophysse in rhyolite.
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Melanite is common in basic eruptive rocks rich in alkali. It occurs

especially with neplielite and leucite in phonolites, leucitophyrea, uephe-

linites, and tephrites. In connection with contact metamorphism it occui-s

with woUastonite and fassaite. It is also found in many serpentines.

Uvarovite is at hoine in the serpentines, particularly those which con-

tain chromite. It is also found in the marbles.

Common garnet, ordinarily a molecular mixture of two or more of the

species grossularite, pyrope, almandite, and melanite, is of course more

abundant than the pure species. It occurs in such rocks as amphibolites

and eclogites, in the metamorphosed diabases and gabbros, in the pyroxenic

rocks and their derivatives, and in the schists and gneisses both of igneous

and of sedimentary origin.

Alterations.—Tlic minerals into which garnets alter are very numerous,

chlorite (monoclinic, sp. gr. 2.71-2.725), talc (orthorhombic or monoclinic,

sp. gr. 2.75), and serpentine (monoclinic; sp. gr. 2.575), however, being the

more common products. Only the secondary products which occur on

an important scale in the rocks will be discussed, mere mineralogical

occurrences and pseudomorphs being ignored.

Alterations of grossularite are not described in the standard text-books;

but it is known that meionite (tetragonal; sp. gr. 2.72) and zoisite (saus-

surite) (massive; sp. gr. 3.-3.04) are sometimes secondary products of garnet,

and it is natural to suppose that these minerals are derived either from

grossularite or from the grossularite molecule of common garnet, since

grossularite contains the elements in about the right proportions to produce

meionite and zoisite.

Talc and serpentine are minerals which are secondary to garnet, and

from their chemical composition ought to be derived from the pyrope mole-

cule, either from the pure garnet or from the pyrope molecule in com-

bination with other garnet molecules. Pyrope is known to alter into

chlorite. As chlorite is regarded as a molecular mixture of serpentine and

amesite (crystallization not determined; sp. gr. 2.71), equations are written

for its alterations into amesite and into average chlorites. Pyrope fm-ther

alters into enstatite (orthorhombic; sp. gr. 3.2) and spinel (isometric; sp. gr.

3.8), these minerals frequently forming kelyphite rims about the garnet.

Almandite is recorded as altering into chlorite and into hypersthene

(orthorhombic; sp. gr. 3.45) and spinel, which minerals form kelyphite rims
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about the garnets. It seems probable that in such cases with the ahuan-

dite there is also present the pyrope molecule, and the reactions for the

formation of chlorite, spinel, and hypei'sthene, after almandite, as written

include the pyrope molecule. In the case of the Spurr mine chlorite,

secondary to garnet, the species has beeii determined to be aphrosiderite

"

(massive; sp. gr. 2.90).

Alterations of spessartite, melauite, and uvarovite, as pure species, are

not described in the standard text-books.

Common garnet most frequently alters into chlorite. Often also it

changes into epidote (inonoclinic; sp. gr. 3.88) or into hornblende (mono-

clinic; sp. gr. 3.26). The mixture of almandite and pyrope altering' into

aphrosiderite, and into hypersthene and spinel, may be considered as alter-

ations of common garnet. Where epidote is produced it is probable that

the molecules from which it is derived are a mixture of grossularite and

melanite. Where hornblende is produced it is j^robable that the molecules

are a mixture of pyrope. almandite, and melanite. In the alterations of

the common garnets any of the iron oxides, magnetite (isometric; sp. gr.

5.174), hematite (rhombohedral ; sp. gr. 5.225), or limonite (amorphous;

sp. gr. 3.80), may be produced.

The change from grossularite to meionite may be written as follows:

(1) 3Ca3Al2Si30i2+5C02=Ca4AleSie025+5CaC03+3Si02+k.

The increase in volume of the meionite, calcite (rhombohedral; sp. gr.

2.7135), and quartz (rhombohedral; sp. gr. 2.6535) as compared with the

grossularite is 54.62 per cent.

The change of grossularite to zoisite may be written as follows

:

(2) 3Ca3Al2Si30i2+5CO,+H,,O=2HCa2Al3Si30i3+5CaC03+3Si0,+k.

The increase in volume of the zoisite, calcite, and quartz as compared
with the grossularite is 40.49 per cent.

The alteration of pyrope to talc may be written in two ways, depend-

ing upon whether the excess of magnesium over that required for the for-

fPumpelly, Eaphael, On pseudomorphs of chlorite after garnet: Am. Jour. Sci., 3d ser., vol. 10,

1875, pp. 1-4. Penfield, S. L., and Sparry, F. L., Pseudomorphs of garnet from Lake Superior and
Salida, Colo.: Am. Jour. Sci., 3d ser., vol. 32, 1886, pp. 307-311.
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matioii of talc is regarded as passing into magnesite (rhomboliedral ; sp.

gr. 3.06) or into spinel. The first reaction is

—

(3) 4Mg3Al2Si30i2+15H,0+3C02=3H2Mg3SiiOi2+3MgC03+8Al(OH)3+k.

The increase in volume of the talc, magnesite (rhombohedral ; sp. gr. 3.06),

and gibbsite (monoclinic; sp. gr. 2.35) as compared with the pyrope is 75.91

per cent. The second reaction is

—

(4) 4Mg3Al2Si30,,+6H,0=3H2Mg3SiA2+3MgAl,04+2Al(OH)3+k.

The increase in volume of the talc, spinel, and gibbsite as compared with

the pyrope is 36.84 per cent.

The change of pyrope into serpentine is

—

(5) Mg3AlJSi30l2+5H20=H^Mg3Si209^-2Al(OH)3+Si02+k.

The increase in volume of the serpentine, gibbsite, and quartz as compared

with the pyrope is 81.61 per cent.

If amesite (hexagonal plates; sp. gr. 2.71) is produced from pyrope

the equation is

—

(6) Mg3Al,Si30i,+2H,0+C02=H,,Mg2Al2Si09+MgC03+2Si02+k.

The increase in volume of the amesite, magnesite, and quartz as compared

with the pyrope is 62.26 per cent.

In the alteration of pyrope to chlorite, supposing an intermediate

chlorite be taken, the reaction is

—

(7) 3Mg3AljSi30i,+8H,0=H,eMg3Al6Si5036+4SiO,+k.

The increase in volume of the chlorite and quartz as compared with the

pyrope is 56.02 per cent. Reactions could be written which i-epresent

other varieties of chlorite.

The change of pyrope to enstatite and spinel is

—

(8) Mg3Al2Si30i2=2Mg Si034-MgAl204+Si02+k.

The increase in volume of the enstatite, spinel, and quartz as compared

with the pyrope is 13.51 per cent.

The alteration of almandite and pyrope to chlorite (aplu-osiderite),
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supposing- the Fe:Mg:: 2:1, about the proportion shown by analysis in the

case of the Lake Superior chlorite at the Spurr mine," is

—

(9) 4Fe3Al,Si30,2.2Mg3Al2SiA2+15H,0=3H,„Fe4Mg2Al4SiA5+6SiO,+k.

The increase in volume of the aphrosiderite and quartz as compared with

the garnet is 60.98 per cent.

The alteration of ahnandite and pyrope to hypersthene and spinel,

supposing- the Mg: Fe :: 1 : 1 in the hypersthene, is as follows:

(10) Fe3Al2Si30,2.2Mg3Al2Si30,2=3MgFeSi,06+3MgAl2O4+3SiO2+k.

The increase in volume of the hyperstliene, spinel, and quartz, as compared

with the garnet, is 12.66 per cent. If a hypersthene be produced which is

less rich in iron, the amount of pyrope molecule in the original garnet

must be increased.

The alteration of grossularite and melanite to epidote, supposing an

average epidote be produced, in which the Al: Fe:: 2: 1 is probably

—

(11) 2Ca3Al2Si30i2.Ca3Fe2Si30i2+5COi,+H20=2HCa2Al2FeSi30i3+5CaC03+3Si02+k.

The increase in volume of the epidote, calcite (rhombohedi^al, sp. gr.

2.7135), and quartz, as compared with the garnet, is 40.88 per cent.

Similar equations can be written in which the jjyi'ope molecule takes the

place of the grossularite molecule in large part. In this case magnesite,

instead of calcite, would be produced. Other reactions could be written

for the formation of epidote, in which the original molecule is a combination

of grossularite, pyrope, and melanite. The simplest case is as follows:

(12) Ca3Al2Si30,,.Mg3Al2Si30,2.Ca3Fe,Si30i,+H,0+5C02=

2HCa2Al2FeSi30i3+2CaC03+3MgC03+3Si02+k.

In this case the increase in volume of the epidote, calcite, magnesite, and

quartz, as compared with the garnet, is 39.53 per cent.

The reaction for the passage of pyrope, almandite, and melanite into

hornblende may be written in many ways, depending upon the composition

of the particular hornblende produced. Taking the case of an average

hornblende, in which there are five of the actinolite molecules to two of the

«Penfield, S. L., and Sperry, F. L., On pseudomorphs of garnet from Lake Superior and
Salida, Colo.: Am. Jour. Sci., 3d ser., vol. 32, 1886, pp. 307-311.
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aluminous molecules, in which the MgO: FeO:: 2: 1, and AI2O3: FejOs" 3: 1,

the reaction is as follows:

( 13 ) 3 [2Mg3AUSijOij. FesAljSijOij. CajFejSisOij] +400^=
SCaMg.FeSi^Oij. 2 [ ( Mg^Fe^ ) ( Al^Fej )Sie03e] +4CaC03+4Si02+k.

The increase in volume of the hornblende, calcite, and quartz, as compared

with the garnet, is 24.55 per cent.

The alterations of the ferriferous garnets frequently produce iron

carbonate or iron oxides. No reactions are written to illustrate these

changes; nor would it be easy to express these alterations by reactions

without knowing what becomes of the remainder of the garnet material.

Of course, the alterations which are written above, instead of taking

place separately, may occur simultaneously. Thus the garnet may be a

complex one, which contains molecules of several of the simple garnets,

and there would be simultaneously pi-oduced a considerable number of

secondary minerals. Thus, chlorite and hornblende, chlorite and epidote,

or epidote and hornblende, might be simultaneously ^jroduced. For defi-

nite cases such as these, reactions might be written by combining the reac-

tions for the production of the individual minerals.

An examination of the equations as written shows that in almost all

cases, simultaneously with the production of the minerals which are recorded

as secondary to garnet, quartz also appears, and in some cases calcium

carbonate also must separate, which may be deposited in the form of calcite.

Less frequently siderite and iron oxide form. It is well known that with

the minerals chlorite, epidote, hornblende, etc., secondary to garnet, quartz,

and calcite are often found, and that with serpentine, talc, spinel, hyper-

sthene, and enstatite, quartz is often found. However, the quartz and calcite

are usually not regarded as derived from the garnet and called minerals

secondary to them. But the equations cleaidy show that these minerals

should be regarded as secondary to garnet, just as certainly as epidote,

chlorite, etc. The almost universal presence of quartz with the minerals

mentioned, and the frequent presence of calcite, are thus completely

ex2Dlained. The equations also seem to demand in the alteration to serpen-

tine and talc that gibbsite or diaspore shall be produced. However, some

of the alumina may unite with silica and water and form kaolin. The
equations suggest that a search be made for gibbsite, diaspore, and kaolin
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where the sei'pentines and talcs are secondary to garnet. Of course, in

many cases the silica, calcium carbonate, and possibly the excess of

aluminum hydrate, may be dissolved and transported elsewhere, and thus

their absence would be no proof that the compound^ were not really pro-

duced by the alteration of the garnet.

The alterations of the various kinds of ganiet into different combina-

tions of the following minerals, serpentine, talc, chlorite, epidote, and zoisite,,

magnesite, and gibbsite (equations 2, 3, 4, 5, 6, 7, 9, 11, 12), are all

alterations of hydration, and the majority of them of carbonation and

desilication. These reactions are notable in the amount of increase in

volume, ranging from 36 to 80 per cent. This increase in volume is a

natural consequence of the high specific gravity of the garnet. The altera-

tions of grossularite to meionite, calcite, and quartz (equation 1), and of

pyrope, almandite, and melanite to hornblende, calcite, and quartz (equa-

tion 13), are alterations of carbonation and desilication. There can be no

better illustrations of reactions characteristic of the zone of katamorphism.

It will be seen (pp. 683-685) that the development of garnet is a process

of the zone of anamorphism where the pressure is great and the tempera-

ture probably high. Naturally the extensive destruction of garnet is a

process of the upper physical-chemical zone.

The alterations of pyrope to enstatite, spinel, and quartz (equation 8),

and of almandite and pyrope together to hypersthene and spinel (equation

10), are connnon reactions. They do not involve hydration. They do,

however, involve desilication. The increase in volume for these changes

is comparatively small, 12 or 13 per cent. One would expect that these

reactions would take place either in the lower part of the belt of cementa-

tion or possibly in the upper part of the zone of anamorphism.
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CHRYSOLITE GROUP.

FOKSTEEITE, OLIVINE, AND FAYALITE.

The chrysolite group includes

—

Forsterite:

Mg,SiOi.

Orthorhombic.

Sp. gr. 3.21-3.33.

Olivine:

(MgFe)2SiOt where Mg : Fe : : 16 : 1, 12 : 1, to 2:1, in the last case the mineral being

known as hyalosiderite. (Sp. gr. 3.566.)

Orthorhombic.

Sp. gr. 3.2-3.6 according to Hintze, but ordinarily being, according to Dana, 3.27-3.37.

Fayalite:

FejSiO,.

Orthorhombic.

Sp. gr. 4.1.

Occurrence.—TsclieriiQak coiisiders olivine as an isomorplious mixture of

fayalite and forsterite. The occurrence of the three minerals is the same,

except that fayalite and forsterite are not nearly so widely known as the

intermediate common mineral, olivine. Olivine is an abundant constituent

in intermediate and basic igneous rocks, both plutonic and volcanic, in lavas

and tuffs alike. In rare cases in the volcanic rocks fayalite occurs, as, for

instance, in nodules in volcanic rocks and in lithophysse of the rhyolites of

the Yellowstone Park. Forsterite also very rarely occurs in connection

with volcanic rocks. Olivine is also an accessory constituent in the very

basic schists and gneisses, such as the amphibolites, pyroxenites, eclogites,

etc. Finally, it not infrequently occurs in marbles. In rocks of this class

forsterite also rarely occui's. It therefore appears that the chrysolite group

of minerals occurs most abundantly as original constituents, but are also

rather widely found as secondary developments in the metamorphosed rocks,

including both the carbonates and the basic schists.

Alterations.—TliB alteratioiis of fayalite and forsterite are exceptional;

therefore the chief alterations which are considered are those which pertain

to olivine.

The most common alteration of olivine is to serpentine (monoclinic;

sp. gr. 2.50-2.65). This is a change from an anhydrous orthosilicate to a

hydrous orthosilicate. Doubtless this explains why serpentine rather than
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talc develops so generally from the olivines, because talc is a metasilicate.

Ordinarily accompanying the serpentine one or more of the following

minerals may be found: Tremolite (monocHnic; sp. gr. 3.0), actinolite

(monoclinic; sp. gr. 3.10), talc (orthorhombic or raonoclinic; sp. gr. 2.75),

hydrotalcite (hexagonal; sp. gr. 2.04-2.09), magnesite (rhombohedral; sp. gr.

3.06), breunnerite (rhombohedral; sp. gr. 3-3.2), siderite (rhombohedral;.

sp. gr. 3.83-3.88), quartz (rhombohedral; sp. gr. 2.6535), opal (amorphous;

sp. gr. 2.15)i magnetite (isometric; sp. gr. 5;174), chromite (isometric; sp. gr.

4.445), hematite (rhombohedral; sp. gr. 5.225), and limonite (amorphous;

sp. OT. 3.80). One of the most frequent combinations of minerals with

serpentine is magnesite, quartz or opal, and magnetite. Frequently the

magnetite may partially or completely replace the hematite or limonite.

The formation of the serpentine is frequently accompanied by tremolite or

actinolite with iron oxide. It is much less frequently accompanied by talc.

In some instances the olivine has passed directly into magnesium carbonate

and hematite or limonite, but the former commonly being largely removed

in solution.

Other alterations of olivine are into anthophyllite (orthorhombic; sp.

gr. 3.15) into actinolite, hematite, and spinel (isometric; sp. gr. 3.8), but

these are by no means comparable in importance to the change to serpentine.

Beginning with the simplest alteration to serpentine, if an olivine be

taken in which the magnesium is to the iron as 3:1, and magnetite being

the only mineral which accompanies the serpentine, the reaction may be

written as follows:

(1) 3Mg3FeSi,A+6H,0+0=3H^Mg3Si,09+Fe30,+k.

The increase in volume of the serpentine and magnetite as compared with

the olivine is 29.96 per cent.

Supposing the magnesium is to the iron as 1:1 and the iron passes into

magnetite, the reaction is

—

(2) 3MgFeSi04+2H,0+0=H,Mg3Si20<,+FeA+Si02+k.

The increase in volume of the serjientine, magnetite, and quai'tz as compared

with the olivine is 15.19 per cent.

If it be supposed that a third of the magnesium passes into magnesite,

and that silica also separates, the reaction may be written as follows:

(3) :BMg3FeSiA+3C02+4H20+0=2H,jMg3Si/),j~rFe304+:»IgCO., + 2Si02+k.
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The increase in volume of the serpentine, naagnetite, magnesite, and quartz

as compared with the ohvine is 37.13 per cent. Supposing the Mg and Fe

are present in equal proportions, the equation stands

—

(4) 3Mg2Fe2Si208+4H20+2 0=2H4Mg3Si209+2Fe304+2Si02+k.

In this case, the olivine of which nearly corresponds to that of many rocks,

the increase in volume is 12.43 per cent.

It would be easy to write other equations for different proportions of

magnesium and iron in the olivine, but this seems unnecessary. Also it

would be easy to write reactions by which other forms of iron compounds

than magnetite are produced, such as siderite, hematite, and limonite. If

this be done, and the volume reaction calculated, it will be found that the

increase in volume is still greater than when magnetite forms.

Olivine is described by Becke as passing into anthophyllite (where

Mg : Fe : : 4 : 1, 3:1, etc., orthorhombic ; sp. gr. 3.1-3.2). If the proportion

of the maornesium to the iron be taken as 3 : 1 in both the olivine and the

anthophyllite, the reaction may be written as follows

:

(5) Mg3FeSi,08+2SiO,=Mg3FeSiiO,,- k.

The decrease in volume of the anthophyllite as compared with the original

olivine and quartz is 1.48 per cent.

Various authors have also described the alteration of olivine into

actinolite. Supposing that the magnesium is to the iron as 3 : 1 in both the

olivine and the actinolite, and supposing the calcium to be derived from

carbonate and the silica from quartz, the reaction is as follows:

(6) 3Mg3FeSi2O8+4CaCO3+10SiOj=Mg<,Fe3Ca4Sii6O48+4CO2--k.

The decrease in volume of the actinolite as compared with the olivine,

calcite, and quartz, is 13.34 per cent.

In some instances the alteration into actinolite is described as taking

place in connection with feldspar as a reaction rim. In this case the calcuim

may be supposed to be derived from anorthite, as calcium silicate. The

aluminum may be supposed to pass into common spinel and hercynite

(isometric; sp. gr. 3.93), which are well known to be alteration products of

olivine. The reaction may be:

(7) 4Mg3FeSi,,08+4CaAl.,Si,08=MggFe5Ca4Sii8048+3MgAlj04+FeAl204-k.
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The volume decrease of the actinohte and spinels as compared with the

olivine and feldspar is 7.18 per cent.

The reactions in the alterations of olivine into tremolite are parallel

with those for actinolite, with the exception that no iron is present, and the

mineral therefore probably forms from forsterite. The reaction may be

written

:

(8) 3Mg2Si04+2CaC03+5Si02=2Mg3CaSiA2+2C02-k.

The decrease in volume of the tremolite as compared with the forsterite,

calcite, and silica is 12.29 per cent.

The alteration of olivine to serpentine and the accompanying minerals

is the common one. It takes place in the zone of katamorphism on a great

scale, both in the belt of weathering and in the belt of cementation. Corre-

sponding with the position in the upper physical-chemical zone, the reactions

occur with hydration, oxidation, expansion of volume, and liberation of heat.

The developments of anthophyllite, actinolite, and tremolite from

olivine and actinolite, and of spinel from olivine and feldspar, are all deep-

seated reactions of the zone of anamorphism. Corresponding to this position

the change to anthophyllite, equation (5), is a reaction of silication; the

changes to actinolite and to tremolite, equations (6) and (8), silication

and decarbonation ; and the change of olivine and anorthite to actinolite

and spinel, equation (7), rearrangement of the silicates into denser silicates;

and all take place with diminution of volume and absorption of heat.

SCAPOLITE GROUP.

MEIONITE, WEKNERITE, and MARIALITE.

The scapolite group includes:

Meionite:

Ca^AleSieOjs.

Tetragonal.

Sp. gr. 2.70-2.74.

Wemerite:

mNa^AlsSisO^iCl. nCaiAleSisOjj.

Tetragonal.

Sp. gr. 2.66-2.73.

Marialite:

Na^AlsSiAiCl.

Tetragonal.

Sp. gr. 2.566.
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As is well known, the scapolite group is analogous to the plagioclase

group, both consisting of aodium-aluminum-silicate molecules and ealcium-

aluminum-silicate molecules
. in various proportions. Wernerite is a

combination of the marialite and meionite molecules in various ratios.

Grenerally the ratios vary between 2 : 1 to 1:3.

Occurrence.—Daua summarizes the occurrence of the scapolites as follows:

"(1) in volcanic rocks, as in ejected masses on Mte. Somma (meionite);

(2) in crystalline limestone, often as the direct result of contact meta-

morphism; (3) crystalline schists, augite-gneiss, etc.; (4) as an alteration

product of a plagioclase feldspar, sometimes oil an extensive scale, as with

amphibole." "

Alterations.—Dana states that the scapolites are readily alterable. The

more common products of alteration are kaolin (monoclinic; sp. gr. 2.6-2.63),

talc (orthorhombic or monoclinic; sp. gr. 2.7-2.8), muscovite (hydromnsco-

vite, pinite) (monoclinic; sp. gr. 2.76-3.0), and epidote (the Al and Fe

varying from 6:1 to 3:2; monoclinic; sp. gr. 3.25-3.50). It is also recorded

that the scapolites alter into biotite (monoclinic; sp. gr. 2.7-3.1). Accom-

panying various of these alteration products quartz (rhombohedral ; sp. gr

2.653-2.654) separates. Also, it is probable that in connection with some

of them, gibbsite (monoclinic; sp. gr 2.3-2.4) or diaspOre (orthorhombic;

sp. gr. 3.3-3.5) forms, and very likely also calcite (rhombohedral; sp. gr.

2.713-2.714).

In writing out equations for the alterations to the above minerals, one

is handicapped by lack of knowledge as to whether the marialite or the

meionite, or a combination of the two, produces a given mineral. In this

state of affairs the particular molecule is chosen which is most analogous to

the compound produced. It seems probable that kaolin and talc together

are produced from marialite, according to the reaction

:

(1) 2Na4Al3Si902iCl+9MgC03+9H20=

3H4Al2SLO<,+3H2Mg3SiiOij+3Na2C03+2NaCl+6C02+k.

The increase of volume of the kaolin and talc, as compared with the

marialite, is 7.69 per cent.

It may be that kaolin and calcite are also produced from meionite, as

follows

:

(2) Ca4Al(;Si60j5+6H20+4C02=3HiAl2SiA+^CaC03+k.

a Dana, J. D., A system of mineralogy; Descriptive mineralogy, by E. S. Dana, Wiley & Sons, New
York, 6th ed., 1892, p. 467.
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Supposing all of the CaCOg to remain as calcite, the increase of volume is

35.40 per cent.

The passage of the scapolites into muscovite may be written as follows:

For marialite:

(3) 2NaiAl3SiA4Cl+K2C03+2H20+2CO,=2KH,Al3Si30i,+12SiO,+2NaCl+3Na2C03+k.

In this reaction, as in the case of the passage of the acid feldspars into

muscovite, a large amount of the silica separates. The decrease in volume

of the muscovite and quartz as compared with the marialite is 16.74 per

cent, but if the soluble sodium salts be also taken into account the volume

is increased.

For meionite the reaction may be

—

(4) Ca4Al6Si60,5+K2C03+3CO2-f2H20=2KH2Al3Si3Oi2+4CaC03+k.

The increase in volume of the muscovite and calcite as compared with the

meionite is 29.42 per cent.

As the composition of epidote is very analogous to meionite, and as it

is a calcium-bearing compound, it is thought likely, where epidote is second-

ary to a scapolite, that it is derived from a meionite molecule. Therefore,

supposing that the epidote is one in which the aluminum is to the iron as

2:1, and supposing that the iron is derived from ferric oxide (FeaOs), the

reaction may be written as follows:

(5) Ca4Al|5Sis025+FeA+4H20=2HCa2Al,FeSi30,3+2Al(OH)3+k.

Supposing the hematite (hexagonal-rhombohedral ; sp. gr. 5.225) to have

been present as a solid, and the gibbsite to remain as a solid, the decrease

in volume is 1.62 per cent. It is thought likely that iron for the reaction

is often derived from iron carbonate in solution, combined with simulta-

neous oxidation. In this case the reaction would be

—

(6) Ca4AlsSieO,5+2FeC03+4HjO+0=2HCa,Al,FeSi30i3+2Al(OH)3+2C02+k.

The increase in volume of the epidote and gibbsite as comjDared with the

meionite is 7.55 per cent.
,

The passage of marialite into kaolinite and talc involves hydration,

expansion of volume, and liberation of heat. The change of meionite to

kaolinite involves hydration, carbonation, increase in volume, and libera-

tion of heat. The change of the scapolites to muscovite and accompany-

ing compounds are reactions of hydration, carbonation, increase of volume.
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and liberation of heat. The change of nieionite to epidote is a reaction of

hydration and possibly of oxidation.

Corresponding with these facts the alterations to kaolin and talc are

known to take place in the zone of katamorphism, and the same is probably

true of the alterations to muscovite and epidote, although the latter reac-

tions may be more characteristic of the belt of cementation than of the belt

of weathering.

MELILITE.

Melilite:

(CaMgNa2)6(AlFe)2Si50i9. (Groth.)

Tetragonal.

Sp. gr. 2.9-3.10.

Occurrence.—Melilite lias a widespread distribution in the leucite and

nephelite rocks. Aside from leucite and nephelite the most characteristic

associates are augite and perovskite. Some of the rocks in which melilite

occurs are leucitophyre, nepheline-syenite, and basalt.

Alterations.—Tlic altcratlous of this mineral are not recorded, although

from its composition there can be no doubt that in the upper physical-

chemical zone it decomposes into less complicated silicates.

GEHLENITE.

Oehlenite:

CasAljSizOio-

Tetragonal.

Sp. gr. 2.9-3.07.

Occurrence.—The ouly occurreuce of gehlenite recorded in rocks is as a

contact product in limestone.

Alterations.—Accordlug to Daua it alters to talc (orthorhombic or mono-

clinic; sp. gr. 2.75), to fassaite (monoclinic; sp. gr. 2.965-3.291), and to

grossularite (isometric; sp. gr. 3.605).

The change to grossularite itivolves the addition of SiOa, thus:

Ca3Al,SiAo+Si02=Ca3Al2Si30i,+k.

The decrease in vokime of the grossularite as compared with the gehlenite

is 4.42 per cent. If the SiOj be added as a solid, the decrease in volume

is 18.56.

As gehlenite is so rare, and the manner of the alteration into talc and

fassaite is not clear, no attempt is made to write equations for the changes.
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VESUVIANITE.

Vesuvianite:

HR"„Al3Si50.„ (Clarke).

Tetragonal.

Sp.gr. 3.35-3.45.

Clarke states that the Rq in the typical mineral is replaced by calcium

and magnesium in the proportion of 5: 1, giving HCa5MgAl3Si502i.

Occurrence.—Vesuviauite occiirs in ancient ejections of Vesuvius. It is

most abundant in marbles. It is also found in vai-ious gneisses and schists,

especially those which are calcareous. It often forms in connection with

contact action. It is frequently associated with such other metamorphic

minerals as garnet, and also the micas and chlorites.

Alterations.—From the literature it is impracticable to ascertain which

particular garnet, mica, or chlorite forms from a certain vesuvianite, and

the accompanying minerals which must simultaneously form are unknown;

it therefore does not seem advisable to attempt to write equations represent-

ing the alterations, since they must be so largely speculative.

ZIRCON GROUP.

The only important rock-making mineral of the zircon group is zircon.

Zircon:

ZrSiO^.

Tetragonal.

Sp.gr. 4.66-1.70.

Occurrence.—Zlrcou is especlally common in marble. It also occurs both

in massive igneous rocks, such as syenite and granite, and in the schists and

gneisses.

Alterations.—Accordlug to Clarkc the only alteration described is that of

hydration, producing hydrous zircon (malacon) (tetragonal; sp. gr. 3.905),

the reaction being:

3ZrSi04+ HjC -=HjZrjSisO,,.

The increase in vohime in the change is 24.05 per cent.
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ALUMINUM-SILICATE GROUP.

TOPAZ, AXDALUSITE, SILLIMANITK, A>'D CYANITE.

The aluminum-silicate group includes

—

Topaz:

AljFjSiOi or Al,(F,OH)2Si04.

Orthorhombic.

Sp. gr. 3.4-3.6.

Andalusiie:

Al^SiOs.

Orthorhombic.

Sp. gr. 3.16-3.20.

Sillimanite:

AljSiOi.

Orthorhombic.

Sp. gr. 3.23-3.24.

Cyanile {cliMhene):

Al^SiOs.

Triclinic.

Sp. gr. 3.56-3.67.

Occurrence.—Topaz IS a mucli less commou mineral than andalusite,

sillimanite, and cyanite. Like them, it occurs in the schists and gneisses

of sedimentary origin, especiall}^ those in which other fluorine minerals are

found, such as tourmaline and beryl. Unlike andalusite, sillimanite, and

cyanite, it is sometimes found in cavities in fresh volcanic rocks, as, for

instance, rhyolite.

Andalusite is a frequent constituent of the metamorphosed sedimentary

rocks, especially of the argillaceous kinds. It often occurs in crystals,

including many other minerals in the partly metamorphosed sedimentary

rocks; but is also found in large, well-formed crystals in the schists.

Frequently in the metamorphosed sedimentary rocks its development has

been promoted by the contact effect of igneous rocks, especially the

granitic rocks. Its most characteristic associates are silhmanite and cyanite.

With the former it frequently has parallel intergrowths. Also it is fre-

quently associated with garnet and staurohte, and not infrequently with

tourmaline. Andalusite is rare, if indeed not altogether absent in the

metamorphosed igneous rocks.

Sillimanite is a common mineral in the strongly metamorphosed sedi-

metary rocks, such as schists and gneisses, where it frequently replaces
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andalusite to a large extent. Like andalusite, its development may be

promoted by the presence of intrusive rocks, especially granites. In such

cases sillimanite frequently develops nearer the intrusive masses than does

the andalusite, the sillimanite therefore being the mineral which forms under

conditions of more advanced metamorphism. It is frequently associated

with garnet and with spinel and staurolite, sometimes with iohte (cordierite)-

Sillimanite is derived from andalusite, biotite, corundum, cyanite, diaspore,

and gibbsite.

The occurrence and associates of cyanite are similar to those of silli-

manite ; but a very frequent additional associate is corundum, and where

formed by the assistance of igneous rocks the cyanite is likely, on the

average, to be closer to the intrusive than the sillimanite, although of

course they ordinarily overlap. As a metamorphic mineral, cyanite is

derived from andalusite, corundum, diaspore, and gibbsite.

Tremolite, actinolite, and diopside are frequent associates of andalusite,

sillimanite, and cyanite, especially of the last two.

The special homes of the aluminum-sihcate group of minerals are

the metamorphosed argillaceous sedimentary rocks. As is well known,

kaolin is one of the chief constituents of such rocks, and doubtless it is

from this mineral in large part, under deep-seated conditions, that the

aluminum-silicate minerals are formed. If it be supposed that these heavy

minerals develop from kaolin, the process would be one of dehydration

and separation of silica. This silica may separate either as quartz or may

unite with other compounds, such as calcium and magnesium or other

bases, to form silicates. The breaking up of the kaolin may be repre-

sented by the following equation:

(1) HiAl2SiA=Al2Si05+2H.,0+Si02+k.

Supposing the mineral produced were andalusite, tbe volume of the anda-

lusite and quartz is 25.40 per cent less than that of the kaolin. If it be

supposed that calciun:i carbonate is present at the same time, and that the

freed silica unites with it, the equation may be written

:

(2) H4Al,SijOs+CaC03=Al,Si05+CaSi03+2H20+C02+k. .

In this case the volume of the andalusite and wollastonite is 32.32 per cent

less than that of the kaolin and calcite. If the heavier mineral silli-

manite or cyanite be produced tlie decrease in volume is even greater.
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While for the sake of simphcity wollastonite is supposed to form, the

more frequent association of the aluminum-silicate group is with tremolite,

actinolite, and diopside. For the first and last of these minerals the freed

silica unites with the calcium and magnesium together, and for the second

with the calcium, magnesium, and iron. The equations representing the

changes are analogous to (2), and the volume changes are in the same

direction.

Alterations.—Tlic Standard stated alterations of the aluminum-silicate

group are to talc (steatite) (massive; sp. gr. 2.75) and to muscovite

(damourite) (monoclinic; sp. gr. 2.88). It is recorded also that topaz and

andalusite alter to kaolin (monoclinic; sp. gr. 2.615). Occasionally also

andalusite may alter into the heavier mineral cyanite (triclinic; sp. gr.

3.56-3.67).

The alterations of the minerals into talc require an entire change of

base; that is, from aluminum silicates to magnesium silicates. The reac-

tions being those of the zone of katamorphism, the most probable source

of the magnesium is doubtless the carbonate, which may be derived from

the decomposition of magnesium rocks such as the pyroxenites, olivinites,

etc. The process, however, requires the separation of aluminum either as

corundum (rhomboliedral ; sp. gr. 4.025), eorundophilite (monoclinic; sp.

gr. 2.90), diaspore (orthorhombic ; sp. gr. 3.40), gibbsite (monoclinic; sp.

gr. 2.35), or some other form. Since the reaction takes place in the upper

physical-chemical zone, gibbsite will be regarded as the product formed.

The change of the aluminum-silicate minerals to muscovite requires the

addition of potassium. This is doubtless derived from the liberation of

potassium during the decomposition of the potash feldspars, and will there-

fore be regarded as added as a carbonate. The change from andalusite to

cyanite is simply a molecular one, the result being a mineral of great

specific gravity. It has already been seen that andalusite is a product of

less intense metamorphism, and that more intense metamorphism produces

sillimanite and cyanite. The change of andalusite to these heavier minerals

is therefore one which requires deep-seated conditions, and is characteristic

of the zone of katamorphism.

The equations representing the change of andalusite, sillimanite, and

cyanite to talc with gibbsite may be written as follows:

(1) 4AljSi05+3MgC03+13H20=H2Mg3SiA2+8Al(OH)3+3C02+k.
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The decrease in volume of the talc as compared with the andalusite is 32.37

per cent; as compared with the silhrnanite, 31.20 per cent; as compared

with the cyanite, 23.12 per cent. But if the gibbsite be inchadod as a sohd

the increases in volume are 97.67 per cent, 10L09 per cent, and 124.71 per

cent, respectively.

The change of the three minerals to kaolin may be written as follows:

(2) 2Al28i05+5H20=H,Al,Si20<,+2Al(OH)3+k.

The change in volume of the kaolin as compared with the andalusite is a

decrease of 3.15 per cent; as compared with, the silhrnanite, a decrease of

1.47 per cent; and as compared with the cyanite, an increase of 10.11 per

cent. But if the gibbsite be a sohd, the increases in volume are 61.87

per cent, 64.67 per cent, and 84.02 per cent, respectively.

The alterations of the same minerals to muscovite (damourite) may be

written as follows:

(3) 6Al,Si05+K2C03+llH20=2H2KAl3Si30i2+6Al(OH)3+ CO,+k.

The decrease in volume of the muscovite as compared with the andalusite

is 9.55 per cent; as compared with the sillimanite, 7.98 per cent; the

increase as compared with the cyanite is 2.83 per cent. But if the gibbsite

be regarded as a solid, the increases in volume are 55.47 per cent, 58.16

per cent, and 76.74 per cent, respectively.

The alterations of the aluminum-silicate minerals to talc, kaolin, or

muscovite, with the accompanying gibbsite, are all reactions of hydration.

They involve great increase of volume, from 56 to 125 per cent. To

produce the original heavy aluminum-silicate minerals in the zone of

anamorphism undoubtedly required great condensation of volume. When
the reactions are reversed in the zone of katamorphism, there is a corre-

spondingly great expansion of volume. The change of the heavy aluminum-

silicate minerals to the much lighter hydrous minerals gives one of the best

illustrative cases of typical reactions of the zone of katamorphism.

The change of andalusite to cyanite, as already explained, being a

molecular one, involves a volume relation inversely as the specific gravity,

and therefore by the change the volume is decreased 12.03 per cent. The

change of andalusite to cyanite is a reaction of the zone of anamorphism.
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EPIDOTE GROUP.

ZOISITE, EPIDOTE, PIEDMONTITE, AND ALLANITE.

The epidote group includes the following minerals:

Zoisiie :

Ca.,(A10H)Al2(Si04)3.

Orthorhombic.

Sp. gr. 3.25-3.37.

Epidote:

Oa.,(A10H)(AlFe)2(Si04)3 where Al:Fe as 6:1 to 3:2.

Monoclinic.

Sp. gr. 3.25-3.50.

Piedmontite :

Ca^ (AlOH) (MnAl)2(SiOj3.

Monoclinic.

Sp. gr. 3.404.

AUanite [orthite):

Oa.,(A10H) (AlCeFe),(SiOj3.

Monoclinic.

Sp. gr. 3.5-4.2.

Occurrence.—Zoisite IS not kuowu as an original pyrogenic constituent of

igneous rocks. It is found in the schists and gneisses, especially those

containing the amphiboles. Thus it is very common in the amphibolites,^

glaucophane-schists, eclogites, etc. Zoisite frequently occurs with albite

as one of the constituents of the so-called saussurites, which develop as

an alteration of the basic feldspars, especially in gabbros. Zoisite also

occurs in the altered granites and other acid igneous rocks, although it is,

on the whole, less abundant than in the more basic rocks, but in some

localities it is plentiful even in the acid rocks. Zoisite is a very frequent

constituent in grits, graywackes, and other sediments of similar composition.

In such rocks the minerals were partly altered to zoisite during the forma-

tion of the sedimentary rocks, and this zoisite is to be classed with the

allogenic constituents of the mechanical sediments. Zoisite further develops

in the altered sedimentary rocks as a frequent and sometimes abundant

product of metamorphism. From the foregoing statement of occurrence it

is plain that zoisite develops in the zone of katamorphism, and especially

in the belt of cementation. As shown under the discussion of the other

minerals, it is seen that zoisite may be derived from the following minerals

:

Corundum, diaspore, gibbsite, grossularite, and the plagioclases.



OCCURRENCE OF EPIDOTE. 321

Epidote, like zoisite, Is rarely if ever a pyi'ogenic constituent in igneous

rocks. It is, however, a secondary constituent in all varieties of metamor-

pliosed igneous rocks, whether plutonic or volcanic, whether lavas or tuffs.

It is an allogenic constituent of the sedimentary rocks, and it extensively

develops in the sedimentary rocks as a secondary product. It is particularly

likely to form in rocks rich in calcium and iron, whether igneous or sedi-

mentary; and thus is especially abundant in those metamorphosed igneous

rocks which contain ferriferous varieties of pyroxene and amphibole, and

in metamorphic sedimentary rocks which contain a considerable amount

of calcium, as, for instance, calcareous schists and gneisses and mai'ble.

In the metamorphosed rocks epidote occurs alike in those which have a

strongly developed schistose or gneissose structure and in those which have

merely undergone metasomatic change. It is found as one of the important

filling constituents of amygdaloids. It fi-equently develops at the contact

of two rocks, especially an igneous rock with other rocks, either igneous or

sedimentary. A list of diiferent rock species which contain epidote includes

almost every variety of massive, schistose, semischistose, and little altered

igneous and sedimentary rocks. Epidote is, in fact, one of the most

important secondary constituents of all the silicates. It is an almost

constant accompaniment of the chlorites. Wherever the calcium-iron-

magnesium-silicate rocks break up, the magnesium passing into chlorite, a

part of the calcium and iron is likely to pass into epidote. The equations

for these alterations may be found under the minerals from which epidote

is derived. Where epidote becomes so abundant as to be a chief constituent

it may give a name to a rock ; for instance, epidosite. From the foregoing

statements it is apparent that epidote develops abundantly under mass-

static and under mass-mechanical conditions. It forms with ease and on a

great scale in the belt of cementation of the zone of katamorphism, and it

is probable that it develops to some extent in the zone of anamorphism.

Whether it forms at all in the belt of weathering can not be stated.

Epidote is derived from the following minerals: Anorthoclase, augite,

biotite, garnet, hornblende, melanite, microcline, orthoclase, the plagio-

clases, and the scapolites.

Piedmontite, or manganese-epidote, is apt to replace epidote in those

schists and gneisses in which manganese happens to be an important con-

stituent. Thus it is rather common in certain manganese-bearing schists of
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Japan, in the manganese-clilorite-seincite-gneisses of eastern United States,

and at other locahties. In some cases piedmontite occurs as nuclei sur-

rounded by ordinary epidote. Piedmontite is occasionally so abundant as

to be one of the chief constituents of rocks.

Allanite occurs as an original subordinate constituent of a great number

of eruptive rocks, such as granite, rhyolite, diorite, tonalite, andesite, dacite,

and syenite. In short, it is a common accessory in the acid and intermediate

eruptives, but is not so characteristic of the basic eruptive rocks. It also

occurs in the metamorphic rocks, such as the schists and gneisses, especially

those which are calcareous, and it may occur also in the marbles.

Alterations.— Definite alteratious of zoisite, epidote, and piedmontite are

not recorded. But it is certain in the belt of weathering that zoisite and

epidote break up into calcite (rhombohedral ; sp. gr. 2.7135), quartz (rhom-

bohedral; sp. gr. 2.6535), iron oxides, kaolin (monoclinic; sp. gr. 2.615),

and perhaps gibbsite (monoclinic; sp. gr. 2.35); and piedmontite and

allanite alter into other minerals in a similar fashion.

It has already been seen that in the alteration of mica, pyroxene,

amphibole, and other minerals chlorite and zoisite are frequent simultaneous

products which together use up all tlie material of the original minerals.

It has also been noted that the chlorite and epidote are abundantly

developed together in the sedimentary rocks. If the conditions so change

that these sedimentary rocks or other rocks in which epidote and zoisite

have formed in the zone of katamorphism become so deeply buried as to

pass into the zone of anamorphism, it is highly probable that the consti-

tuents which form epidote a,nd zoisite and those which form chlorite reunite

to produce minerals that are on the average denser, such as mica, amphibole,

pyroxene, etc., out of which they are originally developed. This is believed

to be probable from the fact that in the most profoundly metamorphosed

sedimentary rocks, those which are true schists and gneisses, little or no

epidote and chlorite is contained, unless they have again been subjected to the

conditions of the upper physical-chemical zone. Such schists and gneisses,

having been derived from and traced into ordinary sediments, in all prob-

ability did originally contain both chlorite and epidote, which have doubt-

less united to reproduce heavy minerals similar to those from which epidote

and chlorite formed originally.
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It is not easy to approach accuracy in writing equations for the altera-

tions of the epidotes in the belt of weathering-. In the equations given

below it is supposed that the calcium passes into carbonate, that the

Al (OH) goes into gibbsite, that the remainder of the aluminum goes into

kaolin, and that the excess of silica separates as quartz. In the epidote the

Al is supposed to be to the Fe as 2:1, and the iron is supposed to pass into

limonite (amorphous; sp. gr. 3.8). Upon these suppositions the alterations

stand

—

For zoisite

—

(1) Ca,(A10H)AL(Si04)3+2C02+3H20=2CaCO,+Al(OH)3+H,Al2SiA+SiOj+k

and for epidote

—

(2) Ca6(A10H)3AUFejSiA6+6CO,+8^-H,0=

6CaC03+3Al(OH)3+2HiAl2Si203+Fe203.1*HjO+5Si02+k.

The increase in volume of all the compounds formed as compared with

the zoisite is 66.22 per cent, and as compared with the epidote is 69.08 per

cent.

Of course there are many other ways in which the equations could be

written. All of the aluminum might pass into gibbsite or diaspore and

more quartz form. The iron may pass into heijiatite in whole or in part,

etc. While all this is true, it is believed tliat the above equations represent

correctly the fundamental fact that by hydration and carbonation zoisite

and epidote in the belt of weathering pass into simpler compounds.

Similar reactions could be written for the alterations of piedmontite

and allanite, but considering the comparative rarity of these compounds

this will not be done.

AXINITE.

Axinite:

HCajAlzESijOij. (In gome cases part of the Ca is replaced by Fe and Mn.

)

Triclinic.

Sp. gr. 3.271-3.294.

Occurrence.—Axinitc occurs as a secondary constituent in basic eruptive

rocks, such as the diabases and gabbros. It is found to some extent in the

schists and gneisses, and particularly in those bearing abundant pyroxene

and amphibole. It also occurs in altered sedimentary rocks as a product
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formed in connection with the contact action of such rocks as g-ranites,

granuhtes, diabases, and gabbros. In such positions the formation of

axinite is usually regarded as assisted by fumarole action.

Alterations.—Apparently the alterations which axinite undergoes in

rocks have not been worked out, as they are not recorded in the standard

text-books.
PREHNITE.

Prehnite:

H.CajAljSiaOij.

Orthorhombic.

Sp. sr. 2.8-2.95.

Occurrence.—Prehuite is almost identical in its occurrence with the

zeolites (see pp. 331-333). It is therefore especially prevalent in the basic

and intermediate rocks, such as anorthosite, basalt, diabase, gabbro,

andesite, diorite, and syenite; also it occurs to some extent in granites and

gneisses, where it may be associated with epidote. In the igneous rocks it

is especially prevalent in the volcanics, since these are usually more

porous. Like the zeolites, it is a very frequent occupant of amygdaloidal

cavities, and also of cracks and crevices in the rocks. As already inti-

mated, the most constant associates of prehnite are the zeolites. Prehnite

occurs to some extent in the schists and gneisses, including those derived

from igneous rocks, such as the amphibolites, and from aqueous rocks,

such as the marbles. In some cases it is found in cavities in sedimentary

rocks which have been metamorphosed by granitic or granulitic intrusions.

As a secondarjr mineral prehnite is often derived from aualcite, laumontite,

mesolite, natrolite, the plagioclases, and scolecite. Fused prehnite yields

woUastonite and ankerite.

Alterations.—Tlic ouly alteration which I have been able to note in refer-

ence to prehnite is to chlorite (monoclinic; sp. gr. 2.71-2.725). This

change requires the substitution of magnesium for calcium. Supposing

the chlorite were amesite (hexagonal plates; sp. gr. 2.71), the change might

be expressed:

H,Ca2Al2Si30i2+2MgC03+H20=H4Mg2Al2SiO<,+2Si02+2CaC03+k.

Ignoring the carbonates, the increase of volume of the chlorite and quartz

(rhombohedral; sp. gr. 2.6535) as compared with the prehnite is 3.27 per

cent. The change is one of hydration and desilication, and would be

expected to take place in the zone of katamorphism.
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HUMITE GROUP.

CHONDKODITE, HrMITE, AND CLINCH DMITI!.

The humite group includes:

Chondrodite:

[Mg(F.0H)],Mg3SiA-

Monoclinic.

Sp. gr. 3.1-3.2.

Humite:

[Mg(F.OH)],Mg5Si30,,.

Orthorhombic.

Sp. gr. 3.1-3.2.

Ctinohumite:

[Mg(F.0H)],Mg,SiA6-

Monoclinic.

Sp. gr. 3.1-3.2.

In all tlie above the hydroxide (OH) replaces a part of the fluorine.

Occurrence.—The liumitcs occur in masses of magnesian limestones and

rocks bearing carbonates ejected by volcanoes. Chondrodite has a some-

what widespread occurrence in the marbles of eastern United States. In

such cases it is sometimes, at least, a contact mineral. Frequently it is

accompanied by spinel.

Alterations.—The mcst frequeut alterations of the humites are to serpen-

tine (monoclinic; sp. gr. 2.50-2,65) and brucite (rhombohedral ; sp. gr.

2.38-2.4). In the equations for the alterations the hydroxide will be ignored.

The reactions may be written as follows:

(1) (MgF),Mg3Si,08+3H20=H,Mg3Si,09+Mg(OH),+MgF,+k.

(2) 2[(MgF)2Mg5Si30,2]+9H,0=3H,Mg3SiA+3Mg(OH),+2MgF2+k.

(3) (MgF),Mg,SiA6+6H,0=2n,Mg3Si,0<,+2Mg(OH),+MgF,+k.

The increase in volume of the serpentine and brucite as compared with

chondrodite, from which it is derived, is 30.15 per cent; as compared with

humite, 35.53 j)er cent; as compared with clinohumite, 38.39 per cent.

The alterations of humite to serpentine and brucite involve hydration,

expansion of volume, and liberation of heat. They are therefore typical

reactions of the zone of katamorphism.
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TOURMALINE.

Tourmaline is a complicated aluminum silicate, which may be of any

one of four different types or intermolecular growths of these types.

According to Clarke, the formulae for these types are— "

Toummliyie:

NaHEsAlgBjSieOsi (R in some cases being lithium and hydrogen).

NaHsMgjAljBjSieOsi (Mg frequently being replaced by Fe)

.

NaH^MgaAl^BsSieOsi.

NaHsMgiAlsBjSieOai.

Ehombohedral.

Sp. gr. 2.98-3.20.

Occurrence.—Tourmalinc rather frequently occurs in the marbles and in

the calcareous schists. It also has a rather widespread occurrence, although

generally not as an abundant mineral, in granites, gneisses, schists, and

granulite. In these rocks it frequently occurs in such relations to dikes of

igneous rocks, especially of pegmatites, as to suggest that its development

is promoted by contact action. Because of the boron, tourmaline has

generally been regarded as evidence of fumarole action. Certain it is that

boron is not usually a constituent of the ordinary sediments, and to

account for this element, especially where the tourmaline is abundant, as it

occasionally is in the schists, would seem to require its introduction from

an outside source, either by gaseous or by aqueous solutions.

Alterations.—Mlucral spcclmeus of tourmaline are recorded as altering

into mica, chlorite (monocliuic; sp. gr. 2.71-2.725), and steatite (massive;

sp. gr. 2.794). However, in rocks tourmaline is one of the more permanent

minerals, and the chemical additions and subtractions which occur in the

alterations are so little known, and the exact nature of the tourmaline from

which individual minerals are derived is so uncertain, that it is not thought

advisable to attempt to write all the reactions representing these changes.

If one assumes a definite tourmaline and a definite mica as being produced

from it, it is easy to write a reaction. For instance, supposing that normal

biotite (monoclinic; sp. gr. 2.90) is derived from a tourmaline of the

composition of the last of the four formulae given, that the additional

alkalies are added in the forms of carbonates, that the free boric acid

a Clarke, F. W., The constitution of the silicates: Bull. U. S. Geol. Survey No. 125, 1895,

pp. 56-57. An alternative form has been proposed by Penfleid.
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passes into borax, and that the excess of alumina separates as gibbsite

(monodinic; sp. gr. 2.35), the reaction is

—

4NaH5Mg4Al5B3Si603i+4KjC03+Na,003=

8HKMgi,Al2Si30i2+3Na,BA+4Al(OH)5+5C02+k.

The decrease in volume of the biotite as compared with the tourmaline is

6.75 per cent; but if the gibbsite be included the increase of volume

is 3.96 per cent.

STATJROMTE.
Staurolite:

HFeAlsSi^Oia

Orthorhombie.

Sp. gr. 3.65-3.77.

Occurrence.—Staurolite Is slmllar in its occurrence to garnet, but apparentl}^

requires more intense metamorphic action for it to begin to form. Its most

widespread occurrence is in the schists and gneisses of sedimentary origin.

It also develops in profoundly metamorphosed rocks of eruptive origin, but

it is not known as an original constituent in any eruptive rock. Like

garnet, it may be abundantly developed in the zone of anamorphism iu

rocks which are cut by intrusives. The conditions favorable to its formation

are therefore similar to those which produce garnet (see pp. 300-302) and

such minerals as tourmaline, andalusite, sillimanite, and. cyanite, with

which it is associated. It is evidently a mineral which derives its materials

from various other minerals, the elements being recombined into the more

compact form of staurolite under deep-seated conditions.

Alterations.—Thc ouly altcratlous recorded for staurolite are to talc

(orthorhombie or monochnic; sp. gr. 2.75), to chlorite (monoclinic; sp. gr.

2.71-2.725), and to muscovite (damourite) (monoclinic; sp. gr. 2.76-3.0).

The first two minerals are essentially magnesian ones, although if the

chlorite be aphrosiderite (massive; sp. gr. 2.90) a considerable amount of

iron may be present. It is therefore clear that in the change to talc and

chlorite magnesium must be derived from some other compounds. As the

alterations are those which occur in the zone of katamorphism, it may be

supposed that the magnesium is in the form of carbonate, since magnesium

carbonate is an almost universal constituent of ground waters in the upper

physical-chemical zone. The alteration to muscovite requires an entire loss

of the iron and the addition of potassium. It is therefore clear that some
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potassium mineral must also be concerned in this alteration. Staurolite

rocks usually contain ortlioclase, or at least some potash feldspar. It may

be supposed that these potash feldspars break up into kaolin at the same

time, thus furnishing the potassium necessary for the change.

The change of staurolite to talc may be written as follows:

(1) 2HFeAl5Si2Oi3+3MgCO3+loH2O+O=H2Mg3SiA2+Fe2O3+10Al(OH)3+3CO2+k.

The decrease of the volume of the talc as compared with the staurolite is

44.02 per cent; but if the gibbsite (monoclinic; sp. gr. 2.35) be included

the increase in volume of the two is 90.96 per cent.

In the change to chlorite the most aluminous one is chosen, amesite

(hexagonal plates; sp. gr. 2.71), since staurolite is so heavily aluminous

Moreover, it is siipposed that the iron in the chlorite is to the magnesium as

1:3. On these suppositions the reaction may be written:

(2) 2HFeAl5Si20,3+10H,0+6MgC03=2H8Mg3reAliSi20i8+2Al(OH)3+6C02+k.

The increase of volume of the chlorite and gibbsite as compared with the

staurolite is 103.58 per cent

The change of staurolite to muscovite may be written:

(3) 3HFeAl5Si20i3+K2003+14HjO+0=2Hi,KAl3Si,Oi2+Fe304+9Al(OH)3+COj+k.

The decrease in volume of the muscovite as compared with the staurolite

is 24.96 per cent; but if the magnetite (isometric; sp. gr. 5.174) and gibbsite

be included the increase in volume would be 68.08 per cent, and if hema-

tite (rhombohedral; sp gr. 5.225) or limonite (amorphous; sp. gr. 3.8)

form, instead of magnetite, the increase would be still greater.

In the above equations it is entirely possible that the magnesium may
be added in some other form than that given, and the resultant compounds

be different. The same thing may be said of the potassium. It is uncer-

tain what becomes of the excess of aluminum. In the equations the

aluminum is regarded as passing into the gibbsite. However, the presence

of abundant gibbsite is not recorded among the alterations of staurolite,

although frequently corundum (rhombohedral; sp. gr. 4.025) occurs in

connection with it; but it is by no means certain that this corundum is one

of the results of the alteration of the staurolite ; indeed, it is more probable

that the corundum formed from g'ibbsite at the same time the staurolite

developed.
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In short, tlie above reactions are probably as unsatisfactory as any

that have been written, because the text-books do not record what minerals

accompany the talc, chlorite, and muscovite as a result of the transforma-

tion of the staurolite. It is certain that in each case some other minerals

must be produced.

ZEOLITE GROUP.

The zeolites are a great gi'oup of hydrous silicates about which there

seems to be no consensus of opinion as to the species in the group, as to

the composition of the species, or as to their classification. Since Groth

and Clarke are among the latest authors to discuss this group, their

formulae are used, Groth's being placed first and Clarke's second when he

differs from Groth. Groth's formulae are put into an empirical form, and

the subordinate constituents which may replace the chief bases are omitted.

The differences between the formulae given and Dana's also are pointed

out. The important rock-making zeolites are as follows, ranged from basic

to acid:

THOMSOMTE, HYDEOSEPHELITE, NATBOLITE, MESOLITE, SCOLECITE, ANALCITE, APOPHTLLITE, EPISTILBITE,
HEDLASDITE, STILBITE, PHILLIPSITK, HAKMOTOME, GISMOJTDITE, CHABAZITE, GMELINITE, AND
LAUMONTITE.

Thomsonite:

(CaNaj.) AljSijOg.SJHjO (Dana agrees with Groth.)

Ca^AleSisOjj.THjO

Orthorhombic.

Sp. sr. 2.3-2.4.

Sydronephelite:

HNajAljSijOij.SHjO

HNajAljSijOi^.SHjO

Hexagonal.

Sp. gr. 2.263.

NatroUte:

Na^Al2Si30iu.2H20 (Dana agrees with Groth.

)

Orthorhombic.

Sp. gr. 2.20-2.25.

Mesolite:

H2]Sfa2CaAl4Si602i.4HjO. (Dana makes all water that of hydration.

)

HgNa^CaAliSieOj^.H^O.

Monoclinic and triclinic.

Sp. gr. 2.29.
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Scolecite:

H2CaAl2Si30ii-2H20. (Dana agrees with Groth.)

Monoclinic.

Sp. gr. 2.16-2.4.

Analcite:

Na^Al^SiiOiz.ZHjO. (Dana agrees with Groth.

)

Isometric.

Sp. gr. 2.22-2.29.

Apc^hyllUe:

H,KCa4Sia024.4JH20. (Dana agrees with Groth.

)

H]4Ca4Sie023.

Tetragonal.

Sp. gr. 2.3-2.4.

EpistUhite: ~.

HjCajAljSiiiOas.THjO. (Dana varies from both, but is nearer Groth. His formula is

H4CaAl2SieO,8.3H20.

)

CagAlgSisO^s-ieHjO.

Monoclinic.

Sp. gr. 2.25.

Heulandite:

H4CaAl2Si60i8.3H20. (Dana agrees with Groth.

)

Ca3AleSii8048.16H20.

Monoclinic.

Sp. gr. 2.18-2.22.

Stilbite {desmine):

Ca4Al5Sii5048.18H20. (Dana's formula is nearly the same as Clarke's:

H4(Na2Ca)Al2SieOi8.4H20.)

Ca3AleSi,304e.l8H20.

Monoclinic.

Sp. gr. 2.094-2.205.

Phillipsite:

(K2Na2Ca)sAl5SiiQ032-12H20. (Dana's formula is nearly like Clarke's:

(K2Ca)Al2Si40i2.4JH20.)

K2Ca,AleSii2036.14H20.

Monoclinic.

Sp. gr. 2.2.

Ha-nnotome:

Ba3Al5Siio032.12H20. (Dana varies from each. His formula is (K2Ba)Al2Si50i4.5H20.

)

Ba3Al3Sii404„.14H20.

Monoclinic.

Sp. gr. 2.44-2.50.
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Gismondite:

Ca3Al5Si4024.12H20. (Dana's formula is one of the molecules given.)

Ca3Al6SiA4-12H20.

Monoclinic.

Sp. gr. 2.265.

Chabazite;

Ca3Al6Siio032.16H20. (Dana agrees with Clarke as to the amount of Si. His formula

is (CaNa2)Al2SiA2-6H20.)

Ca3Al6Sii2036.18H20.

Khombohedral.

Sp. gr. 2.08-2.16.

Omelinite:

(Dana varies from each. His formula is (Na2Ca)Al2Si40]2.6H20.

)

Na3Al3Si,02o.9H20.

Khombohedral.

Sp. gr. 2.04-2.17.

Laumontite:

H4CaAl2Si40u.2H20. (Dana agrees with Groth.)

Ca3AleSii2036.12H20.

Monoclinic.

Sp. gr. 2.25-2.36.

Occurrence.—The zeolites are not known as original pyrogenic constitu-

ents of igneous rocks. As secondary minerals they are most abundantly

found in basic lavas and allied rocks, including both glassy and crystallized

kinds. The zeolites occur in these rocks, both in the ordinary feldspathic

varieties, such as basalt and trachyte, and in those containing leucite,

nephelite, sodalite, etc., and especially in those which are somewhat vesicu-

lar. The zeolites also develop abundantly in the deep-seated equivalents

of the basalts in such rocks as the diabases, gabbros, etc. The zeolites are

less prevalent, although far from rare, in the diorite and syenite families,

including both the ordinary syenites and nepheline-syenites. Finally, tlie

zeolites are far from uncommon in the more acid rocks, such as those of

the granite family. In short, the zeolites may occur in almost any variety

of the igneous rocks, but, as already said, are most prevalent in the basic

group. In the sedimentary rocks the zeolites may be allogenic constituents

separate from other minerals, or an alteration product of partly decomposed

minerals. Also, after the deposition of material in the fragmental rocks

the zeolites may develop as alteration products. Hence the zeolites are

constituents of the altered sedimentary rocks, of the semimetamorphosed
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sedimentary rocks, and of the schists and gneisses of sedimentary origin,

which, after becoming schists and gneisses, have been snbjected to agencies

of alteration in the zone of katamorphism.

The zeoHtes develop from many minerals, but especially from the

plagioclase feldspars and from the leucites, sodalites, nephelites, etc. From
the plagioclases many of the zeolites are jJi'oduced. The following may be

regarded as derived from anorthite : Thomsonite, gismondite, laumontite,

phillipsite, heulandite, epistilbite, stilbite, chabazite, and scolecite. The
following may be regarded as derived from albite: Analcite and natrolite.

Mesolite may be regarded as derived from albite and anorthite together.

Since the intermediate plagioclases contain both the anorthite and the albite

molecules, all of the above minerals may be derived from oligoclase,

andesine, labradorite, and bytownite, as may also mesolite. So far as

recorded the derivations of the zeolite minerals from the nephelites, leu-

cites, and sodalites are as follows: Thomsonite from nephelite and sodalite;

hydronephelite from nephelite and sodalite; natrolite from nephelite,

sodalite, haiiynite, and noselite; analcite from leucite, nephelite, and soda-

lite; stilbite from haiiynite and noselite; chabazite from haiiynite and

noselite. The zeolites are also derived from other minerals as follows:

Analcite from laumontite, natrolite from apatite and chabazite, etc.

It is hardly worth while to consider the occurrence of each of the

zeolites. It may be said, however, that the calcium-bearing zeolites

are most apt to form in the calcareous rocks, and the soda zeolites in

the rocks rich in soda. Thus stilbite, scolecite, and similar minerals are

likely to form in the calcareous rocks and limestones, while hydronephelite,

natrolite, and analcite, and similar minerals, are especially likely to form

from the rocks containing soda feldspars and nephelites, leucites, and

sodalites. The sodium-calcium zeolites, such as thomsonite, mesolite, and

phillipsite, may occur in the calcareous rocks, such as the limestones, in

the igneous soda rocks, such as the nephelite rocks, and in the basalts and

similar rocks.

In the, rocks in which they occur the zeolites may be found (1) within

the mass of the rock as alteration products of the minerals; (2) in amyg-

dules, filling the vacuoles of the igneous rocks ; and (3) in other openings

of all kinds, such as fractures, the pores of sediments, etc.
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The development of the zeohtes m nearly all cases requires hydration

and expansion of volume, as shown under the discussions of the particular

minerals from which they form. Their formation, therefore, tends to fill

up the crevices and cracks in rocks, even if no material be furnished from

an extraneous source. It may be that the zeolitization combined with other

alterations furnishes sufficient material to entirely fill the vacuoles of many
amygdaloids without material being- furnished from an extraneoiis source.

(See pp. 631-634.) However, it is doubtless the case that much of the mate-

rial of the zeolites which is deposited in the belt of cementation is derived

by solution from the belt of weathering. As shown under the individual

minerals from which the zeolites develop, the conditions for the formation

of these minerals are those of the zone of katamorphism, both in the belt

of weathering- and in that of cementation.

In the belt of cementation, in which lij'-dration is perhaps the most

characteristic reaction and alterations can take place with expansion of

volume, the zeolites form on a great scale. Conforming with these state-

ments are the observations made by Daubrde" that zeolites can be formed

experimentally in the presence of abundant water at temperatures of about

50° C. Pointing in the same direction is the fact stated by Renard'' that

phillipsite has extensively formed at the bottom of the sea at temperatures

not far from 0° C.

While the zeolites develop chiefly in the belt of cementation, it is

certain that in very humid regions they form in the belt of weathering.

But it is also certain that to a great extent the zeolites are also destroyed in

the belt of weathering. This is especiall)^ the case in hot arid regions.

Alterations.—The most compreheusivc statement as to the alterations of

the zeolites is that given by Clarke." His statements are as follows: (1)

Natrolite alters into prehnite (orthorhombic; sp. gr. 2.875); (2) mesolite

alters into prehnite; (3) scolecite alters into prehnite; (4) analcite alters

into albite (triclinic; sp. gr. 2.635), and (5) orthoclase (monoclinic; sp. gr.

2.57) and prehnite; (6) apophyllite alters into pectolite (monoclinic;

sp. gr, 2.73); (7) heulandite alters into albite, and (8) into orthoclase;

Daubrge, A., Etudes synthL^tiques de g^ologie exp6rimentale, Paris, 1879, pt. 1, pp. 199, 205-207.
f- Murray, John, and Renard, A. F., Report of the scientific results of the voyage of H. M. S.

Challenger, 1873-1876; Deep-sea deposits, London, 1891, pp. 400-411.
c Clarke, F. W., The constitution of the silicates: Bull. U. S. Geol. Survey No. 125, 1895, pp. 32-t5.
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(9) stilbite alters into albite, and (10) into orthoclase; (11) chabazite

alters into natrolite (hexagonal-rhomboliedral (Hintze), orthorhombic

(Dana); sp. gr. 2.225); (12) laumontite alters into albite, (13) into ortho-

clase and prehnite, and (14) into analcite (isometric; sp. gr. 2.255).

These alterations may be expressed by the following equations, the

numbers of the equations corresponding to the numbers of the alterations.

In writing these equations, whether Groth's or Clarke's formula is used

depends on which is more nearly analogous to the formula of the mineral

produced.

(1) Na2Al2Si30i„.2H20+2CaC03=HjCa2Al2Si30is,+Nai,C03+C02+H,0-k.

(2) H,Na2CaAl,Si60ji.4H20+3CaC03=2H2Ca2Al2Si30i2+Na2C03+2C02+3H20-k.

(3) H2CaAl2Si30n.2H20+CaC03=H2Ca5Al2Si30i2+2H,0+C02-k.

(4) Na,Al,Si40i2.2HjO+2Si02=2NaAlSi308+2H20-k.

(5) 3(Na2Al2Si,0,2.2H20)+4CaC03+KjC03=

2KAlSi308+2H,Ca,Al,Si30l3-^3Na2C03+2C02^-4H,0-k.

(6) H„Ca^Si6023+Nai,C03=2HNaCa2Si309+6H,0+C02-k.

(7) H40aAl2Si(,Oi8.3H20+Na2C03=2NaAlSi308+CaC03+-5H,0-k.

(8) H,CaAl2SioOi8.3H20+K2C03=2KAlSi30s+CaC03+5H20-k.

(9) Ca,AleSii80„a.l8H,0+3NajC03=6NaAlSi308+3CaC03+18H20-k.

(10) Ca3Al6Si,8048.18HjO+3K2C()3=6KAlSi308+3CaC03+18H20-k.

(11) Ca3Al6Si,203e.l8H,0+2Al(OH)3+4Na,C03=

4H,Na,Al2Si30i, -r-3CaC03+C02+13H20-k.

(12) Ca3AljSi,2038.12H20+2Na,C03+COj=4NaAlSi308+Al,03+3CaC03+12H20-k.

(13) Ca3Al6Sii2036.12H20+CaC03+K2C03=

2KAlSi3O8+2H2Ca2Al,Si3Oi2+2CO2+10H2O-k.

(14) Ca3AleSi,,036.12H20+3NajC03=3(Na.,AljSiA2-2H,0)+3CaC03i-6H,0-k.

The decreases in volumes are as follows: Prehnite as compared with

the natrolite, equation (1), 16.12 per cent; prehnite as compared with meso-

lite, equation (2), 15.05 per cent; prehnite as compared with scolecite,

equation (3), 16.66 per cent; albite as compared with the analcite and

quartz, equation (4), 17.25 per cent; orthoclase and prehnite as compared

with analcite, equation (5), 14.0& per cent; pectolite as compared with

apophyllite, equation (6), 19.48 per cent; albite as compared with heulan-

dite, equation (7), 25.03 per cent; orthoclase as compared with heulandite,

equation (8), 18.44 per cent; albite as compared with stilbite, equation (9),

31.67 per cent; orthoclase as compared with stilbite, equation (10), 25.66

per cent; natrolite as compared with chabazite, equation (11), 4.58 per



ALTERATIONS OF ZEOLITES. 335

cent; albite as compared with lanmontite, equation (12), 34.92 j^er cent;

ortlioclase and prehnite as compared with la'umontite, equation (13), 17.75

per cent; and analcite as compared with lanmontite, equation (14), 4.30 per

cent.

In calculating the volume relations the carbonates, and in equation

(11) the aluminum hydrate, are ignored. If these compounds were taken

into accouut the decreases in volume would in some cases be somewhat

more, in others somewhat less. To ignore these side compounds seems the

best course, since the added and subtracted salts may be in other forms

than those given.

For the most part the alterations, so far as the bases are concerned,

are remarkably simple, involving only the interchange between the alkalies,

sodium and potassium, or between sodium and the alkaline earth calcium,

or the addition of the bases sodium or calcium. They are all reactions of

dehydration, partial or complete. Many of them are reactions of decar-

bonation and one, equation (4), is a reaction of silication. Presumably

they all take place with the absorption of heat. While nothing can be

ascertained as to the actual conditions under which the changes take place,

one would expect them to occur in the zone of anamorphism, for a number
of the reactions reverse those of the zone of katamorphism. In the latter

zone the alteration of the feldspars into the zeolites is well known. The
reverse changes, those of analcite, heulandite, stilbite, and lanmontite into

albite and orthoclase, for which equations are written, would be hardlv

likely to take place in the same zone. At anj^ rate tlie alterations of the

feldspars into the zeolites and the zeolites into the feldspars present a very

interesting case of reversible reactions discussed subsequently. (See

pp. 366-369.)

It is further certain that the zeolites as extensively formed in the belt

of cementation, in the belt of weathering break up, by carbonation and
hydration, into the simpler compounds, such as the carbonates of the

alkalies and the alkaline earths, diaspore or gibbsite, kaolin, and quartz.

Hypothetical reactions could readily be written for these changes similar

to those worked out for zoisite and epidote (pp. 322-328);" but since so

little is known as to the definite minerals which are formed from each

zeolite, this is hardly worth while at the present stage of knowledge.
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MICA GROUP.

MUSCOTITE, PAEAGONITE, BIOTITE, AND PHLOGOPITE.

The mica group includes the following rock-making species:

Muscovite:

(H,K)AlSi04. (Normal muscoviteKHoAlsSisOij.)

Monoclinic.

Sp. gr. 2.76-3.0.

Paragonite:

HjNaAljSisOij.

Monoclinic.

Sp. gr. 2.78-2.90.

Biotite:

(H,K)2(MgFe)2Al2Si30i2. (Dana.) (Proportion of Mg:Fe varies widely. Normal

biotite: KHMgsAljSiaOi^. (Clarke.))

Monoclinic.

Sp. gr. 2.7-3.1.

Phlogopite:

KH.MgjAlSijOi^.

Monoclinic.

Sp. gr. 2.78-2.85.

MUSCOVITE.

Muscovite, as already noted, is hydrogen-potassium-aluminum silicate.

Occurrence.—Muscovite is au abuudant constituent in the plutonic rocks,

but is rather rare as a constituent in the volcanic rocks. ' It is one of the

most abundant constituents of the metamorphosed rocks, being a chief

mineral in many metamorphosed sedimentary and many metamorphosed

igneous rocks. As a secondary constituent, it is derived from many other

minerals. The more important of these are feldspar, including both ortho-

clase and plagioclase, nephelite, sodalite, leucite, the scapolites, spodumene,

topaz, andalusite, and cyanite. It is also recorded as a pseudoraorph after

tourmaline, garnet, beryl, and cordierite. There is little doubt also that

muscovite in the metamorphosed rocks is largely formed from the materials

of the zeolites. Some of the minerals, such as nephelite, sodalite, and

leucite, from which the muscovite is derived, occur only in the igneous rocks.

Others of them, such as the zeolites, occur only in rocks of altered or sec-

ondary nature. Others of the minerals from which muscovite is derived,

such as topaz, cyanite, and andalusite, are chiefly metamorphic constituents.
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Still others from which muscovite is derived, such as the feldspars, may

be original constituents of the igneous rocks,. or they may be original or

secondary constituents of the sedimentary rocks. It is therefore clear that

muscovite has an unusual A^ariety of sources, and consequently it may be

expected in almost any variety of rock except the volcanics. It is, how-

ever, a more characteristic constituent of the acidic and intermediate rocks

than of the basic rocks.

In summary, muscovite is derived from anorthoclase, diasjjore, gibbsite,

leucite, microcline, nephelite, orthoclase, plagioclase and orthoclase, scapo-

lites, sodalite, and spodumene. The muscovite damourite is derived from

andalusite, corundum, cyanite, sillimanite, staurolite, and topaz.

Alterations.—The minerals to which muscovite alters are not nearly so

abundant as those from which it is derived. One of the most frequent

alterations is that of hydration, a part of the potassium being replaced by
hydrogen; or at the same time it may take up other bases and thus the

mineral may pass into vermiculite, a somewhat indefinite compound to

which no formula can be assigned. Muscovite also alters into serpentine

(monoclinic; sp. gr. 2.50-2.65) and into the steatitic form of talc (massive;

sp. gr. 2.7-2.8). Probably simultaneously with the formation of these

minerals gibbsite (monoclinic; sp. gr. 2.3-2.4) or diasjjore (orthorhombic

;

sp. gr. 3.3-3.5) forms, although the contemporaneous formation of these

minerals is not mentioned. Muscovite also may alter into the soda-mica

paragonite (monoclinic; sp. gr. 2.78-2.90).

The reactions by which muscovite passes into serpentine and talc are

very uncertain. If the magnesium were supposed to be derived from a

carbonate and all of the silica of the muscovite went into the resultant

compounds, the reactions may be written as follows:

For serpentine:

(1) 2KH.,Al3Si30,2+9MgC03+1.3H20=3H4MgsSi209+6Al(OH)3+K2C03+8C02+k.

For talc:

(2) 4KH,Al3Si30,2+9MgC03+17H20=3H.,Mg3SiA,+12Al(OH)3+2K2C03+7C02+k.

The increase in volume of the serpentine as compared with the muscovite is

16.56 per cent, and the decrease of the talc 25.23 per cent. But if the

magnesium carbonate be contributed by solutions, and the gibbsite remains

as a solid with the serpentine and talc, the increase in volume of the ser-

MON XLVII—04 22
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pentine and gibbsite as compared with the muscovite is 88.44 per cent, and

of the talc and gibbsite 46.69 per cent.

The change of muscovite to paragonite merely requires the substitution

of sodium for potassium, and may be written as follows

:

(3) 2H2KAl3Si30,,+Na,,C03=2H2NaAl3Si30i2+K:2C03+k.

The decrease in volume is 2.67 per cent.

Muscovite under deep-seated conditions is a mineral which is practi-

cally permanent. In fact, under these conditions, as already indicated, it is

produced by the alteration of other minerals. The above alterations of

muscovite, resulting in the formation of vermiculite, serpentine, and talc,

with gibbsite all occur in the zone of katamorphism, and especially in the

belt of weathering. Even under the conditions of the surface belt the proc-

esses of change are exceedingly slow. Corresponding with this position,

the changes take place with increase of volume and liberation of heat.

PARAGONITE.

Paragonite is hydi-ous sodium-aluminum silicate.

Occurrence.—Paragouite is not certainly known as an original pyrogenic

constituent in igneous rocks. It is found especially in tlie metamorphosed

igneous rocks and in the semimetamoi^phosed and completely metamor-

phosed sedimentary rocks. In many so-called sericite rocks it is probable

that a portion of the micaceous mineral is paragonite rather than muscovite.

Parag'onite is especially likely to occur in the metamorphic rocks, instead

of miiscovite, where the original rocks, either igneous or sedimentary, bear

a considerable amount of sodium. Very frequently associated with para-

gonite are the heavy metamorphic minerals, such as cyanite, staurolite,

garnet, tourmaline, etc. In certain places muscovite has been noted as pass-

ing to paragonite, and thus the potassium mica is a source for the soda mica.

In summary, paragonite as a metamorphic mineral is derived from

anorthoclase, muscovite, and plagioclases.

Alterations.—Alteratlous of paragonite are not recorded in the standard

text-books. However, there can be little doubt that this mineral undergoes

a set of alterations in the zone of katamorphism, and one would expect

that these altei'ations would be analogous to those which take place with

muscovite.
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Biotite is liydrogen-potassium-magnesium-aluminum silicate, a part of

the magnesium frequently being replaced by iron.

Occurrence.—Biotlte IS au Original chief constituent of many of the igneous

rocks, both plutonic and volcanic, and ranging from those which are acid

to those which are basic. It is a very abundant secondary constituent

in the slates, schists, and gneisses, developing on a great scale in the

metamorphosed rocks, both igneous and sedimentary. As a secondary

constituent it seems usually not to be derived from a single mineral, as is

frequently the case with musco vite, but is produced from material furnished

by two or more minerals. For instance, it is frequently a reaction product

between magnetite and other minerals, the magnetite furnishing the iron

for the biotite, the other constituents being derived from such minerals as

the pyroxenes, amphiboles, and feldspars. A frequent case is the formation

of biotite from the pyroxenes, feldspars, and naagnetite. The feldspars and

feldspathoids frequently furnish the potassia, parts of the alumina, and silica.

The pyroxenes and amphiboles frequently furnish a part of the magnesia,

alumina, and silica. Dolomite is often a source of the magnesia. The

oxides and carbonate of iron are the most frequent sources of this element.

In summary,' as a metamorphic mineral, biotite is derived from anortho-

clase, augite, hornblende, microcline, orthoclase, and the scapolites.

Alterations.—-Perhaps tlic most frequent alterations of biotite are to

hydrobiotite (probably monoclinic; sp. gr. 2.90, average of biotite) and to

chlorite (monoclinic; sp. gr. 2.80). It also alters into epidote (monoclinic;

sp. gr. 3.25-3.50); rarely it alters into hypersthene (orthorhombic; sp. gr.

3.40-3.50) and sillimanite (orthorhombic; sp. gr. 3.23-3.24); and in some

cases it apparently alters into serpentine (monoclinic; sp. gr. 2.575). Its

alteration into the above minerals may be accompanied by tlie separation

of quartz (rhombohedral ; sp. gr. 2.6535), and if the biotite be ferriferous,

by the formation of magnetite (isometric; sp. gr. 5.174), or other iron oxide.

The alteration of biotite into serpentine probably requires the simulta-

neous production of kaolin (monoclinic; sp. gr. 2.615) and gibbsite (mono-

clinic; sp. gr. 2.35). Supposing that all the magnesium of normal biotite
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goes into the serpentine, and that all the silica not required for the pro-

duction of this mineral passes into the kaolin, the reaction is as follows

:

(1) 6KHMg2Al2Si30i2+18H20+3C02=

4H,Mg3Si20g+5HiAl,SiA+2Al(OH)3+3KjC03+k.

Supposing all the serpentine, kaolin, and gibbsite to remain as solids, and

the potassium carbonate to go into solution, the increase in volume is 14.26

per cent.

The change of biotite into hydrobiotite may be written:

(2) 2HKMg2Al2Si30,j+7HjO+C02=2(H,,MgjAl,Si30,,.3H20)+K2C03+k.

The increase in volume is 3.8 per cent.

The alteration into chlorite, supposing all the alumina and silica

to remain in the altered mineral, and the additional magnesia to be added

in the form of a carbonate, may be written as follows

:

(3) 2KHMg,Al,Si30,,+4MgC03+5H20=2[H2Mg,A],Si30,,.4(OH)]+KjC03+3CO,+k.

The increase in volume, supposing the magnesium carbonate is added in

solution and the potassium carbonate goes into solution, is 22.92 per cent.

The reaction by which biotite ^jasses into epidote is uncertain. If the

ferrous iron of the biotite be changed to sesquioxide during the alteration,

and if the proportion of magnesium to iron be supposed to be 3 : 1 in the

biotite, and of aluminum to iron 4 : 1 in the epidote, the reaction may be

written

:

(4) 6HjK2Mg3FeAl4Si6O24+20CaCO3+4CO2+3O=

2(H5Cai„Al„Fe3Si,5065)+6SiO,,+18MgC03+6K,C03+H,0+k.

The ratios assumed of the magnesium and iron for the biotite, and of

aluminum and iron for the epidote, are near means. If it be assumed that

the iron of the biotite is not changed to sesquioxide, but that the sesquioxide

of iron for the epidote must be derived from another source, the reaction

takes a very different form. Under such an assumption the epidote may

be produced from normal biotite, and the equation stand as follows:

(5) 30KHMg.,Al,Si3Oi2+6FeA+40CaCO3+35CO.HH,O=

4(H5CaioAli,Fe3SiiA5)+30SiO,+12A10(OH)+60MgC03+15K,C03+k.



ALTERATIONS OF BIOTITE. 341

By adding thirteen molecules of water instead of one, twelve molecules of

gibbsite instead of twelve molecules of diaspore (orthorhombic; sp. gr. 3.40)

will be produced.

In equation (4), supposing the calcium carbonate to be added in

solution and the magnesium carbonate and the potassil^m carbonate to be

removed in solution and the silica to remain as a solid, the decrease in

volume is 14.86 per cent.

In equation (5), supposing the biotite and iron oxide to be solids, the

calcium carbonate to be added in solution, the magnesium and potassium

carbonates to remain in solution, but the epidote, silica, and diaspore to

remain as solids, the decrease in volume is 18.45 per cent. If o-ibbsite

instead of diaspore be produced the decrease in volume will not be so much.
If it be supposed that the aluminum passes into spinel (isometric; sp.

gr. 3.8) instead of diaspore or gibbsite, and spinel is known to form in con-

nection with biotite, the number of molecules of magnesium carbonate

would be reduced by six in equation (4); that is, to 54. 6MgA\^0^ would
replace the 12A10(0H). No water would need to be added, and five

molecules of water would be produced. Finally, onl}^ twenty-nine mole-
cules of CO2 would need to be added. Therefore the equation would be:

(6) 30KHMg2Al2Si3Oi2+6Fe2O3+40CaCO3+29CO2=

4H5Cai0Ali2Fe5Sii3O65+30SiO2+6MgAl2Oi+54MgCO3-M5K2CO3+5H2O+k.

In this case the volume of the resultant epidote, spinel, and silica, would
be 14.71 per cent less than that of the biotite and 18.15 per cent less than
that of the biotite and hematite.

It is a well-known fact that chlorite secondary to biotite is usually
accompanied by epidote and quartz. Comparing the equation (3) for the

formation of chlorite with equation (4) for epidote, we see why these two
minerals with quartz are frequently formed at the same time. For the
formation of chlorite from biotite additional magnesium is needed. For
the formation of epidote additional calcium is necessary and magnesium is

left over. If instead of magnesium and calcium carbonates being added,
as suggested in equations (3) and (4), only calcium carbonate were avail-

able, the excess of magnesium produced by the passage into epidote may go
into the chlorite, and thus epidote and chlorite be simultaneously produced.



342 A TREATISE ON METAMORPHISM.

Combining- these equations, (3) and (4), and supposing- the iron oxide to be

furnished by hematite, the reaction may be written as follows

:

(7) 60KHMg2Al2Si3O,2+6Fe2O3-i-40CaCO3+76H2O=

30[H,Mg^ALSi3O,,.4(OH)]+4(H5Ca,„Al,,Fe3Sii5Oe5)+30SiO,+12AlO(OH)+
SOK^COj+lOCOj+k.

The increase in A'-olume of the epidote, chlorite, quartz, and diaspore

together, as compared with the biotite and liematite, would be 1.81 per

cent.

If biotite alters to hyperstheue and sillimanite it may be presumed, in

order to furnish the necessary iron for the hypersthene, that the biotite is

an iron-bearing- one. If the mag-nesium be to the iron as 3:1, and the

hypersthene be one in which the same ratio prevails, the reaction may be

written as follows:

( 8 ) HjKjMgsFeAl4Si60,,4+ CO.,=Mg3FeSi40,j+2ALSiOs+HjO+K,C03+ k.

The decrease in volume of the hypersthene and sillimanite, as compared

with the biotite, is 24.68 per cent.

In the majority of the above reactions a formula for biotite is used

which contains no iron. The majority of biotites in nature do contain

some iron. If this material be present, simultaneously with the formation

of other minerals magnetite (isometric; sp. gr. 5.174), hematite (rhombohe-

dral; sp. gr. 5.225), and the other oxides of iron may be produced. The

abstraction of the iron oxides is accompanied commonly by a change in

color of the altering biotite from brown to green. The presence of these

compounds, however, in subordinate quantities will not alter the main

conclusions as to the volume relations above given.

The alterations of biotite, serpentine, kaolin, and gibbsite, into hydro-

biotite and chlorite, equations (1) to (3), are all reactions which are

known to occur in the zone of katamorphism, corresponding with which

position they are all reactions of hydration, and the first two also of car-

bonation. Where chlorite and epidote form together, the reaction is that

of hydration, and doubtless this change also takes jolace in the zone of

katamorphism. The formation of hypersthene and sillimanite from biotite

usually occurs in connection with contact reactions of igneous rocks; it is,

therefore, a reaction requiring high temperature. Also the minerals
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sillimanite and liypersthene do not form at the surface, but at depth.

Corresponding- with these physical-chemical facts, the reaction is one of

dehydration and reduction of volume.

PHLOGOPITE.

Phlogopite is potassium-hydrogen-magnesium-aluminum silicate.

Occurrence.—PhlogopitB has au occurreuce which is somewhat different

from that of biotite. It is especially characteristic of metamorphosed

impure carbonates, such as dolomitic marbles. In these rocks it is often

associated with pyroxene, amphibole, etc.

Alterations.—TliB most frequcnt alterations of phlogopite are to hydro-

phlogopite (monoclinic; sp. gr. 2.303, kerrite) and chlorite (monoclinic;

variety of penninite; sp. gr. 2.649). It is also said to alter to talc (orthor-

hombic or monoclinic; sp. gr. 2.7-2.8). In these last two alterations

gibbsite (monoclinic; sp. gr. 2.3-2.4) or diaspore (orthorhombic; sp. gr. 3.40)

must simultaneously separate.

The reactions for these changes are as follows:

For hydrophlogopite

:

(l)2H2KMg3AlSi30i2+7H20+COj=2(H3Mg3AlSi30i2.3H,0)+K2C03+k.

For chlorite:

(2)2H,KMg3AlSi30i2+6MgC03+7H,0=2[H3MgeAlSi30i,.6(OH)]+K,C03+5C02+k.

For talc and gibbsite:

(3) 4H2KMg3AlSi30i.,+6HjO+4C02=3H2Mg3Si40i2+4Al (OH) 3+3MgC03+K2C03+H20+k.

(4)2H,KMg3AlSi30i2+COj+4H,0=H,Mg3SiA2H-H4Mg3SiA+2Al(OH)3+K,C03+k.

In equations (3) and (4) if diaspore instead of gibbsite were produced

less water would be needed.

Disregarding the carbonates, the increase in volume for hydrophlogo-

pite, equation (1), is 26.89 per cent; for cldorite, equation (2), is 41.02

per cent. The decrease for talc and gibbsite, equation (3), is 7.79 per

cent, and for talc and diaspore 18.27 per cent. The increase in volume of

the serpentine, talc, and gibbsite, equation (4), is 5.23 per cent.

All of these reactions are those of hydration and solution. They are

characteristic of the zone of katamorphism.
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According to Clarke, penninite, one of the chlorites, is composed of

one molecule of biotite-chlorite and one molecule of plilog-opite-cHorite;

and clinochlore is composed of two molecules of biotite-chlorite and one

molecule of phiogopite- chlorite. It is therefore easy to combine the equa-

tion ffiven under biotite for the production of chlorite with the one under

phlogopite producing chlorite, and thus produce penninite (pseudorhombo-

hedral and monocliuic; sp. gr. 2.6-2.85) and clinochlore (monoclinic; sp.

gr. 2-2.5). However, as the alterations for the production of chlorite from

biotite and of chlorite from phlogopite, reactions of hydration, carbona-

tion, and liberation of heat occur in the zone of katamorphism, it may

be said that where penninite and clinochlore are produced from biotite and

phlogopite the physical-chemical reactions are of the same class as those

which have been given for hydrobiotite and hydrophlogopite.

CLINTONITE GROUP.

MABGAKITE, OHLORITOID, ASD OTTKELITE.

The clintonite group includes the following rock-making minerals:

Margarite:

H^CaAl^SijOij.

Monoclinic.

Sp. gr. 2.99-3.08.

Chlonioid:

H,(MgFe)Al,SiO,.

Monoclinic (G) or triclinic (D).

Sp. gr. 3.52-3.57.

Ottrelite:

Hj(FeMn)AljSi.A-

Monoclinic or triclinic.

Sp. gr. 3.3.

Occurrence.—The most commou development of margarite is in connection

with corundum. In a number of cases it is recorded that the alumina of the

margarite is directly furnished by the corundum. Margarite is also found

as a metamorphic mineral in schists and gneisses, associated with the heavy

minerals staurolite, tourmaline, etc. As a metamorphic mineral, margarite

is also recorded as being derived from diaspore and gibbsite.
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Chloritoid and ottrelite both occur in the slates, schists, and gneisses

which are derived from the argillaceous sediments as a product of or

connected with deep-seated, and especially deep-seated regional metamor-

phism, and often contact action. They are thus heavy minerals which

develop from the simpler constituents in the argillaceous sediments in the

zone of anamorphism, their formation resulting in condensation.

Alterations.—Tlie ouly alteration of the clintonite group recorded is that

of margarite to dudleyite. However, as no definite formula for this mineral

is given, it is not practicable to write an equation rejiresenting the

transformation.

While no other alterations of the clintonite group are mentioned, there

is no doubt that in the upper zone of metamorphism, especially in the belt

of weathering, the chloritoids, ottrelite, and margarite are decomposed into

simpler compounds, as are the other silicates.

CHLORITE GROUP.

AMESITE, COKUXDOPHILITE, PROOHLORITE, CUKOCHIORE, AND PENNINITE.

The minerals of the chlorite group, according to Tschermak, may be

regarded as isomorphous mixtures of amesite (H4Mg2Al2Si09) and serpen-

tine (HiMggSiaOg) molecules, although Clarke dissents from this conclusion.

Tschermak gives the range of the various orthochlorites as follows

:

Amesite: At to At^Sp.

Corundophilite: At^Sp to At,Sp3.

Prochlorite (ripidolite)

:

At,Sp3 to AtjSpij.

Clinochlore: AtjSpj to At Sp.

Penninite: At Sp to AtjSps.

These would correspond to the following compositions:

A^nesite:

H.Mg^Al^SiO, to H^oMgnAl^SieOij.

Monoclinic.

Sp. gr. 2.71.

Corundophilite:

HjoMgiiAlsSieOis to H^Mg^aAluSiiaCo.

Monoclinic.

Sp. gr. 2.90.
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Prochlorite:

H^oMgaAl^SiisOgo to HjoMgi^AlsSijOjs.

Monoclinic.

Sp. gr. 2.78-2.96.

Clinochlore:
,

H2„Mg,2Al6Si,0« to HgMgsAl.SijOiB.

Monoclinic.

Sp. gr. 2.65-2.78.

Penninite:

HangsAl^SisOig to H,„Mg,3Al,Si80«.

Pseudorhombohedral and monoclinic.

Sp. gr. 2.60-2.85.

A considerable part of the magnesium, as shown by the analyses,

may be replaced by iron, the analyses of corundophilite showing- as high

as 15 per cent of monoxide of iron; of prochlorite, from 15 to 25 per cent,

running even higher than the magnesia. The percentage of monoxide of

iron in clinochlore and penninite is usually much less. The alumina may
be replaced in part by sesquioxide of ii'on, although the proportion of this

rejjlacement is not nearly so great as that of the magnesia by the iron mon-

oxide, the iron sesquioxide generally not running beyond 2 or 3 per cent.

It is apparent that the specific gravities of the chlorites do not regularly

grade from lower to higher, as in the feldspars. Doubtless such a regular

gradation would occur provided the chlorites were pure magnesium min-

erals, corresponding to the formuljse above given. The high specific gravities

which the intermediate minerals in the group, corundophilite and prochlo-

rite, may have are doubtless explained by their frequent high content of

iron monoxide.

Occurrence.—Chloritc is the most abundant and widespread of all the

secondary silicates. As a secondary mineral it is probably subordinate

only to quartz. Chlorite is nowhere known as a pyrogenic constituent of

igneous I'ock. It is very abundant in many of the altered igneous rocks,

both plutonic and volcanic, including lavas and tuffs, being- especially

abundant in the so-called green-schists. Also it is very abundant in many

amphibolites. In the altered igneous rocks which are changed under mass-

static conditions it is one of the most abundant secondary constituents,

being especially prevalent in the basic rocks, such as the greenstones. It

is also found in the acid rocks. Chlorite occurs as a plentiful allogenic

constituent in all kinds of mechanical sedimentary rocks. It develops as a
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very abundant secondary constituent in the metamorphosed sedimentary

rocks, such as slates, schists, and gneisses. Frequently chlorite may occur

more abundantly adjacent to intrusive rocks than elsewhere. The most

characteristic associated secondary minerals are epidote, serpentine, talc,

zeolites, kaolin, magnesite, iron oxides, aluminum oxides, etc.

In the discussion of the individual minerals it has been shown that

chlorite is one of the abundant derivation products of the following minerals

:

Almandite, augite, garnet, hornblende, iolite, prehnite, pyrope, staurolite,

tourmaline, and vesuvianite. Being essentially a magnesium-aluminum

silicate, it is especially likely to be derived from the heavily magnesian

minerals, of which the olivine, pyroxene, amphibole, mica, and garnet

groups are the more important. As already seen, corundophilite and pro-

chlorite raiay contain a large percentage of iron monoxide, and therefore

one would naturally expect these chlorites to form from the minerals which

also contain a large percentage of iron monoxide, as, for instance, olivine,

actiuolite, etc. In many cases the mineral from which the chlorite is

derived does not contain a sufficient amount of magnesium. In such cases

this substance is derived from adjacent minerals, or is brought in in solution.

It has been supposed in such cases that the magnesium is transported as a

carbonate. However, the principles of its development would be in no

way changed if any other salt of magnesium, such as magnesium chloride,

were substituted for the carbonate.

In the discussion of the individual minerals it is shown that chlorite

develops especially in the upper physical-chemical zone, and particularly in

the belt of cementation. Under conditions of quiescence it develops at

very considerable depth; but in proportion as interior movement occurs it is

likely to develop in smaller quantity or not at all, its place as a metamor-

phic mineral being taken by the magnesian mica biotite.

Alterations.—The alteratious of chlorite, like those of other minerals, are

largely dependent upon the zones or belts in which the mineral is located.

The only definite alteration products of chlorite which are recorded are

those which Tschermak has called enophite and berlanite. The first is said

by him to be a serpentinous variety of chlorite. No formula for either has

been determined, and therefore it is not possible to write equations repre-

senting the transformation. Rosenbusch says that the last stage of the

alteration of chlorite is into an aggregate of limonite, carbonate, and quartz.

This degeneration is especially characteristic of the belt of weathering. As
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usual, no attempt is made to write equations for these degenerative changes;

but if one knew definitely the composition of the original mineral and that

of the minerals which were produced in a given case, it woidd be easy to

write equations for the change and to calculate the volume relations.

While the alterations of chlorite in the zone of auamorj^hism are not

recorded, it is certain that the chlorite of chloritic rocks under the condi-

tions of the lower physical-chemical zone pass into other constituents, since

chlorite is almost always rare or absent in both the sedimentary and the

igneous rocks which have recrystallized in the lower zone and have not

been later affected by changes in the upper zone.

Therefore in the lower zone chlorite and some of the material of the

associated minerals recombine and reproduce minerals from which chlorite

was originally derived, or other minerals. There is little doubt that chlorite

furnishes a considerable part of the elements for such minerals as the micas,

feldspars, amphiboles, pyroxenes, and even the olivines, which develop in

the zone of anamorphism, and also it is probable that the chlorite furnishes

a part of the constituents for certain of the heavy metamorphic minerals,

such as garnet, clintonite, staurolite, toiirmaline, etc.

SERPENTINE-TALC GROUP.

SEKPESTINE AND TALC.

The serpentine-talc group includes:

Serpentine:

H4Mg3Si209. (A part of the Mg may be replaced by Fe, and where the amount of Fe is

considerable this mineral is called bastite.

)

Monoclinic.

Sp. gr. 2.50-2.65.

Talc:

H,Mg3Si,0i,.

Orthorhombic or monoclinic.

Sp. gr. 2.7-2.8.

Serpentine and talc, like chlorite, are both hydrous magnesium silicates.

Indeed, as has been pointed out, Tschermak regards the serpentine mole-

cule with the amesite molecule (HjMgjAlgSiOg) in variable proportions to

constitute the chlorites. Serpentine is more hydrous and more basic than

talc. Since the serpentine moleciile is similar to some of the chlorites,

one would expect that the occurrence of the two would be very similar,

and such is the fact.
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SERPENTIXE.

Occurrence.—Sei'peiitme occui's in substantially all the varieties of rocks in

which chlorite is found, but it is most abundant as a secondary constituent

in the igneous rocks which are very heavily magnesian, especially the

pyroxenites, peridotites, and similar rocks. Locally it may be so abundant

as a secondary constituent in rocks of this class, especially those bearing

olivine, as to form serpentine rocks. Serpentine develops very abundantly

in the sedimentary rocks which are rich in magnesian constituents, both in

detrital material from basic igneous rocks, and in limestones, and in various

transition varieties. Serpentine is a ijroduct of the zone of katamorphism,

including both the belt of cementation and the belt of weathering.

As shown under the discussion of the various minerals, it is secondary

to actinolite, biotite, bronzite, chondrodite, clinohumite, diopside, enstatite,

hornblende, humite, hypersthene, muscovite, olivine, pyrope, sahlite, and

spinel. Of these the most important is olivine, and of second importance

are the 23yroxenes and amphiboles. In many cases the constituents out of

which serpentine is formed are derived not from a single mineral, but from

various minerals, in which case the serpentine may rejalace nonmagnesian

minerals, as feldspar, or may form in veins.

Alterations.—Serpentine, where long exposed to the conditions of the belt

of weathering, is likely to break up into various minerals, of which brucite

(rhombohedral ; sp. gr. 2.39), magnesite (rhombohedral ; sp. gr. 3.06), opal

(amorjjhotis ; sp. gr. 2.15), and quartz (rhombohedral; sp. gr. 2.6535) are

the more important. By hj^dration and loss of magnesia it passes into

webskyite (amorphous; sp. gr. 1.771).

The reaction by which serpentine passes into magnesite, brucite, and

quartz may be written thus:

(1) H,Mg3Si,0,+CO,=MgC03+2Mg(OH),+2SiO,+k.

The increase m volume is 13.02 per cent. In case opal or hydromagnesite

were formed the increase in volume would be somewhat greater, and the

reaction would involve hydration as well as carbonation. It is of course

possible that both brucite and magnesite may not always be formed simul-

taneously. If brucite and not magnesite be formed the equation is

—

(2) H,Mg3Si,Os+H20=3Mg(OH),+2SiO,+k.



350 A TREATISE ON METAMORPHISM.

The volume of the brucite and quartz is 9.82 per cent greater than the

serpentine- If magnesite and not brucite be formed the equation is

—

(3) H^Mg3Si20g+300,=3MgC03+2Si02+2H20+k.

The vohime of the magnesite and quartz is 18.84 per cent greater than that

of the serpentine.

Brauns" gives the formuhi for the development of webskyite as follows:

(4) 3 (HtRjSLOj)—R0+ 12aq. =2 (HsRiSijOis+eaq.

)

Where serpentine contains iron as a base, partly replacing the magne-

sium, the iron is oxidized and may be hydrated, thus producing hematite

or limonite.

The breaking up of serpentine occurs especially in the belt of weath-

ering, the transformation representing one of the final changes in the

degeneration of the silicates. Alterations of serpentine in the zone of

anamorphism are not recorded. But the general absence of serpentine in

the schists and gneisses of sedimentary origin profoundly metamorphosed

in the zone of anamorphism is conclusive evidence that the serpentine which

once was in these rocks, and the associated secondary minerals, have

recombined to produce heavy minerals of the classes from which serpentine

and those other secondary minerals were originally produced. One could

readily form equations for such alterations by reading the eqtiations by

which serpentine is formed from right to left. (See Table C, pp. 375-394.)

TALC.

Occurrence.—Talc Is practlcally coextensive in its occurrence with chlorite

and serpentine, but in its distribution is more nearly allied to serpentine

than to chlorite. Therefore it is found in almost every variety of rock long

subjected to alterations in the belt of weathering-; but it is esi)ecially

abundant in the heavily magnesian rocks. Steatite, which is nearly pure

talc, is usually derived from the pyroxenites or peridotites. However, talc is

so abundant in many schists as to give them the name talcose, or even talc-

schists. Also, like serpentine, it occurs abundantly in the dolomite-bearing

rocks and in dolomite.

a Brauns, E. , Studien iiber den Palaeopikrit von Amelose bei Biedenkopf und dessen Umwand-

lungsprodukte: JSfeues Jahrbuch, supp.-vol. 5, Stuttgart, 188", p. 322.
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Talc forms in the upper zone of metamorpliism. In this respect it is

like chlorite and serpentine. It is especially likely to form under condi-

tions of weathering. The minerals from which talc is derived are as

follows: Actinolite, andalusite, anthophyllite, bronzite, cyanite, diopside,

enstatite, gehlenite, hypersthene, muscovite, olivine, phlogopite, pyrope,

sahlite, scapolites, sillimanite, spinel, staurolite, topaz, and tremolite. The
manner of formation is given under the various minerals. Of these minerals

the more important are the nonaluminous amphiboles and pyroxenes, both
orthorhombic and monoclinic. It also forms rather abundantly from olivine

mica, and garnet.

Alterations.—Alterations of talc are not recorded. It appears to be one
of the end products of rock alteration in the belt of weathering. However
I have no doubt that when the talc-bearing rocks are buried so deeply as to

pass into the zone of anamorphism and there alteration takes place, talc

like chlorite, serpentine, and other minerals, is destroyed, and that from it

alone, or from it and other minerals, the classes of heavy minerals from
which the talc was originally produced are again formed.

GLAUCONITE.

Glauconite:

Essentially a hydrous silicate of iron and potassium. Definite formula unknown. The
potassium ranges from 1.85 to 6.56 per cent.

Amorphous.

Sp. gr. 2.2-2.4.

Occurrence.— Glauconite occurs in sediments of many kinds and ages.
Where it is so abundant as to give the rock a green color it is known as
greensand. Greensands are especially prevalent in the Cretaceous.

Aiterations.—Since uo definite formula for glauconite can be given it is

impracticable to write equations representing the transformations. But
since glauconite is almost, if not quite, unknown in the schists and gneisses
formed in the zone of anamorphism it seems certain that under the condi-
tions of that zone the glauconite is broken up, its constituents passing into
other minerals.
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KAOLIN GROUP.

Kaoliuite is the only important rock-making mineral of this group.

Kaolinite:

H, Al^ Si, Og.

Monoclinic.

Sp. sr. 2.6-2.63.

Occurrence.—KaoUnite is a secondary product in all classes of igneous

rocks and occurs as an important constituent in all sedimentar)?- rocks except

the pure sandstones and the pure limestones. Kaolinite and quartz are the

chief constituents of the clays, and kaolinite is a very abundant constituent

of muds and grits.

Kaolinite is a product which forms extensively in the zone of katamor-

phism in the belt of cementation and in the belt of weathering. It is likely

to be produced as a result of the decomposition of any of the aluminous

minerals. It has been noted as having been produced from the following-

minerals: Andalusite, anorthoclase, biotite, cyanite, epidote, leucite, micro-

cline, nephelite, orthoclase, plagioclases, scapolites, sillimanite, sodalite,

topaz, and zoisite. Of these, undoubtedly the most important are the feld-

spars, and especially the acid feldspars.

Alterations.—No alterations of kaolinite are recorded. It is certain, how-

ever, that where the kaolin-bearing sediments are deeply buried the mineral

becomes dehydrated, that such bases as the alkalies and alkaline earths and

iron replace the hydrogen, and that various anhydrous siUcates or silicates

low in hydrogen are produced. It is certain that in the zone of anamor-

phism the minerals which in the upj^er physical-chemical zone have broken

up into kaolinite as one of the products may recombine to a large extent

and reproduce the original minerals.

SUMMARY OF ALTERATION OF SILICATES.

While the important groups of the rock-forming silicates have been

treated separately, it may be well in closing the section to class together

the groups of the original minerals which have a somewhat similar chemical

composition and therefore alter into somewhat similar products.

These classes are called by the petrographers (1) the feldspathoid

class, (2) the transition class, and (3) the ferromagnesian class. The felds-

pathoid class includes the feldspar, nephelite, sodalite, leucite, and

wernerite groups. The only rock-forming minerals belonging to the
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transition class are those of the muscovite group. The ferromagnesian

class includes the pyroxene, amphibole, chrysolite, biotite-phlogopite, and

clintonite groups.

(1) In the upper physical-chemical zone, that of katamorphism, the

more common alteration products of the feldspathoid class are the kaolins,

the zeolites, the epidotes (including both zoisite and epidote proper), diaspore,

gibbsite, and quartz. Probably all of these minerals form in both belts of

the zone, but the development of the zeolites and the epidotes is more

cliaracteristic of the belt of cementation than of the belt of weathering.

Indeed, aa pointed out under these minei'als, under long-continued condi-

tions of the belt of weathering these minerals break up into carbonates

of the alkalies and alkaline earths, hydrous and anhydrous, oxides of

aluminum and iron, quartz, and, probably, also kaolin. In the zone ot

anamorphism the more common alteration products of the feldspathoid

class are muscovite (damourite) and scapolite. The nephelite, sodalite, and

leucite groups alter into the feldspars.

(2) In the zone of katamorphism muscovite alters into serpentine,

talc, and vermiculite (hydromuscovite). In the belt of weathering the

serpentine and vermiculite may break up into simpler compounds of the

same character as those which form from the zeolites and epidotes.

In the lower physical-chemical zone, that of anamorphism, muscovite

is one of the minerals commonly produced, and therefore does not usually

alter. But by profound and deep-seated metamorphism, the material of

muscovite may pass into the heavy ferromagnesian minerals, such as garnet,

staurolite, etc.

(3) The ferromagnesian silicates may be divided into two great

divisions—those which are nonaluminous, and those which are aluminous.

In the zone of katamorphism the most common alteration products of the

nonaluminous ferromagnesian silicates are talc and serpentine. The
nonaluminous pyroxenes and amphiboles ordinarily pass into talc; the

chrysolites ordinarily pass into serpentine. The transformations in these

directions are explained by the fact that the pyroxenes, amphiboles, and talc

are metasilicates, while the olivines and serpentines are orthosilicates. The
metasilicates naturally pass into metasilicates, and the orthosilicates into

orthosilicates. In the zone of katamorphism the heavily aluminous feiTO-

magnesian silicates alter into chlorites and epidotes. The pyroxenes and
amphiboles which are not heavily aluminous frequently split iip into a com-
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biaation of chlorite and talc, the aluminous part of the original molecule

going to the chlorite and the nonaluminous part into the talc. The

developiuent of epidote is largely if not wholly confined to the belt of

cementation. But chlorite apparently forms both in the belt of cementa-

tion and in the belt of weathering, especially where there is abundant

vegetation. Under extreme and long-continued conditions of the belt of

weathering the serpentines, chlorites, and epidotes are likely to further

degenerate, breaking up into carbonates of the alkalies and alkaline earths,

anhydrous or hydrous oxides of aluminum and iron, quartz, and kaolin.

Or in the belt of weathering these end products may directly develop from

the metasilicates without the serpentines, chlorites, and epidotes as inter-

mediate products. In the zone of anamorphism the pyroxenes change to

amphiboles; the pyroxenes and amphiboles both alter to biotite; the

olivines change to the amphiboles, anthopliyllite, tremolite, and actinolite.

The biotite group does not ordinarily alter. But by profound metamor-

phism the material of the biotites, amphiboles, pyroxenes, etc., may pass into

the still heavier class of minerals represented by the garnets, staurolites, etc.

THE TITANATES.

TITANITE AND PEEOVSKITE.

As rock-making constituents only two titanates of importance, titanite

and perovskite, are here treated, ilmenite being given under tlie oxides.

Titanite:

CaTiSiOj.

Monoclinic.

Sp. gr. 3.4-3.56.

Perovskite:

CaTiOg.

Isometric or pseudoisometric.

Sp. gr. 4.017-4.039.

TITANITE.

Occurrence.—Titauitc occurs as a rather subordinate but widespread nain-

eral as an original pyrogenic constituent of igneous rocks, and also in the

schists and gneisses. So far as observed, titanite as a secondary constituent

is derived from ilmenite and rutile. These alterations are discussed under

those minerals.
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Alterations.—Titaiiite altei's into rutile (tetragonal; sp. gr. 4.18-4.25),

octahedrite (tetragonal; sp. gr. 3.82-3.95), and perovskite (isometric or

pseudoisometric; sp. gr. 4.017-4.039).

Rutile and octahedrite may be supposed to be produced by tlie follow-

ing reaction:

(1) CaTiSiOs+COj^TiOj+CaCO^+SiOj+k.

The expansion of volume is 39.22 per cent for rutile, provided all of the

compounds separate as sohds, and 42.07 for octahedrite.

Perovskite may be supposed to be produced by the simple breaking

up of titanite, according to the reaction

:

'

(2) CaTiSi05=CaTi03+Si02

The expansion of volume is 0.14 per cent provided the silica also separates

as a solid.

Information as to the natural conditions under which these changes

take place is not obtainable from the papers giving the above minerals as

secondary to titanite. From the character of the first change one would

expect, however, that it would occur in the zone of katamorphism, and

especially in the belt of weathering. Under such conditions there would be

a reason for the change, for there carbonation of the silicates, with libera-

tion of heat and with expansion of volume, is the rule. As so frequently

indicated before, the freed silica may be taken into solution, and if this

occurs the volume is decreased. Under what conditions the second reaction

is likely to have taken place I can only conjecture from its nature. I

should expect it to occur in the zone of katamorphism.

PEROVSKITE.

Occurrence.—Perovskltc occurs as an original constituent in eruptive

rocks, and also in the metamorphic rocks, such as the schists and gneisses.

As a secondary mineral it has been observed as a product secondary to titan-

ite. It may be suspected that in the schists and gneisses it forms in the

zone of anamorphism by the union of rutile and octahedrite or brookite,

with calcium carbonate; but this is a pure conjecture, as the details of its

formation are not found in literature.

Alterations.—Tlic miucral does not readily alter into other compounds,

although it has been observed to alter into an undetermined substance, and

it is said to alter into ilmenite (hexagonal-rhombohedral ; sp. gr. 4.75).
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THE PHOSPHATES.

APATITE.

The oul)' important rock-making mineral among the phosphates is

apatite.

Apatite:

CaF.CaiPsOij, or CaCLCa^PjOij, or a mixture of the two.

Hexagonal.

Sp. gr. 3.17-3.23.

Occurrence.—Apatite is oue of the most widespread, if not the most wide-

spread, of all the subordinate constituents of rocks. It is a common, if not

an almost universal, constituent of the plutonic rocks, occurs almost as

broadly in the volcanic rocks, and is found in many varieties of unaltered

or little altered, sedimentary rocks, such as limestones, shales, sandstones,

etc.; and, finally, it is almost everywhere found in the metamorphosed

igneous and sedimentary rocks.

Alterations.—The ouly alteration which is recorded for apatite is to osteo-

lite, which is rejDorted as having the same composition as apatite, except

that there has been a loss of part or all of the fluorine or chlorine.

It is certain, however, that in the belt of weathering of the zone of

anamorphism apatite is slowly dissolved. This is shown by comparative

analyses of the weathered with the unweathered varieties of the same

rock. This fact has been frequently noted in reference to the iron, ores,

because here the presence or absence of phosphorus is of such great impor-

tance. It may be stated that in the iron ores it is the general rule that those

pai-ts of deposits which have been long subjected to weathering bear a

smaller proportion of apatite than the continuations of these same deposits

in the belt of cementation.

The depletion of the surfac(i rocks in apatite would seem to furnish an

adequate source for the apatite in veins, this mineral being taken into

solution near the surface and redeposited deeper down, thus being trans-

ported from the belt of weathering to the belt of cementation.
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THE SULPHATES.

ANHYDRITE AND GYPSUM.

The only important rock-making sulphates are anhydrite and gypsum.

Anliydrite:

CaSOi

Orthorhombic.

Sp. gr. 2.899-2.985.

Gypsum:

OaSO^ .2H2O

Monoclinic.

'

Sp. gr. 2.314-2.328.

ANHYDRITE.

Occurrence.—As explained below, the main source of anhydrite is by the

alteration of gypsum in the zone of anamorphism. Although I do not

know the facts, I conjecture that the anhydrite deposits of, Switzerland

have had such a history.

Alterations.—The cWcf altcratiou of anhydrite is to gypsum (monoclinic;

sp. gr. 2.314-2.328). The reaction is:

(1) CaS04+2H20=CaS04.2H20+k

The increase in volume is 60.30 per cent. This alteration is one which

takes place in the zone of katamorphism. An interesting case is that of

Bex, Switzerland, where the transformation from anhydrite to gypsum has

taken place completelj^ to a depth of from 18 to 30 meters, and where

below this depth the material is anhydrite. The change of anhydrite to

gypsum is with liberation of heat, expansion of volume, hydration, lowering

of specific gravity, and lessening of symmetry, and thus stands as a rare

example of all the tendencies of the upper physical-chemical zone.

Occurrence.—Tlic most important source of gypsum is as a chemical

precipitate, especially in salt lakes having no outlets. It therefore natu-

rally occurs in association with halite, calcite, and mechanical detritus.

Gypsum also is produced in a subordinate way tln-ough fum-arole action.

The calcium sulphate for the gypsum in either case is produced by the

reaction of sulphuric acid or sulphates upon calcium-bearing salts. Com-
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monly the sulphate is formed by the oxidation of a sulphide. A common

method is the production of iron sulohate by oxidation of pyrite, marcasite,

or pyn-hotite, which reacts upon calcium carbonate, thus producing gypsum.

The reaction is—

•

CaCOa+FeSO^+SH^O =CaSOi.2H20+FeC03+k.

The development of gypsum by this method is illustrated at many mines.

Finally gypsum may be formed by the hydration of anhydrite. All

these methods of formation of gypsum are characteristic of the zone of

katamorphism, and especially of the belt of weathering.

Alterations.—Au important alteration of gypsum is to anhydrite (ortho-

rhombic, sp. gr. 2.899-2.985). The reaction is

—

(1) CaS04.2H20=CaS04+2H20-K.

The decrease in A'-olume is 37.62 per cent. The other important alteration

of gj'psum is into calcite (rhombohedral, sp. gr. 2.713-2.714). The

reaction is

—

(2) CaS04.2H,0+CO,=CaC03+HjS04+I-L,0+k.

The H2SO4 produced ma}' simultaneously react upon some other compound.

The decrease in volume is 50.29 per cent.

Unless beds of gypsum have been deeply buried the alteration to

anhydrite has not extensively occurred. It is a reaction of diminution of

volume, absorption of heat, dehydration, increase in specific gravity, and

increase in symmetrj^, and therefore is one of the very rare cases which

illustrate all the tendencies of the lower physical-chemical zone. The

change of gypsum to calcite is a reaction with liberation of heat and con-

densation of volume. The change takes place near the surface, especially

in the belt of weathering, where carbon dioxide is abundant, and may also

occur in the lower zone. It therefore stands, in its physical-chemical

relations, in the same position as dolomitization. (See p. 240.)
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SECTION 4.—GENERAL STATEMENTS.

PHYSICAL-CHEMICAL FACTORS ON WHICH NATURE OF ALTERATIONS
DEPENDS.

As inferences from the foregoing treatment it may be said that the more

important physical-chemical factors on which the alteration of an individual

mineral depends are (1) the chemical composition of the mineral, (2) the

chemical composition of the adjacent minerals, (3) the chemical composi-

tion of the circulating solutions, (4) the speciiic gravity, (5) the symmetry,

(6) the heat effect of the reaction, and (7) the pressure and volume.

CHEMICAL COMPOSITION.

Certain chemical compounds are stable under a great variety of

conditions; others are stable only under certain definite conditions; and thus

the chemical composition influences the stability of minerals. As an illus-

tration of minerals which have stability under widely varying conditions

may be mentioned quartz, which forms ahke from a magma and from water

solutions, and also at the surface and at great depth. Nephelite and soda-

lite are examples of minerals which can exist only under a comparatively

narrow range of conditions.

CHEMICAL COMPOSITION OF ADJACENT MINERALS.

It has been seen that mineral particles may react upon one another,

either through the medium of contained solutions or by direct rearrange-

ment under the influence of pressure. Therefore, it is clear that the nature

of a mineral which is mainly secondary to another mineral is influenced

by the chemical compositions of adjacent minerals.

CHEMICAL COMPOSITION OF CIRCULATING SOLUTIONS.

It has already been shown that the secondary minerals are dependent

not only upon the adjacent minerals, but upon the material carried by the

underground solutions. The amount of such material is dependent upon

the vigor of the circulation. As explained on pages 507-518, 655-656,

764-766, the material added or abstracted may be great in the zone of

katamorphism, but is usuall}^ rather limited in amount in the zone of

anamorphism.
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SPECIFIC GRAVITY.

Apparently hig-li specific gravity is favorable to stability. This is what

one would exjDect, for high specific gravity involves a comparatively close

arrangement of the atoms. Where the atoms are near together the

molecular attraction is great, and in order to break up the combination

this force must be overcome. This principle is illustrated by dimorphous

and triraoriDhous compounds. Diamond (av. sp. gr. 3.52) is more stable than

graphite (av. sp. gr. 2.16), and graphite is more stable than carbon (sp. gr.

1.9, charcoal). Pyrite (av. sp. gr. 5.025) is more stable than marcasite (av.

sp. gr. 4.870). Cyanite (av. sp. gr. 3.615) is more stable than sillimanite

(av. sp. gr.' 3.235), and sillimanite is more stable than andalusite (av. sp. gr.

3.18). Quartz (av. sp. gr. 2.6535) is more stable than tridymite (av. sp. gr.

2.305). This last instance well illustrates the principle; for the symmetry

of quartz and tridymite is the same, and this variable factor included in

the previous illustrations is excluded. The same is true of andalusite

and sillimanite of the aluminum-silicate series. As pointed out on page

112, the more condensed a compound, or, in other words, the higher the

specific gravity, the less enei-gy is potentialized. In the change from a

lower to a higher specific gravity energy is liberated. In this we have the

physical explanation of the greater stability of minerals of high specific

gravity. To form minerals of higher specific gravity from those of lower

specific gravity releases energy. To reproduce minerals of lower specific

gravity from those of higher specific gravity requires the exjjenditure of

energy. An exce^ition to the above rule as to increase of stability with

increase of specific gravity is furnished by calcite and aragonite. Calcite

(av. sp. gr. 2.7135) is more stable than aragonite (av. sp. gr. 2.94), but in

this case the factor of symmetry enters, which is discussed under the next

heading.

SYMMETRY.

Apparently the greater the symmetry the more stable is the mineral

likely to be. This principle is illustrated by substances which are dimor-

phous or trimorphous.

Pyrite (isometric) is more stable than marcasite (orthorhombic).

Diamond (isometric) is more stable than graphite (hexagonal), and this

is more stable than amorphous carbon. Kelvin suggests* that soft

a Lord Kelvin, Popular lectures and addresses, Macmillan & Co., London, 1894, vol. 2, p. 428.
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. phosphorus as compared with red phosphorus, and prismatic sulphur as

compared with octahedral sulphur, contain potential energy. When the

change from the first to the second takes place, energy is evolved, and

consequently the second form is more stable. These changes are in the

direction of higher symmetry, and Kelvin's argument applies equally well

to all the changes in which minerals pass from a lower to a higher degree of

symmetry. To reproduce minerals of lower symmetry would require the

expenditure of energy. Therefore we have an energy cause why minerals

with high symmetry are more stable. They contain less potential energy.

Their formation is under the apparent law of the imiverse of dissipation of

energy.

SPECIFIC GRAVITY AND SYMMETRY.

Where specific gravity and symmetry work together, as in a number

of the illustrations mentioned, there seem to be no exceptions to the rule

of increase of stability with increase of specific gravity and increase in

symmetry.

But in those instances in which the specific gravity and symmetry are

oi^posed to each other it can not be predicted which will be the dominant

factor. For instance, calcium carbonate crystallizes as calcite (hexagonal-

rhombohedral; sp. gr. 2.7135) and aragonite (orthorhombic ;
sp. gr. 2.94).

The former is the more stable. In this case it seems that symmetry is the

dominant factor. In the aluminum silicate which crystaUizes as andalusite

(orthorhombic; sp. gr. 3.18), sillimanite (orthorhombic; sp. gr. 3.235), and

cyanite (triclinic; sp. gr. 3.615), the latter is the most stable. In this case

it appears that the specific gravity is the determining factor.

It is believed that when the energy relations of these changes become

known it will be found that in each of these cases the more stable molecules

contain less potential energy. If this be true, calcite, considering both its

specific gravity and its symmetry, contains less energy than aragonite, and

cyanite less than andalusite or sillimanite. If this conjecture be true, all

compounds are subject to a common law. That mineral forming from a

compound is most stable in which the minimum energy is contained.

The relations of symmetry and specific gravity raise some very

interesting questions as to the arrangement of the molecules in minerals.

Pressure undoubtedly tends to produce the most compact arrangement.
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(See pp. 182-186.) According to Slichter, the most compact possible

arrangement of spherical molecules is that which gives a rhombohedral unit

having face angles equal to 60° and 120°." One might therefore conclude,

other things being equal, that minerals having hexagonal crystallization would

be those which have the closest arrangement of molecules and therefore the

highest specific g-ravity; but plainly there are other factors entering into

the problem, for, as already pointed out, aragonite (orthorhombic) has a

higher specific gravity than calcite (hexagonal), and cyanite (triclinic)

has a higher specific gravity than sillimanite and andalusite (orthorhombic).

On the other hand, diamond (isometric) has a higher specific gravity than

graphite (hexag'onal). This is an especially interesting case, since the

cubical arrangenaent of molecules, the one ordinarily appealed to to

explain isometric S5numetry, is tlie most open of all possible arrangements.

From the foregoing it appears perfectly clear that besides the manner of the

arrangement of the molecular particles the distance of the molecules from

one another enters as a very important factor. Also the shape of the

molecules, the closeness of the arrangement of their atoms, and the com-

plexity of the molecules themselves doubtless enter as important factors

into the density of minerals.

HEAT REACTIONS.

Other things being equal, within the lithosphere reactions take place

which give the greatest liberation of heat. This law is best illustrated

at or near the surface, where the reactions usually occur in accordance

with it. The reactions of oxidation, hydration, and carbonation are there-

fore dominant However, the law of reactions with liberation of heat

becomes less and less able to control as the pressure becomes con-

siderable. Where the pressure is great, as noted under the next heading,

it determines the reaction without respect to whether heat is absorbed or

liberated, and in many cases the reactions take place with the absorption

of heat, so far as the chemical factors are concerned. If all the physical

factors also were included, all reactions would take place with the dissipa-

tion of energy. (See p. 57.)

"Slichter, C. S., Theoretical investigation of the motion of ground waters: Nineteenth Ann. Kept.

U. S. Geol. Survey, pt. 2, 1899, pp. 306-310.
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PEESSURE AND VOLUME.

Pressure lessens the volume and therefore tends to preserve and to pro-

duce minerals vsrhich have a high specific gravity. Where the pressure

is small this factor is relatively inefficient and consequently other factors

usually control, and many minerals of low specific gravity form. But even

where the pressure is small it is not unimportant, at least retarding reactions

which would otherwise occur. This is illustrated by a partially altered

rock described by Merrill," which seemed solid when confined by the

surrounding rock, but which when brought to the surface from a depth of

a few feet, and thus freed from pressure, rapidly decomposed and disinte-

grated. Where the pressure is great it is likely to be a determinative

force, controlling the reactions. At the depths of the zone of anamorpliism

the uniform production of anhydrous or slightly hydrous minerals of higher

average specific gravity tlian those formed in the zone of katamorphism is

clear evidence of the dominance of pressure.

In this connection it Avill be well to mention the mineral groups, with

their specific gravities, which are more characteristic of the zones of

katamorphism and anamorphism.

The characteristic products of the zone of katamorphism are : Of the

oxides, (1) those of silicon, opal, chalcedony, and quartz (sp. gr 2.1 to

2.654); (2) those of iron, including the hydrous and anhydrous ferric-

oxides (sp. gr. 3.80 to 5.225); (3) the hydrous aluminum oxides, gibbsite

and diaspore (sp. gr. 2.35 and 3.40); of the carbonates, calcite and dolo-

mite (sp. gr. 2.7135 and 2.85); of the silicates, (1) the epidote-zoisite group

(sp. gr. 3.25 to 4.20); (2) zeolite group (sp. gr. 2.04 to 2.40); (3) chlorite

group (sp. gr. 2.60 to 2.96); (4) serpentine-talc group (sp. gr. 2.50 to 2.80);

and kaolin group (sp. gr. 2.6 to 2.63). (See pp. 519-520, 621-627.)

The characteristic important mineral groups formed in the zone of

anamorphism are as follows: Of the sulphides, pyrite, and p3aThotite (sp.

gr. 5.025 and 4.61); of the oxides, (1) those of silicon, chert, chalcedony,

and quartz (sp. gr. 2.6 to 2.654); (2) those of iron, hematite, magnetite, and

ilmenite (sp. gr. 5.225, 5.174, and 4.75); (3) those of aluminum, corundum

(sp. gr. 4.025); (4) those of titanium, rutile, octahedrite, and brookite (sp.

gr. 4.215, 3.885, and 3.976); of the sihcates, (1) the feldspar group (sp. gr.

o Merrill, George P., Rocks, rock weathering, and soils, Macmillan Co., New York, 1897, pp.
252-253.
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2.54 to 2.76); (2) pyroxene group (sp. gv. 2.68 to 3.58): (3) amphibole

group (sp. gr. 2.9 to 3.713); (4) garnet groujj (sp. gr. 3.41 to 4.30); (5) chrys-

olite group (sp. gr. 3.2 to 4.1); (6) scapolite group (sp. gr. 2.566 to 2.74);

(7) aluminum silicate group (sp. gr. 3.16 to 3.67); (8) humite group (sp. gr.

3.1 to 3.2); (9) tourmaline (sp. gr. 3.09); (10) staurolite (sp.gr. 3.71); (11)

mica group (sp. gr. 2.7 to 3.1); (12) clintonite group (sp. gr. 2.9 to 3.57).

The average specific gravity of the mineral groups above mentioned

as products of the zone of katamorphism is 2.948. The average specific

gravity of the mineral groups of the zone of anamorphism is 3.488. It

thus appears that the average specific gravity of the minerals which develop

in the zone of anamorphism is 18 per cent greater than that of the

minerals in the zone of katamorphism. This comparison is of course very

roughly approximate, since the various minerals are not present in equal

quantities. Probably the percentage is too great, since the heavy sulphides

and the very heavy silicates are given equal weight with the abundant but

lighter quartz, feldspars, pyroxenes, amphiboles, and micas. The com-

parison, however, shows beyond question that a given mass of material

occupies much less space in the lower physical-chemical zone than in the

upper physical-chemical zone.

It is shown under the next heading that many of the reactions written

for the minerals of the zone of katamorphism may be read in reverse order

when the resultant minerals are buried so deep as to be in the zone of

anamorphism. The lighter minerals characteristic of the zone of kata-

morphism reunite to produce heavier minerals of the zone of anamorphism,

such as the feldspars, the micas, the pyroxenes, the amphiboles, the chryso-

lites, andalusite, etc. Furthermore, where the pressure is great enough

these minerals rearrange themselves again in whole or in part so as to

produce still heavier minerals, such as garnet, staurolite, tourmaline,

sillimanite, cyanite, etc. This great change takes place within the narrow

range of less than 10,000 meters.

Since in this mere outer film of the earth a great diminution in the

volume of the minerals has taken place, it is thought to be highly probable

that, even if the average chemical composition of the interior of the earth

be supposed to be the same as the crust, the pressure is such that the min-

erals may further rearrange themselves into still more compact products,

thus probably producing minerals of a diff'erent kind and higher specific
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gravity than any with which we are acquainted. Indeed, the interior

pressures increase so rapidly with depth that rearrangement might occur

again and again. Therefore, even if the average chemical composition be

the same deep within the earth as at the surface, in the centrosphere, in

consequence of high pressure, there may be a set of silicate minerals which

have as high a specific gravity as the average density of the earth, viz,

5.67. If the accepted theory as to the distance between molecules be cor-

rect, viz, that molecules of ordinary liquids at the surface of the earth do not

occupy more than one-third of the total volume," there is ample room

between them for the condensed rearrangement suggested. From the fore-

going it appears that we do not necessarily appeal to a great preponderance

of heavy metals deep within the earth to explain its average high specific

gravity. It may be very largely explained by the condensation of the

material due to pressure. If, as suggested by Chamberhn, the average

specific gravity of the material of the earth be that of meteoric falls, the

average change in specific gravity would be from 3.69 to 5.67 as a result of

pressure. The great increase in the average specific gravity of minerals

with increase of pressure in the crust of the earth would seem to make the

estimate of the change in average specific gravity of the minerals from 3.69

to 5.67, as a result of the very great pressures deep within the earth, a very

modest one.

\yhile I have no doubt that the condensation of the earth material into

heavier compounds as a result of pressure is a partial explanation of the

high specific gravity of the earth, I by no means urge this as the sole cause.

Indeed, it is probable that the segregation of heavy material toward the

center and lighter material toward the surface has steadily continued

throughout geological time, and therefore the difference in composition is a

very important factor in the difference in density at the surface and the

center. But I do not venture even a guess as to the relative imjDortance of

the two factors of condensed compounds and segregation of matei-ial in

explaining the increase in density of the material of the earth with increase

of depth.

"Nernst, W., Theoretical chemistry, trans, by 0. S. Palmer, Macmillan & Co., London, 1895,

p. 196.
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REVERSIBLE REACTIONS.

On the foregoing pages numerous reactions have been written by

which the minerals characteristic of the zone of katamorphism are pro-

duced; very few reactions have been written by which the minerals of the

zone of anamorphism are reproduced. It is certain that when the minerals

formed in the belts of weathering and cementation are altered under the

conditions of the zone of anamorphism the minerals characteristic of that

zone develop; therefore it is believed that many of the reactions for the

development of the minerals of the zone of katamorphism are reversible.

To illustrate, in the zone of katamorphism olivine may alter into the min-

erals serpentine, magnetite, magnesite, and quartz, according to the fol-

lowing equation:

3Mg,FeSiA+3CO,+4H20+0=2HiMg3Si,Os,+FeA+3MgC03+2SiOj+k.

It is believed that when these four minerals are brought together in proper

proportions under favorable conditions in the deep-seated zone the reverse

reaction occurs, and that the equation may be read from right to left

instead of left to right, thus reproducing the olivine.

The above illustration is chosen because the change from left to right

involves carbonation, desilication, hydration, and oxidation; and the change

from right to left involves silication, decarbonation, dehydration, and deoxi-

dation. Of course, where deoxidation takes place in the zone of anamor-

phism some reducing agent must be present to utilize the abstracted oxygen.

The principle of the reversibility of the reactions in the two opposing zones

is actually illustrated in a few cases where the products of the zone of kata-

morphism have been observed to alter in the zone of anainorphism. For

instance, it is recorded (p. 261) that analcite is derived from albite according

to the following equation:

2NaAlSi308+2H20=Na2Al2Si40i2-2H,0+2Si02+k;

whereas we find (p. 334) that analcite alters to albite by the reaction:

Na2Al2Si40i2.2H,,0+2SiO,=2NaAlSi308+2H20-k.

In other words, the reaction is exactly reversible; for while the k is jdIus

in the first equation and minus hi the second, it is on opposite sides in the

two equations. The feldspars alter into many zeolites, and a number of
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the zeolites alter into the various feldspars. The above reaction chances

to be the only one given for these groups which is exactly reversed. This

is a consequence of the fact that reactions are written only for recorded

alterations. There can be no doubt that practically all the equations

representing the recorded alterations of the feldspars (pp. 261-263) into

the zeohtes, and all the reactions representing the recorded alterations of

the zeolites (pp. 333-334) into the feldspars, are reversible. For instance,

we have anorthite altering into gismondite as follows (p. 262):

3CaAl2Si208+12H20=C%Al8Sie024.12H,0+k.

Can one doubt that if gismondite passes into the zone of anamorphism

dehydration may take place and anorthite be reproduced?

Another line of evidence pointing to the reversibility of the reactions

in the two zones is the frequent recorded association of corundum with

diaspore and gibbsiie, the latter minerals being secondary to the corundum.

Can it be doubted that these hydrates may be dehydrated in the zone of

anamorphism and reproduce corundum? Of course this particular change

may not occur alone. At the same time the dehydration takes place the

alumina may unite with silica and form andalusite, sillimanite, or cyanite,

or the alumina may enter into some other silicate.

Bearing in the same direction are the experiments made by Daubr^e

upon serpentine." It is well known that both enstatite and olivine alter

into serpentine. Daubree found that by the fusion of serpentine it split up

into enstatite and olivine, according to the following equation:

H4Mg2Si20c,+Heat=MgSi03+MgSi044-2H,0+k.

Finall}^, my chief x-eason, in addition to those already given, for belief

in the reversibilitv of the reactions in the two zones lies in the actual

compositions of the unmetaraorphosed sediments and their metamorphosed

equivalents. The unmetamorphosed pelites are composed largely of the

lighter hydrous minerals of the belt of weathering and the belt of cementa-

tion. It is true that with these, as already explained, there are also

considerable, or even dominant, quantities of residual undecomposed

anliydrous minerals; but it is certain that the metamorphosed equivalents

of these pelites contain none of the minerals which are cliaracteristic of

« Daubree, A., Experiences synth^tiques relatives aux m^t^orites: Comptes rendus des stances

de I'academie des sciences, vol. 62, Paris, 1866, p. 661.
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the belts of weathering and cementation, and the only possible conclnsion

is that these minerals have recombined and reproduced the heavier minerals

of the lower physical-chemical zone. That this is so is shown by the fact

that, barring the water and the cai'bon dioxide which are liberated in the

process of alteration, the average chemical compositions of the unaltered

pelites and their metamorphosed equivalents are nearly the same.

While it is held that the reactions are reversible, it is not supposed

that this is often exactly the case for a given rock. In order that this

should even approximately take place, it would be necessary that there be

no change of average composition in the zone of katamorphism, and this is

never the case. The minerals formed in the zone of anamorphism dejDend

not only upon the minei-als of the zone of katamorphism present, but upon

their proportion and many other factors. What is meant by the reversi-

bility of the reactions is that, when compounds produced in the zone of

katamorphism from a given mineral are -together in proper proportions

and conditions in the zone of anamorphism, the original mineral may be

reproduced.

If this law of the reversibility of reactions in the two zones be true,

the question naturally arises why so few of the reversing reactions in

the zone of anamorphism have been recorded. The answer lies in the

difference in the readiness with which observations may be made in the

two zones. The reactions of the belts of weathering and cementation of

the zone of katamorphism have been more fully described, because they

are constantly taking place at or near the surface under conditions of

I'eady observation. Many of the reverse reactions have not been fully

described, because they occur at depth, and because in areas of strong

metamorphic action they have been complete. Usually gradation from

practically complete reactions to very incomplete reactions in the zone of

anamorphism is comparatively rapid. But notwithstanding the very imper-

fect observations of the zone of anamorphism, the general reversibility of

the reactions in the two zones seems- as certain as if it were established by

observation, and it is believed that it will be established by observation.

If the conclusions of the foregoing paragraphs be correct it is evident

that there is an almost entirely neglected field of observation in metamor-

phism—that by which the minerals of the zone of anamorphism are produced

from the minerals of the zone of katamorphism.
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For the reasons given above, I conclude: It is believed that most of

the equations which represent the reactions in the gone of katamorphism are

reversible in the zone of anamorphism; and so far as there is expansion of

volume and liberation of heat in the upper zone, just so far is there condensation

of volume and absorption of heat in the lower zone.

SECTION 5. TABLES.

In order to present compactly the essential facts as to the alterations

of each mineral, a set of tables is here given.

Table A gives the mineral sources of each of the minerals.

Table B gives the minerals to which each mineral alters.

Table C gives the equations representing the alterations of each of the

minerals into other minerals and shows the volume changes.

Table D classifies the alterations of the minerals under processes and

gives their various combinations, with volume changes.

Table A.

—

Sources of minerals.

Acmite is derived from arfvedsonite.

Aotinolite is derived from ankerite, bronzite, hypersthene, olivine, parankerite,

sahlite.

Albite is derived from '...analcite, heulandite, laumontite, plagioclases (with or-

thoclase), sodalite, spodumene, stilbite.

AUophane is derived from anorthoclase, microcline, orthoclase.

Amesite is derived from pyrope.

Analcite is derived from laumontite, leucite, nephelite, plagioclases, sodalite.

Anhydrite is derived from gypsum.

Anthophyllite is derived from bronzite, hypersthene, olivine.

Aphrosiderite is derived from - garnet.

Augite is derived from hornblende.

Bastite is derived from .actinolite, anthophyllite, bronzite, cummingtonite,

hypersthene, sahlite.

Berlanite is derived from chlorite.

Bela-spodumene is derived from spodumene.

Biotite is derived from anorthoclase, augite, hornblende, microcline, ortho-

clase, scapolites.

Biotite-chlorite is derived biotite.

Brucite is derived from ohondrodite, clinohumite, humite, serpentine.

Breunerite is derived from olivine.

Calcite is derived from actinolite, ankerite, anthophyllite, aragonite, augite,

diopside, dolomite, epidote, fluorite, garnet, grossu-

larite, gypsum, hauynite, hornblende, noselite, paran-

kerite, sahlite, scapolites, tremolite, zoisite.

Chabazite is. derived from .haiiynite, noselite, plagioclases.

Chalcedony is derived from augite, sahlite.

Chlorite is derived from almandite, augite, biotite, garnet, hornblende, iolite,

phlogopite, prehnite, pyrope, staurolite, tourmaline,

vesuvianite.

MON XLVII—04 24
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Table A.—Sources uf minerals—Continued.

Cimolite is derived from i . anorthoclase, microcline, orthoclase.

Chlorophyllite is derived from iolite.

Chromite is derived from olivine.

Clinoclilore is derived from biotite (with plilogopite).

Corundum is derived from diaspore, gibbsite.

Cyanite is derived from andalusite, corundum, diaspore, gibbsite.

Cymatolite is derived from spodumene.

Damourite is derived from andalusite, corundum, cyanite, microcline, orthoclase,

sillimanite, staurolite, topaz.

Diaspore is derived from biotite, corundum, garnet (conjectural), gibbsite, haiiyn-

ite, muscovite, nephelite, noselite, phlogopite, scapo-

lites, sodalite.

Diopside is derived from^ dolomite.

Dolomite is derived from ankerite, calcite, parankerite.

Dudleyite is derived from margarite.

Enophite is derived from chlorite.

Enstatite is derived from pyrope.

Epidote is derived from anorthoclase, augite, biotite, garnet, hornblende, micro-

cline, orthoclase, plagioclases, scapolites.

Epistilbite is derived from plagioclases.

Eucryptite is derived from spodumene.

Fassaite is derived from gehlenite.

Garnet is derived from vesuvianite.

Gibbsite is derived from anorthoclase, andalusite, biotite, cancrinite, corundum,

cyanite, epidote, garnet (conjectural), haiiynite, mi-

crocline, muscovite, nephelite, noselite, orthoclase,

phlogopite, plagioclases, pyrope, scapolites, silliman-

ite, sodalite, topaz, tourmaline, zoisite.

Gismondite is derived from plagioclases.

Grossularite is derived from gehlenite.

Griinerite is derived from siderite.

Gypsum is derived from anhydrite.

Halloysite is derived from anorthoclase, microcline, orthoclase.

Hematite is derived from actinolite, ankerite, anthophyllite, biotite, bronzite,

garnet, greenalite, griinerite, hornblende, hyper-

sthene, ilmenite, limonite, magnetite, marcasite, oli-

vine, parankerite, pyrite, serpentine, siderite.

Hercynite is derived from olivine.

Heulandite is derived from plagioclases.

Hornblende is derived from augite, garnet.

Hydrobiotite is derived from biotite.

H ydromagnesite is derived from brucite.

Hydromuscovite is derived from nephelite, scapolites, sodaUte.

Hydronephelite is derived from nephelite, sodalite.

Hydrophlogopite is derived from phlogopite.

Hydrotalcite is derived from olivine.

Hypersthene is derived from almandite, biotite, garnet.

Ilmenite is derived from perovskite, rntile.

Kaolin is derived from andalusite, anorthoclase, biotite, cyanite, epidote,

garnet (conjectural), leucite, microcline, nephelite,

orthoclase, the plagioclases, the scapolites, silliman-

ite, sodalite, topaz, and zoisite.

Laumontite is derived from anorthite.
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Table A.

—

Sources of miyierals—Continued.

Lepidomelane is derived from artvedsonite.

Limonite is derived from actinolite, ankerite, antiiopliyllite, arfvedsonite, biotite^

bronzite, chlorites, epidote, garnet, greenalite, griiii-

erite, hematite, hornblende, liyperathene, ihnenite,

magnetite, marcasite, olivine, parankerite, pyrite,,

pyrrhotite, serpentine, siderite.

Magnesite is derived from garnet, olivine, pyrope, serpentine.

Magnetite is derived from actinolite, ankerite, arfvedsonite, augite, biotite, bronz-

ite, diopside, garnet, greenalite, griinerite, hematite,

hornblende, hypersthene, ilmenite, marcasite, olivine,

parankerite, pyrite, pyrrhotite, sahlite, siderite.

Malacon (hydrous zircon) is derived from zircon.

Marcasite is derived from hematite.

Margarite is derived from corundum, diaspore, gibbsite.

Meionite is derived from grossularite.

Mesolite is derived from plagioclasea.

Mica is derived from spinel, tourmaline, vesuvianite.

Microcline is derived from spodumene.

Muscovite is derived from anorthoclase, diaspore, gibbsite, leucite, microcline,

nephelite, orthoclase, plagioclase and orthoclase,

scapolites, sodalite, spodumene.

Se,e also Damourite.

Natrolite is derived from apatite, chabazite, haiiynite, nephelite, noselite, plagio-

clases, sodalite.

Nephelite is derived from leucite, sodalite (conjectural).

Newtonite is derived from anorthosite, microcline, orthoclase.

Octahedrite is derived from ilmenite, titanite.

Opal is derived from olivine, serpentine.

Orthoclase is derived from analcite, heulandite, leucite, laumontite, atilbite.

Osteolite is derived from apatite.

Paragonite is derived from anorthoclase, muscovite, plagioclases.

Pectolite is derived from apophyllite.

Penninite is derived from biotite (with phlogopite)

.

Perovskite is derived from titanite.

Phillipsite is derived from plagioclases.

Phlogopite-chlorite is derived from phlogopite.

Pinite is derived from iolite.

Prehnite is derived from .analcite, laumontite, mesolite, natrolite, plagioclases,.

scolecite.

Pyrite is derived from marcasite, pyrrhotite.

Pyrophyllite is derived from anorthoclase, microcline, orthoclase.

Quartz is derived from actinolite, anorthite, anorthoclase, anthophyllite, augite,

biotite, bronzite, chalcedony, chlorites, cummington-

ite, diopside, enstatite, epidote, garnet, grossularite,

hornblende, hypersthene, n,iicrocline, olivine, opal,

orthoclase, plagioclases, prehnite, pyrope, sahlite^

scapolites, serpentine, tridymite, zoisite.

Eutile is derived from brookite, ilmenite, octahedrite, titanite.

Sahlite is derived from ankerite, parankerite.

Scapolites are derived from plagioclases.

Scolecite is derived from plagioclasea.

Serpentine is derived from actinolite, biotite, bronzite, chondrodite, clinohumite,

diopside, enstatite, hornblende, humite, hypersthene,

muscovite, olivine, jjyrope, sahlite, spinel.
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Table A.

—

Sources of minerals—Continued.

Siderite is derived from arfvedsonite, garnet, hematite, hornblende, limonite,

magnetite, olivine.

Sillimanite is derived from andalusite, biotite, corundum, cyanite, diaapore, gibbaite.

Smaragdite is derived from diallage.

Sodalite is derived from nephelite.

Spinel is derived from almandite, biotite, corundum, diaspore, garnet, gibbsite,

olivine, pyrope.

Steatite is derived from andalusite, cyanite, muscovite, sillimanite, topaz, tour-

maline.

Stilbite is derived from haiiynite, noselite, plagioclases.

Talc is derived from i actinolite, andalusite, anthophyllite, bronzite, cyanite,

diopside, enstatite, gehlenite, hypersthene, musco-

vite, olivine, phlogopite, pyrope, sahlite, scapolites,

sillimanite, spinel, staurolite, topaz, tremolite.

Titanite is derived from ilmenite, rutile.

Thomsonite is derived from nephelite, plagioclases, sodalite.

Tremolite is derived from _ . .diopside, dolomite, olivine.

Vermiculite is derived from muscovite.

Webskyite is derived from serpentine.

WoUastonite is derived from calcite, dolomite.

Zoisite is derived from corundum, diaspore, gibbsite, grossularite, plagioclases.

Table B.—Alteration products of minerals.

Actinolite alters to bastite, calcite, hematite, limonite, magnetite, serpen-

tine, talc, quartz.

Albite alters to analcite, gibbsite, kaolin, marialite, natrolite, quartz.

Almandite alters to chlorite, hypersthene, spinel.

Analcite alters to albite, orthoclase, prehnite.

Andalusite alters to cyanite, kaolin, gibbsite, muscovite (damourite), silli-

manite, talc (steatite).

Anhydrite alters to gypsum.

Ankerite alters to actinolite, calcite, dolomite, hematite, limonite, mag-
netite, sahlite.

Anorthite alters to gibbsite, gismondite, kaolin, laumontite, meionite,

prehnite, quartz, scolecite, thomsonite, zoisite.

Anorthoclase alters to .allophane, biotite, cimolite, damourite, epidote, gibbs-

ite, halloysite, kaolin, muscovite, newtonite, para-

gonite, pyrophylite, quartz.

Anthophyllite alters to bastite, calcite, hematite, limonite, quartz, talc.

Apatite alters to osteolite.

Apophyllite alters to pectolite.

Aragonite alters to calcite.

Arfvedsonite alters to - - acmite, lepidomelane, limonite, magnetite.

Augite alters to biotite, calcite, chalcedony, chlorite, epidote, horn-

blende, magnetite, quartz.

Beta-spodumene alters to albite, eucryptite, muscovite.

Biotite alters to chlorite, diaspore, epidote, gibbsite, hematite, hydro-

biotite, hypersthene, kaolin, limonite, magnetite,

quartz, serpentine, sillimanite, spinel.

Biotite (with phlogopite) alters to penninite, clinochlore.

Bronzite alters to actinolite, anthophyllite, bastite, hematite, limonite,

magnetite, quartz, serpentine, talc.

Brookite alters to rutile.

Brucite alters to hydromagnesite.
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Table B.—Alteration products of minerals—Continued.

Calcite alters to dolomite, wollastonite.

Cancrinite alters to calcite, gibbsite, natrolite.

Chabazite alters to natrolite.

Chlorite alters to berlanite, enophite, limonite, quartz.

Chondrodite alters to brucite, serpentine.

Clinohumite alters to brucite, serpentine.

Corundum alters to diaspora, cyanite, gibbsite, margarite, muscovite (da-

mourite), sillimanite, spinel, zoisite.

Cummingtonite alters to bastite, quartz.

Cyanite alters to kaolin, gibbsite, muscovite (damourite), talc (steatite).

Diallage alters to calcite, chlorite, epidote, feldspar, magnetite, quartz,

smaragdite.

Diaspore alters to corundum, cj^anite, margarite, muscovite, sillimanite,

spinel, zoisite.

Diopside alters to calcite, magnetite, quartz, serpentine, talc, tremolite.

Dolomite alters to calcite, diopside, tremolite, wollastonite.

Enstatite alters to quartz, serpentine, talc.

Epidote alters to calcite, gibbsite, kaolin, limonite, quartz.

Fluorite alters to calcite.

Garnet alters to aphrosiderite, calcite, chlorite, diaspore ( conjectural )

,

epidote, gibbsite (conjectural), hematite, hornblende,

hypersthene, iron oxide, kaolin (conjectural), limon.

ite, magnesite, magnetite, quartz, aiderite.

Gehlenite alters to .fassaite, grossularite, talc.

Gibbsite alters to corundum, cyanite, diaspore, margarite, muscovite,

sillimanite, spinel, zoisite.

Grossularite alters to calcite, meionite, quartz, zoisite.

Griinerite alters to hematite, limonite, magnetite.

Gypsum alters to anhydrite, calcite.

Hauynite alters to calcite, chabazite, diaspore, gibbsite, natrolite, stilbite.

Hematite alters to. limonite, magnetite, marcasite, pyrite, siderite.

Heulandite alters to albite, orthoclase.

Hornblende alters to augite, biotite, calcite, chlorite, epidote, hematite,

magnetite, quartz, serpentine, siderite.

Humite alters to brucite, serpentine.

Hypersthene alters to actinolite, anthophyllite, bastite, hematite, limonite,

magnetite, quartz, serpentine, talc.

Ilmenite alters to hematite, limonite, magnetite, octahedrite, rutile,

titanite.

lolite alters to - chlorite, chlorophyllite, pinite.

Laumontite alters to ., albite, analcite, orthoclase, prehnite.

Leucite alters to analcite, kaolinite, muscovite, nephelite, orthoclase.

Limonite alters to hematite, siderite.

Magnetite alters to hematite, limonite, siderite.

Marcasite alters to. hematite, limonite, magnetite, pyrite.

Margarite alters to dudleyite.

Marialite alters to biotite, kaolin, muscovite, quartz, talc.

Meionite alters to biotite, calcite, epidote, gibbsite, kaolin, muscovite.
Mesolite alters to prehnite.

Microcline alters to allophane, biotite, cimolite, damourite, epidote, gibbsite,

halloysite, kaolin, muscovite, newtonite, pyrophyl-
lite, quartz.

Muscovite alters to diaspore, gibbsite, paragonite, serpentine, talc (steatite),

vermiculite.
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Table B.—Alterationproducts of minerals—Continued.

Natrolite alters to prehnite.

Nephelite alters to albite ( conjectural) , analcite, diaspore, gibbsite, hydro-
muscovite (pinite), hydronephelite, kaolin, musco-

vite, natrolite, sodalite, thomsonite.

Noselite alters to calcite, chabazite, diaspore, gibbsite, natrolite, stilbite.

Octahedrite alters to _. .rutile.

Olivine alters to actinolite, anthophyllite, breunnerite, chromite, hema-
tite, hercynite, hydrotalcite, limonite, magnesite, mag-
netite, opal, quartz, serpentine, siderite, spinel, tremo-

lite.

Opal alters to chalcedony, chert, quartz.

Orthoclase alters to allophane, biotite, cimolite, damourite, epidote, gibbsite,

halloysite, kaolin, muscovite, newtonite, pyrophyl-

lite, quartz.

Tarankerite alters to actinolite, calcite, dolomite, hematite, limonite, magne-
tite, sahlite.

Perovskite alters to ilmenite.

Phlogopite alters to chlorite, diaspore, gibbsite, hydrophlogopite, talc.

Phlogopite (with biotite) alters to clinochlore, penninite.

Plagioclases alter to analcite, chabazite, epidote, epistilbite, gibbsite, gis-

mondite, heulandite, kaolin, laumontite, mesolite,

natrolite, paragonite, phillipsite, prehnite, quartz,

scapolites, scolecite, stilbite, thomsonite, zoisite.

Prehnite alters to chlorite, quartz.

Pyrite alters to
, hematite, limonite, magnetite.

Pyrope alters to amesite, chlorite, enstatite, gibbsite, magnesite, quartz,

serpentine, spinel, talc.

Pyrrhotite alters to limonite magnetite, pyrite.

Eutile alters to hematite, ilmenite, titanite.

Sahlite alters to actinolite, bastite, calcite, chalcedony, magnetite, quartz,

serpentine, talc.

Scapolite alters to biotite, calcite, diaspore, epidote, gibbsite, hydro-
muscovite (pinite), kaolin, muscovite, quartz, talc.

Scolecite alters to prehnite.

.Serpentine alters to brucite, hematite, limonite, magnesite, opal, quartz,

webskyite.

;Siderite alters to griinerite, hematite, limonite, magnetite.

:Sillimanite alters to cyanite, kaolin, gibbsite, muscovite (damourite), talc.

.Sodalite alters to albite ( conjectural), analcite, diaspore, gibbsite, hydro-
muscovite (pinite), hydronephelite, kaolin, musco-
vite, natrohte, nephelite (conjectural), thomsonite.

"Spinel alters to mica, serpentine, talc.

Spodumene alters to albite, beta-spodumene, cymatolite, eucryphtite, micro-

cline, muscovite.

Staurolite alters to chlorite, gibbsite, magnetite, muscovite ( damourite
)

, talc.

Stilbite alters to albite, orthoclase.

Titanite alters to calcite, octahedrite, perovskite, quartz, rutile.

'Topaz alters to gibbsite, kaolin, muscovite, talc (steatite).

Tourmaline alters to biotite, chlorite, gibbsite, mica, steatite.

Tremolite alters to calcite, talc.

Vesuvianite alters to chlorites, garnets, micas.

Zircon alters to hydrous zircon (malacon).

Zoisite alters to calcite, gibbsite, kaolin, quartz.
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Table D.— Classification of alterations, with volume changes.

INDEX TO CLASSIFICATION.

Carbonation 396

Carbonation and defluoridation 396

Carbonation and dehydration 396

Carbonation, dehydration, and desulphation 396

Carbonation, dehydration, and desilication 396

Carbonation and deoxidation 1 396

Carbonation, deoxidation, and dehydration 396

Carbonation and desilication 396

Carbonation and hydration 397

Carbonation, hydration, and dechloridation 398

Carbonation, hydration, and desilication 398

Carbonation, hydration, and desulphation 399

Carbonation, hydration, oxidation, and desilication 399

Carbonation, hydration, and silication 399
Carbonation, oxidation, dehydration, and desilication 399

Change of symmetry and molecular change 399
Chloridation 400
Deboration and decarbonation 400
Decarbonation 400
Decarbonation and titanation 400
Dehydration 400
Dehydration and decarbonation 401

Deoxidation 401

Desilication 401

Hydration 402
Hydration and decarbonation 402
Hydration and dechloridation 403
Hydration, dechloridation, carbonation, and desilication 403
Hydration, dechloridation, and decarbonation 403
Hydration and defluoridation 403
Hydration and desilication 404
Hydration, desilication, and decarbonation 401

Hydration and oxidation 4O4
Hydration, oxidation, and desilication 405
Hydration and silication 405
Molecular division 405
Oxidation 4O5
Oxidation and decarbonation , 405
Oxidation, decarbonation, and desulphidation 406
Oxidation and desulphidation 406
Oxidation, hydration, and decarbonation 406
Oxidation, hydration, and desulphidation 406
Oxidation and titanation 405
Silication 406
Silication and decarbonation 4O7
Silication and dehydration 4O7
Silication, dehydration, and decarbonation 407
Silication, hydration, and decarbonation 408
Silication, oxidation, and decarbonation 408
Substitution of bases 408
Sulphidation 4O8
Sulphidation, deoxidation, and carbonation 408

A



396 A TREATISE ON METAMORPHISM.

Table D.— Classification, of alterations, with vol/ume changes—Continued.

OAEBONATION.

CARBONATION AND DEFLUORIDATION.

Fluorite .
Calcite

CARBONATION AND DEHYDRATION.

Source.
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Table D.— Classification of alterations, with volume changes—Continued.

CARBONATION AND HYDRATION.

Albite, anorthite

Do

Do

Albite, anorthite, leucite

Albite, anorthite, leucite

Anorthite

Do -

Augite -

Beta-apodumene

Biotite

Do

Do'

Enstatite

Leucite

Do

Do :

Leucite, albite, anorthite (see Albite).

Meionite

Do

Nephelite

Do

Do _

Do

Do

Do

Do

Do

Phlogopite

Do

Do

Do

Pyrope

Spodumene

Tremolite

Do

Products.

Epistilbite, gibbsite

Heulandite, gibbsite

Stilbite, gibbsite

Phillipsite •_ . .

.

Phillipsite, gibbsite

Laumontite, gibbsite

Scolecite, gibbsite

Biotite _

.

Muscovite, albite

Biotite-chlorite

Hydrobiotite

Serpentine, gibbsite, kaolin.

Talc

Orthoclase

Orthoclase, kaolin

Orthoclase, muscovite

Kaolin, calcite

Muscovite, calcite

Analcite, diaspore

Analcite, gibbsite

Hydronephelite

Muscovite

Muscovite, kaolin

Natrolite, diaspore

Natrolite, gibbsite

Finite, kaolin

Hydrophlogopite

Talc, diaspore

Talc, gibbsite

Talc, gibbsite, serpentine .

Talc, magnesite, gibbsite..

Muscovite, niicrocline

Talc

Talc, calcite

Volume
change.

Per cent.

+37. 14

+37. 14

+43. 50

+31.98

+40. 61

+33. 65

+35. 23

+17. 26

- .76

+22. 92

+ 3.80

+14. 26

+ 9.93

-38. 57

—10. 58

—12.43

+35. 40

+29. 42

+ 5.49

+19. 68

+23. 49

—38. 46

—16. 50

+15.00

+24. 46

—13. 00

+26. 89

—18. 27

- 7.79

+ 5.23

+75. 91

+31. 74

- .83

+25. 61
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Table D.— Classification of alterations^ with volume changes—Continued.

CARBONATION, HYDRATION, AND DECHLORIDATION.

, y
-

Source.
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Table D.— Classification of alterations, with volume changes—Continued.

CARBONATION, HYDEATION, AND DESILIOATION—Continued.

Source. I'roducts.

Pyrope

Pyrope (see Grossularite).

Sahlite

Do

Zoisite

Amesite, magnesite, quartz

Bastite, quartz

Bastite, quartz, calcite

Calcite, gibbsite, kaolin, quartz .

.

Volume
change.

Per cent.

+62. 26

+ 1.93

+56. 41

+66. 22

CARBONATION, HYDRATION, AND DESULPHATION.

Haiiynite.

Do...

Do...

Noselite .

.

Chabazite, gibbsite

Natrolite, gibbsite, calcite.

Stilbite, gibbsite, calcite .

.

Natrolite, gibbsite

- 7.46

+ 4.99

+ .46

-16.44

CARBONATION, HYDRATION, OXIDATION, AND DESILIOATION.

Actinolite

Do...

Augite ...

Do...

Olivine

Sahlite

Talc ,

Talc, calcite, hematite, quartz

Chlorite, epidote, quartz, hematite

Chlorite, epidote, quartz, hematite, magnesite.

Serpentine, magnetite, magnesite, quartz

Serpentine, magnetite, calcite, quartz

Do
I

Talc, magnetite, calcite, quartz

.

Andalusite

Aragonite

Bronzite or hypersthene

.

Marcasite

Cyanite

Calcite

Anthophyllite

Pyrite

-36. 51

+20. 33

+ 8.58

+15. 43

+37. 13

+37. 50

+27. 88

CARBONATION, HYDRATION, AND SILICATION.
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Table D.— Classification of alterations^ roith volume changes—Continued.

CHLORIDATION.

Source. Products.
Volume
change.

Albite

Albite, halite . .

.

Nephelite

Nephelite, halite .

Marialite

do ..

Sodalite .

do ..

Albite, gibbsite

Anorthoclase, gibbsite

Diaspore

Gibbsite

Do

Gypsum

Heulandite

Do

Laumontite

Limonite

Opal

Do

Orthoclaseor microcline, gibbsite.

Stilbite

Do

Paragonite

Muscovite, paragonite .

.

Corundum

do

Diaspore

Anhydrite

Albite

Orthoclase

Analcite

Hematite

Chert, chalcedony

Quartz

Muscovite (damourite)

.

Albite

Orthoclase

Per cent.

+10. 29

+ 1.84

+33. 14

+15. 64

DEBORATION AND DECARBONATION.
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Table D.— Classification of alterations, with, volume changes—Continued.

DEHYDRATION AND DECARBONATION.

Source.
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Table D.— Olassification of alteratimis, with volume changes—Continued.

HYDRATION.

Andalusite

Do

Anhydrite

Anorthite

Do

Do

Anorthite, hematite.

Cancrinite -

.

Corundum

Do

Oyanite

Do

Hematite

lolite (cordierite) ...

Leucite

Meionite, hematite .

.

Nephelite...

Pyrope

Serpentine

Sillimanite

Do

Zircon

Kaolin

Kaolin, gibbsite

Gypsum

Gismondite

Thomsonite

Zoisite, kaolin

Epidote, kaolin, gibbsite..

Natrolite, gibbsite, nalcite.

Diaspore

Gibbsite

Kaolin

Kaolin, gibbsite ?

Limonite

Chlorophyllite

Analcite

Epidote, gibbsite

Thomsonite

Talc, spinel, gibbsite

Webskyite

Kaolin

Kaolin, gibbsite ^

Volume

Malacon (hydrous zircon)

Per cent.

— 3.15

+ 61.87

+ 60.30

+ .52. 76

-I- 34.65

— 7.77

+ 3. 60

+ 8.64

+ 39.25

+161. 83

+ 10.11

-f- 84. 02

+ 60.72

— .86

+ 10.74

— 1.62

+ 24.60

+ 36.84

- 1.47

+ 64.67

+ 24.05

HYDRATION AND DECARBONATION.

Andalusite.

Do ...

.

Do ...

.

Do ...

.

Biotite

Cyanite

Do ...

.

Do ...

.

Do....

Muscovite .

Do ...

.

Do ...

.

Do ...

.

Talc (steatite)

Talc, gibbsite

Muscovite (damourite)

Muscovite, gibbsite

Chlorite

Talc (steatite)

Talc, gibbsite

Muscovite (damourite)

Muscovite, gibbsite

Serpentine

Serpentine, gibbsite

Talc

Talc, gibbsite

— 32.37

+ 97.67

— 9.55

+ 55. 47

+ 22. 92

- 23. 12

+124. 71

+ 2.83

+ 76.74

+ 16.50

+ 88.44

- 25.23

+ 46.69
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Table D. — Classification of alterations, with volume changes—Continued.

HYDRATION AND DEOARBONATION—Continued.

Source.
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Table D.— Classification of alterations, with volume changes—Continued.

HYDRATION AND DESILICATION.

Source.

Albite...

Do

Albite, anorthite, orthoclase .

Almandite, pyrope

Anorthite

Do -

Anorthite, hematite

Anthophyllite

Do

Bronzite or hypersthene

Do

Cummingtonite

Do

Enstatite -

Do

Orthoclase (see Albite).

Prelinite

Pyrope

Do...:

Pyrope (see Almandite).

Serpentine

Analcite, quartz

Natrolite, quartz

Albite, zoisite, muscovite, quartz.

Aphroaiderite, quartz

Zoisite, gibbsite, quartz

Prehnite, gibbsite, quartz

Epidote, gibbsite, quartz

Bastite

Bastite, quartz

Bastite

Bastite, quartz

Bastite

Bastite, quartz ....

Serpentine

Serpentine, quartz

Chlorite, quartz

do

Serpentine, gibbsite, quartz.

Brucite, quartz .

HYDRATION AND OXIDATION.

Anthophyllite

Do

Bronzite or hypersthene

.

Do .-

Do

Magnetite

Olivine . .

.

Talc, hematite..

Talc, limonite .

.

Talc, hematite.

.

Talc, limonite .

.

Talc, magnetite.

Limonite

Serpentine, magnetite.

Volume
change.

Pa' cent.

+20. 82

+19. 95

+50. 98

— 4.58

+14. 85

+ 6.57

+12.09

+34. 09

a +22. 77

6 +15. 65

a +46. 87

+14. 20

+36. 76

+14. 25

+38. 36

+ 3.27

+56. 02

+81. 61

+ 9.82

+11.41

!'+ 14. 68

«+21. 73

H-18. 20

+64. 63

+29. 96

a Sp. gr. hypersthene. 6Sp. gr. hronzite. c Average sp. gr. bronzite and hypersthene.
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Table D.— Classification of alterations, 'with volume changes—Continued.

HYDRATION, OXIDATION, AND DESILICATION.

Source.
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Table D.— Classification of alteratioris, vjith volume changes—Continued.

OXIDATION, DECAEBONATION, AND DESULPHIDATION.

Source.

Siderite, marcasite

Siderite, pyrite

Products.

Magnetite

do ...

Volume
change.

Per cent.

—47. 14

—46. 67

OXIDATION, HYDRATION, AND DEOARBONATION.
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Table D.— Classification of alterations, with volume changes—Continued.

SILIOATION AND DECABBONATION.

Aiikerite or parankerite, quartz

.

Do

Do

Bronzite or hypersthene, calcite, quartz .

.

Calcite Wollastonite

Calcite, quartz do

Dolomite Diopside

Dolomite, quartz 1
\

do

Dolomite Tremolite, calcite.

Products.

Actinolite

Actinolite, calcite .

Sahlite ,

Actinolite

Dolomite, quartz

Dolomite

Dolomite, quartz ,

Forsterite, calcite, quartz .

Olivine, calcite, quartz . .

.

Rutile, calcite, quartz.. .,

Siderite, quartz

.do.

Tremolite, wollastonite

.

do

Tremolite

Actinolite

Titanite

Griinerite

Volume
change.

Per cent.

-32. 72

-22. 62

—37. 27

o-lO. 77

6- 7.40

+10.81

-31. 48

+ 2.03

—40. 11

+ 9.89

—25. 20

+14. 00

-33. 09

—12. 29

-13. 34

—28. 17

-32. 53

SILIOATION AND DEHYDRATION.

Analcite, quartz.,

Diaspore, quartz .

Do

Gibbsite, quartz.

Do

Albite

Cyanite

Sillimanite.

Cyanite

Sillimanite.

-17. 25

-22. 61

-13. 52

-49. 61

-43. 68

SILICATION, DEHYDRATION, AND DECARBONATION.

Diaspore, quartz, calcite

.

Do

Diaspore, quartz, K2CO3.

Gibbsite, quartz, calcite .

Do

Gibbsite, quartz, K2CO3 .

Margarite.

Zoisite

Muscovite

Margarite.

Zoisite

Muscovite

-14. 08

-29. 44

-54. 21

-38.92

-43. 06

-64. 99

"Sp. gr. bronzite. f> Sp. gr. hypersthene.



408 A TREATISE ON METAMORPHISM.

Table Tf.— Classification of alterations, with volume cAan^es—Continued.

SILICATION, HYDRATION, AND DECARBONATION.

Source. Products.

Margarite.Corundum

Corundum, quartz, calcite ^ do

Corundum Zoisite.

Corundum, quartz, calcite.

Corundum

Corundum, quartz, K^COs

.do

Muscovite (damourite)

do

SILICATION, OXIDATION, AND DECAEBONATION.

Ilmenite

Ilmenite, calcite, quartz .

Titanite

Titanite, magnetite

.

SUBSTITUTION OF BASES.

Augite

Augite, siderite, magnesite.

Calcite

Diopaide

Diopside, magnesite

Hornblende

Leucite

Muscovite

Olivine, anorthite

Sahlite

Sahlite, siderite, magnesite

Spodumene

Hornblende

Hornblende, calcite

Dolomite

Tremolite

Tremolite, calcite

Augite

Orthoclase, nephelite.

Paragonite

Actinolite, spinel

Actinolite

Actinolite, calcite

Beta-spodumene

SULPHIDATION.

Pyrrhotite

.

Pyrite

.

SULPHIDATION, DEOXIDATION, AND OARBONATION.

Hematite

.

Do...

Marcasite, siderite.

Pyrite, siderite

Volume
change.

Per cent.

+159. 02

- 1.22

+261. 34

- 23.58

+264. 25

+ 1.62

+ 76.35

- 22.35

+ 4.30

+ 6.14

- 12.30

+ 5.68

+ 10.55

- 4.13

- 7.59

- 2.67

- 7.18

+ 7.28

+ 10.81

+ 24. 72

21.13

+ 78.73

+ 76.12



CHAPTER VI.

THE BELT OF WEATHERING.

Ill Chapter IV general statements were made as to the nature of the

alterations of the belt of weathering and the relations of these to alterations

in the belt of cementation and the zone of anamorphism. The^statements

were mainly from the physical-chemical point of view, and no attempt was

made to give in detail the facts upon which they were based. It is the

purpose of the present chapter, first, to consider fully the phenomena of the

belt of weathering from a geological point of view, and, second, to interpret

these phenomena in terms of the physical-chemical principles which have

been developed in the previous chapters. However, the two are not

separately considered, but are interwoven.

BELT OF WEATHERING DEFHSTED.

The belt of weathering has been shown to be a part of the zone of

katamorphism. (See Chapter IV.) From a physical-chemical point of view

this belt is one in which the reactions take place with liberation of heat,

and with expansion of volume provided all the compounds formed remain

in situ.

,At a variable depth below the surface of the earth ground water is a

^connected body which fills all of the openings. The position of the surface

of this body of water may be called the level of ground water. Above the

level of ground water the openings are ordinarily not filled with water.

From a geological point of view the belt of weathering is the surficial belt

extending from the surface of the earth to the level of ground water. The
thickness of this belt varies greatly. At or near streams, lake, or ocean,

and in areas where the surface is not much higher than the adjacent 'bodies

of water, the level of ground water may reach near or to the surface, and

thus there be for these areas either a very thin upper belt or even none. In

regions of average precipitation, moderate elevation, and moderate irreg-

ularities of topography the level of ground water is usually from 3 to 30

409
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meters from the surface. It is especially likely to be near the surface iu

regions where there is abundant precipitation and a thick layer of drift

or a thick layer of disintegrated rocks. In elevated and irregular regions,

especially those in which the precipitation is rather small, the level of

ground water is frequently 30 to 90 meters below the surface, and in high

desert regions the level of ground water may be 300 or more meters below

the surface.

The above general statements may be illustrated by various regions of

the United States. In the humid regions of eastern United States the level

of ground water varies from to 27 or 30 meters below the surface.

Throughout the greater part of the drift-covered region the sea of ground

water is penetrated at a depth of less than 15 meters, although on the

higher drift hills the level of ground water may be from 16 to 30 meters

Fig. 5.—Eelations of level of ground water to topography and to surface drainage. Lines with arrows are lines of flow.

After King.

below the surface. For the disintegrated regions of the southern Appa-

lachians, water is generally reached at a depth of less than 30 meters. For

the greater part of the Coastal and Gulf plains water is ordinarily found at

a depth of less than 15 meters. In the high limestone region of Kentucky

and Tennessee the level of ground water may be 60 to 90 meters below the

surface. For the major portion of the western part of the great plateaus

east of the Cordilleras the level of ground water is from 30 to 75 meters

below the surface, although adjacent to the streams it is less than this." In

the arid regions cut by deep canyons the level of ground water may be

far below the surface. In portions of such regions it is so deep that some

authors have concluded that water wholly fails. But that this is not so is

shown by the numerous springs which issue in these regions along the

« Darton, N. H., Preliminary report on the geology and water resources of Nebraska west of the one

hundred and third meridian: Nineteenth Ann. Rept. U. S. Geol. Survey, pt. 4, 1899, pi. ex.
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streams at the base of the canyons. For instance, in the Grand Canyon of

the Colorado many springs issue near the river and along the side canyons.

Some of these are large and are loaded with calcium carbonate." The rule

is here, as elsewhere, that the level of ground water starts at the level

of the river and rises toward the divide. But in this arid western country,

dissected by deep, steep canyons and broken by innumerable fractures, the

level of ground water in some places is as much as 1,000 meters or more

below the surface.

While there is great variation in the depth of the level of ground water,

and ground water is found onl)' at a considerable depth in many regions, on

the average the depth of ground water in the United States is not great

—

probably in the neighborhood of 30 to 50 meters.

FORM OF LEVEL OF GROUND WATER.

From the foregoing it follows that the form and position of the level

of ground water are largely dependent upon the topography, upon the

character of the openings in the rocks, upon the precipitation, and upon

other factors. In general, the more accentuated the topography the greater

is the difference between the elevation of the surface and the level of ground

water. Where from a lowland a steep ridge rises, the level of ground

water also rises, but less rapidly and with considerable deviation between

the two. Where from a lowland there is a gentle rise, the level of ground

water also rises gently, and it more nearly corresponds with the surface

than in the case of an abrupt rise. The position of the level of gi'ound

water is largely dependent upon precipitation. In humid regions it is apt

to be near the surface ; in aiid regions it is farther from the surface.

The relations of the level of ground water to topography and to surface

drainage are illustrated by fig. dJ" Where the openings in the rocks are

numerous and large, there are much greater differences between the surface

and the level of ground water than where the openings are few and small.

For this there are two reasons: First, the precipitation in a region of

large oj^enings more readily makes it way through the openings to the

drainage level than in a region where the openings are small, for i-esistance

to movement increases as the openings become small, and therefore on

"Powell, J. AV., Explorations of the Colorado Eiver of the West, 1875, p. 94.

* King, F. H. , Principles and (.onditions of the movement of ground water: Nineteenth Ann. Eept.

U. S. Geol. Survey, pt. 2, 1899, p. 99.
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account of the slow movement a greater head is necessary in orrler that

equihbriura shall obtain in the sea of ground water between additions

from precipitation and subtractions by flowage. Second, the level of the

ground water is also dependent upon capillarity. The effect of capillarity

is to raise the water surface in the small openings of the rocks above its

natural level as found in wells. The amount of this rise is inversely

as the diameter of the openings This amount, as shown on jiage 151,

varies from nothing in the largest capillary tubes to 166 meters in

circular tubes of limited size between capillary and subcapillary openings,

and to 83 meters in similar sheet openings. In circular capillary openings

between 1 mm. and 0.001 mm. in diameter the rise varies from 3.32 cm. to

33.2 meters, and in similar sheet openings one-half of this amount. A
comparison of the above numbers shows that in opeiiings limiting those of

capillary and subcapillary size the rise is five times these larger amounts.

When it is remembered that in large classes of sediments, such as fine sands

and clays, the openings approach subcapillary size, or even are of subcapillary

size, it is evident that the amount which the level of ground water may be

raised as a result of capillarity may be a very important factor in determining

its position.

While the level of ground water in rocks in which the 023enings are

capillary or subcapillary may be greatly affected by capillarity, in the

supercapillary and larger capillary openings this is not an appreciable

factor. It follows that there may be great changes in the level of ground

water in passing from places where the openings are supercapillary to where

they are capillary, and from places where the openings are capillary to

where they are subcapillary.

Illustrations of these principles are found in all countries. In fractured

limestone regions containing caves the level of ground water may follow

approximately that of the draina,ge of the district, and thus there be a great

difference between the topography of the surface and that of the ground-

water level. Where a region is covered with a thick mantle of fine material,

as drift, the topography of the ground water may very closely follow that

of the surface. A good illustration of an open limestone area is furnished

by the Grand Canyon region of Colorado. In this district the topography

is much accentuated and the rocks are largely limestone, commonly much
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fractured, and there is therefore great difference between the topography

of the surface and that of the level of ground water. In contrast with this

may be mentioned the drift-covered regions of North America. Here, even

where the topography is only moderately accentuated, the level of ground

water may rise rather rapidly. This is illustrated by the rise of that level

where one passes from one of the numerous lakes of the region to the

adjacent higher lands. A good instance is found at Madison, Wis. About

360 meters from Lake Mendota and 25 meters above its surface, on the

slope of a hill, is a well in which the water is, on the average, about 15.

meters above the sui'face of the lake."

AMOUNT AND SOURCE OF WATER IN BELT OF WEATHERING.

Under ordinary circumstances the water above the level of ground

water is mainly that of imbibition. (See p. 124.) This water is held by
the adhesion between the mineral particles and the water. But in the arid

regions a large part of the belt of weathering may not contain more than

a fraction of the water of imbibition. Whitney explains that not only the

surface soil but strata below the soil are often so dry as to be dusty.*

However, in contrast with this, for many regions, and for much of the

year, the water present is greater than that of imbibition and consequently

includes water of hygrometricity. (See p. 124.) Indeed, locally, and for

a time, the belt may be nearly or quite saturated with water. The upper

belt is therefore characterized by conditions ranging from almost complete

dryness, through water of imbibition, to almost complete saturation.

It has been shown in Chapter III that the circulating ground water is

almost wholly derived from precipitation, although it is possible that a

small fraction of this water is derived from deep within the earth. Before

considering the circulation in the belt of weathering, it is necessary to

understand how the precipitation is divided among the surface water, the

belt of weathering, and the belt of cementation.

In the greater part of the very humid region comprising the south-

eastern United States the rainfall varies from 100 to 150 cm., but runs up
to 175 cm. In this region, according to Newell, the run-ofP in streams is

"King, F. H., cit.,p. 99.

''Whitney, Milton, Conditions in soils of the arid region: Yearbook of the Dept. of Agric, 1894,

pp. 159-160.



414 A TREATISE ON METAMORPHISM.

about 50 per cent of the total precipitation." In the humid region'of the

United States comprising the Great Lakes region and a broad belt extending

through to central Texas the rainfall varies from 50 to 100 cm. The

run-off in this region varies from 12 cm. to nearly 50 cm., or from 25 to

47 per cent, the smaller percentages of run-ofP corresponding to the lesser

rainfalls. In the semiarid portion of the Cordilleran region, where the

rainfall is 25 to 50 cm., the run-oif varies from 5 to 12 cm., or is from

20 to 25 per cent of the ^precipitation. In the arid regions, where the

precipitation is 25 cm. or less, the run-off varies from to 5 cm., or from

to 20 per cent. Thus, according to Newell, the water flowing in the

streams varies from 50 per cent or more of the precipitation in the most

humid regions of the United States to 1 or 2 per cent in the most arid

regions.''

All these cases fall under the general rule given by Powell, "that the

coefficient of run-off increases with the rainfall;"" and it maybe stated

generally "that in humid countries the percentage of run-off to rainfall

is larger than in the arid regions ; and, of several localities, that one having

the greatest mean annual rainfall will, cfeteris paribus, have a rmi-off

disproportionally large to the others.'"' However, as j^ointed out by
Powell, it does not follow from this that the annual run-o/f of any one

basin is directly proportional to the measured annual rainfall, for there are

many factors entering into the run-off besides the amount of the precipi-

tation. Some of these factors are the distribution of precipitation during

the year, the temperature and other climatic conditions, the topography,

the chemical and physical character of the soil, cultivation, vegetation, etc.

Of these secondary factors that of topography is very important. In

proportion as the declivities are steep the run-off is likely to be large; in

proportion as the slopes are gentle the run-off is likely to be small. It

follows from this that the relative run-off is less in large drainage basins

than in small ones, because the large drainage basins are apt to have a

greater percentage of level land.^

«Newell, F. H., Results of stream measurements: Fourteenth Ann. Rept. U. S. Geol. Survey,

pt. 2, 1894, pp. 149-154, pla. v and vi.

!< Newell, F. H., Irrigation in the United States, Crowell & Co., New York, 1902, p. 27.

« Powell, J. W., Second annual report of the irrigation survey: Eleventh Ann. Eept. U. S. Geol.

Survey, pt. 2, 1891, p. 27.

<« Powell, cit., p. 27.

"Newell, F.H., Water supply for irrigation: Thirteenth Ann. Kept. U. S. Geol. Survey, pt. 3, 1893,

pp. 18-14.
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This rule is well illustrated by the arid and semiarid regions, where a

very large portion of the run-off is that of the precipitation of the moun-

tain regions. Whitney estimates that in the level districts of the arid region

of the United States, even where the rainfall is as high as 50 cm., only 10

per cent, or 5 cm., of the rainfall passes into the run-off."

The cultivation of the soil is another of the secondary factors which

has an important influence in the amount of run-off. Proper soil cultivation

produces a rough surface having many minor depressions arranged in such

a way as to have the channels follow the contours. Also, cultivation

produces numerous large openings in the upper 5 to 30 cm. of the soil.

As a result, when precipitation comes the depressions hold the water;

From these depressions it makes its way easily into the large openings.

The big openings give a large surface from which the water can make its

way into the smaller openings of the soil. Therefore, in cultivated soil a

much larger portion of the water makes its way into the soil than under

natural conditions. The run-off is greatly decreased and the water for

circulation in the belt of weathering is greatly increased.

It will be seen later, in considering the belt of cementation, that the

run-off includes both the water which never goes below the surface of the

ground and that which issues from the belt of cementation. Much the

larger part of the water of the belt of cementation passes through the belt

of weathering on its way to the belt of cementation. All of the water not

included in the run-off has its entire circulation in the belt of weathering.

In the United States it follows, from the figures above given, that the

entire circulation of about 50 per cent of the precipitation in the more

humid regions is confined to the belt of weathering. In the less humid

regions from 53 to 75 per cent is confined to this belt. In the semiarid

regions from 75 to 90 per cent is confined to this belt. In the arid regions

from 90 to 100 per cent of the precipitation has its only ground circulation

in the belt of weathering. It is therefore clear that the proportion of the

water of precipitation concerned in the circulation of the belt of weathering

is much greater than that concerned in the circulation of the belt of cemen-

tation; for the belt of weathering has exclusive control of from 50 to 100

per cent of the total precijjitation, and nearly all of the water of the belt

of cementation first circulates in the belt of weathering.

"Whitney, Milton, Conditions in soils of the arid region: Yearbook of the Dept. of Agric, 1894,

pp. 157-159.
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However, it does not follow that the water present in the belt of

weathering at any one time is as g-reat as the amount in the belt of cemen-

tation. Indeed, the amount of water in the belt of weathering is only a

small fraction of that in the belt of cementation. The explanation of this

is that the water contributed to the belt of weathering remains in the

•belt only a short time—a few minutes, a few hours, a few days, or possibly

a few years; while much of the water of the belt of cementation remains in

that belt for many years. In the case of the deeper and longer circulations

of the latter belt, as shown on pages 585-586, much of the water must

have remained underground for centuries. Therefore, while a much larger

nercentage of the water of precipitation takes part in the circulation of the

belt of weatliering than in the belt of cementation, at any given time the

amount of water at work in this belt is much less than that in the belt of

cementation.

THE CIECtlLATION.

It has already been seen (pp. 146-152) that the chief factors which

control the -movement of the water in the belt of weathering are (1)

gravity, (2) mechanical movement, (3) molecular attraction, and (4) plant

roots. The special action of these factors in the belt of weathering needs

consideration.

The force of gravity is vertical and downward, and therefore, so far as

this force is concerned, there is a continual tendency for water to be drawn

from above the surface of the ground into and directly through the belt of

weatliering to the belt of cementation. Where the different parts of the

water interfere, as they do in the belt of cementation, there -may be super-

imposed on this vertical movement very important lateral movements, as

seen on pages 572-576. But the interference due to hydrostatic pressure

comes only when the rocks are saturated. In general the rocks of the belt

of weathering are not saturated; and hence the lateral movements in this

belt due directly to gravity are imimportant, except locally and for short

periods of time.

In the belt of weathering the effect of mechanical movement controlled

by gravity is to steadily make the soils more compact, au,d thus to decrease

the size of the openings and so to promote capillary action. Also, to some

extent, mechanical consolidation tends to squeeze out the moisture and so

to force it to the surface or to the belt of cementation.
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The influence of molecular attraction is to draw the water from areas

of more moisture to areas of less moisture. Since the water falls upon the

surface, the first tendency of this force is, like that of gravity, to draw the

water from the surface into the soil and downward. However, there are

many modifications of this general tendency. Immediately after precipi-

tation molecular attraction works very effectively with gravity in carrying

the water downward, but after rainfall has ceased, evaporation near the

surface very frequently results in the surface soil containing less moisture

than the subsoil or the deeper parts of the belt of weathering. Under these

circumstances the force of molecular attraction draws the water from below

the surface toward the surface, in opposition to gravity. Also, whenever

the belt of weathering is somewhat deficient in moisture, molecular attrac-

tion tends to draw water from below the level of ground water into the belt

of weathering. These movements are either upward or downward; but

whenever local conditions produce lateral variations in moisture, molecular

attraction tends to give the water a horizontal component from places of

more moisture to places of less moisture.

Wherever roots are present they absorb water from the immediately

adjacent soils, and carry it surfaceward. The roots extend both vertically

and laterally, and hence the movement of water due to roots is both lateral

and vertical. Where roots are present, on account of the absorption of

water the soil adjacent to the roots is deficient in amoimt. As soon as this

deficiency appears the force of molecular attraction carries the water

from places of more moisture to those places of less moisture, and thus

replenishes the svipply.

The downward and upward movements of water controlled by the

above forces are of such consequence that they are entitled to separate

consideration.

DO\A^NWARD MOVEMENTS OF WATER.

As has been seen, the general forces producing downward movement
of water are gravity and molecular attraction; with these forces mechanical

movement may cooperate. The results which these forces accomplish are

very different under different circumstances. Some of the most important

of the variable circumstances affecting the downward movement of water

are the irregularities in precipitation and the amount of water in the soil

and subsoil.

MON XLVII—(14 27
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If precipitation cpmes suddenly and abundantly an upper layer of the

soil may become saturated, and this layer be separated from the belt of

saturation below by a layer in which the pore spaces are largely occupied

by air. The air below the surface layer of saturation prevents the ready

passage of the water downward, and if precipitation continues a large part

of the falling water may be prevented by the air from easily making its

way into the soil, and consequently joins the run-off. But, as explained

later, where the soil is cultivated deeply, so as to leave a considerable

percentage of large openings near the surface, and from this supply a

temporary reservoir is furnished, a considerably larger proportion of the

precipitation may get into the ground than in uncultivated areas.

The water in an upper saturated layer may make its way downward

in two ways, (1) the confined air below slowly escapes, either by upward

creep or through the rare larger passages which are not filled with water,

and the water consequently moves downward; and (2) if the soil particles

below the layer of saturation are moistened or contain water of imbibition,

the water driven by gravity and capillarity slowly creeps downward along

the surfaces of the particles.

If, however, the particles below the upper layer of saturation be entirely

dry, this condition exerts a strong retarding influence. Says Whitney:

"Water does not readily spread through a previously dry soil, because the

tension or contracting power of the surface of the water is greater than the

attraction of the soil grains, which tends to cause its diffusion through

the mass. One may see, therefore, a nearly saturated layer closely adjacent

to a perfectly dry and dusty mass."" The explanation of this retardation

is expressed differently by Wolff, who attributes it to the elastic meniscus

at the front of the moving water. '' (See p. 141.)

The above condition of affairs is especially likely to occur in the arid

and semiarid regions, where a large part of the belt of weathering is very

dry. According to Whitney, even where the annual rainfall is as much as

50 cm., nearly the entire amount may remain within a few meters of the

"Whitney, Milton, Conditions in soils of the arid region: Yearbook of the Dept. of Agric, 1894,

p. 160. King, F. H., Principles and conditions of the movement of ground water: Nineteenth Ann.

Eept. U. S. Geol. Survey, pt. 2, 1899, p. 93. Merrill, George P., Rocks, rock-weathering, and soils,

Macmillan Co., New York, 1897, pp. 379-380.

!> Wolff, H. C, The unsteady motion of viscous liquids: Trans. Wisconsin Acad. 8ci., Arts, and

Letters, vol. 12, pt. 2, 1900, pp. 552-553.
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surface, and separated from the belt of cementation by a belt of dry soil.

This holding- of the water of precipitation near the surface, according to

Whitney, explains the greater efficiency of water in the production of crops

in the semiarid regions than in the humid regions."

In opposition to the above, where the subsoil is moist and where the rate

of precipitation is moderate, the water may make its way downward, drawn

by gravity and by molecular attraction, without forming an upper barrier

of saturated soil which prevents the escape of the air below and the down-

ward passage of the water. Where precipitation continues long and a

considerable part of the water makes its waj downward into the soil,

through the belt of weathering to the belt of cementation, locally the belt

of saturation or the level of ground water may rise almost or quite to the

surface.

The water which passes to the belt of cementation is carried down-

ward, as already explained, by gravity and molecular attraction. The
proportion of the water of the belt of weathering which on the average

passes into the belt of cementation is small. In the level arid regions the

proportion which thus passes downward may be almost zero, and even in

the humid regions only a small fraction of the water which gets into the

belt of weathering passes through this belt into the belt of cementation.

UPWARD MOVEMENTS OF WATER.

The water which enters the belt of weathering and does not join the

belt of cementation is brought to or above the surface (a) by molecular

attraction or (b) by vegetation. In either case this Avater is evaporated.

At times of abundant precipitation the evaporation is very small, but at

intervals between precipitation, especially at times of sunshine and in warm
climates, the water near the surface rapidly passes into the atmosphere.

The water thus brought to the surface, as already intimated, is derived
' mainly from the belt of weathering, but a portion may come from the sea

of ground water.

MOLECULAR ATTRACTION.

The manner in which the water is brought to the surface by molecular

attraction, thus overcoming gravity, is fully discussed on pages 150-162.

However, the proportion of the precipitation which is thus brought to

"Whitney, cit., pp. 160-161.



420 A TREATISE ON METAMOEPHISM.

the surface is very difficult to estimate. It is everywhere an important

force, but is more important in proportion as there is lack of vegetation.

In the complete desert regions this force acts alone in returning the water

to the surface. In such -regions practically the entire precipitation may be

returned to the surface by capillarity. This is likely to occur where, on

account of sudden and abundant precipitation, a saturated layer forms

above a layer not saturated, and especially where the layer below is dry.

It has already been explained that under such conditions the water works

its way downwai'd with great difficulty, and, remaining near the surface, it

is rapidly evaporated.

While much the larger part of the water returned to the surface by

molecular attraction is the water of imbibition in the belt of weathering,

a portion of the water may be derived from the belt of cementation, and

thus pass upward entirely through the belt of weathering in reaching the

surface. The effect of capillarity in raising the level of ground water above

the normal level is spoken of on page 412 and on pages 150-162. It is also

explained that, due to the attraction between the molecules of rock and

water, water is drawn along the walls of the openings of the mineral

particles beyond the height of the free surface.

The amount of water which may be transported upward a given dis-

tance by molecular attraction is a function of the absolute amount of pore

space and the size of the openings. With a given pore space the amount

increases with fineness of subdivision to a certain limit. The amount ol

surface of the particles increases as subdivision inci'eases. Therefore, in

finely subdivided material the wall space along which the water can creep

is very much greater than in coarse material. To illustrate, it will be

readily appreciated that the amount of water which capillarity would carry

up from the free surface tlu-ough a distance of 1 meter in a coarse grained

sandstone is small as compared with that which would be transported

upward for the same distance through a soil having the same absolute

amount of pore space. But where the o^jenings are so small as to be subcap-

illary the water adheres to the walls, and the amount of water transmitted
.

decreases. Thus, through a fine clay having the same pore space as an

ordinary soil, the amount of water transported upward would be less than

in the soil.

The quantity of water which may thus move upward from the belt of

saturation has been experimentally determined by King for some materials
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under certain conditions. In an experiment carried on for forty days in

coarse sands, in which the free surface of water was 15, 30, 45, 60, and 75

cm. below the surface. King found that the mean evaporation per day was

0.2895, 0.282, 0.203, 0.0864, and 0.0495 cm., respectively.'' In the cases of

the largest and the smallest numbers, those in which the level of ground

water is 15 and 75 cm. below the sin'face, the amount of evaporation in a year

would be 105.6675 and 18.0675 cm., respectively. "Where the movement is

vertically upward through a distance of 1 foot [30 cm.] it has been found

by experiment that the rate for a fine sand was 2.37 pounds per square foot

[1.16 grams per sq. cm.] per day of twenty-four hours; when the lift was

increased to 2 feet [60 cm.] the movement became 2.07 pounds [1.01 grams

per sq. cm.]; at 3 feet [90 cm.] it was 1.23 pounds [60 grams per sq. cm.],

and at 4 feet [120 cm.] onlj^ 0.91 pounds per square foot [0.444 gram per

sq. cm.]. A similar trial with medium clay loam gaA^e a movement of 2.05

pounds [1 gram per sq. cm.] for a lift of 1 foot [30 cm.], 1.62 pounds

[79 grams per sq. cm.], for 2 feet [60 cm.], 1 pound [0.488 gram per sq. cm.]

for 3 feet [90 cm.], and but 0.9 pound [0.439 gram per sq. cm.] where the

lift was 4 feet [120 cm.]."

"The observations show that it [capillary movement] is very rapid at

4 feet [120 cm.]; so rapid, indeed, that were it maintained throughout the

year it would deliver at the surface the equivalent of 63.85 inches [11.2

on. cm. per sq. cm.] of water."* With finer but equallj^ porous soils the

amount of water thus derived from beloAv the level of ground water may
be considerably greater.

By "capillary movement," as used by King, is meant the process,

ah-eady described, of creep along the walls to the surface above the free

surface of ground water, not the raising of the surface in consequence of

capillarity, as that term is ordinarily used. (See pp. 150-152.)

Cultivation greatly retards the process of the upward movement of

water by molecular attraction. The upper part of the soil is in blocks

separated by supercapillary openings. The continuous capillary openings

in the soils and the close contacts are broken up. The amount of wall

area upon which the water mtiy creep upward is greatly reduced. The
conditions prevent molecular attraction from readily bringing water to the

surface, and evaporation is retarded. The intense heat from the sun during

"King, cit, p. 92. ''King, cit, p. 85.
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the day mainly affects the cultivated layer. This contains but little mois-

ture, and consequently evaporation is much slower than in areas where the

capillary opening's extend unbroken to the heated surface. Consequently

soils cultivated as soon after precipitation as the water has had time to

make its way to the subsoil may retain considerable amounts of water

a short distance below the surface during long periods of drought.

VEGETATION.

In proportion as vegetation is present, this becomes an important

influence working in conjunction with molecular attraction in the circula-

tion of water in the belt of weathering. In another connection it will

be shown that roots commonly permeate the soil both laterally and

vertically. Ordinary herbaceous plants frequently have roots extending

to a depth of 1 to 2 meters, and the roots of trees penetrate to a

depth of 5 to 6 meters, or even 9 to 12 meters. The lateral extent of

many plant roots is even greater than their vertical extent. In areas of

abundant vegetation the upward movement of water is much more largely

the result of plant roots than of iiiolecular attraction. According to.

Merrill, in forested areas the total a.mount of evaporation and transpiration

from the trees amounts to about 75 per cent of the total precipitation. In

areas covered by other vegetation the total varies from 70 to 90 per cent,

depending upon the character of the plants." If these figures be correct,

they show how important an agent the roots of plants are in the upward
transfer of ground waters to the surface. In proportion as the region

is arid the volume of the roots decreases. But even in the deserts the

amount of plant life is surprisingly great. Moreover, in deserts the roots

are often several times as extensive as the parts of the plants above

ground, so that in such regions roots are very important factors in the

circulation of the small amounts of water of the belt of weatherino- It

is only in the comparatively small areas where the deserts are absolute

that roots are altogether wanting.

On the average, much the larger quantity of water broug'ht to or above

the surface by plants is derived from the belt of weathering. But it is

clear that in many areas, and especially in low-lying areas, where the level

"Merrill, George P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897, pp.
280-281.



CIRCULATION OF GROUND WATER. 423

of ground water is near the surface, the roots tap this water stratum and

carry water from it to the surface.

In summary, while the lateral movements of water in the belt of weath-

ering are of consequence, it is clear that the upward and downward

movements are those of dominant importance. Gravity is always at work

carrying the water downward; the roots are always at work carrying it

upward. Molecular attraction following periods of precipitation works with

o-i-avity in carrying the water downward, and at intervals between precipi-

tation works with the roots in carrying the water surfaceward, in opposition

to gravity.

Thus, a large proportion of the water of precipitation takes a downward

journey for a certain distance into the belt of weathering, and then returns

to the surface. The chief impelling forces for the first part of the journey

are gravity and molecular attraction, and the impelling forces in the return

journey are roots and molecular attraction working against gravity. Where

vegetation is sparse or wanting, the upward movement by which water is

brought to the surface is chiefly or wholly molecular attraction.

VABIATION IN LEVEL OF GROUND WATER.

Variation in the level of ground water is of great importance in rock

alteration, since due to this a certain horizon is alternately under conditions

of the belt of weathering and under those of the belt of cementation. It

follows that the contrasting reactions of these two belts are superimposed

upon each other. Variation of the level of grpund water has an exceptional

importance in connection with ore deposits. (See Chapter XII.)

Variation in the level of ground water depends upon many factors, of

which (1) variable precipitation, seepage, and evaporation, (2) uplift and

subsidence, (3) denudation and valley filling, and (4) man, produce impor-

tant results, and (5) barometric pressure and (fi) temperature produce

unimportant effects.

PRECIPITATION, SEEPAGE, AND EVAPORATION.

The surface of the ground water rises and falls (a) with climatic change

resulting in variations in precipitation, (b) with variations in precipitation

running through several years, (c) with seasonal variations in precipitation,

and finally (d) with the cyclonic and diurnal variations in precipitation.
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(a) As a result of climatic changes there may be very great variations

in precipitation in different epoclis in the same region. For instance, there

is every reason to believe that in the Great Basin during Glacial time pre-

cipitation was abundant, whereas at the present time precipitation is sparse.

At the epoch of abundant precipitation there were in this region vast

fresh-water lakes, such as Bonneville and Lahontan. At this time of

humidity it is hig-hly probable that the level of ground water was compara-

tively near the surface, while at the present time for much of the region it

is a considerable distance below the surface. Similar climatic chansres

affected much of the western part of the United States and have affected

other parts of the world at various periods of geologic time.

(b) Besides these great climatic changes there are in many parts of the

the world alternating cycles of several years or a decade, during a part of

which there is more than an average precipitation, followed by other years in

which the precipitation is less than normal. At times of abundant precipi-

tation the level of ground water rises; at times of deficient precipitation it

falls. The rise and fall in the level of ground water due to such cycles

may amount to several meters. It not hifrequently happens that wells sunk

during the humid part of a cycle have to be sunk deeper during the part of

the cycle in which the precipitation is small. During the closing half dozen

years of the nineteenth century California experienced the dry part of one

of these cycles. As a consequence of the deficient precipitation vegetation

very greatly suffered. During these years in southern California the level of

ground water markedly fell at various places from 5 to 10 or even 20 meters.

For instance, in the Los Angeles Basin, in the area above where the river

emerges from underground, during the years 1895-1899 the level of ground

water fell at the rate of between 0.3 and 0.4 meters per kilometer per annum
in passing ujDward from the source of the river. But in southern California

the fall in the level of ground water is very largely due to the influence of

man. (See pp. 427-428.) Pumping of ground water to the surface for

irrigation, and not variation in precipitation, is one of the main causes of

this fall.

(c) The greater part of the earth has either one or two seasons of

relatively abundant precipitation, followed by one or two less wet or dry

seasons; therefore the cycle of seasonal vai-iation is semiannual or annual.
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The variation in the level of ground water due to this cause may be excep-

tionally 2 or 3 meters, but in general is but a fraction of a meter.

(d) The cyclonic intervals of varying precipitation in the north

temperate zone are iisually from three to seven days. However, in various

regions, at various times, several of the cyclonic periods may rapidly follow

one another, and give conditions of almost continuous rainfall. In certain

regions, as in the Tropics, a chief A'ariation in precipitation is diurnal, there

being in the region of the doldrums abundant showers almost daily.

Ordmarily the variation in the level of ground water due to the cyclonic

period is but a few centimeters; but locally, and where there is nearly

continuous precipitation for a day or more, the level of ground water may
rise, due to this variation in rainfall, by amounts as great as a meter, or,

very locally, several meters.

The rise of ground water for a given amount of precipitation in any

cycle depends not only upon the quantity of the rainfall, but upon the

amount of seepage into the soil, and this depends upon many factors. For

instance, low declivity, vegetation, rough surface, and large openings are

favorable to entrance into the soil; while steep declivity, lack of vegetation,

and small openings are favorable to large run-off and evaporation. Where
there is a high percentage of seepage a comjjaratively small precipitation

may raise the surface of ground water a considerable amount, for the pore

space at the level of ground water may be small. In case the pore space

were 10 per cent, a fall of 1 cm. would produce a rise in ground water of

5 cm., provided one-half of it reached the level of ground water through

seepage. In many districts increased seepage, due to irrigation, has mark-

edly raised the level of ground water.

In so far as the water evaporated is derived from the belt of cementa-

tion, this tends to lower the level of ground water. The amount of this

lowering, due to the upward transportation of water through molecular

attraction and vegetation, is likely to be .great in proportion as the level of

ground water is near the surface. AVhere the level of ground water is

many meters below the surface the variation due to this cause is probably

small. The variations of the level of ground water due to evaporation are

considered in connection with precipitation and seepage; for in many
regions the abundant precipitation occurs at the same periods of the year
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at which the evaporation is the most rapid. Tliese two factors frequently

tend to neutralize each other so far as the level of ground watei- is

concerned, for the effect of precipitation is to raise the level of ground

water and the effect of evaporation is to lower that level.

Tlie variations in the level of ground water due to climatic variations

in precipitation are the greatest, but the variations of the level of ground

water due to seasonal variations in jDrecipitation, or even to cyclonic and

diurnal variations in precipitation, are far more important than might at

first be thought, for these lesser variations largely or wholly compensate

for their smaller magnitude by their much greater frequency.

UPLIFT AND SUBSIDENCE.

Vertical movements of the earth's crust take place as a result of either

epeirogenic or orogenic movements, or the two combined. Uplift tends to

lower the ground water, and subsidence tends to raise it, in reference to a

fixed plane in the rocks. Only regions which have a considerable elevation

above the sea have the ground water far below the surface. Regions which

are near the level of the sea usually have the ground water near the surface;

but this may not ajoply to interior low-lying deserts.

DENUDATION AND VALLEY FILLING.

Consequent upon denudation there. is a steady downward movement

of the level of ground water. This continues, unless compensated for by
uplift, until base-level is reached, when the ground-water level approxi-

mately corresponds, on the average, with the ocean. The resiilt of denuda-

tion is continuously to transfer the upper part of the belt of cementation

into the belt of weathering, and thus to change the conditions of alteration

from those of one belt to those of the other. This steady downward migra-

tion, in reference to a fixed plane in the rocks, of the boundary between

the belt of weathering and the belt of cementation is the most important of

all the changes in the variation of the level of ground water, leading to

profound geologic and economic consequences, which are fully discussed

elsewhere. Variation in the level of ground water may also result from

valley filling. When a valley is filled to a considerable depth, this may
result in corresponding rise in the level of ground water. If the valley

be again excavated, this may lower the ground water to its former level.
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INFLUENCE OF MAN.

Man influences the level of ground water in various ways. Probably

his most important effect upon this level is by the denudation of the forests,

by irrigation, and by cultivation. It is well known that commonly the

removal of the forests increases the run-oif. It has been explained (p. 415)

that bad cultivation may increase the run-oif and that good cultivation

diminishes it. But, also, cultivation increases greatly the amount of evap-

oration. All changes in the quantity of run-off, in the redistribution of the

run-off by irrigation, and in the amount of evaporation from the surface,

produce an effect upon the level of ground water. In general the effect of

cultivation is to lower the level of ground water. This is illustrated in

hundreds of localities within the area of the lake plains. In many places

where before cultivation began there were shallow lakes, marshes, or

swamps in which the ground-water level was at the surface, the ground

water is now 5 to 10 meters below the surface. For instance, in central

Wisconsin, southwestern Portage County, in the vicinity of Almond and

Bancroft, in the gravelly and sandy outwash plains bordering the Wisconsin

drift, Dr. Weidman states that in consequence of cultivation the ground-

water level has been lowered from 6 to 12 meters, and the level of water in

the ponds and lakes lowered from 3 to 4 meters, so that the area of lake

and pond waters is not more than 25 to 50 per cent of what it was fifty

years ago, when settlement of this vicinity first began. In Clark County,

in the area of thick old drift overlying sandstone and crystalline rock,

since settlement began forty years ago the level of ground water has been

lowered from 3 to 4 meters.

Man has further modified the level of ground water b)' drawing upon

the sea of ground water. He has sunk innumerable Avells from which

large quantities of water have been taken. This drawing of the water to

the surface lowers the level of ground Avater. However, the effect was

probably comparatively slight until the developments of the last century.

During that period great numbers of artesian wells were bored, from

which very large quantities of water are taken. The inevitable result of

the opening of the numerous ready passages for the ground water to

again reach the surface must be the lowering, at least to a small extent, of

the level of ground water at the feeding areas. But probably the most

important lowering of the level of ground water is in mining and irrigation
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districts, where within comparatively small areas vast quantities of water

are raised to the surface. The ground-water level in many mining areas

has been locally lowered scores or even hundreds of meters. From the

Comstock lode enormous quantities of water were pumped." From a single

iron mine in the Lake Superior region 19,000 liters per minute have been

raised for considerable periods of time. In the lead and zinc district of

Missouri many small pumjjs located close together have lowered the level

of ground water at various places from 30 to 50 meters. Drafts upon

underground water by pumping for irrigation and for city supplies have

lowered the level of ground water to a very considerable extent in many of

the semiarid regions. An excellent illustration is furnished by southern

California, where during the last ten years the level of ground water has

been lowered at various places over extensive areas from 10 to 30 meters.

Depression of the level of ground water due to pumping rapidly

transfers a considerable horizon from the conditions of the belt of cementa-

tion to those of the belt of weathering, and thus accomplishes the same

effects which are slowly produced by the downward migration of the level

of ground water due to other causes.

BAROMETRIC PRESSURE.

King has shown that barometric pressure may slightly raise and lower

the level of ground water. The fluctuations due to this cause are, however,

usually but a fraction of a centimeter.'

TEMPERATURE.

It has already been seen that increase in temperature decreases the

viscosity of ground water. At times of increase of temperature, therefore,

the escape of the underground waters through springs and seepage is pro-

moted, and the level of ground water is lowered. At times of decrease

of temjjerature the escape is stayed. . Also rise of temperature produces

increased pressure, due to the expansion of the gases confined in the soil

above the ground water, and King holds this to be the chief cause of

increase of flowage with increase of temperature." However, the effect

of the temperature factor upon the level of ground water is slight, its most

important effect being slight daily oscilhltions.

«Lord, Eliot, Comstock mining and miners: Mon. U. S. Geol. Survey, vol. 4, 1883, pp. 231-232.

iiKing, F. H., cit., p. 76.

cKing, F. H., cit., p. 75.
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GENERAL STATEMENTS.

The variations in the level of gronnd water where they are consid-

erable are very slow, but in amount they ai'e of great consequence. Of the-

factors which separately, or more commonly by combination, have

produced marked variations in the level of ground water, uplift, subsidence,

.

denudation, valley filling, and the influence of man are the most important.

The lead and zinc districts of the Mississippi Valley afford excellent illus-

trations of variations in the level of ground water. In the lead and zinc

districts of the upper Mississippi Valley, near the close of the Glacial epoch,

there was a subsidence and valley filling- to the amount of 60 to 90 meters

or more. This produced a corresponding rise in the level of ground water,

and the transfer of a considerable belt which had been in the belt of

weathei'ing to the belt of cementation. Possibly the same thing has hap-

pened in the lower Mississippi Valley lead and zinc region. For instance,

in the Joplin district of Missouri, below the level of ground water, there

were large caves before mining began. These caves may have been

formed when the level of ground water was at a lower horizon, so that the

surrounding ground was in the belt of weathering. At a time when a

horizon now in the belt of cementation was in the belt of weathering

solution was the dominant process. Wlieri the level of ground water rose,

this horizon passed into the belt of cementation and deposition and conse-

quent filling of the openings began. As a result in the Joplin district the

caves are gigantic geodes lined with great crystals of calcite, some of them
from 10 to 50 or more centimeters long. By the artificial lowering of the

level of ground water by mining processes this belt has been again trans-

ferred to the belt of weathering, and reactions characteristic of this belt

have been set up.

METAMORPHISM IN^ THE BELT OF IVEATHEEHSTG.

VARIABLE MATERIALS AND CONDITIONS OF BELT OF WEATHERING.

Within the belt of weathering there is the greatest variety of materials

and conditions. The reactions are therefore of the most extraordinarily

complex character. In the belt of rock weathering there is the greatest

possible variety of rocks. In fact, every known variety of rock which
exists anywhere upon the earth may be present. There are in this belt
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original igneous rocks of every variety, from plutonic to volcanic, including

both lavas and tuffs ; rocks varying from the most dense to the most porous,

such as pumice; rocks varying from the most basic to the most acid, and

having the most variable mineralogical composition. A second class of

rocks Avhich has even a more widespread occurrence in the belt of weath-

ering' than the igneous rocks are the sedimentary rocks. These include

mechanical sediments of all kinds, chemical and organic sediments of all

kinds, and all possible gradations between them. A third class which is

present in the belt of weathering is the metamorphosed rocks of igneous

and sedimentary origin. These rocks may have been altered either in the

zone of anamorphism or in the belt of cementation. Moreover, the amount

of alteration is variable,' ranging from rocks which have been but slightly

affected to those which have been mashed and granulated or recrystallized

throughout. Fourth, there is every variety of surficial rocks produced by
the transporting agents of wind, water, and ice. Moreover, all these four

classes of rocks are present in the belt of weathering in various stages

of alteration under the conditions of that belt, so that the products vary

from those in which the forces of weathering have produced but slight

effects to those in which they have produced final results.

Within the belt of weathering all the agents of raetamorphism are

present. These include gaseous solutions, water solutions, and organic

compounds. Oxygen, carbon dioxide, water, nitrogen, and other gases are

present in variable proportions. Of these the first three are of greatest

consequence. In humid regions, at times of abundant precipitation, the

belt of Aveathering becomes nearly saturated with water, and these gases

may be nearly or quite excluded except as they are contained in the water

solutions. In desert regions there may be an almost complete lack of water,

even that held by imbibition being evaporated by the heat of the sun near

the surface. At such places the gases dominate. In the lower part of the

belt, in consequence of the variation of the level of ground water, is a layer

which has alternately conditions of saturation and conditions in Avhich water,

carbon dioxide, and oxygen are together in important amounts and in various

proportions. Therefore the conditions are those ranging from saturation by

water solutions to saturation by gaseous solutions.

It follows from the above that the amount of gaseous solutions is

inversely as the amount of water solutions. When the water solutions
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occup}^ much of the space, this leaves little space for the gases. On the

other hand, in so far as water does not occupy the openings in the rocks,

this space is taken up by the gases which may exist anywhere in the belt

of weathering. Varying amounts of water solutions and gaseous solutions

furnish favorable conditions for the gases to pass into the water solutions,

in which form they are most effective in rock alteration.

Further, in the belt of weathering there is a great variety of plant and

animal life, and consequently the complex action of organic bodies upon the

inorganic compounds. These organic forms vary in magnitude from the

smallest bacteria to large trees. Moreover, the organic bodies act both

while alive and after death. Therefore reactions of many kinds result from

them, involving gases, liquids, and solids.

Furthermore, in the belt of weathering there are great variations in

temperature and other physical conditions. The tempei-ature varies from

far below 0° C. in polar regions to 50° C. or even 60° or 70° C. in the sun

in some of the arid regions of the Tropics. For much of the globe, as a

result of varying temperature, the surface water is alternately in the form

of liquid and of ice. Also the conditions are those of variable pressure.

Finally, there are all variations in topographic conditions. Some areas

show very slight relief, while others have the most abrupt slopes. Some

areas are near sea level, others are 3,000 or more meters above sea level.

' The work in tlie belt of weathering is accomplished by mechanical and

chemical agencies. The mechanical work is largel}' that of disintegration;

the chemical work is largely that of decomposition and solution. Disinte-

gration may entirely separate the constituent minerals from one another, or

even subdivide the mineral particles. Decomposition is complete when all

of the original minerals have changed to other minerals. Solution is com-

plete only when all the original minerals are dissolved. The ultimate result

of the action of the mechanical and chemical agencies is to produce soils.

MECHANICAL WORK.

Mechanical work subdivides the rocks or disintegrates them.

Mechanical woi'k is accomplished by the following: (1) Water, (2) ice,

(3) wind, (4) chang-e in temperature, (5) change from water to ice, (6)

plants, and (7) animals.
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WATER, ICE, AND WIND.

la the broadest sense wind, water, and ice above the surface are

included under the agents of the belt of weathering. But this subject is so

large that it is ordinarily given a separate treatment under the terms erosion,

land sculpture, or physiography. Therefore the work of these three agents

will not be here considered or even summarized. However, it may be well

to recall that these agents are not efficient in the mechanical disintegration

of the rocks except as they use rock material as their tools; that is, wind,

water, and ice are incapable of rapidly cutting the rocks. When the wind

bears sand it may do a considerable amount of cutting; when water bears

rock material varying in size from bowlders to silt it may accomplish a vast

amount of work. The same statement is true of ice. All three of these

agents, therefore, furnish their energy of motion to rock material as tools of

cutting, and thus accomplish mechanical destruction of the rocks. This

energy is indirectly derived from the sun and gravity. It should also be

said that there appears to be a limit be3'ond which water, wind, and ice are

incapable of finer subdivision of material. Thus Daubree found that in

water there was a limit beyond which mechanical trituration for the hard

minerals like quartz ceased, "owing to the buoyant action of the water,

which in the form of a thin film between adjacent particles acted as a cushion

and prevented actual contact to the extent necessary for mutual abrasion.""

Shaler appeals to the same principle in explaining thej endurance of sand

grains on the seashore. He says that the grains are held apart by films of

interstitial water (this would be water of adhesion), and are therefore pre-

vented from strongly impinging against one another.'' Judd says that the

small particles of the alluvial deposits of the Nile which have been trans-

ported great distances are angular, while the larger particles of the same

deposits are subangular or rounded. Judd attributes the rounding of the

larger grains to eolian rather than river work;" but this does not lessen the

force of the argument as to there being a lower limit beyond which the

particles are not rounded by river action.

oMerrill, cit., p. 197. See Danbr^e, A., G^ologie exp^rimentale, Paris, 1879, p. 268 et seq.

ftShaler, N. S., Phenomena of beach and dune sands: Bull. Geol. Sec. America, vol. 5, 1894, pp.

208-209.

cJudd, J. W., Report on a series of specimens of the deposits of the Nile Delta, obtained by the

recent boring operations: Proc. Royal Soc. London, vol. 39, 1885, pp. 213-220.
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Abrasion by wind, and especially by ice, may give a finer subdivision

of material than abrasion by water. For instance, it is well known that

glacial dtibris varies in coarseness from great bowlders to a silt so fine that

the streams issuing from the glaciers are of whitish color, and it takes many

days for the exceedingly finely divided material to settle when a stream has

passed into a lake. Chamberlin and Salisbury found, as a matter of obser-

vation, that the particles of loess of the Mississippi Valley smaller than

0.1 mm. in diameter are angular." This accords with the conclusion of

Daubree that particles smaller than 0.1 mm. in diameter are not reduced

in size by their mutual tritui-ation, since the particles of the loess have

been carried for long distances in water. However, the particles as origi-

nally formed by glacial abrasion may be very much smaller than this.

Indeed, Chamberlin and Salisbury sta.te that only 1.3 per cent of the

particles of loess of the Mississippi Valley are as large as 0.006 mm. in

diameter, and that probably 90 per cent of the particles do not reach half

this size.*" The loess of the Rhine gave similar results, there being here

only seven-tenths of 1 per cent of material over 0.01 mm. in diameter, only

3 per cent between 0.005 and 0.01 mm., while 85 per cent is less than

0.0026 mm." The lower limit of size of the particles of the loess are not

given by any of these writers, but nothing is said which intimates that it

goes below the limit of visibility of the microscope.

It thus appears tolerably certain that, however fine the subdivision by
any of the mechanical agents, the finest subdivision of material is only

accomplished by chemical agents.

For instance, in the residuary soils of the driftless area of Wisconsin

—

material largely subdivided by chemical agents—less than six-tenths of 1

per cent of the particles are as large as 0.006 mm. in diameter, less than 1.6

per cent are between 0.006 and 0.00286 mm., and about 98.6 per cent are

smaller than 0.00286 mm."* In this case much of the material is so finely

divided that it is stated that "since the visible proportion of exceedingly

fine particles was greatly increased with each increase of magnifying power,

"Chamberlin, T. C, and Salisbury, R. D., The driftless area of the upper Mississippi Valley:

Sixth Ann. Kept. U. S. Geol. Survey, 1885, p. 246.

6 Chamberlin and Salisbury, cit., pp. 279-280.

"Chamberlin and Salisbury, cit., p. 280.

''Chamberlin and Salisbury, cit., pp. 248-249.

MON XLVII—04 28



434 A TREATISE ON METAMORPHISM.

the number at the hmit of vision was always great."" It thus appears that

in the case of chemical subdivision it is doubtful if the microscope used

fully resolved the material into its constituent particles.

CHANGE IN TEMPERATURE.

Change in temperature results in the disin-

tegration of tlie rocks by producing' differential

expansion and contraction. When the rock

surface is affected by any change in tempera-

ture, the heat is only slowly conducted and there

is differential expansion between the outer part

of the rock and the inner part. In other words,

powerful shearing stresses are set up, as a result

of which flakes of the rock are disrupted from

the deeper located solid material (see fig. 6).

The surface temperature may be greater or

less than the average temperature of the rock,

and the process is especially effective when the

surface temperature is alternately lower and

higher than the average temperature.

The expansion of different rocks jjer degree

FIG. 6.-Eflect of unequal heating of the centigrade varics from less than 0.000023 cm. to
surface of a rock, (a) shows the con- '^

dition of a block of uniform temper- about 0.000046 Cm. IDCr meter. WllCU tllCSe
ature. (6) illustrates the manner in

which the upper portion of a rook numbers are multiplied by the number of degrees
surface expands when heated above n , -, • • -, r •

average temperature; where the differ- of cJiange durUlg aU}'' pCTlOd aS, tor lUStaUCe,
ence in temperature is sufficiently , ,

, i •
• p i

great, this results in the splitting off oue day—WO have the mcrement ot change ni
of the upper layers, (c) illustrates the , i n j.1 r xl 1 j. j.1 r J • j.1

contraction of the upper surface by the Icugths of the rocks at thc surface dunng the

rf,?hLt,:;:emfle?err;Ze: period, suppose the change for a given day to

rt^Viiuttntol'ofTU^r ::;::" ^e 40° C, and the length of the rock surface be

taken as 1 meter at the mean temperature, then

its length at the coolest period will be from 0.99908 to 0.999,54 cm., and at

the hottest period from 1.00046 to 1.00092 cm. A few inches below the

surface it may be assumed that the temperature of the rock is near the

mean ; consequently, at the coolest part of the day the surface of the rock

is shorter than the rock below, and at the hottest part of the day it is

' Chamberlin and Salisbury, cit., p. 248.
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long-er than the rock below. Wheu the surface is shorter than the main

mass of the rock below, if the elastic limit be surpassed tensile fracture

will take place nearly at right angles to the surface. When during the

hot part of the day the surface is longer than the average of the rock

below, powerful shearing stresses are set up parallel to the surface. If

these surpass the elastic limit of the rock, shearing rupture will take

place roughly parallel to the surface. When once a rupture is started,

it will extend until the rupture feathers out at the surface or until the flake

or spall has become long enough to permit the stresses to be relieved by

buckling.

The surface scaling of rocks, and parting parallel to the surface

exfoliation, are attributed to difFerential expansion and contraction caused

by change of temperature, because the fractures are peripheral. In inassive

rocks, whatever the topographic forms and shapes, the scaling produced by

temperature chaiiges sliould be roughly parallel to the surface. For

instance, if there be a 'great dome of granite, the fractures which form

should circumscribe it (see PI. I) as they would circumscribe a sphere,

being at any given place parallel to it. In the United States such fracturing

is well exhibited by the granite of Dunn Mountain, in North Carolina; by

the granite domes of central Missouri; and above all by the great granite

domes of the West, such as those in the Sierra Nevada. The scales are

ordinarily but a few centimeters in thickness, and are rarely more than 60

cm. thick. Of course, in none of these cases does every fracture occur

precisely parallel to the surface; rather, they are inclined to it at small

angles in various ways, thus frequently intersecting. However, the corre-

spondence is, in a general way, as given, and therefore the positions of the

fractures furnish evidence of their production in consequence of shearing

stresses due to changing temperature.

Another reason for believing that the peripheral or zonal scaling and

parting are due to changing temperature is the fact that the ru^^tures occur

nearly parallel to the surface without reference to previous structures.

Thus it often happens that great slabs, 2 cm. to 5 cm. thick, of schistose or

gneissic rocks form, which are diagonal or even at right angles to the

structures.
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The changes in temperature are important in proportion as the rate

of change and the amount of change are great. It is rapid change of

temperature which mainly results in differential expansion and contraction,

and therefore this is the factor of final consequence. The temperature

changes are (a) diurnal, (b) cyclonic, and (c) seasonal. The amount

of xie diurnal change is considerably less than that of the cyclonic, and

that of the cyclonic change is considerably less than that of the seasonal

;

but the rate of change is far greater for the diurnal than for the cyclonic,

and this is far greater than the seasonal rate. Therefore the diurnal

changes are the most important in the disintegration of rocks, the cyclonic

changes of next importance, and the seasonal changes are of least importance.

The diurnal changes range from 0° to 50° C. or more. For instance,

in Texas the diurnal changes in temperature in the shade are frequently 30°

to 40° C." Branner states that in Brazil the diurnal change of temperature

from the minimum at night to the maximum in the sun frequently amounts

to 60° C, the average appearing to be not far from 40° 0.'' In some

desert regions diurnal changes even greater than this have been recorded.

Probably even these ranges are not great enough; for the sun beating upon

the surface of a rock will raise it to a higher temperature than it will a

thermometer in the air. In order to obtain the real effect of tlie diin-nal

change of temperature, one ought to sink a thermometer in the exposed

rock surface and ascertain its range from the coolest part of the night to

the hottest part of the day.

While the diurnal range is very great, probably the diurnal change of

temperature and the resultant fracturing is limited to a few inches in depth.

The changes in temperature due to the cyclonic period are greater than

those due to the diurnal period, but the period is longer and the rate of

change is much less. The cyclonic period produces a variation of tempera-

ture which runs over several days; its effect may therefore be felt more

deeply than the diurnal range, and it is not improbable that the fractures

from a few centimeters to several meters below the sin-face and parallel to

the surface in many massive rocks are largely the result of the cyclonic

change of temperature. Such fractures are well exhibited in many granite

quarries. The scaling probably mainly due to the diurnal and cyclonic

« Fourth Ann. Kept. Geol. Survey of Texas, 1892, p. 144.

''Branner, J. C, Decomposition of rocks in Brazil: Bull. Geol. Soc. America, vol. 7, 1896, p. 286.
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chang-es in temperature has usually been called exfoliation. Waltlier,

referring to the agency of the sun in producing change of temperature of

rocks, has named the process insolation, and of it he gives manj^ instances."

The annual ranges of temperature in various parts of the United States

run from 30° C, as at San Francisco, to 67° C, as at Moorehead, Minn.

Gannett says that in the interior of Alaska the annual range is sometimes as

great as 80° C.'' Hahn agrees that the annual range of temperature in some

regions is as high as 70° to 80° C" While the seasonal changes of tempera-

ture are therefore greater than the diurnal or cyclonic changes, the times of

the changes are far greater, and therefore the rates of the changes far less.

- While the seasonal change undoubtedly produces some effect in disinte-

grating the rocks near the surface, probably the more important effect of

the seasonal change is at a greater depth than the diurnal or cyclonic

changes. At a depth of 1 or 2 meters, or at most several meters, the diurnal

or cyclonic effect must be obliterated. Since the seasonal effect some

meters below the surface is produced very slowly, probably this effect

is not determined by the maximum i-ange of temperature, but by the range

of the hottest season of summer comi^ared with the coldest season of winter,

for a long period of time is required in order to produce an effect of differ-

ential expansion more than a meter or two below the surface. If January be

compared with July, the change in temperature in the arctic regions would

be from about 45° to 60° C, the change in the temperate regions would be

from about 20° to 45° C, and the change in the tropical regions would be

from about 10° to 20° C. If the comparison were made of January and

February together with July and August together, these numbers would be

but little different. Since the annual changes of temperature are small in

the tropical regions, are much greater in the temperate regions, and are

very great in the arctic regions, it follows that, so far as the annual changes

in temperature are concerned, the effect is a minimum in the tropics and a

maximum in the arctic regions. The seasonal changes of temperature

produce an effect to a depth of 12 to 15 meters. Probably the effect which

can be discriminated from the diurnal and cyclonic changes is between 3

or 4 to 12 or 16 meters. It seems to me probable that many of the joints

aWalther, Johannes, Die Denudation in der Wiiste und ihre geologiache Bedeutung: Abhandl.
Math.-phys. Classe Gesell. AVisa. Leipzig, vol. 16, 1891, pp. 448-453.

b Gannett, Henry, The general geography of Alaska: Nat. Geog. Mag., vol. 12, 1901, p. 191.

c Hahn, Julius, Handbuch der Klimatology, J. Engelhorn, Stuttgart, 1883, p. 497.
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of massive rocks parallel to the surface which may be noted between these

limits are the result of seasonal changes in temperature."

The disintegrating effect of changes of temperature is most marked in

those regions in which the precipitation is small for at least a portion of

each year. The reason for the great activity of the process during dry

periods is plain. On account of the low humidity the sun is very effective.

For the same reason the radiation is rapid at night. Consequently there

are very rapid changes of temperature, and hence very great exfoliation.

These conditions of lack of humidity are ideally illustrated in the desert

regions. In such areas it is well known that insolation is very rapid.'

However, probably insolation is not so rapid in those deserts in which there

is no precipitation as in those in which there is occasionally abundant

precipitation. The conditions for insolation are furnished by the dry periods

extending from one to several years. When the very abundant precipita-

tion, pei'haps in the form of cloud-burst, comes it transports the loosened

material away from the parent rock and leaves it bare for further insolation.

This condition of affairs is well illustrated in the desert regions of the

United States. Also insolation may be very rapid in regions which are

considered humid, provided a period of each year is dry. This is well

illustrated by Brazil, where there are alternately wet and dry seasons.

During a dry season insolation loosens the material; during the wet season

the water transports the loosened material to the lower ground, and thus

exposes the fresh rocks to insolation during the next dry season.

In regions in which the precipitation is plentifully distributed over all

parts of the year, insolation is small, for the rocks become covered by

vegetation, which prevents the direct action of the sun. In the humid

temperate parts of the world are many regions in which insolation is at a

minimum, such as the southern Appalachians and the Olympic Mountains.

" Since the above was put in type Gilbert has said: " In many dome-lilie granite hills the rock

is divided into plates by curved joints approximately parallel to the surface. Some observers call the

structure exfoliation; others regard it as an original structure of the granite. Under one view the

surface forms determine the structure; under the other the structure determines the surface forms.

A study of the High Sierra of California in the summer of 1903 has led me to accept the former view,

and to believe that the forms of the parting planes are conditioned by the forma of the topography.

•As to the cause of the phenomenon the following hypothesis is advanced: Formed deep within the

crust, the granite was initially subject to compressive stress, which was balanced by internal expansive

stress. As the unloading involved in subsequent denudation reduced the compressive stress, the

unbalanced expansive stress caused strains which eventually resulted in exfoliation." Gilbert's view

has much in its favor for many of the deeper joints parallel to the surface, but it does not exclude the

formation of ruptures as above described. Indeed the two causes may work together.

''Merrill, Kocks, rock-weathering, and soils, p. 283. Walther, cit., pp. 448-453.
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Topography is also an important element in insolation. Where the

slopes are'' steep gravity pulls off the flakes formed, and new surfaces are

exposed to the process. Also theoretically the greater the elevation the

more the insolating effect, for the sun does not have to pass through so

much of the atmosphere and should be more effective in heating, and the

heat gained in the day should be more rapidly radiated at night. Thus

one would expect greater changes in the temperature of the rocks at high

elevations than at low elevations, but I am not aware that observations

have been made on this point.

Rocks vary greatly in their power to resist the effect of insolation.

Sandstones are refractory ; limestones and shales are somewhat less so
;
crys-

talline rocks, especially those having a large amount of readily cleavable

feldspar, are most affected. I suspect the cause of the varying resistance

of rocks is a function of their porosity. In proportion as the rocks have

many pores, such as sandstones, the expansion and contraction is taken up

between the grains, and therefore rupture is not likely to take place.

Where, however, the rock is a sohd continuous mass, with little or no pore

space, when the temperature of the surface is higher than that of the rock

below, the expansion can be taken up only by elasticity. When the stresses

accumulate beyond the elastic hmit, ruptures are produced. (See p. 434.)

Frequently insolation results in burying the crystalline rocks, except

the sharpest peaks, beneath d(5bris. Regions which well illustrate the dis-

integration largely due to change of temperature are southern California and

the peninsula of Lower California, described by Merrill'^ aiid by McGee;'

Egypt, described by Walther;" and Brazil, described by Branner."

Where the rocks become covered with flakes and spalls, this of course

protects the solid rock below, and thus stays the process of insolation.^

Disintegration as a result of insolation can be certainly discriminated

in the low-lying regions of the Tropics, in which the temperature never falls

below 0° C. But in all areas in which the temperature frequently falls

below 0° C. the disintegrating effect of insolation is conjoint with that of

freezing and thawing, next considered.

"Merrill, George P., Sketch of Lower California: Bull. Geol. Soc. America, vol. 5, 1894, p. 499.

6McGee,' W J, The formation of arkose: Science, new ser., vol. 4, 1896, pp. 962-96.3.

(^Walther, cit, pp. 347-569.
. , ^ .oaa

dBranner, 3. C, Decomposition of rocks of Brazil: Bull. Geol. Soc. America, vol. /, 1896,

pp. 281-294.
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CHANGE FROM WATER TO ICE.

When water changes to ice it expands 9 jDer cent. According to

Dewar, the decrease in the freezing temperature of water corresponding

to an increase of pressure of one atmosphere up to 700 atmospheres is

0.0072° C. per atmosphere. It follows from this that in order to prevent

the change from water to ice taking place at temperatures below 0° C
very great pressures must be exerted. These pressures are shown by the

following table

:

Pressures required to keep water liquid at temperatures helow 0° C.



DISINTEGRATING WORK OF FREEZING WATER. 441

As shown by Buckley," the efficiency of the change of water to ice in

disintegrating the rocks is largely dependent upon the readiness with

which the water from a saturated rock can escape. If the pore spaces are

large and continuous, as in sandstones, even where the rocks have been

recently saturated, as by a heavy rain, a large part of the water readily

and quickly escapes, so the water held long enough to freeze is mainly

that which adheres to the grains or is the water of imbibition. If the pove

spaces are not nearly full when the small amount of water is frozen

there is room for expansion without disrupting the grains, and consequently

there is very little effect in the way of disintegration. Hence a very porous

rock where drainage is easy may be comparatively little affected by
repeated freezing and thawing. On the other hand, if a rock be fine

grained, so that the pore space, while of the same volume as in a sandstone,

is very much subdivided, the water of imbibition and that of saturation

approximate to each other; the water escapes much more slowly; the pore

spaces may be nearly full for some time, and freezing is therefore much
more likely to disintegrate the rock. Such rocks are illustrated by the

chalks.

Further, in rocks which have a very small amount of pore space, and

in which the pore spaces are more or less discontinuous or are subcapillary,

so that the water is held firmly, the destructive effect of the freezing of the

small amount of water may be very great, because the pore space is full

and expansion must cause disruption.

The relation of size and contimaity of pore space to disintegration by
freezing is well illustrated by the resistance of sandstones as comjDared with

granites and limestones. The Dunnville sandstone of Wisconsin has the

remarkably large pore space of 28 per cent. Buckley repeatedly saturated

specimens of this stone with water and immediately exposed them to tem-

peratures below 0° C, but the water so rapidly escaped that the strength

of this rock was "proportionally less affected by freezing and thawing than

the strong granites and limestones, having low percentages of pore space.'"

In contrast with this is the behavior of Cleopatra's Needle, a granite mon-
olith in Central Park, New York, which, after having resisted for thousands

a Buckley, E. R., Building and ornamental stones: Bull. Wisconsin Geol. and Nat. Hist. Survey
No. 4, 1898, p. 382.

''Buckley, cit., p. 382.
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of years the weathering forces in Egypt, where diurnal temperature changes

are great, began so rapidly to disintegrate under conditions of freezing and

thawing that it had to be coated with paraffin to exclude water and save it

from complete destruction;" but in this case it should be remembered that

the effect of change from water to ice is superimposed upon the effect of

past centuries of insolation. Perhaps its rapid disintegration was due to

minute openings between the grains, formed by insolation, which the water

could enter. It is rather probable that stone fresh from the Egyptian

quarry would not disintegrate so rapidly.

When water is in large, deep clefts, such as joints, and freezing takes

place, the result is to widen the cracks. Furthermore, it is to be noted that

at times of alternate freezing and thawing the process is cumulative. After

the openings have been somewhat enlarged and the ice melts, the rock does

not fully return to its original position, and when freezing again occurs the

widening again takes place, and so on. Thus the process may begin with

the subcapillary openings and by repeated freezing and thawing widen them

to large openings. At each time of expansion the ice acts as a wedge, and

besides widening the cracks it ma}^ also extend them, and thus the process

of freezing and thawing enlarges cracks already formed and also extends

them.

In addition to the size and extent of the openings and the amount of

contained water, further factors affecting disintegration by freezing and

thawing are topography and latitude. In proportion as the slopes are

sharp and the elevation is great the effect is likely to be great. The dis-

rupting effect is especially strong on cliffs and mountain sides and is slight

where the topographic variation is slight. It has already been seen that

the depth to which the effect may be produced varies from nothing to a

number of meters, and thus it is confined, under the most favorable circum-

stances, to the mere outer skin of the earth. The great effectiveness of the

change from water to ice in disintegrating rocks on steep slopes is due to

the fact that the material disrupted is quickly pulled away from the parent

rock by gravity or is transported elsewhere by moving water or ice and a

new surface is exposed to the action of freezing water.

Illustrations of rapid disintegration due largely to freezing and thaw-

ing are afforded by many of the higher mountain slopes, if not by nearly

oFor discussion of relations of size of pores to destructive effect by freezing and thawing, see Buck-

ley, cit., pp. 20-25, 382-384.



DISINTEGRATING WORK OF FREEZING WATER. 443

every mountainous region of the world the peaks of which extend above

the snow line. For instance, the top of Grays Peak, in the Front Range of

Colorado, is a mass of disrupted fragments, the solid rock being nowhere

exposed. Mount Dana, in the Sierra Nevada, furnishes an illustration of

the disintegration of a schistose rock. Here also the top of the mountain is

a mass of disrupted blocks, the solid rock protruding only here and there.

As to latitude, it is certain that in the lowlands of the Tropics, where

the temperature does not fall to 0° C, the effect of freezing and thawing is

nil. But in the north temperate and frigid regions where there is a long

season of alternate freezing and thawing, the effect is very great. The

rapidity of the disintegration of rocks in areas Hke Greenland and Spitz-

bergen is largely explained by the alternate freezing and thawing. Gushing

has described the argillites of the region of Glacial Bay as disintegrating

with amazing rapidity."

It is impracticable wholly to discriminate the above-described disinte-

grating work of freezing and thawing from that of insolation. Insolation

is everywhere at work, although, as has been explained, with variable

power. It is common to attribute the work of disintegration in temperate

and arctic regions wholly to freezing and thawing, but it is plain that the

disintegration in such regions is partly the result of insolation.

A further effect of freezing and thawing, fully described by Merrill, is

the movement of materials already disintegrated. The movements may

affect pebbles and bowlders as well as fine material. As the soil below a

pebble or bowlder freezes it expands upward, this being the direction of

least resistance. When the soil thaws, the fine material falls back more

readily than the bowlders, and thus leaves the pebbles and the bowlders

shghtly higher than before.''

Oftentimes in saturated tough clay soils, after the surface layer of water

and soil has frozen, and thus forms a congealed sheet, as the process of

downward freezing continues the necessary space required by the expansion

in the change from Avater to ice is obtained by the water breaking through

the crust at very numerous points. As the water is slowly squirted up

through these pipes it congeals at the points of issue, just as it does when

aCushing, H. P., Notes on the Muir Glacier region, Alaska, and its geology: Am. Geol., vol. 8,

1891, p. 224.

6 Merrill, George P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897, pp.

393-394.
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water is frozen while coiifiued in a- deep, strong vessel. This squirting-

upward at the various openings produces innumerable ice pipes. Where

a surface sheet of ice had formed before the restraining frozen sheet of soil

and water together were produced the ice pipes may raise it above the

surface. In a similar manner frequently a sheet of the congealed surface

soil and vegetation separates from the frozen material below less knit together

with roots. This is frequently very destructive to vegetation. As the

solidified surface of soil containing the roots of the various plants is pushed

upward the roots are broken and a crop of grain may thus be completely

destroyed. The ice, soil, and vegetation may be raised 5 or 10 cm. from

the surface. Thus we have a sheet of frozen material above the ground,

supported by innumerable minute pillars of ice. When first seen the

phenomena appear almost magical. All of the above phenomena are

strikingly illustrated in southern United States.

PLANTS.

The mechanical effects of plants in disintegrating rocks is mainly

accomplished by means of the roots, which first penetrate the soil and later,

at any given place, expand in size. They thus exert very considerable

pressure against the surrounding material, and universally, in the case

of soil, and frequently, in the case of rocks, push the material aside. In

some instances where the roots find lodgment in a crevice of a strong rock

they are unable to exert sufficient pressure to widen the openings, and as

the roots grow they become flat. Tree roots under such conditions may

have become so flat that their breadth is many times their thickness. How-

ever, in such cases, it is very certain that the roots exerted great pressure

against their confining walls. The plants which first take possession of the

rock surface are usually of the smaller kinds. Later larger plants appear,

and finally, plants of the largest size may obtain a foothold. The depth to

which the action of the roots extends is a function of the size of the plant.

The plants may, perhaps, be divided for the present purposes into (a) hchens,

mosses, and other small plants; (b) cacti; (c) grass, grain, and vegetables;

and (d) shrubs and trees.

Lichens, mosses, etc.—Lichcus, mosscs, aud other small plants may take

possession of the bare rock, sending their tiny rootlets into the minute joints

or other fractures, or even into the pores between the gi-ains. They thus
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exert a powerful effect in tlie disintegration of the rocks and help to form a

thin soil, which is gradually taken advantage of by the larger plants.

Cacti.—Cacti and similar plants may be very effective in breaking up

the rocks and producing a soil, because able to exist with a small amount

of moisture. Storer states that the lava beds of Etna are planted with a

prickly pear. The roots of the cacti soon crack the lava and in a few

years it breaks tip to a sufficient depth to allow vineyards to be planted.

By the same sort of action cacti are breaking up the amygdaloidal rocks ot

the pyramids of old Mexico." The cacti are very abundant in the semi-

arid and arid regions, and consequently in such countries produce their

most important effect.

Grasses, grains, and vegetables.—Grrasses aud graius may exist on a very thin

soil, but under favorable conditions the roots penetrate to considerable

depth. Many of the grasses send their roots into the soil several meters.

The roots of the red clover are known to extend a meter into the ground;

those of barley, wheat, and oats may penetrate 2 or more meters. In

the case of corn, careful experiments have shown that for the depth of 2

meters or more the soil may be permeated with roots, so as to constitute

a remarkable tangle, fully occupying all the distance between the hills.

But as to size and extent of roots probably the most remarkable of the

plants cultivated is alfalfa. It is well known that the roots of this plant

often extend to a depth of 6 meters, and the soil is commonly a tangle of

alfalfa roots and rootlets to the depth of 3 to 5 meters. Cases are recorded

where the roots have been found in sandy soils at river banks at a depth

of 15 to 18 meters below the surface.*

Shrubs and trees.—Shrubs aud trccs may extend their roots several or many
meters from their base, both laterally and vertically. Of the shi-ubs,

mesquite is one of the more remarkable. This plant in the arid regions

sends a tangle of roots several meters below the surface; indeed, the amount

of vegetable fiber below the surface is so much greater than that above the

surface that the roots are frequently dug out for fuel, as furnishing a better

supply than the growth above the surface. Second-growth black oak has

been known to extend its roots laterally more than 9 meters beyond its

« storer, F. H., Agriculture in some of its relations with chemistry, Charles Scribner's Sons,

New York, vol. 1, 1887, pp. 130-131.

& Smith, J. G., Leguminous forage crops: Yearbook of the Dept. of Agric, 1897, p. 494.
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base and 1 meter below the surface. Apple trees have been known to

send roots 14 meters from their bases. In one case a long-leaf pine in

Alabama was found to have extended its roots to a depth of 9 meters, and

at this depth the taproot had a diameter of 20 cm. It is to be presumed

that the gigantic trees of western America and the Tropics extend their

roots even deeper.

In this connection it is to be remembered that various kinds of plants

work together. For instance, in warm humid regions trees are very

numerous. Between the trees are other plants of many kinds. Thus we

are lead to the conclusion that wherever the vegetation is luxuriant above

the surface of the earth there is almost an equally luxuriant growth below

the surface. Wherever there is a cornfield, a wheat field, or a clover field,

corresponding with the plexus of stems and leaves above the ground there

is another plexus of roots below the ground almost equaling that above the

ground in extent, and pervading it throughout with roots varying in size

from the most minute hair-like rootlets to the taproots of the plants.

Wherever there is a forest the great bulk of trunks and limbs and twigs

above ground is almost paralleled below ground by the tangle of roots,

grading from the mighty ta^Droot to the minute rootlets.

As the roots grow they thrust the soil or the rock aside. As they

decay, openings are left which are taken advantage of by downward-

moving water. Gravity tends to pull the soil or rock together again, and

thus finally close the larger openings. But in the meantime others are

made by the growing vegetation. Thus where there is abundant plant

life the rock material to the depth to which the roots extend is being

constantly moved about.

Therefore, if we would understand the entire work of the plants,

wherever we see the foliage of field or forest above the ground we must in

our mind's eye see a nearly equal volume of roots below the surface of the

earth, prying the soil apart, splitting the rocks, and, as explained below,

acting upon them chemically.

Finally, when large plants, especially trees, fall a further mechanical

effect follows. It has ah-eady been seen that trees may extend large roots

into the ground to a depth of a number of meters, both laterally and

A-ertically. When a tree is overthrown by the wind, or in some other way,

a large mass of the soil, subsoil, contained bowlders, and even the solid
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rock, may be lifted 1, 3, or 5 meters above the surface level. When the

trees decay the inorganic material again joins the soil, producing a mound.

The material of the mound is in a much disintegrated and decomposed

state ; for it has been in a position to be effectively acted upon by all forces

of weatliering. How important this effect is can be appreciated only when
one travels through the original forests. In such places there are seen

almost everywhere hollows where trees have been uprooted and mounds
where the material has fallen to the surface. Where tornadoes have swept

through the forests, all the trees in their paths have been overthrown at once

and it seems as if almost the entire mass of soil and rock to a deijtli ot

several meters had been upturned. This process is well illustrated in the

Lake Superior region. The paths of the tornadoes vary from 30 meters

to 2 kilometers or more in width. In traveling through the forests of this

region one may find the paths of recent tornadoes, those a few years old,

and those many years old. Where tornadoes have recently cut throuo-h

the forests the giant trees have been uprooted and thrown down in a tano-led

mass like jackstraws. Where the tornadoes occurred a few years ago the

fallen trees are dead and a tangle of briers, brush, and saplings is between
the tree trunks, presenting a smooth surface above, but the whole making
an interwoven mass of live and dead vegetation, which presents all but an
impassable obstacle to travel. Still later the fallen trunks show marked
decay, and at this time the saplings have become small trees. After many
years the great tree trunks and roots are ridges of rotten wood, so decayed
that one's foot may pass through them, and the inorganic material held by
the roots has fallen to the earth again. The saplings have become trees

but they may be discriminated from the older trees of the adjacent forest.

In the final stage of decay one maj- recognize the path of a tornado by
numberless earth mounds, where the soil and rocks have been lifted up by
the roots and fallen back, but the second-growth trees can scarcely be
discriminated from those of the adjacent forest.

ANIMALS.

Burrowing animals are very numerous, and they, like the jalants, have
an important mechanical effect upon the rocks in the belt of weatherino-.

The effect of animals is, however, somewhat different from that of plants, in

that the animals frequently move the soil in a definite direction rather than in
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various indefinite directions, as do the plants. The main mechanical effect

of the burrowing animals is to bring material from below the surface to the

surface. But some animals throw the soil behind them or push it up as

they move along. The animals which are mechanically effective upon

soil are (a) earthworms, (b) ants, termites, and other insects, (c) larger

burrowing animals, and (d) man.

Earthworms.—As sliowu by Darwiu, one of the most important of all the

anim^als in movements of the soil, if not the most important, is the earth-

worm." Earthworms are distributed throughout the world in great numbers.

According to Darwin there are at work in many places over 50,000 upon a

single acre of soil. The amount of material which the eai-thworms trans-

port to the surface of the earth in a year is very great. Darwin estimates

it as over 18 tons [16 tonneaus] per acre.'' Davison states that the amount

of earth turned up by lobworms is sometimes 3,147 tons [2,832 tonneaus]

peracre."

Ants, termites, and other insects.—Accordiug to Bi'amier, of tlio burrowiug work

of insects that of ants and termites is most important. In tropical regions

these " are vastly more important as geologic agents than the earth-

worms of temperate regions." '' However, this statement should doubtless

be restricted to the mechanical work of turning over the soil and bringing

it to the surface. In chemical work the earthworms are probably more

important. (See p. 456.) The ant4nlls of the Tropics are of great size

and incredibly numerous. Branner states that the ants of Brazil live in

large, often enormous, colonies. They excavate in the earth chambers with

galleries which radiate and anastomose in every direction, and into these

chambers and galleries they carry great quantities of leaves. One can get

some idea of the extent of these openings from the heaps of earth brought

up by the insects. These mounds are often from 15 to 30 meters long,

from 3 to 6 meters across, and from one-third to over 1 meter high, and

contain tons of earth."

In another place Branner states in reference to the ant-hills in the

forests: "These mounds are from 3 to 14 feet [1 to 4J meters] high and

a Darwin, Charles, The formation of vegetable mould, D. Appleton & Co., New York, 1883,

pp. 1-313.

b Darwin, cit., p. 165.

« Davison, Charles, Work done by lobworms: Geol. Mag., new ser., vol. 8, 1891, p. 491.

t^ Branner, J. C, Ants as geological agents in the Tropics: Jour. Geol., vol. 8, 1900, p. 152.

« Branner, J. C, Decomposition of rocks in Brazil: Bull. Geol. Soc. America, vol. 7, 1896, pp.

255-314.



DISINTEGRATING WORK OF ANIMALS. 449

from 10 to 30 feet [3 to 9 meters] across at the base. The new ones are

steeply conical and the old ones are rounded or flattened down by the

weather. In many places these mounds are so close together that their

bases touch each other. About the Urucu station the ant-hills are so thick

that the country looks like a field of gigantic potato hills.""

The termite nests, above the average surface, are said by Branner to

be from one-third to 3^ meters in height, and from one-third to 3 meters in

diameter. He further says that along the upper Paraguay he has seen

" places where the nests are so close together that one could almost walk

upon them for several hundred yards [one-half a kilometer] at a time, while

over many acres of ground no one of the nests was more than 10 feet

[3 meters] from another." " Branner further states that innumerable anas-

tomosing galleries are made underground from a depth up to 3 meters or

more. " The underground galleries of the saubas penetrate the soil to

great distances. These ants are very injurious to vegetation, and one of

the methods used by the planters to kill them is to blow poisonous fumes

into their burrows. I have seen these fumes, blown into one of these

openings, issue several hundred, even 1,000, feet [312 meters] away.""

Even in the temperate regions in favorable locations the number of

ant-hills on an acre is very great, and each hill may vary from one to

several feet in diameter, and from a few centimeters to a meter in height.

Shaler calculates that the ants in a certain field in Massachusetts transfer

annually half a centimeter of material from the subsoil to the surface. He

explains the freedom from pebbles of certain sandy soils of New England

resting upon a subsoil containing pebbles as due to the upward transporta-

tion of the soil by the ants in making their mounds."*

Besides ants and termites there are many other small burrowing

animals, such as beetles and wasps, but these are comparatively unim-

portant.

The larger burrowing animals.—The lai'gcr burrowiug auimals are very numer-

ous. Of these some of the more important are the prairie dog, i-abbit,

mole, badger, woodchuck, gopher, and ground squirrel. In many regions

a Branner, J. C, Ants as geologic agents in the Tropics, cit., p. 151.

6 Branner, J. C, Decomposition of rocks in Brazil, cit., p. 299.

< Branner, J. C, Decomposition of rocks in Brazil, cit., p. 296.

''Shaler, N. S., The origin and nature of soils: Twelfth Ann. Rept. U. S. Geol. Survey, pt. 1,

1891, p. 280. Merrill, George P., Rocks, rock-weathering, and soils, MacmlUan Co., New York, 1897,

pp. 389-390.
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of the West, especially in the great plateaus, colonies of prairie dogs

occup)^ areas extending each from less than an acre to many acres_

Throughout one of their towns are burrows and corresponding hillocks

in every direction, at intervals from less than a meter to a few meters.

Different varieties of gophers and ground squirrels are very widespread.

They occur from the Atlantic to the Pacific. In some areas in the West

their biirrows and mounds are only less numerous than those of the jorairie

dogs in the dog towns. The mole is scarcely less effective than the

prairie dog and ground squirrel. In many areas the ridges produced by

his work as he makes his way underground are everywhere intersecting.

He works alike in field and in forest; in the South and in the North; in

the lowland and high vip in the mountains under the snow. In the forests

of the mountains, just after the snow has melted, the intersecting ridges are

often so thick that a person can scarcely step without crushing one of them.

The rabbits in Australia have multiplied in an amazing way. Their

burrows are innumerable. In Cape Colony there is said to be almost

constant movement of the ground due to the various animals. In various

parts of the West, especially in the semiarid regions, the ground has been

so penetrated Avith burrowing animals that in riding rapidly great care

must be taken lest one's horse break through the crust into the holes.

Blake savs that in Tulare Valley, California, "mules often break through

the thin crust and sink to their shoulders in these holes."
"

Man.—Finally, man is the most important of all the mechanical organic

agents. , He has stripped the soil of its protective vegetation, including

both grasses and forests, for large parts of the world. As a consequence of

this the transporting power of running water has been multiplied for these

areas many fold. Wherever there are fields the rivulets run turbid to the

brooks. Not only is the denuded soil transported seaward with many fold

the speed of natural conditions, but in many fields where cultivation is care-

lessly carried on or is neglected there form gulleys and deep ravines which

cut through the subsoil or to the very bottom of the belt of disintegration,

or even into the solid rock. A plexus of ravines once formed rapidly

deepens and extends, and thus carries on the process of transportation with

ever-accelerating speed.

Merrill, cit., p. 394.
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Marsh," Shaler/ jMerrill/ and others liave strongly emphasized the

ravages upon the soil as the result of man's work. They show how even

from man's point of view the present careless methods of cultivation will in

the future work to his disaster. However, for the present purpose I wish

to emphasize the fact that as the soil is transported to the streams and to

the ocean new material is exposed to the forces of disintegration and decom-

position, and thus the process of weathering is accelerated far beyond the

speed under natural conditions.

General statements.—111 conclusiou, wc SCO that tlie aulmals, from the eartli-

worm, ant, and termite to the larger burrowing animals, throughout all parts

of the earth which are thickly inhabited by animals, are constantly working-

over the soil to a considerable depth. By the work of these animals there

is a constant migration or movement of material from the soil or subsoil to

the surface, where the material is directly exposed to all the weathering

agencies. Man has denuded a large part of the surface of the earth of its

protecting vegetation. Thus, as a consequence of the work of all the

animals, the soil is more ready to be caug-ht up by running water and trans-

23orted to the streams. This has other far-reaching consequences in furnish-

ing increased amounts of sediments and salts to the sea, and consequently

greatly accelerating the speed of upbuilding of the sedimentary rocks.

Hence animals perform a very important mechanical function in weathering

the rocks, in promoting their transportation, and in exposing new surfaces

to the weathering forces; and consequently they greatly accelerate denuda-

tion and deposition.

CHEMICAL WORK.

Chemical work is accomplished by all the agents of metamorphism,

viz, (1) plants, (2) animals, (3) water solutions, and (4) gaseous solutions.

These agents will first be considered and then their joint work.

oMarsh, George P., Man and nature, or physical geography as modified by human action, Chas.
Scribner & Co, New York, 1869, pp. 576-.577.

SShaler, N. S., The origin and nature of soils: Twelfth Ann. Rept. TT. S. Geol. Survey, pt. 1, 1891,

pp. 329-339.

cMerrill, George P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897, pp
396-398.



452 A TREATISE ON METAMORPHISM.

THE AGENTS.

PLASTS.

Chemical work is done by plants both while alive aiid when dead.

PLANTS, ALIVE.

The most important chemical action by the nonbacterial plants is that

of the abstraction of carbon dioxide from the atmosphere and its reduction

and combination with other elements so as to produce the variocis vegetable

tissues. The amount of carbon dioxide in the air is exceedingly small, not

inore than from about 2.76 to 3 volumes in 10,000. Therefore the air in the

belt of weathering where plants do not exist can not be presumed to contain

more than this proportion of carbon dioxide, except for the very small

amount which is brought down by the rain, estimated by Branner in Brazil

to be 0.0065 in 1,000 parts b}^ weight." However, by the action of the

chlorophyll-bearing plants, which include all of the large and many of the

small plants, and by the action of the "red, brown, and blue-green algse,"

and by one class of bacteria, " carbon dioxide of the atmosphere is reduced

and the carbon is concentrated in the plants mainly as cellulose (uCeHjoOs)

or woody fiber. This contains 44.4 per cent of carbon. The cellulose

produces no marked geological effect so long as the plants are alive; but

when dead and acted upon by bacteria, oxygen, and moisture the cellulose

furnishes a number of active acids which produce very important geological

results. (See pp. 461-465.)

Plants contain combined nitrogen, but the great majority of plants are

unable to obtain their nitrogen from the air; they must use that which is

alread}' in a combined state in the soil. A large part of this combined

nitroo-en is that furnished by the decay of earlier plants and animals. (See

pp. 465-466.) But some combined nitrogen is brought to the soil from

the air. For instance, in manufacturing, combined nitrogen often escapes

in the form of ammonia, and ammonia may also evaporate from the ocean.

But this combined nitrogen was derived from earlier plants or animals, and

therefore we have as yet no original source for combined nitrogen.

But it is well known that the nitrogen of the air is to some extent

combined with other elements by electric discharge, and thus we have an

a Branner, J. C, Decomposition of rocks in Brazil, cit., p. 305.

b Fisher, Alfred, The structure and functions of bacteria, translated by A. Coppen Jones, Claren-

don Press, Oxford, 1900, p. 107.
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original source of combined nitrogen. The combined nitrogen of tlie air

may possibly be absorbed directly from the air by plants, but it is mainly

useful when brought down by rain, snow, dew, fog, etc. However, the

amount of nitrogen precipitated from the air, including both that which is

secondary to plants and animals and that which is originally produced, is

very small, only 1 or 2 kilograms per annum per acre."

We have therefore yet to account for the main original source of

combined nitrogen. Recent discoveries have shown that there are certain

bacteria that are capable of utilizing the nitrogen of the air. The Legumi-

nosse, such as peas, beans, etc., form numerous nodules upon their roots,

which become the hosts of these bacteria, '' and finally abstract the nitrogen

fixed by the bacteria. Thus the bacteria abstract and the leguminous

plants store nitrogen compounds in the fruits, stalks, and roots. Experi-

ments show that where leguminous plants are grown and turned under, the

gain in nitrogen for the soil is rapid and the accumulation of combined

nitrogen great; and this gain is certainly largely due to the capacity of the

bacteria and leguminous plants together to use the free nitrogen of the

atmosphere.

Certain bacteria are able to fix free nitrogen without the assistance of

other living plants." Whether the plants obtain their nitrogen from the

nitrates already in the soil, or, like the leguminous plants, help to produce

the combined nitrogen, the material is mainly built into albuminous

compounds or proteids. '

From the foregoing it follows that there are two original sources of

combined nitrogen in the soil—that combined with other elements through

the agency of plants, and that combined with other elements through the

agency of electricity. Material from each of these sources is 1)uilt into tlie

body of the plants, as already seen, mainly in the form of proteids. The

material so long as it is in this form has no important geological effect, but

when plants decay these compounds become the source of the nitrogen

acids and salts which are important geological agents. (See pp. 465-466.)

Besides concentrating combined carbon and nitrogen in tlie l)elt of

weathering, live plants have a direct chemical effect upon the rocks. It is

"Aikman, C. 1., Manures and manuring, Wm. Blackwood & Sons, London, 1894, p. 119.

>> Fischer, Alfred, The structure and functions of liacteria, trani?. by A. C. Jones, Clarendon Press,

Oxford, 1900, pp. 88-97.

cAikman, cit., pp. 90-97.
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well known that plants abstract certain ingredients from the soil, and there-

fore exert a soluble effect. The inorganic materials which are most abun-

dantly abstracted are potash, soda, magnesia, lime, phosphoric acid, and

silica. The relative proportions of these substances in grain and straw, as

given by Johnson, are as follows:

"
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PLANTS, DEAD, AND BACTERIA.

Thus far the work of plants during their upbuilding has been consid-

ered. However, there is a class of plants the chief geological work of

most of which is the destruction of other plants and animals. Of these

the bacteria are by far the most important. The number of bacteria in

the soil is almost incredibly great. "Ordinary earth may yield anything

from 10,000 to 5,000,000 per gram, whilst from polluted soil even

100,000,000 per gram have been estimated."" Certain authors include

some of the fungi, and especially the molds and 5^easts, mider plants

which assist in the destruction of other plants and animals. This assistance

seems to be in the way of absorbing compounds of other plants and ani-

mals, and building them into new forms which may be more readily

attacked by the bacteria. Certain it is that the process of oxidation, both

of the chlorophyll-bearing plants and of the fungi, is a bio-chemical one,

the main organic agents in which are the bacteria. In this matter the

bacteria are one of the most potent factors of all the organic geological

agents. Since this process of oxidation of plants and animals is mainly

accomphshed after death by the living bacteria, the geological work of the

bacteria is mainly considered in connection with dead plants and dead

animals. '

When plants die they fall to the earth, and the part above the surface

meij become buried to a greater or less extent in the soil. The roots of the

plants below the surface, nearly as great in mass as the parts above the

soil, are buried to a depth, as already seen, from a few centimeters to 10

' meters or more. After this material dies it decomposes or is oxidized.

The oxidation of the carbon, nitrogen, and hydrogen of plants is the

conjoint result of bacteria, water, and oxygen. The process of the decom-

position of the plants might go on in the presence of moisture and oxygen

even if bacteria were not present. However, experiments show that the

process of oxidation would be very slow indeed if it were not for the

oxidizing bacteria. We have already seen that the bacteria are present

in the soil in enormous numbers. The oxidizing bacteria act in different

ways. They oxidize the carbon, and with water convert it into carbonic

acid; and they oxidize the combined nitrogen of plants into ammonia,

nitrous acid, and finally into nitric acid.

"Newman, George, Bacteria, Putnam's Sons, New York, 1899, p. 137.
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Bacteria, water, and oxygen decompose the iron and other sulphides.

They further oxidize the iron of carbonates. While oxidation is the rule for

the. belt of weathering, under exceptional conditions bacteria, moisture, and

vegetation, or the two latter, may deoxidize instead of oxidize compounds,

and this may result in the reduction of ferric salts and in denitrification.

These processes of oxidation and deoxidation are fully considered on

pages 461-473."

AMMALS.

The chemical work of animals is accomplished while alive and while

dead the same as that of the plants.

*
ANIMALS, ALIVE.

In chemical work probably the most important of the animals while alive

are the earthworms. It has already been seen how great is the number of

these animals, and how great is the mechanical work which they accom-

plish. These animals diifer from other animals in that they pass the soil

directly through their alimentarj' canals, so that the active compounds of

the body act upon and decompose the inorganic materials. It is impossible

to estimate the effect of this repeated passage of the soil through the

alimentary canals of the earthworms, but it can not be doubted that it

results in dissolving a vast quantity of earth materials and in rendering

undissolved parts of the materials more soluble.

The ants and termites cai-ry a large amount of vegetable material from

above the surface of the ground to below the surface, and thus introduce it

into the soil, so that when it decomposes the products formed will be most

effective in their chemical action. Branner states: "The quantities of vege-

table matter carried into their burrows is almost beyond belief I have

seen a full-grown orange tree completely stripped of its foliage within a

few hours. In the coffee regions the damage done by them is so -serious

that the Brazilian Groverument at one time offered a large premium for a

successful /ormici(^a or ant exterminator.'"'

A second effect of living animals comes from their constant excreta.

These consist in large part of active chemical compounds, of which perhaps

a See Branner, J. C, Bacteria and the decomposition of rocks': Am. Jour. Sci., 4th ser., vol. 3,

1897, pp. 438-442.

"Branner, J. C, Decomposition of rocks in Brazil; Bull. Geol. Soc. America, vol. 7, 1896, p. 297.
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the most important is uric acid. All over the world, above ground and

below ground, excreta of all kinds are being added to the soil, or intro-

duced by the burrowing animals below its surface, and the chemical effect

upon the inorganic material of the soil can not but be very great.

Man has promoted chemical work in various ways. It has been

jiointed out that cultivation exposes the soil to the transportational agencies,

and this continually exposes new material to chemical agents. Crops are

planted and grown. When the crop matures it is removed, and the soil is

again free from its active living plants. Thus there is continual alternation

between abundant and sparse plant life, and consequently conditions very

favorable for chemical reactions. Further, it is explained on pages 463-465

that man has oxidized great quantities of the organic material entombed in

the earth during past geological ages, and thus increased the amount of the

active chemical agent, carbon dioxide, in the atmosphere ; and this of course

has accelerated to an unknown extent plant growth and chemical action.

ANIMALS, DEAD, AND BACTERIA.

Animals die both below and above ground. When dead their bodies

decom]3ose and ultimately produce water, carbon dioxide, nitrates, some

free hydrogen and free nitrogen, and some sulphates. This process of

change to the ultimate products is accomplished by the bacteria, fungi,

oxygen, and water, jirecisely the same as in the plants. The process is

one of oxidation and is considered under that heading. (See jap. 461-466.)

As with the plants, the process concentrates carbon dioxide, nitrates, and

other compounds in the belt of weathering, thus placing important chemical

agents in a very favorable position to do active geological work.

WORK OF SOLUTIONS.

It has already been explained that in the belt of weathering there are

gaseous solutions, water solutions, and various mixtures of these which are

at work upon the rocks. The very important gases are oxygen and carbon

dioxide. It has been pointed out (pp. 76-81) that the activity of water

solutions is dependent upon (a) the compounds present, (b) the temperature,

and (c) the pressure.

(a) The water solutions are likely to contain considerable amounts of

the salts formed by the union of the bases and acids which ordinarily occur
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ill rocks. In the gTOuud water they are ordinarily composed of com-

pounds consisting of the bases sodium, potassium, calcium, magnesium,

iron, and aluminum, and the acids, carbonic, hydrochloric, nitric, hydro-

sulphuric, sulphuric, and phosphoric, and also colloidal silicic acid. Nitrous,

sulphurous, and organic acids are also present. These bases and acids unite

in various ways to produce many salts, the majority of which are, however,

simple salts, such as the carbonates of the alkalies and alkaline earths.

Of these salts the dominant ones are those of sodium, potassium,

calcium, and magnesium in the form of carbonates, sulphates, and chlo-

rides. Furthermore, there are present other bases and acids which are

omitted because of their subordinate quantity. For instance, in some

cases various salts of manganese, copper, silver, gold, etc., are present,

but the quantities of such compounds are so minute as to have no sig-

nificance except in connection with ore deposits.

The water, moreover, contains oxygen, carbon dioxide, and other

gases in solution. Where the rocks are not saturated by water gaseous

solutions also are present and active. Of these oxygen and carbonic acid

are the most iinportant active chemical agents.

While it is well established, as explained (p. 63), that pure water acts

upon all of the compounds which occur in nature, the activity of solutions

is very greatly increased by the mineral content. This is true of bases, of

acids, and of salts alike. Where bases or acids are present it is well known

that the activity of solutions is greatly increased ; but it has not been always

fully appreciated that the same is true in reference to normal salts.

Therefore all of the above compounds, in all their forms, are actively

at work in decomposing the rocks. The amount of work which any one

compound does depends upon the strength of its bases or acids, and also

upon its quantity, or upon the law of mass action. While if the compounds

are present in equal quantity the stronger bases or acids do more work, it

is frequently the case that a weaker compound more than compensates for

this weakness by its great abundance. Illustrating this is carbonic acid,

which, while verj^ weak, is on account of its abundance, one of the most

potent agents in the alterations of rocks in the belt of weathering. •

(b) The. temperature is of very great importance in the activity of

the water and gaseous solutions.
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The average annual temperature near the Arctic Circle in northern

North America and northern Asia is about —15° C; and from this temperature

the average temperature varies to about—18° C. in northern Gi'eenland. In

the Temperate Zone the average temperature varies from about —15° C. in

its northern part to about 22° C kt its southern part. The Tropical Zone

varies in temperature from about 20° C. to about 27° C. In central North

America and central Asia the normal average temperature is about 5° C,

in southern North America and southern Asia it is from 15° to 20° C.

For the present purpose the average temperatures, rather than the changes

of temperature or the extremes of temperature, are the data of first

consequence; for the average action of solutions u^ion the rocks, extending

through years, is controlled by these average temperatures. In the arctic

and north temperate regions, during the time the temperature is below 0° C,

it is highly probable that the decomposition of the rocks practically ceases;

as the temperature rises above 0° C. decomposition begins, and this goes on

with increasing speed in proportion as the temperature is high. Therefore,

in the above facts as to temperatures we have in large part the explanation

of the slowness of the decomposition of rocks in the arctic regions and

the rapidity of the decomposition in the tropical regions.

It is to he noted that the activity of the solutions in the warm climates,

as compared with the cold climates is much greater than would be inferred

from the absolute temperatures. The temperature of northern Greenland

(—18° C.) is 255° absolute; that of the Tropics (27° C.) is 300° absolute.

Thus the ratios of the absolute temperatures between the extreme cold of

the arctic regions and the warmth of the Tropics is as 255 to 300, a

difference of less than one-fifth; but it is certain that the activity of the

solutions in the Tropics is manyfold greater than in the arctic regions.

While the average temperature is the matter of most significance in this

connection, the changes of temperature have an important effect upon the

chemical decomposition of the rocks as well as upon the mechanical disin-

tegration. From tlie tables given above it appears that while the average

temperatures in the arctic regions are very low for certain seasons of the

year the temperature for a whole month may average as high as 10° C,
and during the day the temperature maj^ rise as high as 20° C. At such

temperatures it is certain that the process of decomposition of the rocks
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takes place. Thus it appears that at certain seasons the temperature is

high enough for decomposition to affect the rocks in the most northern

and the most southern latitudes. But in polar regions the temperature is

such that decomposition takes place for only a small fraction of each year;

in the temperate regions the temperature is high enough for decomposition

to take place during more than half the year; while in the Tropics decom-

position is continuous. It therefore appears that in passing from the polar to

the tropical zones we pass from a minimum to a inaximum of chemical

decomposition.

(c) As to the pressure in the belt of weathering, since the ground is

not ordinarily saturated" by water there is commonly no hydrostatic pres-

sure; and the pressure at which the chemical reactions take place is there-

fore that of the atmosphere. At sea level the average pressure is that

of a column of mercury 760 mm. high, or 1.0333 kg. per sq. cm. From the

pressure at sea level the pressure diminishes as the altitude increases, and

at the tops of the higher mountains is not mi)re than about one-half of the

amount at sea level. Not only is there change of pressure due to elevation,

but there is change of pressure due to variable meteoric conditions. As a

storm sweeps over an area the pressure is ordinarly low; at the clear inter-

vals between the storms the pressure is usually high. Commonly the

change in barometer from a low to a high is not more than 2 cm. and the

average change is probably not more than 1 cm. Infrequently the change

is 5 cm., or about one-fifteenth of the total pressure. Very exceptionally

the change of pressure may be much greater than this. Probably these

changes in pressure are so slight as to produce little effect upon the water

solutions. But, as already shown (p. 61), the quantity of atmospheric gas

acting is directly as the pressure. To illustrate, if the barometric pressure

rises from 715 mm. to 760 mm., the proportional increase in the amount of

gas action is about one-fifteenth. More frequently, however, the variations

are from one-thirtieth to one-fiftieth, or even less.

Since the amount of gas is directly as the pressure, it is evident that,

so far as this factor goes, the higher the barometer the greater the activity

of the gases at work in the belt of weathering. But since the variations in

pressure due to this cause are ordinarily but a small fraction of the total

pressure, the variations in effect are not sufficiently great to be appreciable.

Since, in reference to the cyclonic periods, the times of high pressures are
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usually those of low temj^eratures, and vice versa, so far as increased pres-

sure produces an effect it compensates to a slight extent for the low

temperature, and decreased pressure detracts to a slight extent from the

chemical activity resulting from the high temperatures.

JOINT WORK OF AGENTS OF WEATHERING.

As a matter of observation, we know that the most important chemical

reactions which take place in the belt of weathering, as a result of the

action of the various agents, are (1) oxidation, (2) carbonation, (3) hydra-

tion, (4) solution, (5) deposition.

OXIDATION.

One of the reactions of first importance in the belt of weathering is

oxidation. Oxidation is the addition of oxygen to other compounds. The
source of the oxygen is the atmosphere, of which it composes 23.12 per

cent by weight. This oxygen of the atmosphere acts to some extent

directly as a gas, but to a far greater extent through water solutions, and

to the greatest extent through water solutions and organisms combined. Of
these organisms bacteria are of the greatest consequence, but the molds

and fungi are important.

OXIDATION OF ORGANIC COMPOUNDS.

The chief elements oxidized in the organic compounds are carbon,

hydrogen, and nitrogen.

Oxidation of carbon and hydrogen.—Tlic Hiost abuudaiit orgauic compouud is

cellulose (nCoHmO,,). Other compounds which contain carbon and hydrogen
are the proteids, carbohydrates (starch, sugar, etc.), organic acids, fats, etc.

The ultimate oxidation products of all these compounds are carbon dioxide

and water. This work of oxidation is almost wholly accomplished through

the joint work of bacteria and other microbes (such as the fungi), oxvgen,

and water. The numbers of bacteria engaged in this work are enormous.

Estimates by Wollney, Adametz, Koch, Fullus, and others, of the number
of bacteria in one gram of soil connected with the formation of carbonic

acid gas alone vary from one-half million to one million.

During the oxidation of cellulose a large number of organic acids are

produced. Of these organic acids humic acid (CeoHgjOaT, Detmer; C24H10O6,
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Thenard) is tlie most imjDortant in the soil. Some of the laboratory prop-

erties of humic acid are as follows: It is amorphous; it decomposes at

145° C; after drying, it requires 13,784 parts of boiling water to dissolve

it; when undried, it requires 8,333 parts at 6° C. and 625 parts at 100° C.

to dissolve it. With humic acid in the soil are various other acids, such as

ulmic acid (C18H14O6 or CigHjoO,, Berthelot and Andre), crenic acid

(C,2Hi208, Mulder), and apocrenic acid (C24H12O12, Mulder)."

The humic acids are first produced by the oxidation of the celkdose.

The other organic acids appear to be produced by further oxidation of

the humic acid. Finally, as the process of decomposition continues,

hianic and the other organic acids by their decomposition are further

oxidized and broken up, so that the ultimate products are carbon dioxide

and watei'.

At all stages in the process the acids are active. The humic acid and

other organic acids act upon the various inorganic compounds, especially

the silicates, forming salts. However, the acids of these salts are broken

down to carbonic acid. Also the breaking down of the free humic acid

and other organic acids produces carbon dioxide. Therefore the most

important result of the decomposition of the cellulose is the iDroduction of

carbon dioxide. By the process of plant decay carbon dioxide is thus

concentrated in large quantities in the belt of weathering—that is, in the

place where it can do its most active work. The process of carbonation

(explained on pp. 473-480) is consequently largely due to this concentration.

Besides their direct chemical activity, humic and other organic acids have

various other important effects in the belt of weathering. As a result of the

dark color of humic acid it is an absorbent of the sun's heat. Moreover, it

has a higher specific heat than soil, and hence is able to retain a large

quantity of heat. Thus, in this way, the presence of humic acid promotes

chemical activity. Furthermore, humic acid is hydroscopic, and in sandy

soils greatly increases the holding power for water; and it has been noted

that the chemical activity in soils is very largely dependent u^dou the

amount of water they hold. Finally, humus in the soils holds ammonia,

nitrites, nitrates, and soluble sodium and potassium compounds, in other

words, plant foods. These plant foods may be held in some cases as

"See also Merrill, George P., Eocks, rock-weathering, and soils, Macmillan Co., New York,

1897, pp. 189-190.
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humates or other organic salts These soluble materials thus held by the

presence of the humic acid are important plant foods. Therefore, humic

acid for many reasons furnishes favorable conditions for further luxuriant

2jlant growth, and these plants again react in a powerful way in promoting

the alterations of the belt of weathering.

The process of decomjjosition of the other carbon- and hydrogen-

bearing compounds, aside from cellulose, especiall}^ the decomposition of

the carbohydrates, is described by Fischer as a ferinentation. In this

work, as in the decomposition of cellulose, the mold fungi, as well as

bacteria, are at work in connection with oxj^gen and moisture."

While during the histor}^ of. the earth by far the larger portion of the

cellulose formed by organic agencies has been oxidized as above described,

from time to time to the jJresent, and in various areas, districts, and regions,

this process has been only very partial. As a consequence, the unoxidized

cellulose has been buried below later sediments, and thus immense quantities

of carbon compounds have been entombed within the earth. This is the

main source of the coals, oils, peats, and carbonaceous sediments. It is

therefore evident that the total quantity of this entombed organic matter is

enormous. By metamorphism of the cellulose these carbon compounds

pass into the various foi-ms of coal. After these carbon compounds are

formed, as a result of denudation they may again pass into the belt of

weathering, and here they are subject to the same oxidizing agencies which

are at work upon the original cellulose. But they are now in a more
refractory form tlian the original cellulose, and while the process is doubtless

very slow, there is no doubt that the oxidation of the coal and other similar

carbon compounds takes place to some extent in the belt of weathering

under natural conditions and thus produces carbon dioxide. But, so far as

I know, this process has not been studied, and I can make no definite

statements in reference to it. It is probably more rapid than is commonly
supposed, and the changes are perhaps accelerated by oxidation of sulphides.

Since man began to use coal, peat, and oil, artificial oxidation of the

cellulose and the entombed carbon compounds has taken place upon an

immense scale. While this method of oxidation of these carbon compoiinds

was trivial until the middle of the eighteenth century, when coal was

first applied to the manufacture of iron, it has since that time steadil}'

«Fisclier, Alfred, The structure and functions of bacteria, trans, by A. Coppen Jones, Clarendon
Press, Oxford, 1900, pp. 107-115.
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increased in importance. But it is only during the last half of the

nineteenth century that the quantity of carbon compounds artificially

oxidized has become of importance. In the year 1899 the amount of coal

mined and oxidized amounted to 723,287,454 metric tons. At the begin-

ning of the last decade of the nineteenth century, 1890, the production

was only 511,518,358 metric tons." This shows how rapid the increase

in the use of coal has been, and therefore a combustion of 1,000,000,000

metric tons a year is probably very conservative as the estimated average

for the present century. Taking 1,000,000,000 metric tons as the amount

of coal oxidized per annum for the future, and supposing the amount of

carbon in this coal to average 80 per cent, the quantity of 00-2 which

passes into the atmosphere would be 2,933,333,000 metric tons per annum.

This is 0.1233 per cent of the total aiTiount of CO2 at present in the

atmosphere. (See p. 972.) If this rate of consumption of coal were

continued eight hundred and twelve years the amount of CO3 in the

atmosphere would be doubled.

It therefore appears probable that within a comparatively short time

in the future, as compared with a single geological period, or even an

epoch, the amount of CO2 in one of its great reservoirs, the atmosphere, will

be increased to an important extent. From this fact various geological

consequences are likely to follow. One of the most important of these is

a higher average of temperature for the globe.' According to Arrhenius, "if

the carbon dioxide is hicreased 2.5 to 3 times its present value, the tem-

perature in the arctic regions must rise 8° to 9° C. and produce a climate

as mild as that of the Eocene period." ° According to the above com-

putation, the CO2 would be increased b}^ the oxidation of coal alone to three

times its present amount in one thousand six hundred and twenty-four

years. Certain it is, if Arrhenius be correct, and the coal supplies of the

world are sufficient to meet the demands of man for thousands of years, that

a most profound change will take place in the climate of the world.

"Parker, E. W., Mineral Resources of the United States, 1899; Coal: Twenty-first Ann. Kept.

U. S. Geol. Survey, pt. 6, 1901, p. 369.

SChamberlin, T. C, An attempt to frame a working hypothesis of the cause of the Glacial

periods on an atmospheric basis; Jour. Geol., vol. 7, 1899, pp. 545-584.

'Arrhenius, Svante, On the influence of carbonic acid in the air upon the temperature of the

ground: Philos. Mag., 5th ser., vol.41, 1896, pp. 237-276. Summary in Jour. Geol., vol. 7, pp.

623-625.
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A further consequence which would follow from an increase hi the

amount of CO2 in the atmosphere and the warmer climate would be a much

more abundant and widespread vegetation, and, as pointed out (p. 476),

more vegetation means that when oxidized more CO2 will be concentrated

in the soil, and this concentration will lead to an acceleration in the rate

of carbonation. Furthermore, the increase in average temperature of the

p-lobe will accelerate all other cliemical reactions of the belt of weathering.

It therefore appears probable that the artificial oxidation of coal will result

in some of the most profound and far-reaching geological consequences

which are due to the agency of man.

Oxidation of nitrogen.—As already noted, combined nitrogen occurs in various

organic compounds, of which the proteids and albuminoids are the more

important. Tlie oxidation of this nitrogen, like that of carbon and liydro-

gen, is a bio-chemical process, being the joint work of microbes, oxygen,

and water. Of the microbes, bacteria are by far of the greatest conse-

quence. In the decomposition of the complex nitrogen compounds the

nitrogen passes into ammonia, nitrites, nitrates, and, to some extent, free

nitrogen. The first stage of the process is the transformation into ammonia.

In the case of urea, Fischer gives the reaction as follows:"

The second stage of the process is the transformation of the ammonia into

nitrites, and the final stage is the transformation of the nitrites into nitrates.

Each of these stages of work is accomplished by certain bacteria which

take no part in the other stages. At the same time the nitrogen is oxidized

the carbon and hydrogen of the nitrogen compounds are oxidized into

carbon dioxide and water, precisely as in the case of cellulose.

So far as the nitrogenous compounds are concerned, the ultimate

geological products which remain in the soil are the nitrates, although in

the process some small part of the nitrogen is freed and lost, as already

noted.
''

Apparently nitrates nre produced on a far vaster scale in the tropical

regions than in the temperate regions. Miintz and Marcano state that in

"Fischer, cit., p. 103.

''Fischer, cit., pp. 98-106. See, also. Conn, H. W., The story of germ life, D. Appleton & Co.,

New York, 1897, pp. 104, 118; and Aikman, C. M., Manures and manuring, Wm. Blackwood & Sons,

London, 1894, pp. 167-170.

MON XLVII—04 HO
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jolaces in the valley of the Orinoco the amount of nitrates in the soil

amounts to 30 per cent of the mass. The vast amount of these nitrates

is doubtless explained by the very great abundance and activity of the

bacteria; for it is well known that the high temperature of the Tropics,

combined with the high humidity of these regions, is very favorable to the

action of bacteria." In this connection Schloessing and Miintz state that

the maximum activity of the bacteria is at 30° C, or approximately that of

the Ti-opics.**

Much of the combined niti-ogen is lost to the belt of weathering in the

following ways. In so far as nitrogen is set free by the action of the bac-

teria and by the passage of the ammonia into the air, it is lost. There are

further great losses in the nitrogen compounds by the transportation of the

nitrates to the sea by the streams. The quantity of nitrates thus lost has

been greatly increased in recent years by the introduction into the streams

of sewage containing much combined nitrates. Further, as pointed out by

Coini, in so far as the combined nitrogen of the soil is manufactured into

powders which are exploded, the combined nitrogen is freed and passes into

the atmosphere." The ammonia which passes into the atmosphere may be

brought back in part to the soil by the rain. The other losses must, how-

ever, be compensated by the synthesis of nitrogen compounds from the

nitrogen of the air by bacteria and leguminous plants combined. Until

very recently the latter process has preponderated, and the crust of the

earth has gained in combined nitrogen. Man in recent times has

undoubtedly increased the loss in combined- nitrogen, and it is possible,

perhaps probable, that the balance is now on the other side, but by care in

cultivation, and possibly by manufacture, it will doubtless be possible to

continue the process of adding combined nitrogen to the soil faster than it

is lost from it.

OXIDATION OF INORGANIC COMPOlTNDS.

The most important of the inorganic compounds oxidized are iron and

carbon. Other substances subordinate in quantity are also oxidized, but

these have small importance from a purely geological point of view. How-
ever, from the point of view of ore deposits, and therefore in reference to

"Merrill, George P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897, p. 372.

ftAiknian, cit., p. 52.

"Conn, cit, p. 106.
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the needs of man, the metals in subordinate quantity, such as mang-anese,

copper, zinc, lead, etc., have great importance.

Iron.—Since ore deposits are treated in another place, iron is the only

metal which will here be considered. The iron oxidized occurs in the

minerals mainly in the form of monoxide. Considerable quantities of it

occur as sulphides, and unimportant amounts as arsenides, etc.

Ferrous oxide occurs in the following classes of minerals: Oxides,

carbonates, and silicates. Of the oxides, magnetite is the most important.

This may be oxidized without hydration into hematite. This change is

very well illustrated by the martite" ores of the Lake Superior region

and by the pseudomorphs of hematite after magnetite in the martite-

bearing schists. Simultaneously with the oxidation of magnetite hydration

may take place and thus produce hydrated hematite, limonite, or the other

hydrated oxides of iron. The change of magnetite to hematite involves an

increase in volume of only 2.5 per cent, but where magnetite is changed to

limonite the increase in volume is large—64 per cent. Iron in the form of

carbonate may occur as pure iron carbonate or as ii'on carbonate in combi-

nation with various proportions of magnesium and calcium. The oxidation

of the ferrous iron of the iron carbonate may be accomplished by oxygen

and moisture. However, in the soil the process usually takes place with

the assistance of bacteria. A certain group of bacteria requires various

carbonates for its development."" The oxidation of the iron carbonate,

whether with or without bacteria, changes it to ferric oxide. Where the

oxidation takes place without hydration hematite is formed; whei-e with

hydration, limonite, or some of the other oxides of iron. Where bacteria

.are an agent the common product is limonite. The oxidation of the carbon-

ates involves decarbonation, and on account of this fact there is decrease

in volume—in the case of hematite 49 per cent, and in the case of limonite

18 per cent. The transformation of the ferrous oxide of the silicates to

ferric oxide, either anhydrous or hydrous, occurs simultaneously with

processes of carbonation and hydration of the other bases. So far as

there is oxidation and hydration of the iron, this would tend to increase the

volume; but the amount of increase can not be calculated independently

of the conjoint processes.

«Lafar, Franz, Technical ^lycology, translated by C. T. C. Salter, London, Lippincott, 1898, pp.
360-362.
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Of the sulphides of iron, those of niarcasite, pj-rite, and pyrrhotite are

the most important. The oxidation of the iron of these sulphides may be

accomplished by oxygen alone, by oxygen and moisture, and finally by
oxygen, moisture, and bacteria. With oxygen alone the process is slow;

with oxygen and moisture together it is rapid; but oxygen, moisture, and

bacteria together furnish the most favorable conditions.

Where oxidation is the only process the compomid produced is mag-

netite or hematite. More commonly, however, hydration occurs simulta-

neously with the oxidation; and under these circumstances limonite and

other hj^drated oxides of iron are produced. So far as the oxides are formed,

this involves desulphidation.

Sulphur.—At the same time the iron is oxidized the sulphur iniited with

it mav also be oxidized. Where the two are oxidized together and remain

united the result is to form iron sulphate. Frequently, however, at the

time the iron is oxidized the sulphur or some part of it separates as hydro-

sulphuric, sulphurous, or sulphuric acid. The various reactions resiilting

in these compounds are given on pages 214-216, and need not here be

repeated. By reference to the reactions there written it will be seen that

certain of them, as already stated, result in the formation of hydrosulphuric

acid. Indeed the reactions producing hydrosulphuric acid are very

common during the oxidation of pyrite, niarcasite, and pyrrhotite. In a

similar manner the oxidation of the monosulphides of the other metals may
result in the production of hydrosulphuric acid.

The sulphur of the hydrosulphuric acid may be later oxidized to sul-

phurous or sulphuric acid. While the oxidation of hydrosulphuric acid may
be accomplished by water and oxygen without the assistance of bacteria,,

often bacteria are the inciting cause of the change. Where hydrosulphuric

acid is abundant the hydrogen only is first oxidized and the sulphur stored

in the cells of the bacteria, according to the reaction

:

H,S+0=H20+S

But finally the stored sulphur is oxidized b}^ the bacteria to sulphuric

acid, which reacts upon the bases present and forms sulphates."

In the transformation of the sulphides the volume change on account

of desulphidation produces considerable diminution in volume, provided

f'Lafar, cit., pp. 370-:^74.
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the oxide of iron is not hydrated—with magnetite, 24 to 39 per cent; but

in case both oxidation and hydration occur together there is increase in

volume of but 3 per cent in the case of pp-ite and 25 per cent in the case

of pyrrhotite.

GENERAL STATEMENTS.

It might be inferred from the foregoing statements in reference to the

volume relations that, on the average, there is a decrease in volume in

oxidation rather than an increase, as one would naturally expect. In

support of this view it has been stated that there is generally a decrease in

volume in the 23rocesses of oxidation of the carbonates and sulphides, since

the process of oxidation simultaneously results in decarboiiation or desul-

phidation. However, much more important than the oxidation of iron in

the form of carbonate and sulphide is the oxidation of ferrous iron in

silicates, and this process does not necessarily involve subtraction of any

material. Since it involves addition of oxygen, the result is to produce an

increase in volume jjrovided the separated silica or a considerable part of

it remains in situ.

As is well known, and as has been pointed out heretofore, the process

of oxidation involves great liberation of heat;' but the data are not at hand

by which the amount of heat liberated can be determined. Concluding in

reference to volume and heat relations, it may he said that the process of

oxidation perhaps illustrates better than any other the principle that in the

zone of katamorphism combinations which take place with the liberation of

heat control the reactions rather than the volume I'elations. Heat is

liberated in all the cases of oxidation, and whether there is an increase or

decrease of volume is a subordinate factor.

Where the amount of oxygen is sufficient to cause the iron compounds

to be transformed to ferric oxide, there are red or j^ellow soils and sub-

soils. Excellent illustrations of such regions are the southern Appalachians

and the Piedmont Plateau, where the crystalline rocks have deeply

weathered. As shown by Russell, the red color of this soil is due to a

ferruginous clay containing both ferric oxide and alumina, which incrusts

the grains of the rocks." The ferric oxide is produced during the decom-

« Russell, I. C, Subaerial decay of rocks, and origin of the red color of certain formations: Bull.

U. S. Geol. Survey No. 52, 1889, pp. 14-15.
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position of the parent rocks. Another iUustrative region, described by

Hayes, is that of Nicaragua east of the continental divide. The red color

in this belt is from 3 to 10 meters deep." Both of these regions are those

of rather high temperature and abundant pijecipitation throughout the year,

and therefore abundant vegetation. They therefore well illustrate the con-

ditions under which decomposition of the rocks, including oxidation, takes

place. The very abundant transpiration by the luxuriant foliage (see p. 422)

doubtless is a very important factor in preventing the soil from becoming

saturated with moisture for any considerable period, and thus the conditions

for oxidation are maintained.

One would suppose that in the soil, where oxidatioii of organic and

inorganic matter is active, the amount of oxygen in the gases would be less

than in the atmosphere, and observations by Fleck, Letts and Blake and

others confirm this conclusion. The amount in the atmosphere is 20.92 per

cent by volume, whereas Fleck, as cited by Letts and Blake, finds that at

a depth of 2 meters the minimum is 16.33 per cent and the maximum 19.39

per cent; at 4 meters the nnnimum is 15.67 per cent and the maximum

16.79 per cent; at 6 meters the minimum is 14.94 per cent and the maximum

14.85 per cent.'' These last numbers are only a little moi'e than two-thirds

the full amount of oxygen of the atmosphere. It appears that as depth

increases, and therefore as the air of the soil is further removed from its

source of supply—the oxygen of the atmosphere—there is a steadily

decreasing amount, and this fact must be explained b}" the consum2Dtion of

oxygen by the oxidation of organic and inorganic matter.

In some cases the amount of oxygen is little more than half as great

as that in the air. The deficiency varies directly, although not in simple

ratio, with rapidity of oxidation and with the depth below the surface where

the process takes place."

While oxidation is the normal process in the belt of weathering, under

certain conditions deoxidation may take place. Under such circumstances

gray or white soils and subsoils are formed. This is illustrated by the

western division of Nicaragua, where Haj^es states that the clays are blue,

« Hayes, C. W., Report of the Nicaragua Canal Commission, Appendix II, Geologic Report,

1899, pp. 128-129.

''The last number must be a misprint. Letts, E. A., and Blake, R. F., The carbonic anhydride

of the atmosphere: Scientific Prec. Royal Dublin See, vol. 9, new ser., pt. 2, p. 215.

"Aikman, C. M., Manures and manuring, Blackwood & Sons, London, 1894, p. 100.
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the iron being in the ferrous form." This is a region of less humidity

than the eastern region, and here dry seasons alternate with very wet

seasons. According to Hayes, during the dry season each 3'ear the soil

cracks deeply, and a large amount of organic material falls into these cracks.

During the wet season the soil swells and fills the cracks, and the organic

matter becomes iiicorporated with the soil. This material acts as a reduc-

ing agent and prevents the further oxidation of the iron, or reduces any

part of the iron oxide which has become ferric oxide to the ferrous state.

While this explanation is plausible, it seems incomplete. In the east-

ern division the soil is continuously in contact with numerous dead and

dying roots of the abundant vegetation, and the question naturally arises

whether the difference is not due to saturation of the soil of the western

division, as explained below, the cracks being utilized by the water.

Deoxidation of the iron may occur in regions where the water of

the soil is so abundant as to approach saturation, and plants are abundant.

Under such conditions the large amount of oxygen required to decompose

the plants is not able to enter from the air with sufficient rapidity, and

hence the oxidation of the plants abstracts oxygen from ferric oxide, and

this reduces the iron to the ferrous condition. This reduction of ferric salts

results from the demands of the abundant oxidizing' bacteria for oxygen

where organic matter is being rapidly decomposed. Consequenth'' the

process of deoxidation of iron compounds commonly takes place only by

the oxidation of organic constituents. So far as the inorganic constituent is

concerned, there is absolute loss of oxygen by the process.

Examples of deoxidation of iron compounds are furnished by the

so-called cumulous deposits, where abundant vegetation near the water level

accumulates and does not completely decay. Instances of such deposits

are the sphagnum mosses of marshes, bogs, lakes, and the margin of the

ocean, which result in the accumulation of peat; and the swamps, for

example, cedar, spruce, mangrove, etc. Probably the same conditions

obtained in the past, especially at the coal-forming periods, for the under-

clays of coal beds are almost always gray or white, the iron having been

almost completely reduced to the ferrous form.

The iron reduced to the ferrous condition and that already in the

ferrous condition in the silicates is in the most favorable form to unite

"Hayes, cit., pp. 130-132.
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with carbon dioxide, as explained under "Carbonation;" and thus may be

produced a great quantity of iron carbonate, which may join the sea of

ground water and furnish the material for chalybeate springs and for

siderite deposits, as explained on pages 824-829. The clay ironstones and

the siderite, often associated with the coal beds and frequently in the coal

itself, are illustrations of such siderite deposits. Thus the association of

deposits of iron carbonate with coal deposits is explained, and also—as

developed on pages 842-846—there is in this iron carbonate thus formed

the source from which other iron-ore bodies are concentrated.

Another example of deoxidation is furnished by the nitrates, which may
be reduced to nitrites, or even to free nitrogen when the conditions of the

belt of weathering are those of abundant vegetation and very high humid-

ity." The reduction of the nitrites is effected by definite bacteria. It is

highly probable that the oxygen abstracted in the deoxidation of nitrates,

like that abstracted from ferric iron, is used by the oxidizing bacteria in

decomposing the organic matter.

Under conditions similar to those' in which ferric iron is reduced to

the ferrous form and nitrates are reduced, sulphates may also be reduced

to sulphides. This is usually accomplished mainly by organic material

where abundant to serve as a reducing agent; but also in this reduction, as

in various other processes, bacteria may play a part.''

Finally, where the moisture is too abundant the oxidation of the plants

themselves is greatly delayed, and may be permanently stayed. The best

illustration of the lag in decay of plants and deoxidation of the ferric salts,

nitrates, and sulphates is found in the marshes where' water entirely covers

the soil, and thus makes the oxidation very slow indeed. Where the plants

fall below the surface of the water the pl&nt decay may be very partial,

and hence there may be produced peat or coal beds. But in this connec-

tion it should be recalled that where, as a result of great humidity, the

decay of plants is slow and deoxidation takes place the conditions approach

those of the belt of cementation. In swamp areas the thickness of the belt

of weathering is practically reduced to zero; the roots of vegetation reach

below the level of ground water, and'under these circumstances the reactions

which take place in connection with organic matter are those of the belt of

cementation rather than those of the belt of weathering.

^ oAikman, cit., pp. 177-178. ''Lafar, cit., pp. 363 et seq.
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It has been shown that in the belt of cementation oxidation is mucli

less prevalent than in the belt of weathering', and indeed that, on the whole,

deoxidation, especiall}^ where organic material is jirevalent, is the rnle.

Therefore, the reversal of the ordinary process of oxidation in the belt ot

Aveatlipring nsnally takes place only where this belt is grading into or is

under conditions which are approaching those of the belt of cementation

and below.

It has already been stated that the direct source of the oxygen for the

process of oxidation is the atmosphere. It is apparent from the foregoing

that a A^ast amount of oxygen is now being demanded for this process, and

the amount of oxygen which has thus been consumed during geological

time is beyond computation. But it will be seen under "The zone of

anamorphism" that there are also processes which restore oxygen to the

atmosphere. Which of these processes, oxidation or deoxidation, is, on

the whole, preponderant and what are the possible sources of supply for

oxygen can best be considered after all the reactions in each of the belts are

consider'^d, and therefore this subject is taken up' in Chapter XI.

CARBOXATIOX.

The process of carbonation ma}^ be defined as the union of carbonic

acid with bases, forming carbonates. Since the carbonates are not known
as original minerals in the igneous rocks, we must look in other directions

for the source of the carbon dioxide for the process of carbonation. The
immediate reservoir for this carbon dioxide' is undoubtedly the atmosphere,

but the amount in the atmosphere is very small, only 0.045 per cent by
weight, and the quantity now in the atmosphere is, as will be seen subse-

quently, insignificant as compared with that which must have been abstracted

from the atmosphere during past geological ages by the process of carbona-

tion. Either the atmosphere must have once contained vastly more carbon
dioxide than at present, or else it must have been continuously replenished

in this compound, oi* partly both. These questions can be best discussed

after the reactions of both the zone of katamorphism and the zone of ana-

morphism have been considered, and their consideration is deferred to

Chapter XL
It has been explained that from the atmospheric reservoir the plants

absorb carbon
.
dioxide, reduce it, and build it into their bodies. Further-
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more, it has been seen that oxidation of organic materials by bacteria and

oxygen in the belt of weathering produces carbon dioxide abundantl}^ This

process, therefore, concentrates in the upper part of the belt c)f weathering a

large amount of carbon dioxide, and this carbon dioxide is available for the

])rocess of carbonation. The fact of the concentration of carbon dioxide in

the upper part of the crust of the earth was noted b)^ Bischof many years

ago. In the waters of his laborator}- well at Bonn he found three times as

much carbonate of lime as in the Rhine near by Also, free carbonic acid

often collects above the water of wells. Facts like these, and the large

amounts of carbonic acids in mines Bischof explained hj the oxidation of

organic matter, including coal."

The importance of the process of concentration of carbon dioxide in the

belt of weathering through the oxidation of organisms can be appreciated

only by comparing- the amount of this material in the atmosphere with the

amount in the gases of the belt of weathering where vegetation is present.

The amount of carbon dioxide in rain water, according to Fischei-,

\anes from 0.22 to 0.45 per cent of the volume of the water, or only 0.00044

and 0.00089 per cent by weight.''

It has alread}' been noted that the amount of the carbon dioxide in the

atmosphere by weight is about 4.5 in 10,000. The amount present in

gases of the soil is far greater than this, as shown by the following table

by Boussingault and Lewj- :

°

Table showing the amount of carbon dioxide in the air of belt of weathering

.
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Fleck, as cited hy Letts and Blake, found in the soil at a depth of 6

meters by volume a minimum amount of carbon dioxide of 4.22 per cent,

and a maximum amount of 7.96 per cent; at 4 meters, a minimum amount

of 4.11 per cent and a maximum amount of 5.56 per cent; at 2 meters, a

minimum amount of 2.99 per cent and a maximum amount of 2.91 per cent

(the last number must be a misprint)."

These figures show that the amount of carbon dioxide in the ordinary

air is insignificant in comparison with the amount in soils in regions of

luxuriant A'egetation. In such regions the carbon dioxide is from thirty to

more than one hundred times more abundant than in the atmosphere.

This large amount is mainly furnished by the decomposition of vegetation,

although, as shown by Briggs, even dry soils have the power to absorb

carbon dioxide from the atmosphere.''

The process of carbonation is dominantly accomplished by the substi-

tution of carbonic for silicic acid. The negative side of this process is

desilication. To a very small extent carbonation is accomplished by the

substitution of carbonic acid for other acids—for instance, phosphoric acid.

Also carbonates are produced on a considerable scale by the union of

carbon dioxide with the oxides which were not united with other acids, as,

for instance, ferrous oxide in magnetite.

Mueller has experimentall}^ ascertained that carbon dioxide in water at

ordinary temperatures and pressures is capable of attacking many minerals.

Of the oxides, he experimented with magnetite; of the silicates, he experi-

mented with orthoclase, oligoclase, hornblende, /olivine, serpentine, and

musco-sate. He also experimented upon a number of phosphates, including

apatite. While all of the silicates experimented with were attacked to

some extent, there was great variation in the rate of action. For instance,

orthoclase is attacked more readily than oligoclase ; hornblende and serpen-

tine are attacked more rapidly than the feldspars, and olivine is the most

readily attacked of all the silicates tested. The process of carbonation

formed carbonates of sodium, potassium, calcium, magnesium, and iron.

Alumina also went into solution. The liberated silica partly went into

solution, but partly also separated as quartz. Magnetite was the most

"Letts, E. A., and Blake, R. F., The carbonic anhydride of the atmosphere: Sci. Proc. Royal

Dublin Soc, vol. 9, pt. 2, 1900, p. 21.5.

'^ Cameron, Frank K., Soil solutions, their nature and functions, and the classification of alkali

lands: Bull. V. S. Dept. Agric. No. 17, 1901, p. 17.
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resistant of all the minerals and rocks tested. Apatite was found to be as

readily soluble as the more soluble silicates. Perhaps one of tlie most

interesting results in reference to the silicates is the comparative readiness

with Avhich the hydrous silicate, serpentine, is attacked. From this fact

Mueller makes the point that this silicate does not represent an end product

of alteration."

Johnstone later experimented uijon the micas, including muscovite,

biotite, and lepidomelane, and found that they are attacked by water solu-

tions of carbon dioxide.* As one would expect from the above reactions,

Struve" found that water containing carbon dioxide at ordinary pressure

attacked basalt, phonolite, gneiss, granite, clay slate, and porphyry.

Combining the experimental fact that carbon-dioxide solutions decom-

pose the silicates and the observed fact of the abundance of CO.^ where

vegetation is plentiful, one would expect that the process of carbonation

would be more rapid in regions of abundant vegetation than elsewhere.

Belt many years ago made observations which confirm this expectation.

He says that the decomposition of rocks in tropical America is largely con-

fined to the forest reg'ions, and ascribes it to the action of water charged

with acids derived from the decomposing vegetation.''" Where vegetable

matter is abundant it has also been observed that the amount of dissolved

silica contained in underground water is much greater than where veg-

etation is sparse or absent.' This observation is direct evidence that the

reactions of carbonation and desilicatiou are correlative, and are very largely

due to the concentration of carbon dioxide in the belt of weathering by the

oxidation of organic matter.

Since the reaction of carbon dioxide upon the silicates and other com-

pounds forms carbonates, in a soil there may be present both sedimentary and

secondary carbonates. Now, it has been shown experimentally by Bischof

that the alkaline carbonates are capable of decomposing the silicates at

a Mueller, Richard, Untersuehungen ueber die Einwirkurig des kohlensiiurehaltigen Wassers

auf einige Mineralieu und Gesteine: Tsohermak's mineral. Mittheil., vol. 7, 1877, pp. 2.5-48, especially

pp. .39, 46^8. See Merrill, G. P., Rocks, rock-weathering, and soils; Macmillan Co., New York, 1897,

pp. 192-193.

''Johnstone, A., On the action of pure water and of water saturated with carbonic-acid gas on

the minerals of the mica family: Quart. Jour. Geol. Soc. London, vol. 45, 1889, pp. 363-368.

«StruVe, F. A. A., Ueber die Nachbildung der natiirlichen Heilquellen, Pogg. Ann. vol. 7, pp.

341-372-429-450.

''Belt, Thomas, The naturalist in Nicaragua, 1874; cited in Merrill, p. 175.

« Hunt, T. Sterry, Chemical and geological essays, 1875, \ip. 149-152.
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ordinary temperatures and pressures." A great variety of silicates were

thus decomposed. The alkaline silicates and carbonates of sodium, potas-

sium, calcium, magnesium, and iron were formed. Not only do th5 alkaline

carbonates decompose silicates in the belt of weathering, but other carbon-

ates accomplish the same result. This has been shown by observations on

the alterations in the soil by Hilgard.'' Of these other carbonates, that of

calcium has been found to be the most important. Hilgard states that

the decomposition of the silicates is much more active in calcareous soils

than in noncalcareous soils that are otherwise similar. He says " this is

seen when we contrast the analyses of calcareous clay soils of the humid

reo-ion with the corresponding noncalcareous ones of the same. In the

former the proportions of dissolved silica and alumina are almost invariably

much greater than in the latter, so far as such comparisons are practicable

without assured absolute identity of materials.'"'

Since the carbonate sediments are , mainly or- solely produced by the

process of carbonation of the silicates of an earlier period, Hilgard's state-

ment is equivalent to saying that the process of carbonation to-day is

promoted by the carbonation of past geological ages.

It is well known that soils containing carbonates are fertile, and

therefore are favorable to abundant vegetation. This is well illustrated hj

the limestone soils. As already seen, vegetation promotes carbonation,

and thus produces carbonates. It therefore appears that there is constant

action and reaction through vegetation and carbonation in promoting the

process of carbonation. ' Veg-etation results in the process of carbonation,

and tliis produces the carbonates. Carbonates in turn result in further

carbonation and furnish favorable conditions for vegetation. Carbonation

provides carbonates, and therefore promotes vegetation. The relations of

the three may be represented by the following diagram, the arrows

indicating- the directions of action and reaction.

\egetation.

<
Carbonation. ^ Carbonates.

"Bischof, G., Elements of chemical and physical geology, translated by B. H. Paul and J. Drum-

mond, Harrison & Sons, London, 1854, vol. 1, pp. 8-11.

''Hilgard, E. W., Eeport on the relations of soil to climate: Bull. Weather Bureau, U. S. Dept.

of Agric, No. 3, 1892, pp. 36-38; cited, Merrill, p. 371.

(Hilgard, cit., p. 37.
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The process of carbonation with the Hberation of sihcic acid is contin-

uous, cumulative, and takes place on a vast scale. Notwithstanding this,

there is,'as already seen (p. 474), only a comparatively small amount of

carbon dioxide in the belt of weathering at any one time—from 38 to 500

parts in 10,000. Carbonates may be present; if so, they represent the

action of earlier carbon dioxide. The continuous process of carbonation

may be understood when the law of mass action and the time factor are

considered. Under the law of mass action an acid aaywhere existing will

unite with some of the bases present. The compounds thus produced are

in part transported elsewhere by tmderground and overgi'ound drainage.

The carbon dioxide used is resupplied by the oxidation of organic material,

and thus the reacting agent continues its work; and so the process goes

on unceasingly tln-ough geological time.

While this cumulative process goes on without cessation in the humid

regions where the carbonates are largely removed b}^ solution, in the semi-

arid and arid regions the carbonates, especially the alkaline carbonates,

may become so abundant in the soil as to be unfavorable to vegetation, and

thus check the process. (See p. 543.) Where the alkalies, especially

sodium carbonate, exceed a certain very small amount, vegetation can not

exist, and the region becomes a desert."

"The amount of soluble salts which plants can stand depends upon

the character of the salt, the character of the soil, and the kind of plant-

Hilgard states that few plants can bear as much as 0.1 of 1 per cent of

sodium carbonate, or about 3,500 pounds per acre to a depth of 1 foot

[about 3.9 kg. per sq. meter to depth of 30 cm.] ; of sodium chloride, about

0.25 per cent; and of sodium sulphate most plants can grow with 0.45 to

0.50 per cent present, and are affected by even less salts in the sandy lands

than on heavy clay or gumbo lauds.'"'

The process of carbonation with desilicatiou just described may take

place without other reactions with a number of minerals. (See p. 396.)

The change involves an increase in volume ranging- from about 13 per cent

a Means, Thos. H., and Gardner, Frank D., A soil survej' of the Pecos Valle\', New Mexico:

Field operations of Div. of Soils, U. S. Dept. of Agric, 1899, No. 64, 1900, pp. 53-58.

6 Whitney, Milton, and Means, Thos. H., The alkali soils of the Yellowstone Valley: Bull. Div.

of Soils, U. S. Dept. of Agric, No. 14, 1898, p. 10.
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to over 50 per cent. But carbonation with or without desihcation occurs

on far the most extensive scale in connection with hydration. When the

great majorit}^ of the abundant sihcate minerals are carbonated they are

also hydrated. (See pp. 397-399.) Finally carbonation with desilication

occurs rather extensively in connection with both oxidation and hydration.

(See p. 399.) In all these combinations, provided all the compounds

formed remain as solids, there is an increase in volume. This increase

rarely falls below 5 per cent; it runs as high as 75 per cent, or even higher,

biit the more common range is between 15 and 50 per cent. It is well

known that the processes carbonation, carbonation combined with hydi-a-

tion or oxidation, and carbonation combined with both hydration and oxi-

dation, liberate much heat, but the data are not at hand from which the

amount can be calculated.

The process of carbonation just considered is one of paramount impor-

tance in the belt of ^veathering. Although the process is not so extensive

as hydration, if one were to pick out a single chemical process especially

characteristic of this belt and of great significance in geology it would be

carbonation. Carbonation has continued through all geological time since

land areas first arose above the sea. Moreover, it has continued in all the

land areas of the globe; but the process is very slow in the frigid zones,

becomes of importance in the temperate zones, and is of great consequence

in the torrid regions. In the warm,regions the process is rapid in propor-

tion as there is high humidit}^ and consequently abundant life. In the

arid regions carbonation is comparatively slow.

There is no reason to suppose that the carbonates existed as original

rocks or as original minerals of the igneous rocks. If this be so, all the

cai'bonate formations which now exist and which have existed at any time

in the past have been produced by carbonation. The precipitation of

carbonates in the sea is accomplished largely through organic agencies.

These carbonates are essential to the existence of great classes of sea ani-

mals, and certain it is had not these carbonates formed by the process of

carbonation and been contributed to the ocean, the evolution of life upon

the globe would have followed entirely different lines from those that have

been followed.
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Notwithstanding the vast scale and dominant importance of the

pi'ocess of carbonation, it is mainly accomplished, as has already been seen,

through the small amount of carbon dioxide continuously concentrated in

the belt of weathering by means of organic material. It is therefore clear

that a very slow but continuous action, extending over the globe throughout

geological time, has produced stupendous results. But the positive side

of the process of carbonation is of scarcely less importance than the nega-

tive side. It has been pointed out that carbonation largely takes place

thi'ough the decomposition of the silicates or by desilication. The silica

set free, as already noted, largely separates as colloidal silicic acid. The

amount of silica thus liberated approximates to the molecular equivalent of

the carbon dioxide which unites with the bases combined with silica; or,

since the molecular weights of carbon dioxide and silica are 44 and 60.4, there

is about one and one-third times as much silica released from the silicates

as there is carbon dioxide combined in the carbonates. The stupendous

results of the process of carbonation are therefore matched by the results

of the process of desilication. As will be seen subsequently, while a por-

tion of the silica of the colloidal silicic acid is precipitated in the belt of

weathering, probabb^ by far the greater part of it is carried b}" the ground

waters to the belt of cementation, and is there largel}^ precipitated.

While carbonation, with correlative desilication, is of such fundapaental

importance in the belt of weathering, under exceptional conditions silication

inay occur. Where silica is very abundant and in a readily soluble form,

the law of mass action may be so eifective as to result in the formation of

abundant silicates rather than carbonates. This has not been observed as

a general process in the belt of weathering, doubtless because of the lack

of close observation. However, in many cases in ore deposits above the

level of ground water the silicates of the metals are formed. So far as I

know, this is better illustrated in the lead and zinc district of Missouri than

elsewhere. Here silica as chert, partly amorphous, is very abundant. The

zinc was originally in the form of sulphide. As the level of gTOund water

descended owing to denudation, and the sulphide arose into the belt of

weathering, the zinc sulphide was decomposed, the zinc being oxidized.

Simultaneously with this process it united, u^jon a somewhat extensive

scale, with the silica, producing silicate of zinc.
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HYDRATIOX AND DEHYDRATION.

By hydration is meant the union of water with chemical compounds,

thus producing hydrous minerals. The water for hydration is derived

mainly from the hydrosphere. Hydration stands as the most extensive

reaction in the belt of weathering. In its importance in this belt as a

geological process it is second only to cai-bonation. Indeed, it has been

supposed by some geologists that hydration is the dominant reaction of the

belt of weathering, the process of carbonation being wholly ignored. The

list of important hydrous minerals formed comprises many silicates and

oxides and some carbonates, sulphates, etc.

As a matter of observation, all of the so-called anhydrous sihcate

minerals of the igneous, sedimentary, and metamorphic rocks which have

long remained in the belt of weathering are shown by analysis to have

become more or less hydrated. But more important than this, the new

minerals which develop in the belt of weathering are usually strongly

hydrated. Of these in the silicate class the kaolin, serpentine-talc, chlorite,

and zeolite groups are examples. Of the oxides the most important are

those of aluminum and iron, the former occurring as gibbsite or diaspore;

and the latter commonly as limonite, but aiot infrequently as gothite or

some other hydrated oxide.

In many cases in the dense rocks hydration goes on to a certain stage

and then ceases or at least becomes very slow. This is due to the fact that

the process of hj'dration involves expansion of volume and therefore n^akes

it necessary that the superjacent material be elevated if the process continues.

Such partly hydrated rocks below the surface when brought to the surface,

and therefore relieved from pressure, may continue to rapidly hydrate nearly

or quite to, the completion of the process with great expansion of volume.

In many cases the process is so rapid that the term slaking is applicable.

This slaking has been observed by Merrill in the granitic rocks of the

District of Columbia, " and by Derby in the sedimentary rocks from rail-

way cuttings of Brazil. '' In both of these places the rocks when exposed

at the surface soon break into powder, although in position they are perhaps

so strong as to require blasting. These facts make it clear that the process

of hydration is largely dependent upon the pore space in the rocks. Where

"^lerrill, George P., Rocks, rock-weathering, and soils, Macniillan Co., New York, 1897, p. 188.

''Derby, O. A., Decomposition of rocks in Brazil: Jour. GeoL, vol. 4, 1896, pp. 529-540.
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there is large pore space and abundant room, so that hydration may take

place without lifting the rocks, it is probable that with sufficient time the

process may go on to completion in all parts of the belt of weathering. How-
ever, in proportion as the rocks ai-e dense and contain small pore space the

process of hydration at an early stage is likely to be retarded or altogether

stayed, because of the necessity demanded for more space and because the

chemical affinity of rocks for water is not strong enough, at least in the later

stages of the process, to overcome considerable pressure.

While hydration is the rule for the belt of weathering, in regions in

which the temperature is high and which are not continuously humid dehy-

dration may take place. Dehydration probably occurs on the largest scale

in regions of high temperature in which dry and wet seasons alternate.

During the wet season hydration occurs, and at the dry times dehydration

occurs. This process is well illustrated by iron. As is well known, ferric

iron in the belt of weathering is ordinarily hydrous, and this gives a yellow

color. In regions of high temperature where the humidity is low for at

least a portion of the year the soil is likely to be red, the iron being in the

form of hematite rather than gothite or limonite. Such regions are illus-

trated by the Desert Ranges of southern California, in which dark red is the

dominant color. But dehydration also takes place to some extent in such

humid regions as the southern Appalachians. Crosby, Dana, and Russell

attribute to dehydration the bright-red color of the surface soil in this

region as compared with the less brilliant color of the subsoil. " This region,

although one of large precipitation, is apt to be dry in late summer and

autumn, the season when conditions are favorable to dehydration. In the

subsoil the process is naturally less marked. The dehydration of iron is

well known, because the process involves a change of color. Under the

conditions in which dehydration of iron takes place, it is certain that many
of the other hydrates which form in the belt of weathering are also dehy-

drated to a greater or less extent. It is well known that the process of

dehydration of many minerals begins at temperatures lower than 110° C.

Indeed, it is certain that the dehydration of limonite and other hydrous

oxides of iron begins as low as 100° C, and that if this temperature be

maintained even during the insignificant time in which an experiment is

a Merrill, cit., p. 385.
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carried on in a laboratory, deliydratiou is very appreciable." These tem-

peratures are not reached under natural conditions, but in hot regions

where water is not plentiful it is probable that partial dehydration of

such compounds as the zeolites, colloidal silicic acid, etc., takes place on a

considerable scale. Doubtless the process in reference to these minerals

has not been commented upon because ordinarily there is no accompany-

ing change in color. To illustrate, the table on pages 375-394 shows that

aluminum hydroxide, as gibbsite and diaspore, forms on a vastly greater

scale in the belt of weathering than ferric hydroxide. It is highly proba-

ble that, under the same conditions in which dehydration of iron occurs,

dehydration of aluminum hydroxide also takes place to some extent. The

same statements may be made in reference to the other hydrous minerals

which lose their water or a part of it at a low temperature, as, for instance,

tile zeolites.

It has already been stated that hydration is the most extensive

reaction of the belt of weathering. This is at once found by reference

to the classified tables of alterations, page 402. It is there seen that a

number of the important oxides and many of the more important silicates

may be altered by simple hydration. The process of hydration, as

explained in Chapter IV, from a physical-chemical point of view, involves

expansion of volume and the liberation of heat. The amount of heat

liberated is great, as shown in Chapter V. Whether hydration occurs

alone or occurs combined with the other processes, there is an increase in

volume. In simple hydration the volume increase ranges from a very

small per cent to as high as 160 per cent, as in the alteration of corundum

to gibbsite. Commonly the increase in volume is less than 50 per cent.

The quantity of heat liberated in the process of hydration is great, but

the average amount can not be quantitatively stated.

OXIDATIOJI, CAKBONATION, AND HYDRATION.

As already noted, oxidation, carbonation, and hydration may each

take place separately, but commonly two or three of these processes are

simultaneously at work on the same rocks, and even on the individual

mineral particles. No average can be given as to the amount of increase

"Leith, C. K., The Mesabi iron-bearing district of Minnesota: Men. U. S. Geol. Survey, vol. 43,

190.3, p. 262.
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in volume as~a consequence of the combination of these three reactions,

but doubtless in most cases the inci-ease in volume, where the processes are

complete, is 15 to 60 per cent or even more.

It is of importance to note that the oxygen, carbon dioxide, and water

added to the rocks in the belt of weathering are not directly derived from

other rock materials, but are in large measure derived from the atmos-

phere and hydrosphere. As alread}^ noted, the oxygen is directly derived

from 'the atmosphere; the carbon dioxide comes from the atmosphere mainly

through the intermediary action of vegetation and other organic matter,

and water is derived directly or indirectly from the hydrosphere. The

depletion of the atmosphere and hydrosphere in oxj'-gen, carbon dioxide,

and water is continuous, and through geological ages would doubtless

seriously encroach upon the supplies of these materials were it not for

the compensatory reversing reactions largely occurring in the zone of

anamorphism (See pp. 366-369.)

SOIUTION.

Concurrently with the processes of oxidation, carbonation, and hj^dra-

tion, the underground waters of the belt of weathering take compounds

into solution. The process of solution is not only concurrent with these

other processes, but is promoted by them. This follows from the fact that

the dominant processes of carbonation and hydration transform the com-

pounds into more soluble forms. The change of ferrous to ferric iron by

oxidation has a reverse effect, but the quantitative value of this reaction is

small compared with that of carbonation and hydration.

It has already been explained that all natural compounds are soluble in

pure water, but the solution would be slow if this were the only solvent. It

has been seen that in the underground solutions of the belt of weathering

there are continually produced organic acids, carbonic acid, nitric acid, sul-

phuric acid, and hydrosulphuric acid. These produce corresponding salts

—

carbonates, nitrates, sulphates, and sulphides. Also the presence of these

salts favors solution. Besides these salts chlorides are present. The active

acids of the solutions unite with the bases of the minerals. But in this process

the acids with which the bases were united in the minerals are displaced, and

-these acids may also pass into the solutions and become active constituents.

The oxygen, carbonic acid, nitric acid, sulphuric' acid, and hydrosulphuric



IMPORTANCE OF SOLUTION. 485

acid have been accounted for by processes in the belt of weathering-. But

the source of the hydrochloric acid, producing the chlorides, has not

been explained. This subject is considered on pages 789-790.

The amounts of the compounds which are taken into solution by

ground waters depend very largely upon the number and amounts of

the above active chemical agents or solvents. Also the amounts of the

compounds which are taken into solution depend upon the relative propor-

tions of the elements present, and the manner in which they are com-

pounded. If all the important bases occurring in the rock-making minerals

were equally abundant the stronger-bases would be taken into solution to

a larger extent than the weaker bases. Therefore there would be dissolved

more sodium and potassium than calcium and magnesium, more calcium or

magnesium than iron, more iron than aluminum. And as a matter of fact,

the percentages of the compounds dissolved are in this order. But the

amount of alkalies in the rocks is much less than that of the alkaline earths,

iron, or aluminum, and consequently the total amount of the former

elements dissolved may be less than the latter—indeed, is commonly inuch

less than the ainount of the dissolved alkaline earths. Further, the greater

the proportion of bases present as compared with the acids—i. e., the more

basic the compounds—the more readily the minerals are decomposed and

the greater the amount of bases which are dissolved. If the acids were

present in equal quantity there would be dissolved a greater amount of the

salts of the stronger acids than of the weaker acids. Thus there would be

a greater quantity of sulphates, nitrates, and chlorides than of the car-

bonates. Since, however, in the solutions carbonic acid is so much more

plentiful than any other active acid, carbonates greatly predominate. The
only acid in solution which can be compared with carbonic acid in

abundance is silicic acid, produced by the decomposition of the silicates.

However, the liberated silicic acid, as explained on pages 115, 176, sep-

arates in a colloidal state, and in that form is exceedingly inactive and,

notwithstanding its great quantity, does comparatively little work. The
great power of the weak acid, carbonic, in the solutions shows that the law

of mass action is of great consequence in the relative amounts of the

compounds formed and taken into solution.

The above general statements are very well illustrated by T. Mellard

Reade's estimate of the amount of salts which are abstracted from each
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square mile of area." He calculates that throughout the entire globe there

is removed amiually in solution 96 tons (about 86 tonneaus) of material

per square mile, which he divides as follows: Calcium carbonate, 50 tons

(46 tonneaus); calcium sulphate, 20 tons (18 tonneaus); sodium chloride,

8 tons (7.2 tonneaus); silica, 7 tons (6.3 tonneaus); alkaline carbonates and

sulphates, 6 tons (5.4 tonneaus); magnesium carbonate, 4 tons (3.6 ton-

neaus); oxide of iron, 1 ton (0.9 tonneaus). The order of the larger of

these amoants is much what one would expect. The strong, abundant

base, calcium, is largely united with the weak abundant acid, carbonic.

The strong acids, such as sulphuric and hydrochloric, are largely united

with the alkaline metals, sodium and potassium, but a residuum is left over

which is supposed to be united with the calcium.

We now know that in solutions all the bases are imited with all the

acids except so far as dissociation occurs, according to the various factors

of strength, mass, and solubility, and we can see that it would have been

better to have estimated the various compounds as oxides or elements rather

than as salts. But it would still be true that the most abundant salt is

calcium carbonate, that that standing next in abundance is probably cal-

cium sulphate, and that those standing next in abundance are the alkaline

sulphates and chlorides.

We conclude from the foregoing that in the belt of weathering all the

elements in the minerals are being dissolved all the time, but with greatly

varying rates, depending upon the strength and abundance of the active

compounds in solution and upon the solubility of the various minerals upon

which the solvents are acting. While the more readily soluble substances

are dissolved many times more rapidly than those which are usually spoken

of as insoluble, even those substances which are least soluble may be taken

into solution on a large scale. For instance, silica in the form of quai'tz is

regarded as exceedingly insoluble, yet it is certain that in the iron-bearing

formations of the Lake Superior region quartz has been dissolved on

an enormous scale. Also the evidence is conclusive that such extremely

refractory substances as hematite and limonite are dissolved. (See pp.

548-549.) While all minerals in the belt of weathering are soluble, after

a sufficient length of time the constituents remaining undissolved are, of

course, those which are relatively insoluble.

« Eeade. T. Mellard, Chemical denudation in relation to geological time. Also Merrill, cit.
, p. 194.



RELATIONS OF SOLUTION AND DEPOSITION. 487

Consequent upon these various reactions, combined with sokition,

material is continuously abstracted from the belt of weathering, and thus

the openings tend to increase in size. This does not appear in the case of

the unconsolidated materials at the surface, for gravity brings the particles

together as fast as material is dissolved; but in the rocks which have

suflScient strength to hold together, the openings are often numerous and

large, and constitute a considerable percentage of the volume of the rocks.

The best illustrations of rocks with large openings are the limestones,

which, above the level of ground water, are commonly intersected with

numerous open joints, are often porous throughout, and not infi-equently

contain caves. On account of the continuous abstraction of material by the

ground waters the belt of weathering might be called the belt of solution.

DEPOSITION.

Later it will be seen that concurrently with solution, favored by it

and in direct proportion to it, deposition is constantly going on. Thus

it will be seen that the substances dissolved in greatest quantity are those

deposited in greatest quantity. As just noted, in limestone regions solution

takes place on an enormous scale. But while this is going on deposition

of CaCOj is occurring on a large scale; for instance, in caves travertine,

stalactites, and stalagmites are forming. Where evaporation is not easy,

solution will be the rule; where evaporation is easy, deposition. Thus a

cave may be simultaneously enlarged at the bottom and decreased in size

at the top. Solution and deposition are correlative processes, but in the

belt of weathering the first is dominant. The absolute amount abstracted,

estimated by Reade at 96 tons per annum per square mile, represents the

difference between the results of solution and deposition.

GUXERAIi STATEMENTS.

On the preceding pages it has been seen that the processes of oxidation,

carbonation, hydration, and solution are characteristic of the belt of weath-

ering, and that all take place on a great scale. However, it has also been

seen that to some extent the reverse of these processes—deoxidation,

silication, dehydration and deposition—also occur. This is what one

would expect from the laws of physical chemistry. All chemical reactions

are reversible; and while the first set of the above processes greatly
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dominates over the reverse set, all the above sets of reactions take place

on an important scale in the belt of weathering, although the belt is

characterized by the one set rather than the other.

CONTACT METAMORPHISM.

Contact metamorphism is a term used to cover the mutual effects of

intrusive and intruded rocks. The effect upon the intruded rocks is known

as exomorphic and that upon the intrusive rock as endomorphic. The first

is of greater consequence. In considering the exomorphic effect, ordinarily

there has been no well-defined attempt to estimate the relative importance

of the direct and indirect action of the igneous rocks. The direct effect is

due to the heating of the intruded by the intrusive rock. The indirect

effect is due to the increased activity of the gaseous and liquid solutions

caused by the intrusive rocks.

The gaseous and liquid solutions adjacent to igneous rocks differ from

ordinary solutions in two respects, First,' at the time of the crystallization

of magmas, gases and liquids emanate from the igneous rocks. The chief

constituent of these emanations is, of course, water, but associated with the

water are other compounds. By the circulation of the gaseous and liquid

solutions the material emanating from the igneous rocks may pass into the

surrounding rocks. A second and still more important indirect effect is

that of heating the solutions of the surrounding rocks. In Chapter III, on

"The agents of metamorphism," it has been explained that solutions gain

marvelously in their metamorphic power by heat, and adjacent to igneous

rocks the temperature may reach or even surpass that of the critical

temperature of water. While by conduction high temperature progresses

from the magma, by convection, where the circulation is vigorous, solutions

having a high temperature are carried over wide areas. In this treatise

contact metamorphism is considered in three places, for the nature of the

contact action, hke that of other forms of metamorphism, is very different

in the different belts and. zones. Therefore the subject of contact metamor-

phism is considered under the belt of weathering, the belt of cementation,

and the zone of anamorphism. In this chapter only the first part of the

subject is considered; the other parts may be found under the heading

"Injection," on pages 646-652.
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III the belt of weathering contact metamorphism comprises (1) the

direct contact effect and (2) the indirect effect through gaseous sokitions.

This second is ordinarily called the action of fumaroles and solfataras.

DIRECT CONTACT EFFECT.

The direct contact effect is produced by conduction of the heat of the

magma into the surrounding rocks. The temperature of the rocks

imnaediately adja,cent to the igneous rocks may become very high—indeed,

approach that of fusion, and possibly reach ,a fusion temperature locally.

Under these circumstances the complex mixtures of minerals characteristic

of the belt of weathering, including the hydrates, silicates, and other forms,

are likely to be baked, and thus indurated. The hydrous minerals may be

dehydrated, and thus to this extent the ordinary reactions of the belt of

weathering are reversed. The zeolites, serpentines, talcs, chlorites, etc.,

where dehydrated, are destroyed. Limonite may be changed to hematite,

gypsum to anhydrite, etc. From the carbonates the carbon dioxide may
be driven off or calcination take place, and thus lime and magnesia be

produced. This giv-es the rocks an alkaline reaction, so that contact action

on such rocks in the belt of weathering is sometimes called "caustic"

.action.

The general contact effects of dry heat have been called, depending

upon the degree of action, baking, fritting, and vitrification. Irving gives

the following illustrations of these processes:

Sandstones are decolorized and often fritted to a glistening enamel-like or por-

celanic mass; in other cases, where the cement is of a calcareo-argillaceous nature,

this is melted into a glass; clay and mud are converted into porcelanite or brick,

with marked change of color in man}^ cases; tuffs and phonolites are so far vitrified

as to acquire a character resembling that of obsidian ; brown coal is altered into seam
coal or anthracite, and these in other cases into a substance more resembling graphite,

while in others (probably under less pressure) the coal is converted into coke, the various

shades of metatropic change of brown coal into anthracite, carbon-glance, bituminous

coal, and black coal being observed in some cases in the same section through several

meters of the mass; a prismatic structure is developed, not only in claj's and marls,

but even in sandstones, in brown coal, in seam coal, and in dolomite; limestones ai-e

altered into cr3^stalline marble, often with complete effacement of their stratification

and even of all traces of their fossils; the finer varieties of grauwacke and its asso-

ciated shales are converted into hornstone, as in the classical region of the Brocken.



490 A TREATISE ON METAMORPHISM.

Of these metatropic changes by the action of diy heat under jjressure that of the

formation oj marble has been experimentally verified years ago by G. Rose and more

recently by Richthofen and others/'

Usuall}^ all of the dii'ect dry heat contact effects are very limited in

amount, extending only short distances from the igneous rocks. Ordinarily

the direct effect is modified by indirect effects In many of the cases men-

tioned by Irving, where the material when modified was not in the belt of

weathering, it is highly probable that the results were not accomplished by

dry heat alone, but with the assistance of gases and vapors. Commonly
the rocks which are being baked, fritted, or fused are in the midst of gases

and vapors, including, of course, abundant water vapor and oxygen. Also,

as in the cases mentioned by Irving, in many instances which have been

given of the effect of dry heat alone the material when altered was below

the belt of weathering; but as the different cases of metamorphism attrib-

uted to dry heat have not been studied in reference to the different zones

and belts of metamorphism, and it is therefore impossible to discriminate

with certainty the cases which are truly due to dry heat alone from those

in which heat works in conjunction with gases and vapors, or even in con-

junction with water, in so far as the gases and vapors are present, we have

the indirect effects considered below mingled with the direct contact effects.

INDIRECT CONTACT EFFECT, OR WORK OF FUMAROLES AND SOLFATARAS.

It has been said that the indirect contact action is due to gaseous

solutions. The action of such solutions may extend much farther than the

direct contact effect. The belt of weathering may be permeated locally

with hot gaseous solutions. The work of these gaseous solutions is

essentially of the same nature as that of ordinary gaseous solutions,

discussed on the previous pages (see pp. 59-63) ; but the gaseous solutions

adjacent to igneous rocks usually contain a greater quantity of the active,

chemical agents than do ordinary solutions; and, moreover, their tempera-

ture is much higher than normal. This gives a combination of conditions

which results in much more rapid alteration than the average of the belt of

weathering and alteration of a different kind. The exceptional regions in

which these unusual conditions obtain are volcanic In volcanic regions

"/Irving, A., "Chemical and physical studies in the metamorphism of rocks, Longmans, Green & Co.,

London, 1889, p. 76.
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the vso-called fumarolic and solfataric" actions may occur on an extensive

scale. In such regions fumarole is generally applied to the gases at the

higher temperatures, and solfatara to the gases at moderate temperatures,

although this distinction is not everywhere applied. Fumarolic and solfa-

taric action is therefore largely the work of gaseous solutions, although

liquid solations are also at work to an important extent. The gases may

be widely dispersed through the porous rocks, but in many cases they

move chiefly along large definite channels, from which they spread for

various distances along smaller and less definite openings.

Of the gases of fumaroles and solfataras, water vapor is dominant. In

many districts it is emitted in enormous quantities from the orifices. Prob-

ably the gas next in abundance to steam is sulphurous oxide (SO2). Other

important gases are chlorine (CI2), hydrochloric acid (HCl), hydrofluoric

acid (HFl), hydrosulphui-ic acid (H2S), sulphuric acid (H2SO4), carbon

dioxide (CO2), oxygen (O2), and hydrogen (H2). Boric acid (H3BO3), is

sometimes plentiful; nitrogen (Nj), is abundant; and hydrocarbons occur.

The proportions of these gases are very different in different localities. In

many cases the differences seem to be a function of the temperatures of the

fiunaroles and solfataras. In the very hot fumaroles chlorine, hydrochloric

acid, and hydrofluoric acid are likely to be abundant. At lower temperatures

sulphurous oxide and hydrosulphuric acid are very coinmon, and at still

lower temperatures oxygen, carbon dioxide, and nitrogen are abundant. In

the hot fumaroles, associated with the strong acids characteristic of them, are

also found many of the compounds characteristic of fumaroles and solfataras

of lower temperatures, although these may be overlooked. With all classes

of fumaroles and solfataras water vapor is dominant, but it is frequently

more markedly dominant at the lower than at the higher temperatures.

The source of the gases of fumaroles and solfataras is a complex ques-

tion of which I shall not attempt to give an adequate discussion. It is to

be presumed, as pointed out on pages 931-937, that the ultimate source of

the various products formed in the belt of weathering- is the material of

the original magmas. However, later it will be more fully explained that

several of the rarer elements of the ignieous rocks are locally concentrated

in the belt of weathering by various processes. To what extent the active

gases of the volcanoes are derived from the original magmas and what

part from the later concentrations of tliese I shall not here consider.

«Latin/w9)!?/.5, smoke, and Italian solfo, sulphur.
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The source of the most abundant vapor emitted during volcanic action

has been much discussed. Some have held that the water is derived

from the original magmas, never having been at the surface, while others

have held that it is derived from the water of the surface and underground

circulation. It may be in part derived from each. Chlorine, hydrochloric

acid, hydrofluoric acid, and hydrosulphuric acid are undoubtedly largely

formed by the action ot hot water upon chlorides, fluorides, and sulphides.

Sulphurous and sulplmric oxides are produced by the action of the oxygen

upon the sulphides. These may unite with water and produce sulphurous

and sulphuric acid. To what extent the above chlorine, fluorine, and sulphur

compounds are derived directly from the magmas and to what extent from

later segregations containing an unusual amount of these elements it is not

my purpose here to discuss. The hydrogen of fumaroles and volcanoes is

usually regarded as dne to the decomposition of water." This may be

accomplished by ferrous oxide according to the following equation:

The immediate source of a part of the hydrogen is probably hydrosul-

phuric acid, the hydrogen being liberated as this acid decomposes and the

sulphur separates. But since the H3S is probably produced, as already

explained, by the action of HgO on sulphides the hydrogen is indirectly

derived from the water. It is shown that carbon dioxide is extensively

liberated by the process of silication in the zone of anamorphism. (See pp.

677-679.) It is natural to suspect that this liberated carbon dioxide largely

makes its way to the surface at places where there is active upward circu-

lation. Volcanic districts are certainly such places. Hence it is believed

that much of the carbon dioxide issuing in connection with fumaroles and

solfataras is that liberated by silication. Where carbonates are present as

rocks adjacent to volcanoes another portion of the carbon dioxide is doubt-

less derived by the action of the strong acids upon these carbonates, salts

of the strong acids being produced and the Tsarbon dioxide liberated. No

opinion is expressed as to the relative abundance of these two sources of

carbon dioxide.

As would be expected, the ordinary reactions of the belt of weathering

take place in regions of fumarolic and solfataric action the same as else-

oGeikie, Sir Archibald, Text-book of Geology, Macmillan & Co., London, 1893, 3d edition, pp.

193-197.
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where. Indeed, these reactions probably take place at a greatly acceler-

ated rate. Therefore in areas of fumarolic and solfataric action oxidation,

carbonation, hydration, and solution are important reactions, but ordinarily

this is not recognized because of the more striking action of the exceptional

compounds which are present in unusual abundance. That oxidation

takes place on an extensive scale is shown by the yellow, red, or brown

colors of the altered rocks due to limonite, hematite, and magnetite which

extensively form from the monoxide of iron. Hydration in connection with

fumaroles and solfataras has been to a considerable extent overlooked.

Delesae found that dry steam at a pressure of five atmospheres had no

ajopreciable action upon minerals. Barus found that the diabase of the

Comstock lode, containing fresh feldspar, was not kaolinized by the long-

continued action of steam at 100° C." However, it is rare that steam is

dry in the actual case of fumaroles and solfataras, and therefore, as would

be expected at high temperatures, the process of hydration goes on at a

great rate. Carbonation also takes place on a scale scarcely less extensive

than hydration. In consequence the formation of sodium carbonates is

very common and in some places it is found in large quantities.

However, it is not by these common products but by the exceptional

products that fumarolic and solfataric action is especially distinguished.

The chlorine and hydi'ochloric acids form chlorides, of which sodium chlo-

ride (NaCl), potassium chloride (KCl), ammonium chloride (NH^Cl), iron

chloride (FeClj), copper chloride (CuCL), manganese chloride (MnClo),

and other chlorides have been observed. Through tlie action of sulphuric

acid various alums are formed, of which potassium-aluminum sulphate

and sodium-aluminum sulphate are the more common. By action upon
calcium-bearing compounds sulphuric acid forms gypsum. By action

upon the alkali-bearing compounds the sulphuric acid forms Glauber's

salt, or sodium sulphate, and potassium snlphate. The action of hydro-

sulphuric acid upon the various compounds may form various sulphides,

or it may be decomposed without action upon other substances, in which

case it liberates hydrogen and deposits sulpliur. The hydrofluoric acid

attacks the various compounds, forming various fluorides, of which flutorite

is the best known. The boric acid forms borates. Of these various sub-

n Barus, C, On the thermal effect of the action of aqueous vapor on feldspathic rocks: School of

Mines Quart., vol. 6, 1884, pp. 1-23.
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stances formed, some are volatile and may be sublimed. Among these

aiumonium sulphate, sulphur, and boric acid are well known.

While any of the minerals present may be acted upon, on the average

the silicates are decomposed on a far greater scale than other compounds ; for

silicates are the dominant salts present which the active agents find to work

upon. Besides producing the various compounds above mentioned, which

are especially charactei"istic of fumarolic and solfataric action, the

relatively insoluble residual products of tlie silicates are extensively

produced, such as kaolin, etc. While these chemical reactions are taking

place, concurrently with and depending upou them the rocks are softening,

and the result is to produce a whitish or yellowish eai'th, frequently stained

red where iron oxide is abundant. So long as the fumarolic and solfataric

action continues, mingled with this residual material are many of the soluble

compounds mentioned above; but after fumarolic and solfataric processes

cease, the soluble salts ai'e rapidly leached out by the ground water circu-

lation and there remains the residual, relatively insoluble compounds char-

acteristic of the belt of weathering.

In summary it may be said that fumarolic and solfataric action is not

so different from the ordinary reactions of the belt of weathering as might

be supposed. The reactions are essentially the same. All of the reactions

characteristic of the belt of weathering occur, but at a more rapid rate

than ordinarily. Moreover, the local concentration of numerous strong

acids makes their action of relatively greater importance than under the

ordinary conditions of the belt of weathering. Finally, in the case of fuma-

roles and solfataras the process of decomposition is wholly chemical,

whereas ordinarily in the belt of weathering organic compounds play an

important part.

In a strict sense fumarolic and solfataric action, so far as it is the

action of gases, is that of mineralizers, as defined by Naumann. However,

fumarolic and solfataric action as here considered is not that which is ordi-

narily known as the action of mineralizers ; hence I have avoided the term.

RELATIONS OF DISINTEGRATION TO DECOMPOSITION AND SOLUTION.

The mechanical work of weathering is the physical subdivision of the

material; in other words, is disintegration. The chemical work of weatlier-

ing is decomposition and solution. The process of disintegration promotes

the chemical work of decomposition and solution, because, as disintegration
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goes on, the surfaces exposed to the action of the chemical agents become

larger. If a mass of material, of whatever size, be divided into any

number of parts with similar forms, the total area of the new surfaces will

be equal to that of the original surfaces multiplied by the square root of

the number of parts. For instance, if a given mass of rock be divided into

a hundred parts, with forms similar to the original mass, the surface is

increased ten times, and therefore the area subjected to chemical action is

increased tenfold. Hence, in so fau as the rocks are broken mechanically,

they give greater surface of action, and tins surface of action increases

directly as the comminution increases. It follows that the tinelv com-

minuted material is much more readily decomposed than the coarser mate-

rial. Loughridge has shown that the amount of soluble material in soils is,

on the average, larger in proportion to the comminution, thus contirming

the conclusion that increase in the surface is favorable to chemical action."

But decomposition reacts upon disintegration. In proportion as the

material becomes decomposed it is more readily broken up. In so far

as the material is chemically altered, and especially in proportion as it

is dissolved, the rock is weakened and thus the forces of disintegration

rendered more effective. The mechanical and chemical forces therefore

act and react upon each other, each one increasing the effectiveness of the

other; hence disintegration greatly accelerates decomposition and solution,

and decomposition and solution accelerate disintegration.

This action and reaction between the mechanical and chemical work is

well illustrated by the experiments of Daubree,'' who found that various

minerals and glass when mechanically triturated in a rotating cyhuder are

very readily acted upon by pure water, carbonated water, and water con-

taining sodium chloride. In this way he produced a very fine, impalpable

mud, which when dried resembled argillite and contained a high percentage

of alkalies. It is clear from the above that the greatest effects in the way
of weathering are produced b}^ combination of the mechanical and chemical

processes. Where, by the action and reaction of the mechanical and chemical

agents, the subdivision has gone to such a stage that the particles are

"Loughridge, R. H., On the distribution of soil ingredients among the sediments obtained in

silt analysis: Am. Jour. Sci., vol. 7, 1874, p. 17. Merrill, George P., Rocks, rock-weathering, and
soils, Macniillan Co., New York, 1897, pp. 365-366.

(•Daubrce, A., Geologie Experimentale, Paris, 1879, pt. 1, pp. 268-279. Also, Merrill, George
P., Rocks, rock weathering, and soils, Macmillan Co., New York, 1897, p. 197.
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exceedingly minute, the surface exposed to action is enormous. As illus-

trating this, Whitney has calculated that there are 22 billion grains of sand

and clay in a gram of residual subsoil from a limestone, and that the surface

of these particles has an area of 5,000 square centimeters. This is an

extreme case, but Whitnej^ estimates the number of grains in ordinary soils

to var}^ from 2 billions to 15 billions per gram."

In an early stage of the process of subdivision disintegration usiially

plays the dominant part. As the material becomes finer chemical action

becomes more important. When the particles become minute, chemical

action is dominant in producing subdivision. As shown on pages 432-434,

it may well be doubted whether the exceedingly minute subdivision of the

residual clays from limestones could be accomplished by the mechanical

agents of weathering alone.

It has been seen that the mechanical work of weathering is accom-

plished b}' wind, water, ice, change from water to ice, change in tempera-

ature, plants, and animals. The chemical work is accomplished by plants,

animals, and solutions. The various factors in this mechanical and chemical

work interlock in a most complex fashion. An increase in the amount of

work of one of the factors may increase or decrease the amount of work

of another factor. Moreover, the kind of work accomplished by one factor

is so different from that of another factor that it is difficult or impossible

to make quantitative comparisons between them. Thus it is impossible to

compare the mechanical work of' disintegration with the chemical work

of decomposition.

The particular combination of agents and forces most actively at work

at a given place is largely dependent upon humidity, latitude, elevation,

and life. There are very numerous permutations and combinations of these,

so that the number of variations in the rate of weathering are indefinitely

great.

REGIONS FAVORABLE TO PROMINENCE OF DISINTEGRATION.

The regions favorable to prominence of disintegration are those of (a)

aridity, (b) high latitude, (c) marked topographic relief, (d) sparseness of

plants and animals, and (e) nearness to the sea.

Arid regions.—It lias already been seen (pp. 438-439) that in arid reg'ions

the mechanical stresses due to rapid change in temperature and to the wind

a Whitney, Milton, The soils of Maryland: Bull. Maryland Agr. Exp. Sta. No. 21, 1893, pp. 8, 33-57.
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are potent influences in breaking up the rocks. By insolation the rocks

may be coarsely subdivided; by the wind, bearing sand, they maj^ be

finely subdivided—^both with very little chemical action. In many dry

regions the rainfall is largely concentrated into a small part of the year.

In some regions this rainfall may occur as severe local storms. Under

these circumstances the disintegrated products are stripped from the rocks

by the running water, thus exposing new surfaces to weathering. The

transported material may be carried to the sea or may be accumulated in

the lower levels between the steep slopes. The former case is illustrated

by the sedimentary rocks which are now forming in the Gulf of California.

McGee describes the granitic and other rocks of southern California as

being simply split apart and broken into their individual grains, which are

transported at rare times of abundant rainfall by the process which he

calls sheet-flood erosion and deposited in the Gulf of California with

scarcely any chemical change Such rocks may have very nearly the

average chemical composition of the original rocks from which they are

derived."

Very frequently the disintegrated material of arid regions does not reach

the sea, but accumulates in the lower areas. Hilgard notes that the soils of

such regions are "predominantly sandy or silty, with but a small propor-

tion of clay, unless derived directly or indirectly from preexisting forma-

tions of clay or clay shales."^ Moreover, he notes that the soil and the

subsoil are substantiall}" the same. The deficiency of clay—that is, kaolin

—

is explained by the lack of the decomposition of the feldspars. The
deficiency of clay is no less marked in these soils than the abundance of

alkalies and alkaline earths. Hilgard finds the proportions of these

elements in arid and humid regions to be as follows:"
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The soils of the arid regions investigated by Hilgard therefore contain

from fonr to fourteen times more of the elements potassium, sodium,

calcium, and magnesium, than do those of the humid regions. This

difference is doubtless due in part to lack of decomposition of the original

compounds; but it is also due in part to the fact that the decomposed

materials of the arid regions have not been leached as they have been in

the humid regions. As shown in another place (pp. 541-543), the soluble

constituents resulting from the decomposition of the original minerals are

largelv retained.

In conclusion, we see that ai'idity or low humidity is generally favorable

to mechanical rather than to chemical work. In arid regions the process of

disintegration is rapid, and that of decomposition and solution is slow. The

total rate of weathering in arid regions, including mechanical and chemical

work, is probably, on the average, less r-apid than in humid regions.

Regions of high latitude.—First, rcgious of high latitude are those of low

temperature. It has already been seen that the disrupting effect of change

from water to ice is an important factor in the disintegration of rocks. This

process is applicable only to those regions in which the temperature falls

below 0° C, and to such regions for only those parts of the year in which

the temperature alternately passes above and below the zero mark. These

conditions at low altitude do not occur at all in the Tropics. They occur

ill winter only in the parts of the temperate zones near the Tropics. They

occur in spring and autumn in the cooler parts of the temperate zones and

in the frigid zones. However, in passing from low to high latitude the

length of time during each year in which the conditions are those of

alternate freezing and thawing increases; also- the range above and below

zero increases. Hence the disintegration due to freezing and thawing

increases as the latitude increases from those parts of the temperate zones

near the Tropics to the far northern and southern lands. Second, regions

of high latitude are those of extensive glaciation. The glaciers are most

powerful disintegrating agents, producing dtibris ranging in size from great

bowlders to the minute particles which whiten the waters issuing from

them, and all this with scarcely a trace of decomposition. Third, in regions

of high latitude there are great changes in temperature which work by

differential expansion, as explained on pages 438-439, and thus help to

disintegrate the rocks. Absence of decomposition in connection with disin-
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tegi-ation at high latitudes also follows from the low temperature, because

very unfa\-orable to chemical action and to abundant organisms.

Therefore in regions of high latitude the rocks are ordinarily broken

down and not greatly changed chemically. The exceedingl}^ rapid and

extended disintegration of the rocks in regions of high latitude is well

illustrated by such countries as Greenland, Spitzbergen, Franz Josefs

Land, etc. As in the arid regions, the sedimentary rocks formed in regions

of high latitude may be composed of disintegrated materials, chemically

essentially like the materials from which the rocks are derived. As in the

arid regions, where mechanical materials from differeiat sources are mingled,

they represent the average composition of the original rocks rather than

any one original rock.

Regions of marked topographic relief.—Regious of marked topograpliic relief are

usually regious of considerable elevation. In such regions the mechanical

forces work under most favorable conditions. Gravity pulls the material

down the steep slopes. The range in temperature is great; water alter-

nately freezes and thaws; glaciers are prevalent. Consequently material

is split or ground from the solid rocks and is carried by gravity in great

quantity to lower levels.

The remarkable effect of elevation and sharp relief in disintegration

is especially well illustrated in high mountain ranges. In such regions

great and small masses are split from the cliffs by the disintegrating forces

and agents or are carved from the valle}^ floors by the glaciers, and are

transported to a lower level by water or by ice with scarcely appreciable

chemical change The cirques at the heads of glaciers give excellent

illustrations of the very great rapidity of disintegration due to the combi-

nation of the above causes. The Matterhorn, with its sharp triangular

peak and the great cirques at its base, is a most impressive illustration of

such disintegration. The peaks of the High Sierras and the Canadian

Rockies afford many line illustrations of the same process.

Peuck suggests that the average altitude of mountains in any given

region for a given kind of material is limited by the fact that disintegration

increases so rapidly as the height increases that for any given area there is

a height where the forces of disintegration degrade the mountains as fast as

the forces below are able to lift them."

"Penck, A., Morphologie der Eni.ilierfliifhe, J. Engelhorn, Stuttgart, 1894, pt. 2, pp. 334-33.5.
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Also the low temperature is unfavorable to chemical action and to life,

and transportation follows closely upon disintegration. The result, there-

fore, of marked topographic relief is rapid disintegration with comparatively

little decomposition.

Regions of sparse plants and animals.—That sparseuess of plauts aud auimals is

faA''orable to disintegration without decomposition has already been shown,

since it has been made clear that decomposition is largely dependent upon

the action of plants and animals and their by-products. The sparsemss of

life may be due to low temperature, low humidity, or other causes.

Regions near the sea.—Neamess to tlie sca Or to a large river is favorable to

disintegration with subordinate decomposition, since the material is trans-

ported only a short distance before it is deposited below the water. But

this relation is not so important as one might at first think. The amount

of decomposition is far more dependent upon whether the conditions are

favorable for this process before the material reaches the large streams than

upon distance from the sea.

When the matei'ial once gets permanently below the sm-face of the

water, it passes to a considerable extent from the conditions of the belt of

weathering- to those of cementation. While oxygen and living organisms

may still act upon the material, they are not nearly so effective as under the

conditions of the belt of weathering ; hence, the process of decomposition is

much retarded. This is well illustrated by the material brought down by •

the Nile and deposited in its lower reaches. According to Judd, the deposits

of the Nile delta consist of fresh, unaltered, rounded, angular and subangular

grains of the original minerals of the rock, such as the feldspars, hornblende,

augite, quartz, etc. This material, he says, has been derived from the desert

sands, which lie on either side of the Nile Valley and are swept into it by

the wind." As has been seen (pp. 496-498), desert conditions are favorable

to disintegration without decomposition; hence the sands contributed to the

upper Nile are little decomposed, and the long river journey does not

greatly increase the amount of decomposition.

While decomposition largely ceases when the material is transported

by streams, disintegration does not cease, for the particles grind against one

another or over the bottom, and thus comminution goes on ; and therefore the

"Judd, J. W., Report on a series of specimens of tlie deposits of the Nile delta, obtained by the

recent boring operations: Proc. Royal Soc. London, vol. 39, 1885, pp. 213-220.
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longer the journey the farther this process continues. However, as shown

on pages 432-434, there appears to be an inferior hmit in size, beyond

which attrition ceases; that is, the particles become so fine that they are

floated and have not sufficient weight and momentum to materially grind

one another. This conclusion is further sujjported by the fact, given by

Judd, that the small particles of the alluvial deposits of the Nile which

have been transported great distances are angular, while the larger particles

of the same deposits are subangular or rounded. However, he attributes

the rounding of the larger grains to eolian rather than river erosion ; but this

does not lessen the force of the argument as to there being a lower limit

beyond which the particles are not rounded by river action. Further

evidence in the same direction is the angular character of the loess of the

Mississippi Valley. Chamberlin and Salisbury found that the loess of that

valley, much of which must have been floated for long distances, probably

hundreds of miles, is wholly composed of angular particles which show no

evidence of wear. For the most part these loess grains are less than 0.005

mm. in diameter, although in some places 1 per cent or more exceed this

diameter, and a few grains are nearly 0.1 mm. in diameter.

REGIONS FAVORABLE TO PROMINENCE OF DECOMPOSITION.

The regions favorable to decomposition are those of humidity, low

latitude, moderate topographic relief, abundance of plants and animals,

and remoteness from the sea.

Humid regions.—It is clear that humidity is one of the requisite conditions

for regions of rapid decomposition, since chemical action is very slow in

the absence of water. In humid regions, as already shown, the belt of

weathering always contains a large and variable amount of water, and
water is essential for vigorous chemical action. Hydration is one of the

chief reactions of the belt of weathering, and in humid regions there is

abundance of the necessary compound for the process.

High humidity may occur at any latitude 'and at any elevation. At
low latitudes and low elevations the temperature is high and life is abun-

dant, and these conditions are especially favorable to chemical work.

As evidence of decomposition in the humid regions, Hilgard contrasts

the soils of such regions with those of the arid regions, and finds that in the

humid regions the soils are usuall}^ loams with a clay subsoil. The presence
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of clays, of which kaohu is the chief constituent, proves the extensive

decomposition of the siHcates, especially the feldspars.

It is rather probable that decomposition is most rapid in regions of

moderate humidity, where there is moisture sufficient to carry on decom-

position, solution, and transportation of the disintegrated material with

considerable rapidity, and for animals and plants to be reasonably abundant,

but not sufficient to produce extraordinarily luxuriant vegetation, which

may practically stop mechanical transportation on all but the steepest

slopes, and thus produce a protective covering of decomposed materials.

(See p. 503.)

While humidity is very favorable to decomposition, it must be remem-

bered that running water is the greatest of the eroding agents, and there-

fore that humidity is also very favorable to disintegration.

Regions of low latitude.—Regious of low latitude are those of high tempera-

ture. Warmth is favorable to chemical decomposition. The great increase

in the activity of chemical agents in consequence of increase in temperature

has already been explained on pages 61-62, 78-81, and hence in warm

regions the chemical agents which are at work in the belt of weathering

have a potency which they do not approach in cold regions. Therefore

the usual deep belt of decomposition in the tropical and semitropical

regious and the general absence of such a belt in the colder regions is

partly explained by high temperature.

Consequent upon liigh temperature as one essential factor is abundant

life, which still further favors decomposition, as explained below. In

regions of high temjjerature the range of temperature may be great,

and therefore disintegration due to this cause be a concurrent process.

But in such regions the temperature does not often fall below zero, and

hence the disintegrating effect of freezing and thawing is nil, or nearly so.

Regions of moderate topographic relief.—Regious of Small topogTapliic rclicf gener-

ally have gentle slopes, and gentle slopes are favorable to retention of

moisture and unfavorable to rapid transportation. Moreover, regions of

small relief usually have low elevations and are favorable to high tempera-

ture, and consequently to abundant Hfe. Hence, regions of small elevation

are those of marked decomposition.

If the elevation be slight the level of ground water may be at a very

small d6pth below the surface, or even reach the surface, and thus decom-
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position be stayed. But areas of very low relief are favorable to decom-

position of tlie narrow belt extending to and somewhat below the level of

ground water. This is well illustrated by Florida. In that region the

original refractory minerals hav(=! been decomposed and the soluble material

abstracted; and the relatively soluble minerals, such as the calcium car-

bonate of the limestones, have been wholly abstracted, leaving for a large

part of the region a mantle of insoluble residual material, corresponding in

composition almost perfectly with the ultimate products of weathering.

(See pp. 520-521.)

In contrast with low regions are regions where the altitudes are great

and the slopes steep. Disintegration and transportation may go on so

rapidly as to give little opportunity for decomposition.

Thus the most favorable conditions for most rapid but not complete

decomposition are limited both by very low and by very high altitudes.

Therefore, the most favorable topographic conditions for rapid decompo-

sition are those of moderate relief Excellent illustrative regions are

southeastern United States, Nicaragua, and large jjarts of Brazil. These

are all regions of moderate elevation and continuous moderate slopes.

Regions of abundant plants and animals. PleUtlful plaUt aud aulmal life is Very

favorable to decomposition. Abundance of plants and animals is condi-

tioned by high humidity and high temperature. Regions of abundant life

are therefore the warm, moist regions of the Tropics and the sub-Tropics.

It is not too much to say that abundant animals and plants and their

by-products are the sources of most of tlie active compounds, which,

working through abundant water solutions favored by high temperature,

do the great work in the decomposition of the rocks. As already pointed

out, the process of carbonation, one of the chief reactions of .the belt of

weathering, is largely conditioned on the carbonic acid concentrated by
the decomposition of plants and animals.

While tlie work of life is fundamental in tlie decomposition of the

rocks, where life is too abundant this may stay the progress of Aveathering.

Abundant plant life gives a protective covering to the decomposed rocks,

which is effective in proportion to its luxuriance. The plant covering,

where very luxm-iant, as in many parts of the warm regions, very greatly

retards, and may almost wholly stop, the mechanical work of disintegra-

tion and transportation. Therefore, under these conditions, in very humid
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regions decomposition frequently outruns transportation, and a thick layer

of decomposed material accumulates. Finally, there may be produced a

thick, neai'ly permanent, belt of weathered material which is protected

from mechanical transportation by vegetation and protects the rocks below

from decomposition. Such appear to be the conditions in Nicaragua along

portions of the proposed route of the ship canal. Hayes says that in parts

of Nicaragua, notwithstanding the complete decomposition of the rocks

and the abundant rains, the streams are clear." The process of weathering

must therefore be very slow, being almost wholly limited to solution.

Regions remote from the sea.—111 SO far as tlic material is rcmote from the sea it

is long exposed to the forces of weathering before it is finally floated or

deposited in the sedimentary rocks, and thus in proportion as the material

is transported far before permanently reaching the water it is likely to be

decomposed.

General statements.—While iu thc prcvious pagcs au attempt has been made

to consider separately humid regions, regions of low latitude, regions of

moderate topographic relief, regions of abundant plants and animals, and

regions remote from the sea, in speaking of one it has been necessary to some

extent to consider one or more of the others. In regions which combine

several of these factors decomposition is at a maximum. It is only when

the materials of the belt of weathering in regions of high latitude, high

altitude, and aridity, in which life is sparse, are compared with the materials

of the belt of weathering in humid regions, regions of low latitude, low

altitude, and abundant life, that the efiiciency of the latter combination of

conditions in the decomposition of rocks can be fully appreciated. It has

been seen that where the former set of conditions obtain, weathering con-

sists in rapid change of temperature, change of water to ice, and the work

of glaciers splitting or grinding the rocks into fragments; but that the

particles in chemical and mineral composition are substantially the same as

the original rock, although, of course, decomposition does always take place

to some extent. But in warm humid regions, in which plant life and animal

life are abundant, the solid rocks are not only disintegrated, but the material

is rapidly decomposed. This decomposition may extend from a few meters

to a depth of 90 meters in the subtropical and tropical regions. A result

of high humidity and high temperature are the wonderfully luxuriant

"Hayes, C. W., Report of the Nicaragua Canal Commission, Appendix II, Geologic Report,

Baltimore, 1899, p. 112.



PROFOUND IMPORTANCE OF LIFE. 505

forests of the Tropics, such as those of Brazil and central Africa. The

difficulties of traversing such a region are almost incredible. The forests

are a tangle of vegetation, which it is possible to penetrate only by cutting

one's wajr. Under such conditions the rocks in the belt of weathering are

continuously acted upon in the most powerful way, under the mo^t favorable

conditions of humidity and temperature, by the chemical products furnished

by the plants and animals, alive and dead. No one can realize the

abundance of plant and aijimal material, dead and alive, both above and

below the soil, in a dense forest region without traveling through one. The

soil for many feet below the surface seems to be mainly composed of vege-

tation. The individuals vary from great trees, through plants of medium

size, to the smaller plants, such as the mosses, fungi, and finally the

bacteria. To a large extent the living plants are feeding on the dead and

decomposing ones. At the surface the quantity of organic material is at a

maximum. Normally the quantity steadily decreases from the surface to

a depth of 12 to 15 meters, whei-e it becomes unimportant. Thus there is

every gradation between places at the surface where the organic material

occupies the larger part of the space to a place below the surface where

the inorganic material occupies all the space.

One who has studied regions where life is dense will readily believe

that great geological consequences follow from the chemical activity of

compounds produced by animals and plants, both alive and dead. It is

not too much to say that life is an essential factor in far the larger part of

the chemical work of decomposition and solution of the rocks.

Of the plants, the minute bacteria are among the most important. Of
the animals, earthworms are perhaps the most important. The prodigious

numbers of these compensate for their smallness. They furnish a striking

illustration of the principle that small numerous agents may be more potent

than large and more conspicuous but less numerous ones.

From the foregoing it is plain that living and dead plants and animals

interact with one another and with the rocks in the production and main-

tenance of the soil. As shown on pages 452-453, chlorophyll-bearing plants,

and especially one group of them, the leguminosse, working in conjunction

with bacteria, are the agents Avhieh collect carbon and nitrogen from the

atmosphere and place them in the soil in a combined state. Dead plants

and animals are the materials upon which living bacteria, oxygen, and water

work to produce carbonic, nitric, and sulphuric acids. These form carbon-
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ates, nitrates, and sulphates in great abundance within tlie soil, and thus

the processes of cai'bonation, nitration, and sulphation of the minerals of

the rocks are rapid. The carbonates, nitrates, and sulphates furnish food

for the chlorophyll-bearing plants. The plants are food for the animals.

After a time these plants and animals die, decompose, and thus supply

additional material to carry on the process of decomposition of the rocks.

Therefore there is action and interaction between the chlorophyll-bearing

plants and the bacteria, and between these and .the animals alive; interac-

tion between these plants and animals dead and bacterial plants alive, and

interactioia between all live and dead plants and animals and the rocks.

Decomposition of rocks produces plant food; the food builds the plants:

the plants build the animals; these in turn, both while alive and after

death, produce decomposition of the rocks, and so round indefinitely.

It is now clear.why it is so difficult to produce a good soil where such

a soil does not exist, and why a soil once formed may be retained indefi-

nitely by proper tillage. Wliere the soil is good and vegetation is

abundant, the complicated machine is in full motion and is able to produce

new soil as fast as the old soil is transported elsewhere by wind or water.

The cycles above considered do not include the whole case. The full

geological cycle does not occur in the belt of weathering alone. As fully

explained elsewhere (pp. 538-539, 612 et seq.), a portion of the salts dis-

solved during the decomposition of the rocks in the belt of weathering- is

transported to the belt of cementation and there precipitated; another

portion goes to the sea. It is only when these portions are followed that a

full comprehension of the comjjlicated and far-reaching geological effect of

weathei'ing through plants and animals may be obtained. Here it will only

be remarked that of the salts of the sea, calcium carbonate is produced by

carbonation of the silicates, but this process is mainly dependent upon the

plants. Thus the work of the plants furnishes the material for the hard

parts of sea animals; these hard parts are the source of the great limestone

formations; as a result of geological revolutions limestone formations built

below the sea are raised and become land areas; upon these limestones

soils of unusual fertility are formed, and this results in luxuriant plant and

animal life, thus completing a cycle, one among the many geological cycles

connected with plants and animals.

While life is especially potent in chemical work, the power of life in

mechanical work is considerable.
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CHANGE IN CHEMICAL COMPOSITION OF THE ROCKS.

So far as the change in the average chemical composition of rocks in

the belt of weathering is concerned, solution is largely the final determina-

tive factor; although, as has been seen, the amount and nature of the

material dissolved are dependent upon all tiie many factors heretofore con-

sidered. By comparing the original chemical composition of rocks with the

chemical composition of the partly disintegrated and decomposed equivalent

rocks, one is able to obtain an approximate idea of the relative losses of the

elements. In order to compare the losses which the various elements have

undergone as a result of solution and transportation, it is necessary to

sujjjDose that some one element is insoluble and is not abstracted at all.

Usually iron and aluminum have been chosen as the insoluble constituents.

With these as a standard in most cases, but in some cases other elements,

Merrill made the following calculations as to the losses of the elements for

various rocks:"

Supposing the amount of iron to remain constant, for a disintegrated

and partly decomposed granite in the District of Columbia the original

composition and the losses of the constituents are as follows:

Table I.—Analyses offresh and altered granite. •

Constituent.

Silica

Alumina

Ferric oxide i

Ferrous oxide I

Lime

Magnesia

Soda

Potash

Phosphoric anhydride

Ignition

Total

Original
composition.

Per cent.

69.33

14.33

3.60

3.21

2.44

2.70

2.67

0.10

1.22

99.60

Loss for
eacli con-
stituent.

Per cent.

14.89

3.23

0.00

25.21

1.49

28.62

31.98

40.00

0.00

« Merrill, George P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897, pp
209-232.
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Supposing the amount of aluminum to be constant (except in Table

III, analysis 2, fresh diabase from Venezuela, in which iron is supposed to

be constant), the original composition and the losses of the various elements

for the following rocks are as follows:

Table II.

—

Analyses offresh and altered gneiss and syenite.

Constituents.
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Table III.

—

Analyses offresh and altered diabase and hasalt.

509
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Table IV.

—

Aiialyses of fresh and altered diorite, pyroxenite, and argilUte.
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analyses of the fresh diabase and the decomposed rock are given in columns

1 and 2. Supposing the alumina to have remained constant, the losses of

the other constituents are as given in column 3.

Table V.

—

Analyses offresh and altered diabase."'

HjOat 105°....

H^O at red heat

CO.,

SOs''

P2O5

SiOj

TiO^

AlA
FeA
CrA
FeO

NiO(CoO)

MuO
BaO

CaO.

MgO
K,0

Na^O

Total

0.15

2.34

.38

.08

.13

47.90

.82

15.60

3.69

Trace.

8.41

.10

.17

.05

9.99

8.11

.23

2.05

100. 15

0.29

13.54

.38

.14

41.60

3.79

c 37. 20

3.21

.30

.08

Trace.

.23

.02

.07

100. 85

}
» 00

58.06

54.83

63.57

0.00

0.00

63. 51

100. 00

98.51

100. 00

80.26

99. 00+

99.04

99.90

100. 00

98.57

alrving, R. D., and Van Hise, C. E., The Penokee iron-bearing series of Michigan and Wisconsin: Mon. U. S. Geol.
Survey, vol. 19, 1892, p. 357.

bSOa calculated from BaO found, as this latter probably exists as BaS04.
c AloOa is probably a little high, owing to alkali retained by titanic acid.
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Upon the supposition that no potash is lost in the case of a phonolite,

the original composition and the losses are as follows:

Table VI.

—

Analyses offresh and alten'edphonolite.
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Supposing the amount of silica remains constant in a limestone, the

original composition and the losses are as follows:

Table VII.—Analyses offresh and altered limestone.



514 A TREATISE ON METAMORPHISM.

decomposed rocks the processes of decomposition have gone to dift'erent

stages In but few of the rocks analyzed has the process nearly approached

completion. Also the rock which is spoken of as disinteg-rated has been

partially decomposed. This is conclusively shown by the fact that there is

great variability in the calculated losses for the various elements. If the

rock had simply been mechanically disintegrated the composition of the

altesed rock would have been the same as tha,t of the original rock.

In the tables the various eleixients—iron, aluminum, potassium, and

silicon—are chosen in different cases as constant in amount. This shows

that the supposition that any element is fixed in, amount is erroneous.

Evidently in each case in making the calculations the method has been to

choose the element in which the loss has been the least, and by this to

o-auo-e the loss of the other elements. For any one of these elements it is

highly probable that the loss in most instances is as great as or greater

than the loss of this element where other elements are chosen as the

standard.

For instance, when aluminum is taken as fixed the loss of the potassium

ranges from 29 to 83 per cent.. It is highly probable, that in the case of the

phonolite, where potassium is taken as fixed, the loss of this element is at

least as great as the mininmm, and it may equal the maximum. Therefore

the percentages of loss of the other elements of the phonolite, given on page

512, are greater than estimated. On the average aluminum is the least

soluble of the elements, and in those cases where it can be used as the

standard the underestimates for the other elements may not be large ; but

the occasional ver}^ considerable loss of alumina in some instances—for

example, a hmestone (Table VII, p. 513), where the loss is over 1 1 per cent

—

shows that even where this element is taken as fixed there may be very

considerable losses of it, and consequently corresponding underestimates

of the losses of the other elements. For instance, in a diabase (column 1 of

Table III, p. 509) the aluminum is taken as fixed and the loss of the iron

oxide is calculated at 18.1 per cent. In column 2 of the same table the iron

oxide is supposed to be fixed and the loss of the aluminum is calculated at

21.38 per cent. The facts probably are that there were heavy losses of

iron and aluminum in both rocks, and that in each case the calculated loss

is much too small.
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''^^^It is therefore clear that even the large losses of the elements reprer

sented by the above tables are much too small. The amount of the error

m a given case for a certain element is large in proportion as the element

is relatively insoluble. For instance, in the phonolite, where the potassium

is considered fixed, the loss in alumina is given as 1.60 per cent; but if the

loss of the 23otassium is, for instance, 30 per cent—and it is ^jrobably more

than this—the loss of the alumina was more than 30 per cent. But in the

case of the sodium, the loss of which is calculated as 66 per cent, this

amount may be considerably too small, but it can not be more than 100

per cent; hence the relative error is much less in this case. For instance,

in the diabase (Table V) the loss of sodium, 98.57 per cent, is almost, and

of potassium, 100 jjer cent, is quite, correct. Where the losses are given

as small in the foregoing tables, therefore, it is probable that the calculated

amounts are but a fraction of the real losses ; but where the losses are given

as large, the errors, while very considerable, are probably not so great

proportionally, and the calculated amounts give a rough approximation to

the minimum percentage of depletion of the rocks in these elements.

In order to show the calculated comparative losses of the six important

elements, aside from aluminum, the following table is compiled for those

rocks in which the calculation has been made upon the supposition that the

aluminum is fixed.

Table showing calculated percentage losses of important elements on the supposition

that the aluminum, is constant.

ma
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From the above table it appears that the order of loss, reckoned by

quantit}", beginning with the greatest, is: Lime, magnesia, soda, potash,

silica, iron oxide, alumina. Of the two alkalies, more of the soda is dis-

solved than the potash. Of the alkaline earths, while on the whole the lime

is dissolved in gi-eater amount, in some rocks more magnesia is dissolved

than lime. One of the unexpected things shown by this table is the fact

that the percentage loss in silica is more than one-half as great as the average

losses of the alkalies and alkaline earths. When it is remembered that the

average amount of silica in the original rocks is 48.7 per cent, and that

the average of the alkalies and alkaline earths together is but 17.5 per cent

of the total, it is clear that the loss of the silica is about the same as the

entire losses of the alkalies and the alkaline earths together.

This is a very interesting conclusion, since it shows that a very

erroneous impression prevails in reference to silica. It has been generally

supposed that the rocks in the belt of weathering are not much depleted in

this compound. On account of the extreme insolubility of crystallized

silica or quartz, it has been supposed that the silica of a rock is exceedingly

insoluble. For instance, Merrill says; " Silica, even in its most soluble form,

i-equires 10,000 times its weight of water for solution."" Doubtless, under

ordinary circumstances, quartz is but sparingly soluble, although, as

shown in another place (see p. 848), even this form of silica is dissolved

to some extent. But in the majority of instances a large part of the silica

is present as a silicate, although of course quartz is also abundant. When
the silicates are broken up by carbonation there is every reason to believe

that the greater portion of the freed silica separates as silicic hydroxide

or colloidal silicic acid, which is readily soluble. That this reaction

takes place has already been shown (see p. 480) and that the silicic

hydroxide is dissolved and abstracted from the rocks is shown by the

tables already given. In the rocks in which the silica is largely as

silicate and the alumina is taken as constant the calculated losses of

silica are high—in gneiss, 52.45 per cent; in syenite, 62.18 per cent; iu

decomposed diabase and basalt, 18.03 to 65.56 per cent; in diorite, 37.31

per cent; in pyroxenite, 43.58 per cent, and in argyllite, 57.57 per cent.

The average of these numbers is 48.14 per cent. It should also be

remembered that these are underestimates, because they are based upon the

"Merrill, George P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897, p. 238.
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erroneous supposition that the ahimina is not dissolved ' at all. Since in

some of these rocks a part of the silica was present as quartz and the

rocks are not completely decomposed, it- is certain that much more than

half of the silica of the silicates decomposed in the belt of weathering went

into solution and was carried elsewhere by the underground solutions.

The number of instances given is large enough to make it probable that

they represent approximately the average fact as to the soluble nature of

the freed silica in the belt of weathering. It is therefore no inference, but

a fact proved bj^ analyses, that the freed and dissolved silica of the belt

of weathering furnishes an enormous and adequate supply of this compound

for the induration of the rocks of the belt of cementation, explained on

pages 617-640.

Another notable thing shown by the table on page 515 is the small

range in solubility of the various elements. With some exceptions the

usual range for all the important elements except iron is not greater than a

ratio of 1 to 2. But in the case of iron the amount dissolved varies greatly

and irregularly. Disregarding the wider variations and considering only the

thoroughly decomposed rocks in which the variations in the amounts of the

other elements are not great, the amount of iron dissolved varies from 14.35

to 88.84 per cent, a ratio of more than 1 to 6. Doubtless this great varia-

bility in the amount of iron dissolved is dependent upon the fact that the

iron occurs in both the ferrous and the ferric forms. The former is much
more readily soluble. When the iron is mainly ferrous one would expect

that a large proportion would be dissolved; where ferric, a small proportion.

In conclusion it may be said that, in order to comprehend tlie amounts
of the losses of the various elements in the belt of weathering, it is necessary

that the amount of loss of the supposed fixed substances should be known,
and the methods of calculation used, although a line of attack giving approx-

imate results fails to convey a correct impression. Doubtless in many
cases the supposed fixed element is reduced to one-half or even to one-third

of the original amount. If this be true, it is evident that the percentages

of losses given fall far below the facts. It is, of course, impossible that more
than 100 per cent of any constituent shall be lost; but from this it does not

follow that the volume of the residual material may not be an exceedingly

small fraction of the original material. For instance, if in a given rock the

losses of all the various elements were exactly proportional, the conclusion

from the analyses would be that there had been no loss, and yet 0.90 or 0.99
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of the constituent might have been abstracted, and thus the amount of

residual material left be but 10 per cent or 1 per cent of the original amount.

Doubtless even the latter shrinkage sometimes occurs in the case of the

limestones. It is therefore manifest that all that the foregoing tables siiow

is that the losses calculated for the elements are at least as great as given,

and in many cases they are in all probabilit}' much greater. Probably

more accurate calculations than have been made are possible by taking as

the constant constituents the very difficultly decomposable accessory min-

erals. For instance, where zircon is present and is uniformly distributed

through the rock the assumption that this mineral is constant would

undoubtedly lead to closer approximation to truth than has been obtained on

the hypothesis that the iron or aluminum, or both, are constant.

But in order fully to solve the problem of the amount of losses of the

various elements, in addition to the facts given in the tables, we need to

know the original mass of the material as compared with the resultant mass.

If we could combine these data we could give a quantitative estimate of the

loss of each of the elements due to solution in the belt of weathering. But

as long as one of the two necessary factors of the problem is not ascertained,

we know only that the losses of material are much greater than any method

of calculation yet made would lead us to believe.

ORDER OF DECiOMPOSITION OF THE MINERALS, AND THE END PRODUCTS.

From the relative amounts of losses of the various elements, as given on

page 515, one may infer the relative rate of decomposition of the minerals.

The alkalies sodium and potassium commonh- occin- together; the same is

true for the alkaline earths calcium and magnesium; but neither of these

rules is invai-iable. One would expect the heavily alkaline minerals to be

decomposed most rapidly; next in order the alkaline earth minerals; next

in order the ferromagnesian minerals; and lastly and least rapidly the

heavily aluminous minerals. Of course this statement is only of the most

general kind, since most of the abundant minerals may have as bases more

than one of these groups. But in proportion as the alkali end of the series

dominates, the minerals are soluble; in proportion as the aluminous end of

the series is dominant, they are insoluble.

We thus have the explanation of the order of decomposability of the

silicates. Among the common anhj^drous minerals, nephelite-leucite min-

erals are the most readilj^ decomposed Second in order of decomposability
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are the olivines and similar minerals. The third group is the pja-oxenes

and amphiboles. Fourth is the biotite-muscovite group. The fifth and

most difficultly decomposable important group is the feldspars. Still inore

difticultly decomposable are some of the subordinate silicates. Of these

garnet, staurolite, tourmaline, andalusite, fibrolite, cyanite, and zircon are

probabl}- the more important. The decomposition of these minerals is a

relatively slow process. The order given is that of relative decomposability.

Garnet alters somewhat readily; zircon very slowly indeed.

While the above statements hold in a general way, besides the con-

stituent elements, another very important factor enters into the rate of

decomjDosition, viz, the acidity of the mineral. Thus the feldspars vary

from orthosilicates to trisilicates. On this account the orthosilicate anorthite

decomposes more readily than the trisilicates albite and orthoclase, not-

withstanding- the fact that alkalies are absent in the first and abundant in

the second. For the same reason some of the basic feldspars decompose

under some circumstances more readily than certain of the more acid

pyroxene-amphibole and biotite-muscovite groups

The more abundant relatively insoluble products of the first stage

of the alteration of the anhydrous silicates may be classified into hydrous

silicates and oxides. The hydrous silicates comprise (1) the kaolin group,

(2) the serpentine-talc group, (3) the chlorite group, (4) the hydro-mica

group, (5) the zeolite group, and (6) the epidote group. The oxides

include (1) the gibbsite-corundum group, (2) the quartz group, and (3) the

ferric iron group. >

Under long-continued favorable conditions of the belt of weathering

many of these hydrous silicates, which form in the belt of weathering or

which migrate into the belt of weathering from the belt of cementation,

are further modified and changed to simpler compounds. The hydrous

silicates thus further altered comprise serpentines, chlorites, zeolites, and

epidotes. These silicates, it may be noted, are minerals very characteristic

of the belt of cementation. The serpentine alters into magnesite, quartz,

iron oxide, and other compounds. The chlorite passes into gibbsite,

magnesite, iron oxide, and quartz. The epidote passes into gibbsite and

quartz. It is j^robable that tlie zeolites pass into kaolin, gibbsite, carbon-

ates, and quartz. Of course, under the conditions of the belt of weathering,

the carbonates, including most of the magnesite, are dissolved and

removed.
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Of the oxides in the oi-iginal rocks, quartz is that of dominant impor-

tance; but hematite and magnetite are of consequence. Quartz is only

slowly dissolved. Hematite may become slowly hydrated. Magnetite may

be oxidized and hydrated. All of the iron oxides are ver}- slowly soluble.

It therefore appears that the important end products in the belt of

weathering, whether the original compounds are silicates, hydrous or anhy-

drous, or are oxides, are included in the following groups: (1) Kaolin

group, (2) talc group, (3) gibbsite-corundum group, (4) quartz group, (5)

ferric iron group, hydrous or anhydrous. These are the minerals which

have become adapted to their environment and may therefore persist

indefinitely, so long as the conditions reinain those of the belt of weathering.

The elements which constitute this group are but six in number. In order

of probable abundance they are as follows: Oxygen, silicon, aluminum,

iron, magnesium, hydrogen.

A sixth unimportant group is formed by the very difficultly decom-

posable minerals already mentioned—staurolite, tourmaline, andalusite,

cyanite, fibrolite, and zircon, and to these should probably be added the

additional rare difficultly decomposable minerals, such as diamond, casit-

erite, gold, silver, xenotime, monazite, etc.

The quartz is largely that which was originally present in the rocks as

quartz. Watson notes this fact for the granitic rocks of Georgia. While

the total loss of silica in the rocks varies from 10 to nearly 80 per cent, the

residual products contain quartz granules similar to those in the original

rocks, with little or no evidence of corrosion." The loss is due to the

decomposition of the silicates and the abstraction of the greater part of the

liberated silica, as explained on pages 516-517. For the most part the

other important minerals of the end series are secondary.

The foregoing minerals, by the processes of decomposition and solu-

tion, are concentrated in the belt of weathering in A^arious proportions.

Under one set of conditions one group of them may be dominant and others

entirely subordinate. Ordinarily, for instance, the rare difficultly decom-

posable minerals mentioned are not noticeable, but if the original rocks

contain an unusual amount of them they may become rather important. In

some cases a single one of these minerals may become important or domi-

nant. An excellent illustration of such a case is that of Iron Mountain,

"Watson, Thos. L., Weathering of granitic rocks of Georgia: Bull. Geol. Soc. America, vol. 12,

1901, p. 99.
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Missouri. Here the country rock is quartz-porphyry, in which are veins of

iron oxide. The quartz-porphyry was disintegrated, decomposed, and

largely removed, while the iron oxide was concenti-ated on the surface of

the mound, producing a residual mass composed largely of nodules and

bowlders of ferric oxide in a matrix of residual clay.

Where the conditions for solution and removal of the soluble material

are not favorable, in addition to the end products above given there may
be found important amounts of many other relatively soluble minerals.

This condition of affairs, as explained on pages 497-498, frequently occurs

in arid and semiarid regions, where in the residual soils are found consid-

erable quantities of carbonates, sulphates, chlorides, and nitrates of the

alkalies and alkaline earths.

These ultimate products of weathering are found to the exclusion of

other compounds only where the process is complete, and this is very

exceptional. Even under very favorable conditions of weathering the limit

of disintegration is never attained and decomposition is usually far from

complete. The end products of weathering are found as preponderant

constituents only in the soils and subsoils in humid warm regions, which

are permeated by plants ; and even in these soils it is rare indeed to find all

the constituents fully changed to the ultimate products above given. In

proportion as the process of weathering is incomplete, other minerals and

compoimds are present; and it has alread}* been seen that all kinds of rocks

may exist in all stages of disintegration and decomposition. Hence the

chemical composition of the rocks of the belt of weathering may vary

most widely. Ordinarily the undecomposed or partly decomposed materials

are prominent- or even predominant. The undecomposed minerals are

likely to be present in the order of their refractoriness. Therefore, the end

compounds above given adapted to the belt of weathering may vary from

a very subordinate quantity to an amount which vastly preponderates over

all other constituents. While this is true, it is perfectly clear that the sum
total of the processes of weathering tends toward mineralogical and chem-

ical simplicity. The end products of weathering comprise but a few of

the mineral species, and these species are simple compounds of a few

elements." Hence the propriety of the assignment of this belt to a zone

of katamorphism.
^1

aMerri)!, George P., Rocks, rook-weathering, and soils, Macmillan Co., New York, N. Y., 1897,

pp. 265-266.
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TOTAL GAINS AND LOSSES IN WEATHERING, AND CHANGES IN VOLUME.

The processes of oxidation, carbonatioii, and hydration involve great

additions ofmaterial and expansion in volume, provided all of the compounds

formed remain. Of these expansions in volume, that due to hydration is

the greatest. The added material is of course oxygen, carbon dioxide,

and water. The increases in volume due to the processes of oxidation,

carbonation, and hydration and their various combinations have bfeen

worked out for each of the minerals (see Chapter V), and the results are

brought together in Table D on pages 395-408. It is seen there that the

expansion of volume with most of the silicates due to these processes and

their combinations usually varies from about 20 to 60 per cent, but in some

cases is 80 per cent or more.

However, the processes of oxidation, cai'bonation, and hydration are

accompanied by solution of great quantities of materials, and consequently

the amount and the volume of the residual solid compounds are usually

far less than those of the original compound because of the abstraction of

a large proportion of the majority of the elements originally present and

their transfer to the .siirface waters or to the belt of cementation.

As already fully noted, the calculations as to losses of elements thus

far made have been upon the supposition in a given, case that one element

is constant; but in most cases, as already explained, it is highly probable

that a considerable portion of these elements also has been dissolved.

On this hypothesis Men-ill has brought together a number of computa-

tions upon the total losses of various rocks at different stages of weathering.

The calculated losses vary from 13.47 to 97.635 per cent. Supposing the

iron constant, disintegrated and partly decomposed granite from the Dis-

trict of Columbia has lost 13.47 per cent; supposing the aluminum con-

stant, a disintegrated and partly decomposed diabase from Medford, Mass.,

has lost 14.93 per cent;, a diorite frona Albemarle County, Va , 37.51 per

cent; an argillite from Harford County, Md., 40.83 per cent; a diabase

from Spanish Gruiana, Venezuela, 39.51 per cent; a basalt from Kammer

Bull, Bohemia, 43.96 per cent; an altered pyroxenite, now soapstone, from

Harford County, Md., 52.46 per cent; a syenite from Arkansas, 55.28 per

cent; a basalt from Crouzet, France, 60.12 per cent; an altered pyroxenite,
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now soapstone, from Fairfax County, Va., 77.95 per cent; and supposing

the silica constant, a Carboniferous limestone from Arkansas has lost 97.635

per cent.

Watson " has calculated the losses of various disintegrated and decom-

posed granites from Georgia, including granite, porphyritic granite, and

granite-ffueiss, and has found that the loss for the entire rock varies in

different cases from 7.68 to 71.82 per cent' The losses are in all cases

higher on the assumption that the FegOs is constant than on the assump-

tion that the Al O3 is constant."

So far as I am aware, computations have not been made as to the

addition of the constituents oxygen, carbon dioxide, and water in the proc-

esses of weathering. Until this is done it is impossible to make approxi-

mately accurate quantitative statements as to the total amoufits of original

material and weathered material. It is still less practicable to make quan-

titative statements as to the relative volumes of the original and altered

materials, since in this matter are involved not only the additions and sub-

tractions of materials, but the specific gravities of the original and second-

ary materials and their states of aggregation. Undoubtedly the specific

gravities of the resulting minerals are less, on the average, than the specific

gravities of the original minerals. Also, the state of aggregation is in almost

all cases less compact. Therefore, for a given amount of material the

volume of the weathered ]iroducts is greater than that of the original

material. But notwithstanding the- addition of material, the lessened

specific gravity, and the looser state of aggregation, the losses of the

original eleinents are so great, where decomposition has gone far, that

there is no question that the volume of the resultant material is often

diminished.

Among the cases of diminished volume, that of the formation of

residual clay from limestone undoubtedly represents the maximum. The

dominant constituent of tlie rock, calcium carbonate, has been almost

wholly dissolved and remoA'ed. The few feet of residual material at the

surface of limestones represents the alteration products of the noncalcareous

o Watson, Thos. L., Weathering of granitic rocks of Georgia: Bull. Geol. Soc. America, vol. 12,

1901, pp. 93-108.

& Watson, cit, p. 101.

« Watson, cit., pp. 106-108.
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impm-ities. Whitney estimated that to make 1 meter of residual clay in

Wisconsin requires 35 to 40 meters of limestone and shale." This involves

a diminution of volume of more than 95 per cent. The shrinkage of lime-

stone is scarcely less strikingly shown by underground solution, as a

result of which the surface becomes uneven and pitted and frequently

honeycombed by caves. The process may go so far as to result in the

irregular sinking of the surface. This condition is especially well illus-

trated by the limestone of Kentucky and by the honeycombed limestones

of Lake Huron, described by Bell.''

In line with the above is the explanation by Rutley of the slight

thickness and lenticular character of many beds of Paleozoic limestone." He
holds that the underground waters have dissolved much the greater portion

of the limestones, and that these slight layers or lenses are but remnants of

the original formations.

From this maximum diminution of volume represented by limestone

there are of course all gradations to no diminution, and doubtless in some

cases there is actual expansion of volume. If expansion of volume occurs it

would be likely to be in rocks where the minerals are mainly silicates.

From the figures given by Merrill and by Watson, it appears that the losses

of the original elements in acid, intermediate, and basic igneous rocks vary

from 14 to nearly 80 per cent. These losses, as already pointed out, would

be partly compensated for by the addition of oxygen and water. More-

over, on account of the lower specific gravity of the secondary minerals

and the looser state of aggregation, there would be considerable expansion

of volume. Hence it appears probable that the decrease in volume in the

case of the weathering of these igneous rocks connnonly does not exceed

50 per cent, and from this the decrease may run down to zero, or even

expansion of volume may take place, especially in earlj^ stages of alteration.

EMPHASIS AND RETENTION OF STRUCTURES AND TEXTURES.

The first eff'ect of weathering upon structures and textures is to

emphasize them so that they may be readily seen. Structures which may
not be visible in fresh rocks may be strongly marked upon the weathered

a Hall, James, and Whitney, J. D., Geology of Wisconsin, vol. 1, 1862, pp. 121-125.

''Bell, Eobert, Honeycombed limestones in Lake Huron: Bull. Geol. Soc. America, vol. 6,

1895, pp. 297-304.

< Rutley, F., The dwindling and disappearance of limestones: Quart. Jour. Geol. Soc, Aui;ust,

1893, pp. 380-381.
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surfaces. Textures which the eye can not discover become clearly apparent.

Any variation in the hardness or solubility of the rock is shown by a ridgy

structure. As a consequence, every variation in original and secondary

structures and textures may be shown on a weathered surface. So nice is

weathering in its selective power in disintegration and solution, that when

the different unaltei'ed I'ocks can not be discriminated the weathered forms

are easily separable.

Some cases will be mentioned illustrating the above general statements.

Frequently the rocks which when unweathered appear to be massive, in the

belt of weathering develop a strongly mai'ked cleavage or fissility—cleavage

in the lower part of the belt of weathering and fissility in the upper part.

This effect is so marked that often it is difficult to believe that the weathered

and unweathered portions of the rock belong to the same formation. The

unaltered rock may be so massive that it has only a rift which can scarcely

be called cleavage. The weathered portion may be split up into leaf-like

layers, scores of them within the breadth of an inch, so that the rock at once

would be called a scluist, while one would not think of applying the term

schist to the massive phases.

In connection with the emphasis of schistosit}', micaceous minerals are

likely to become very conspicuous. In the weathered portion of some

rocks it seems as if the mica is one of the most abundant of the minerals,

while in the unweathered portion it is scarcely noticeable. Excellent

illustrations of this are found in various places on the Piedmont Plateau.

Perhaps one of the best is at Washington, D. C. Here the unweathered

rock at various places is a very massive appearing, slightly cleavable granite

or a somewhat dense schist, whereas the partly weathered portions are

fissile mica-schists.

Where mechanical forces have not displaced the particles with reference

to one another, a rock may be completely weathered in the sense that none

of the original minerals remain, and yet ])erfectly retain the original struc-

tures and textures. This is beautifully illustrated by the decomposed

diabase dikes in the Penokee district, which still perfectly retain the textures

of diabases, and yet in composition some of them approach very closel^^ to

kaolin. Every original mineral has been completely altered. Other

similar instances described by Merrill" are the decomposed gneisses and

"Merrill, George P., Rooks, rock-weathering and soils, Macmillan Co., New York, 1897, p. 264.
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schists of the Piedmont Plateau which, where so soft as to be readily

removed with the pick and shovel, still show all their textures and struc-

tures. Russell describes the Triassic conglomerate near Wadesboro, N. C,

as showing every detail of the original rock, and yet it is so "completely

decomposed that when moist it can be cut with a pocketknife through

pebbles and matrix alike, as easily as so much potter's clay."" Potter

describes the feldspar-porphyry of Iron Mountain as "so soft that it can

easily be whittled away with the penknife or scratched with the finger

nail; at the same time the original porphyritic structure of individual

crystals scattered through the mass is beautifully preserved, and is even

frequently more distinctly visible than in the original rock, owing to

stronarer contrasts of color in the kaolinized material.'"' The so-called

tallow rock of the lead and zinc district of southwestern Missouri shows all

the textures and structures of the original chert, yet is easily pared like

tallow with the penknife.

OBLITERATION OF STRUCTURES AND TEXTURES.

In proportion as the mechanical forces are important in connection

with decomposition the original structures and textures are apt to be

destroyed because of the differential movement of the particles. Structures

and textures are likely to be long preserved in cases of decomposition

alone,'' but are destroyed by decomposition and disintegration combined,

since these act together at and very near the surface.

The final stage in the process of weathering is the destruction of all

textures and structures and the production of soils and subsoils. Near the

surface, after the various minerals are broken apart they are mixed with

one another indiscriminately by the mechanical forces of freezing and

thawing and by the work of plants and animals (see pp. 440-451), and they

are decomposed by the chemical forces. Finally no definite structures and

textures remain. The character of the surface soil is modified by its

oro-anic content. It may contain from a small percentage of organic mate-

rial to a predominant amount of that material, as in the case of the peat

a Russell, I. C, Subaerial decay of rocks, and origin of the red color of certain formations: Bull.

U. s! Geol. Survey No. 52, 1889, p. 16.

''Potter, W. B., The iron-ore regions of Missouri: Jour. United States Assoc. Charcoal Iron

Workers, vol. 6, 1885, p. 25.

c Merrill, George P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897,

pp. 264-265.
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deposits. There is every gradation from the fresh rocks deep below the

surface, which do not well exhibit their structures and textures, through

those in which structures and textures are brought out with great clearness

by the process of weathering, to completely disintegrated and partlj?

decomposed rocks constituting the soils, in which no structures and textures

remain. The gradations of the process may be very well seen at many
localities where there are sufficiently deej) cuts on the Piedmont Plateau of

the United States.

SURFACES OF WEATHERII^^G.

Weathering is only one of the complex processes which have an

influence upon the surface features of the land. Transportation and ero-

sion are quite as iinportant in this respect as weathering, or even more

important. But certain features of the surface are largely due to difference

in the rate of weathering. "Wherever the rocks are heterogeneous they

differ in their power to resist weathering. The more resistant rocks

commonly constitute the elevations, and the less resistant rocks the minor

features. This is true of both the major and the minor features. Illustra-

tions of this principle of various kinds will be mentioned. One of the most

common illustrations are elevations or ridges formed by dikes, which are

often more resistant than the surrounding rocks. In other cases dikes are

less resistant than the intruded rocks, and where the dikes once were may
be found deep, narrow-walled depressions or chasms, which may be occu-

pied by streams or, if along the shore, by the water of tlie ocean or lake.

Basic dikes in the resistant gneisses furnish frequent instances of this.

Beautiful illustrations are seen on the coast of New England, especially

Maine. "

Another interesting case of an irregular surface due to weathering is

produced
. by bowlders of disintegration. The process of rock decay

follows along the planes of weakness, and especially along fractures, such

as joints. When a rock is cut by various sets of intersecting joints the

process of weathering goes on more rapidlj^ at the corners of the rectan-

gular blocks than on the sides, tbus producing round masses which

a Lord, E. C. E., On the dikes in the vicinity of Portland, Me.: Am. Geologist, vol. 22, 1898, p.

338. Bascom, F., On some dikes in the vicinity of Johns Bay, Maine: Am. Geologist, vol. 23, 1899,

pp. 275-280.
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frequently simulate to a remarkable degree bowlders produced by water or

ice erosion.
"

On the Piedmont Plateau, at many places where there are good

sections exposed, as in railroad cuts, one may see hundreds of these roundish

bowlder-like masses in the midst of soft disintegrated material. Erosion

carries away the soft material faster than the bowlder-like masses. The

latter therefore accumulate at the surface, and finally produce a surface

which presents the appearance of a " Felsenmeer." Such a surface has

strewn over it innumerable bowlder-like masses, small and large, from

those less than a foot to those many feet in diameter. Some of the largest

masses are dome-like and of such magnitude that the name "mountain" has

been applied to them; for instance, Dunn Mountain, in North Carolina.

These masses, small and great, are at the surface simply as a consequence

of fracturing, differential weathering, and differential erosion.

Bowldei's of disintegration and mountains of disintegration have been

described by Branner'' as also occurring on a most extensive scale in Brazil.

They are beautifully illustrated by the granitic mountains of southern

California and other arid regions of the United States.

The innumerable bowlders in the till of the glacial deposits of America

and Europe are believed by some to be largely bowlders of disintegration

which were produced before the advance of the ice sheets. This explana-

tion premises that before the time of the continental ice sheet the glaciated

regions were weathered in a manner somewhat similar to that of the

Piedmont Plateau.

In minor details the nature of the minerals present controls the

character of the surface. In general, any surface long exposed to weathering

is roughened, owing to difference in the solubility of the minerals, or to

imperfect cementation, or to these and other causes combined. The

minerals which protrude are usually those which are relatiA^ely insoluble.

The order of solubility, and therefore of disappearance, is that given on

pages 518-521. Very numerous illustrations might be given of the rough-

ening of the surface of rocks as a result of the variable rate of solution of

the constituents. One of the best illustrations is furnished by the nepheline

"Becker, G. F., Geology of the quicksilver deposits of the Pacific slope: Mon. U. S. Geol.

Survey, vol. 13, 1888, pp. 68-72.

(fBranner, J. C, Decomposition of rocks in Brazil: Bull. Geol. Soc. America, vol. 7, 1896, pp.

269-280.
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syenites. The nepheline-syenite of the Waiisau district of central Wis-

consin has a peculiar, deeply pitted appearance, due to the complete

solution of the nephelites at the surface.

A further case of irregular surface is furnished by the cherty lime-

stones; the calcite is dissolved more rapidly than the quartz, and thus the

weathered surface presents a series of ridges and hollows, giving a very

rough, ridg}^ surface.

DEPTH AND DEGREE OF WEATHEEIIS^G.

The belt of weathering has already been defined as extending from

the surface to the level of ground water, and locally to some distance below

the level of ground wa,ter. (See pp. 409-411.) Fiu'thermore, it has been

seen that the level of ground water varies from to more than 300 meters

below the surface.

Whatever the thickness of the belt of weathering, the conditions

throughout this belt are favorable for oxidation, carbonation, hydration,

and solution, and therefore for the chemical reactions of decomposition.

But the conditions are far more favorable for decomposition at the surface

than at the lower part of the belt of weathering-. Disintegration is much
more limited in extent. It is at a maximum at the surface, but decreases

rapidly with depth, and at 10 meters below the surface is scarcely appre-

ciable. While it is clear that reactions of weathering extend throughout

the belt as defined, it is equally certain that the j)rocesses are at their maxi-

mum efficiency at or near the surface, and decrease in efficiency as depth

increases. But in some cases the processes are very important to the

bottom of the belt, even where of very considerable thickness. This is

illustrated by limestone regions, in which minor openings or even extensive

caves may form abundantly quite to the level of ground water, although

this may be 100 or 200 or more meters below the surface.

As to degree or stage of weathering, rocks are ordinarily spoken of as

"weathered" where they are very appreciably affected by the peculiar weath-

ering processes. As already explained, there are all gradations, from no

weathering to complete weathering. Both extremes are A^ery rare, although

it is common for geologists to speak of "complete weathering" without telling

what they mean therebj'. In regions where the conditions for weathering

MON XLVII—04 34
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are favorable and the forces aud agents of weathering have been long at

work, greater or less thicknesses of material in various stages of weathering

have accumulated.

Some of the regions will be mentioned in which the weathering pro

cesses are far advanced. Perhaps one of the most striking illustrations of

advanced weathering is furnished by various limestone regions. The

destruction of limestones located in the belt of weathering occurs both at

the surface and below the surface. Below the surface the process is mainly

that of solution, and in many regions the same statement applies to the

surface reactions. Solution below the surface is the chief cause of the

porous, cellular, and cavernous character of limestone formations above the

level of ground water. As a residt of solution at the surface, residual clays

are formed. Residual clays in limestone regions vary in thickness from a

few centimeters to 7 meters or more. Chamberlin and Salisbury give the

average thickness of the residual clay of the driftless area of the upper

Mississippi Valley as more than 2 meters." Whitney estimates the thick-

ness of the clay in this same area as 3 meters '' This he believed to corre-

spond to an original thickness of from 105 to 120 meters of limestone and

shale.

In regions of noncalcareous rocks advanced decomposition may

extend to the depth of a score or more of meters. The comparatively late

coast ranges of California at many places are much weathered. The

weathering affects all the rocks, but to a different depth. The Montara

granite in many places is disintegrated to a depth of 6 to 10 meters. The

complete disintegration and advanced decomposition of the rocks of the

Piedmont Plateau, from Pennsylvania to Georgia, is well known to have

extended from a depth of 2 or 3 meters to nearly 30 meters. In Georgia,

according to Spencer," decomposition has gone on to some extent at a

depth of 60 meters. Merrill says that in many places the Sierra Nevada

granodiorites are disintegrated and partly decomposed to a depth of 60

meters.'' Belt states that the igneous rocks of Nicaragua are decomposed

"Chamberlin, T. C, and Salisbury, E. D., Driftless area of the upper Mississippi Valley: Sixth

Ann. Kept. U. S. Geol. Survey, 1885, p. 254.

6Hall, James, and Whitney, J. D., Geology of Wisconsin, vol. 1, 1862, pp. 121-125.

cSpencer, J. W., The Paleozoic group of northwestern Georgia: Geol. Survey Georgia, 1893, pp.

22-24.

f' Merrill, George P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897, p. 274.

See also Merrill on extent of weathering, pp. 276-278.
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to a depth of 60 meters." The Transvaal granites, according to Furlonge,''

are decomposed to a depth of 60 meters.

From maximum amounts of weathered material illustrated b}^ the

above regions there are all gradations to amounts almost inappreciable.

Excellent illustrations of such regions are the areas of the Northern

Hemisphere over which the latest ice incursion has taken place. Glaciated

quartzites may retain the glacial striations with marvelous delicacy, micro-

scopic striae being perfectly preserved. Such igneous rocks as the granites,

gabbros, and peridotites, and other families usually show only a mere skin

of appreciably decomposed material, ordinarily but a fraction of an inch

in thickness. The readily soluble limestones usually present jjlaned,

grooved, and striated surfaces which show comparatively little evidence of

modification. The minimum weathering effects are found on the solid

rocks which have a thin veneer of drift or soil. Where this veneer is thick

enough to bury the rock surface below the frost line, the only weathering

effects ordinarily produced are slight stains of decomposition on the surface

and along the joints and other fractures. Where the topographic forms

are more rugged, so that the rocks are more exposed to weathering, there

has been pronounced disintegration, and the decomposition has also gone

farther. While the latest drift shows much more evidence of weathering

than the solid rocks, below the soil the weathering effects are surprisingly

shght. The pebbles and bowlders commonly show planing, grooving,

and strise, and scarcely any evidence of decomposition. The marvelous

freshness of this drift, which has been exposed to the weathering forces

under favorable circumstances for thousands of years, perhaps tens of

thousands of years, is to me the best evidence of the slowness of the

complex process of weathering.

A comparison of the small amount of weathering in the glaciated

regions with the great amount in some other regions gives one an idea of

the vast amount of time required for deep and advanced weathering.

Even if the most conservative estimate as to the length of time since the

last ice invasion were used as a measure of the rate of weathering, it would
follow that to have accomplished such weathering results as are exhibited

n Belt, Thomas, The naturalist in Nicaragua, p. 86.

6 Furlonge, W. H., Notes on the geology of the Bekaap gold fields in the Transvaal: Trans. Am.
Inst. Jlin. Eng., vol. 18, 1890, p. 337.
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in the southern Appalacliians, Nicaragua, and Brazil must have taken

several or manj^ hundreds of thousands of years. The process of decom-

position was of course more rapid in these regions than in the colder

northern regions, but even allowing for this the time required for the work

accomplished must have been great.

RATE OF WEATHERING.

The rate of weathering depends upon all the factors that have here-

tofore been given. These factors may be classified under the foi'ces and

agents at work in weathering, the materials weathered, the thickness of the

belt of weathering, and the stage of weathering.

FORCES AND AGENTS AT WORK IN WEATHERING.

The rate of weathering is rapid in proportion as the temperature is

high; the humidity is great; erosion by wind, water, and ice is active; and

plants and animals are abundant. All these statements have been so fully

developed on previous pages that they will not be further amplified here.

MATERIALS WEATHERED.

The rate of weathering as dependent upon tlie material involves a con-

sideration of the chemical composition of the rocks, the mineral composition,

and the closeness of aggregation.

CHEMICAL COMPOSITION.

In general the more basic a rock the more rapid the rate of weathering,

and the more acid a rock the less rapid the rate of weathering. As to indi-

vidual elements, the following statements may be made: The richer a rock

is in alkalies the more rapid is the rate of weathering. With a given quan-

tity of alkalies, the greater the proportion of sodium the more rapid the

alteration, and the greater the amount of potassium the less rapid the altera-

tion. The greater the amount of alkaline earths the more rapid is the

alteration. With a given quantity of alkaline earths, the greater the pro-

portion of calcium the more rapid the alteration, and the greater the propor-

tion of magnesium the less rapid the alteration. The greater the amount

of iron the more rapid is the alteration. The greater the amount of

alumina the less rapid is the alteration. Where the iron and aluminum
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mutually replace each other, the greater the proportion of aluminum the

more rapid the alteration. The greater the amount of silica the less rapid

is the alteration.

MINERAL COMPOSITION.

The readiness of the alteration of minerals is largely a direct conse-

quence of the character and the chemical composition. With a given

chemical composition, the greater the proportion of glass the more rapid

the alteration, and the greater the proportion of crystallized minerals the

slower the alteration. Among the crystallized minerals, the greater the

]3roportion of the easily decomposed minerals the more rapid the alteration.

The order of decomposition of the common anhydrous minerals from

the easiest to the hardest, as given on pages 518-521, is (1) nephelites and

leucites, (2) olivines, (3) pyroxenes and amphiboles, (4) biotite-muscovite

group, (5) feldspars, (6) garnets, staurolite, tourmaline, andalusite, cyanite,

and (7) hematite, magnetite, and quartz.

STATE OF AGGREGATION.

Fine-grained rocks weather less rapidly than coarse-grained ones.

This is a consequence of the closer interlocking of the mineral particles of

the fine-grained rocks, and of the fact that the differential expansion and

contraction by change of temperature is less Avith fine particles than with

coarse particles. The more open the aggregation the more rajjid the alter-

ation ; the closer the aggregation the less rapid the alteration. This follows

from the fact that openings give ready access to the agents of alteration, and

the border of every opening is a place of attack for the chemical agents, and

therefore all classes of openings promote decomposition. The openings in

rocks are divided into pore spaces between the mineral particles, sheet open-

ings, and irregular openings (see p. 129). Pore spaces are generally in the

mechanical sediments, the lavas, and the tuffs; therefore mechanical sedi-

ments, lavas, and tuffs alter much more rapidly than the plutonic igneous

rocks and the compact metamorphic rocks. Sheet openings are of various

kinds, such as faults, joints, bedding partings, and fissility. All these open-

ings serve as channels through which the waters may readily pass and extend

the decomposing effect. In general, along a fault or a joint, decomposition

extends more rapidly downward than in the adjacent solid rock. Where
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the oijenings are fine and close, as in the case of fissihty, the process

extends downward uniformly and much more rapidly than where this struc-

ture is absent.

As examples of very fine- and close-grained rocks which weather less

rapidly than other rocks of similar chemical and mineral composition may
be mentioned the Bei'lin rhyolite-gneiss and the Niagara limestone of Wis-

consin. The former has a maximum crushing strength of 3,304 kg. per

sq. cm. and the latter a crushing strength of 2,812 kg. per sq. cm." These

are probably the highest crushing strengths yet recorded for such rocks.

While altogether unlike in composition and origin, they are alike in their

remarkable uniformity, fineness, and closeness of grain. Man}^ of the

marbles are not more porous than the limestone mentioned, but the mineral

particles are much larger, and in this difference probably lies the explanation

of the very unusual strength and slow weathering of this limestone.

Fi-om the above there follows the conclusion that in proportion as ,the

aggregation is coarse and open the rate of weathering is rapid; in propor-

tion as it is fine and close the rate of weathering is slow. These general

statements need modification with reference to disintegration through

freezing and thawing (see pp. 441-442).

THICKNESS OF THE BELT OF WEATHERING.

Since the entire belt of weathering is affected by the reactions charac-

teristic of that belt, the greater the thickness of the belt the more eff'ective

the process of weathering. It has already been explained that, other things

being equal, the level of ground water is likely to be a considerable depth

below the surface in proportion as the elevation is great. It therefore

follows that the rate of weathering is greater in elevated than in low regions.

This is partly a direct consequence of the fact that the weathering agencies

have a greater volume of material upon which to work. But probably

even more important than this is the rapid renfovalof weathered material

in elevated regions. Material disintegrated and partly decomposed by the

weather is removed by erosion as rapidly as formed, and therefore contin-

uously exposes new surfaces to the agencies of weathering.

aBuckley, E. R., Building and ornamental stones of Wisconsin: Bull. Wisconsin Geol. and Kat.

Hist. Survey No. 4, 1898, pp. 360-363.
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"While the above is true, if one Avere to confine his attention entirely

to the decomposing effect of the weather and exclude disintegration, it is

probable that there is a limit beyond which increase in elevation decreases

the decomposing effect. As explained on p.ages 499-500, 502-503, great

elevation gives conditions unfavorable for the existence of life, and life is

one of the necessary agents in rapid decomposition.

While the reactions of weathering are taking place throughout the

entire' belt above the level of ground water, the process is at its maximum

efficiency near the surface and rapidly decreases in efficiency with depth.

This is largely due to the fact that life is confined to the upper few meters

and therefore the decomposing effects of life rapidly diminish with depth.

It is a corollary from the relation of the thickness of tlie belt of

weathering and the rate of the process that geological periods in which

there are extensive land areas at a high elevation above the sea are periods

in which the processes of weathering are most rapid. These processes are

essential to the rapid formation of all classes of sediments, including

the limestones. The relations between weathering and sedimentation are i

discussed on pages 555-560.

STAGE OF WEATHERING.

Where the rocks in the belt of weathering are fresh, and therefore have

not been adapted to their environment, the processes of weathering are

active. And, per contra, where the processes of weathering have trans-

formed the rocks to minerals adapted to the belt of weathering- the processes

are slow. For instance, the conditions are favorable for rapid weathering

in glaciated regions where all the weathered products have been recently

removed, and where, therefore, the rocks and minerals are not adapted to

the belt in which they are found. In such areas as the Piedmont Plateau,

on the contrary, where in some places the minerals have been very largely

transformed to those characteristic of the belt of weathering, and are there-

fore permanent under the conditions of that belt, the processes of weathering

are very slow.

Probably where Aveathering is in an early but not the earliest stage the

processes are at their maximum activity. Where by chang-es of physical

conditions rocks have been brought into the belts of weathering, at first the

conditions are very unfavorable for the existence of life, and the great r61e
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wliicli life plays in weathering has already been pointed ont. But when

the processes of weathering have gone so far that a good soil has formed

and abundant life has taken possession of the little weathered rocks, the

conditions for weathering, including disintegration and decomposition, are

probably most favorable.

DISTRIBUTION OF DISSOLVED MATEKIAIiS.

We have seen that all the elements of the rocks are dissolved, but

with exceedingly variable rates, and that in consequence of this there is a

concentration in the belt of weathering of a few minerals and fewer

elements. Where only the end products of weathering are present the

important elements there concentrated are but six in number—oxygen,

silicon, aluminum, iron, magnesium, and hydrogen. Before taking up the

question of what becomes of the dissolved materials, it is advisable to recall

the elements dissolved, their relative rates of solubility, and the fact that

under ordinary conditions of weathering and erosion but a portion of any

of the elements in the belt of weathering are rapidly dissolved.

It has been seen (p. 518) that the common bases are taken into solution

in the following order:

(1) The alkalies. Of these the sodium minerals are more readily

decomposed than the potassium ones and hence a nnich greater amount of

sodium than potassium is dissolved.

(2) The alkaline earths. Of these the calcium minerals are certainly

more readily decomposed than the magnesium minerals, and therefore

calcium is taken into solution in much greater quantity than magnesium.

(3) Iron, especially that in the ferrous. form.

(4) Aluminum, which, while dissolved to a less extent than the other

bases, is dissolved in large amounts.

It has also been seen -(p. 485) that the dominant acids which go into

solution are silicic and carbonic. Common subordinate acids in solution

are hydrosulphuric, sulphuric, nitric, hydrochloric, and phosphoric. In vol-

canic districts hydrofluororic and hydrobromic acids are frequently present.

Within the zone of observation l)y far the greater quantity of the

substance is carried as carbonate, and, as is well known, the salts are usually

not carried as normal carbonates but as bicarbonates."

"Letts, E. A., and Blake, R. F., The carbonic anhydride of tlie atmosphere: Sci. Proc. Royal

Dublin Soc, new series, vol. 9, pt. 2, 1900, p. 160.
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It must also be recalled that the dissolved silicic acid is in the colloidal

state, and in the belt of weathering- is an inactive chemical agent, and

therefore is not united with the bases in solution. The acids in the solutions

in combination with the bases therefore do not include silicic acid. Of the

remaining acids carbonic is that of dominant importance.

It is further to be recalled that the amounts of the various bases and

acids which may be taken into solution are dependent not only upon their

relative strengths, but also upon the amounts present and upon the combi-

nations in which they exist.

We are now prepared to take up the question as to what becomes of

the materials dissoh'^ed in the belt of weathering. These materials ax'e

abstracted by plants, transported to the belt of cementation, permanently

abstracted by the run-off, and dissolved, transported, and reprecipitated in

the belt of weathering.

MATERIAL ABSTRACTED BY PLANTS.

Considerable quantities of the soluble constituents produced in the belt

of weathering are abstracted by the plants and built into their bodies. Of

the bases, the plants take greater quantities of the alkalies than of the alkaline

earths. They take only minute amounts of iron and aluminum. The acids

abstracted by plants in important amounts are nitric, phosphoric, and silicic.

In this connection it should be remembered that under ordinary conditions

the amount of alkalies available is less than that of the alkaline earths, and

that the amounts of nitrates and phosphates available are far less than the

amount of silicic acid. Therefore, even if the amounts of these compounds

abstracted by the plants were the same, this would result in the abstraction

of a considerable portion of the alkalies and the nitric and phosphoric

acids, while the major portion of the alkaline earths, of the iron and alumi-

num, and of the silicic acid would remain.

The distance of the transfer of material in the belt of weathering by
m.eans of plants is limited by the depth to which roots extend. It has been

noted (pp. 445-446) that the roots of ordinary grains and grasses extend into

the soil 1 or 2 meters, and that the roots of larger plants may extend to a

depth of 10 meters. The vertical transfers are therefore to be measured by
these distances. The amount of material transferred by plants is a direct

function of the iuxui'iance of the vegetation. Luxuriant vegetation occurs
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where humidity is liigh, and hence it is in the humid regions that vertical

transfers of material through the agency of plants is greatest in quantity.

It will be remembered that by far the greater portion of the plants

either decay or are used by animals, which in turn ultimately decay. At

the time of decay the mineral material dissolved by the plants either passes

into the run-off and is transported to the sea or else joins the soil, to be there

again redistributed. Probably the latter is the larger portion. Therefore

much of the soluble material abstracted by life from the belt of weathering

is but temporarily held. The only permanent loss to that belt is the portion

which gets into the streams and thence into the sea.

Since the part of the vegetation above ground to a large extent decays

at or near the surface, the permanent effect of the vegetation in the trans-

portation of the dissolved material is to bring it from a depth of one to

several meters below the surface near or to the surface.

The roots decaying in situ to some extent redistribute the material and

transfer it toward the surface, but not to so great a degree as the portion of

the plants above the ground with the help of the roots.

MATERIAL TRANSFERRED TO BELT OF CEMENTATION.

A large amount of material which is dissolved in the belt of weathering

is carried downward by the descending waters and joins the subterranean

sheet below the level of ground water. It will be shown below and in

the following chapter (pp. 612-617) that the material which joins the belt

of saturation is again subdivided, a part being ^precipitated in the belt

of cementation and a part joining- the surface waters and thus being

transported to the sea.

MATERIAL PERMANENTLY ABSTRACTED BY RUN-OFF.

A considerable amount of the soluble material of the belt of weathering

joins the run-off. In times of abundant rain water flows over the surface.

This water takes up the soluble material with which it comes into contact.

The amount dissolved is especially likely to be considerable if abundant

rains follow a time of drought, for it will be seen below that in times of

deficient rain capillarity brings the soluble salts to the surface where

they can be readily abstracted by the run-off. From seepage waters and

springs the streams receive large quantities of water from the belt of
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cementation, containing soluble material derived directly or indirectly from

the belt of weathering. In so far as the streams empty into lakes with no

outlet the material is not permanently lost to the belt of weathering, but

rejoins it, as will be shown below. But the vast majority of streams reach

the ocean and the dissolved material of the run-ofP is contributed to the

mother water. The material thus contributed is the source of the salts of

the sea.

MATERIAL DISSOLVED, TRANSPORTED, AND REPRECIPITATED IN BELT OF
WEATHERING.

A portion of the compounds dissolved in the various ways in the belt

of weathering is transported to other parts of the belt and precipitated.

The salts which are reprecipitated depend upon (a) the abundance of the

compounds, (b) their relative and changing solubility, and (c) the humidity

of the region.

(a) The more abundant a compound is in a solution the more likely is it

to be reprecipitated. This law is almost self-evident, for the more material

there is in solution the more hkely, under the changing conditions which

obtain in the belt of weathering, are the solutions to become supersaturated

and thus precipitation take place. The supersaturation may result from

any of the causes given on pages 113-123. This principle of pi-ecipitation

of the abundant compounds is one of the utmost importance in metamor-

phism. It applies not only to the belt of weathering but to all belts and

zones, and is correlative with the principle already explained, that the more

abundant a substance is the more likely it is to be dissolved. Both are

but special cases of the law of mass action. (See p. 94.)

Both of these principles are well illustrated by the solution and precip-

itation of calcium carbonate in the limestone regions, although the relative

solubilities of the compounds present also enter into the result. Where

the dominant material is calcite or dolomite, or any combination of these,

these materials preponderate in the underground solutions. Also to an

equal degree they preponderate in the precipitates. The extensive solution

of limestone has already been considered. (See pp. 485-486). But wher-

ever there is a minute cavity, a cleft, a cave, or an opening of any other

kind in limestones in the belt of weathering, there calcite, aragonite, or

dolomite, or some combination of these, may be precipitated. The small



540 A TREATISE ON METAMORPHISM.

cavities may be lined with crystals of nearly the composition of the sur-

ronnding- rock, thus producing geodes; the joint, fault, and irregular open-

ings may be partly or completely filled with carbonates, producing veins;

but geodal filling and veins commonly form in the belt of cementation. In

the caves the floor is ordinarily covered with stalagmites and from the roof

"stalactites depend. The precipitation of the carbonate in the openings is

commonly caused by the lessened pressure, by the escape of some of the

dissolved carbon dioxide, or by evaporation, any one of which or any

combination of which may produce a condition of supersaturation and

consequent deposition.

Another compound which is very abundantly precipitated in the belt

of weathering is silica, as opal, chert, or quartz. This again is largely a

consequence of its abundance, but also is a function of its solubility. (See

p. 480.) By the decomposition of the silicates silicic acid, probably

largely as colloidal silicic acid, is set free in almost incredible quantities.

(See pp. 480, 516-517.) The larger amount of this material probably

joins the belt of cementation, and thus is a source of the silicification which

is so dominant a process of that zone. (See pp. 622-623.) But by chemical

change, which is a factor in its precipitation as well as in its abundance,

a very considerable amount is partly or completely dehydrated and thrown

down in the belt of weathering as opal or quartz. Like calcite and dolomite,

it is deposited in the belt of weathering in geodal cavities, in caves, and in

veins, and as siliceous sinter.

(b) The more insoluble a compound is, the more likely is it to form

a precipitate in the belt of weathering. This is almost self-evident, and

only needs cases illustrating the principle. The best illustrations are

furnished by the iron and aluminum oxides and their mixtures. It has

already been seen that these are the two compounds which are most

frequently taken as constant in weathered rocks, and on this hypothesis are

used to determine the amount of loss of the other constituents. Much of the

iron in the original compounds is in the ferrous form, but under the con-

ditions of the belt of weathering it is oxidized to the ferric form, and much

of it simultaneously precipitated. On account of the insolubility of the

oxide of iron and oxide of aluminum, as compared with other constituents, a

large amount of iron, as hematite, limonite, and other hydrated forms, and

of alumina, both hydrous and anhydrous, and of mixtures of iron oxide

and aluminum oxide, bauxite, accumulates at the surface. It is well known
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that iron is abundantly transported as a earljonate, and aluminum as a

sulphate, as in the natural alums. Also, both the alumina and the ferric

oxide may be partly transported to the places of precipitation as aluminates

and ferrates."

What proportions of these materials have been dissolved and precipi-

tated and what parts are simplj^ residual undissolved substance is probably

not usually determinable, but in many places solution and reprecipitation

appear to be the chief cause of the concentration. Not infrequently these

concentrates are so rich in iron and alumina as to be ores. This phase

of the matter is much more fully developed on pages 842-846 and pages

983-989.

As much less abundant important insoluble compounds which accu-

mulate under the same principle as iron oxide may be mentioned the

manganese oxides, pyrolusite, manganite, etc. The abundant precipitation

of qnartz in the belt of weathering, as explained on page 540, while largely

due to its plentifulness, is also controlled in an important degree by its

relative insolubility.

Still another set of compounds which well illustrate the principle are

the phosphates. It is well known that the manufactured soluble phosphates

used as fertilizers largely "revert" or are transformed to relatively insoluble

phosphates, and as such are precipitated in the soil.'

(c) To a certain point the less humid a region the more likely are

precipitates to form in the belt of weathering. The reason for this is

obvious. If the amount of rainfall be so small that it is largely brought to

the siirface by capillary and other forces, as explained on pages 419-423,

and evaporated, the material it holds in solution will be precipitated; but

if a region be so arid that there is not sufficient precipitation to dissolve

material abundantly, it can not be abundantly precipitated. Indeed, it has

been seen (pp. 496-498) that in regions of extreme aridity disintegration is

the rule and decomposition takes place only to a small extent. Therefore

we conclude that the climatic conditions for abundant precipitation of

minerals in the belt of weathering are those of moderate rainfall for a

certain period of the year, with aridity for the remainder of the year.

o Cameron, F. K., Application of the theory of solutions to the study of soils: Kept. Div. of Soils,

U. S. Dept. Agric, No. 64, 1899, p. 169.

>! Wyatt, Francis, The phosphates of America, Scientific Pub. Co., New York, 1892, pp. 22-26.
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In the arid regions not only are the relatively insoluble compounds

precipitated in the belt of weathering, but the readily soluble compounds

may likewise be thrown down, such as the salts of the alkalies and alkaline

earths. These elements may be combined with any of the acids which

exist in the soils. Thus there may be precipitates of such soluble salts as

the alkaline carbonates, and even the alkahne chlorides and nitrates. The

more abundant salts precipitated are sodium, potassium, calcium, and mag-

nesium carbonates, sulphates, and chlorides. Nitrates and borates of the

bases mentioned are also locally abundant. In any given case the bases

and acids unite in such a manner as to produce the most insoluble com-

pounds. Therefore the carbonic acid first unites mainly with the alkaline

earths and is thrown down as calcium and magnesium carbonates. Where

sulphuric acid is present it unites mainly with calcium, producing gypsum.

The hydrochloric and nitric acids are left for the alkalies. Frequently the

salts and acids may not be present in proportion to combine as above. For

instance, after the alkaline earths are exhausted by the sulphuric and

carbonic acids there may be residual carbonic acid which will necessarily

unite with the alkalies. Or again, on the contrary, the sulphuric and

carbonic acids may not be sufficiently plentiful to exhaust the alkaline

earths, and under such circumstances chlorides of calcium and magnesium

may form. This is well illustrated by the calcium chloride deposits of the

borders of Great Salt Lake, where locally there is as much as 40 per cent

of this material."

The compounds are likely to be precipitated in the openings of the

rocks, where evaporation may occur. Such openings are, of course, by far

the most abundant in the soils at and near the surface, and decrease in

abundance with depth. Therefore it is in the soils that the greatest amount

of precipitation takes place, but below the soils are found joint cracks,

bedding partings, caves, etc, and in such openings deposits of the various

compounds mentioned are built up. While in these openings the precipi-

tation is largely dependent upon the abundance of the solutions and their

evaporation, and also upon the abundance of the various salts and tlieir

relative solubilities, in exceptional cases the reactions may not be simple

chemical ones, but be largely or wholly dependent upon animal life. This

is illustrated by certain caves where abundant phosphates and nitrates are

aGardner, F. D., and Stewart, John, A soil survey in Salt Lake Valley, Utah, Kept. Div. of Soils,

D. S. Dept. Agric, No. 64, 1899, p. 113.
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attributed to the excrement of bats." But, as already said, the preponderant

precipitates of the belt of weathering form in the soil.

The accumulation of particles at and near the surface in the soil is a

matter of great geological and agricultural importance, and therefore this

case will be especially considered.

CONCENTKATION AT AND NEAR THE SURFACE.

The abundance of alkalies throughout the soils of the semiarid regions

of the United States and other parts of the world is well known. The soil

for large areas is impregnated with considerable amounts of alkaline salts.

Of these salts sodium and potassium chlorides, carbonates, and sulphates

are the most important. Where the amount of alkaline carbonates and sul-

phates in the soil exceeds one-half of 1 per cent crops can not be grown.*

Where more than one-tenth of 1 per cent is as carbonate or as "black

alkali" crops can not be grown. But locally in arid regions, as, for

instance, at places near Salt Lake, the amount of sodium carbonate is as

much as 10 per cent." In some regions nitrates of the alkalies are not less

important than the chlorides, sulphates, and carbonates. The country

most noted for abundance of nitrates is Chile, where there are extensive

deposits. Muntz and Maroano believe that these nitrates were produced

by the action of nitrifying bacteria in the humid regions, that the salts have

been transported by water to the area where now found, and that the

evaporation of this water has resulted in the deposition of the nitrates.''

The concentration of soluble products in the soil is accomplished both

by underground and by overground circulations.

CONCENTRATION BY UNDERGROUND CIRCULATION.

The concentration of considerable quantities of soluble material at and

near the surface may be accomplished by the circulation of the ground

water. This circulation may be confined to the belt of weathering or may

include the circulation in the belt of cementation.

oHess, Wm. H., Origin of nitrates in cavern earths: Jour. GeoL, vol. 8, 1900, pp. 129-134.

Nichols, H. W., Nitrates in cave earths: Jour. Geol., vol. 9, 1901, pp. 236-243.

''^Means, T. H., and Gardner, F. D., A soil survey in the Pecos Valley, New Mexico: Rept. Div.

of Soils, U. S. Dept. Agric, No. 64, 1899, pp. 53, 74.

<- Gardner, F. D., and Stewart, John, A soil survey in Salt Lake Valley, Utah: op. cit., p. 113.

(^Comptes rendus Acad. Sci., Paris, vol. 101, 1885, pp. 65-68. See, also, Merrill, George P., Rocks,

rock-weathering, and soils, Macmillan Co., New York, 1897, pp. 372-373.
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CONCENTRATION BY CIRCULATION MAINLY CONFINED TO BELT OF AVEATHEKING.

It has been seen (pp. 419-423) that of the water which enters the

belt of weathering a considerable portion returns to the surface through

molecular attraction and vegetation and is evaporated. During the journey

of water downward and upward, in the outer belt of water circulation, it

takes material into solution.

When the water, the circulation of which is wholly confined to the belt

of weathering, or which is derived from the belt of cementation by mole-

cular attraction, nears the surface evaporation begins, and finally a state

of saturation is reached. Ordinarily saturation occurs only within a few

inches of the surface, and especially in the outer inch or half inch. For

instance, in a case of segregation of saline incrustation at Washington, D. C,

Cameron states that practically all of the salt was in the surface inch, the

larger part of it being in the top eighth inch." As a result of the above

processes the soluble materials in the outer part of the earth are taken into

solution in large quantities and brought near or to the siirface and there

deposited. (See pp. 639-543.)

It has been seen (p-p. 417-419) that the downward movement of the

water is due both to gravity and to molecular attraction, and that the upward

movement is due larg-ely to molecular attraction, working against gravity.

It is well known that the soil, even in humid regions, is relatively rich in

soluble constituents. This is undoubtedly in large part explained by the

fact that the soluble products are mainly produced by the process of decom-

position, and are more largely manufactured within the soil than elsewhere,

as so fully set forth on previous pages. The material there manufactured

is strongly held by the water of imbibition. But Means sugg-ests in this

connection that the failure of the downward-moving water in humid regions

to remove the excess of soluble material is due to the fact that the down-

ward movement is mainly in large openings, the force being gravity, and

is therefore rapid, and consequently only a relatively small amount of

material is taken into solution, while the upward movements are in the

smaller openings, mainly under the influence of molecular attraction, and

consequently this upward-moving water is loaded with material.''

"Means, Thos. H., On the reason for the retention of salts near the surface of soils: Science, new
series, vol. 15, 1902, p. 33.

!> Means, cit., pp. 33-35.
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The upward transfer of material, while lar-gely due to the water which

does not pass beyond the belt of weathering, is also partly due to water which

under the influence of molecular attraction passes upward from the sea of

ground water. The amount of such water increases in proportion as the sur-

face of ground water is near the surface. It has already been pointed out

(pp. 419-422) that when the ground water is comparatively near the surface

a very large amount may thus migrate upward and be evaporated. This

material carries with it all the salts which it had in solution in the belt of

cementation and such as it may take into solution dui-ing its upward move-

ment above the level of ground water. Locally, as a result of over-irrigation,

seepage from irrigation ditches or unusual precipitation for several years,

the level of ground water may be raised. A layer of the belt of weathering

may be thus encroached upon. This belt is likely to contain a large amount

of soluble material. To illustrate, Hilgard states that "The investigations

of the California station have shown that in the arid region few uplands

normally contain less than from 2,000 to 2,500 pounds [900 to 1,300 kilo-

granivs] of soluble salts per acre in 4 feet [1.22 meters] depth, and much
more has been found in the silty substrata of the Salton Basin in southern

California even to 22 feet [6.7 meters] depth." Wheii the level of ground

water is raised this material is abundantly dissolved by the water. If the

rise continues so that the level of ground water is within 3 meters or less of

the surface, a very large amount of salts may be carried upward to the

surface fi'om the belt of cementation by molecular attraction."^

The solutions carry more of the readily soluble compounds than of

the difficultly soluble ones, and therefore the substances transferred in

greater amounts are the alkalies and the alkaline earths. In humid regions

the material thus transferred to the surface layer is largely taken into solu-

tion at times of abundant precipitation and carried downward again. There-

fore, if there be no change in the composition of the compounds, there is little

accumulation of such material near the surface. But in the semi-arid and

arid regions, where the belt of weathering is comparatively rich in alkalies

and alkaline earths, the material carried upward during the long periods

of drought may not be compensated by downward transfer at the rare

occasions of abundant precipitation. Consequently the upper part of the

soil may become exceedingly rich in salts of the alkalies and alkaline earths,

"Hilgard, E. W., The rise of alliali salts to the soil surface: Science, new series, vol. 15, 1902, pp.

314r-315.
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especially the former. Indeed, the surface may thus become saturated

with these salts.

The process of migration of alkalies to the surface is well illustrated

in various irrigated districts. Before irrigation the soil may have contained

only a sufficient amount of alkalies to be very fertile. In many districts,

by irrigation for some years, so large a quantity of alkalies has been brought

to or neaf the surface as to injure vegetation or even .to make crop growing

impossible. Where the water used is sweet, these effects follow from over-

irrigation. Where more than a sufficient amount of water is used a part of

it passes to some depth below the surface. Between the times of flooding

a part of tliis is brought to the surface by capillarity, carrying with it

various dissolved salts. Also by continual seepage from canals at higher

levels water passes below the surface, and by capillarity is brought to the

surface in the cultivated areas, carrying with it dissolved salts. As the

water evaporates these salts are precipitated in the soil. This process is

cumulative, and after a number of years, as already stated, the quantity of

alkalies may become so great as to lead to the abandonment of formerly

productive tracts. This process is well illustrated in San Joaquin Valley,

California, and in Salt Lake Valley, Utah. At the latter place alone

Whitney states that of the 50 square miles once irrigated about 10 square

miles, or one-fifth, has become unfit for agriculture."

Where the waters used for irrigation are themselves A^ery rich in

alkalies, as, for instance, in Pecos Valley, New Mexico, the accumulation

of alkalies in the soils is prevented in a different way, namely, by very

abundant use of water with considerable intervals between and by thorough

underdrainage. By this method the salts which are precipitated between

the periods of irrigation by evaporation are dissolved by the abundant

waters at the time of irrigation, and thus accumulation of the alkalies in the

soil is prevented.*

While the more readily soluble constituents are of far more importance as

precipitates at or near the surface than the less soluble salts, the latter are pre-

cipitated in the soils. Of these difficultly soluble compounds silica and ferric

oxide are perhaps the only ones of sufficient importance to require mention.

Many sandstones which have long been exposed to the weather have a

«Whitne}', Milton, Field operations of the Division of Soils: Kept. Div. of Soils, IJ. S. Dept.

Agric, No. 64, 1899, p. 25.

6 Whitney, Milton, eit., pp. 22-24.
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thin outer layer or crust of quartzite. Sections of such material show that

it is a true cementation quartzite. (See pp. 865-868.) Casehardening also

ocGui's in many other kinds of rocks, for instance, granite. In the produc-

tion of casehardening the waters have penetrated to a greater or less deptli,

and through capillarity have been brought back to the surface as a result

of drying of the outer surface.

During the journey of the water silica is dissolved, probably mainly in

the colloidal form. This H4Si04 is doubtless largely that liberated from

the silicates during the process of carbonation. (See pp. 473-480.) Prob-

ably the solutions do dissolve some silica from chert and quartz and bring

it to the surface, but the amount of this is probably small as compared with

that transported in the colloidal form. It therefore appears that the process

of surface cementation, so fbir as the cement is silica, is a correlative of the

process of carbonation.

Very near the outer surface of the rock the water evaporates, the sihca

is dehydrated, and quartz is deposited. In this case chemical change takes

place. The silica is thrown down in a very difficultly soluble form; so that

even in humid regions the falling water is unable to dissolve the quartz and
carry it downward. This process may continue until the sandstone, which
may be loose or almost incoherent below the surface, is a quartzite at the

surface. The casehardened layer may be a mere outer film but a fraction

of a centimeter in thickness, perhaps one-half to one-fourth of a centimeter.

In other instances the casehardening may extend to a depth of a centi-

meter, or even several centimeters. Ordinarily the maximum induration is

at the surface, and the transitions between the indurated and soft parts of

the rocks are somewhat rapid. This fact gives positive evidence tliat

evaporation and consequent deposition are at a maximum at the surface.

Casehardening has been observed in many parts of the world. It is

beautifully illustrated at many points in the arid region of western United

States. In arid regions the hardened film has frequently been smoothed by
the wind-blown sand, so as to present a polished surface. Sucli polished

hardened films are known as "desert varnish." Wliile more common in

arid regions, casehardening has been found in humid regions. For instance,

the phenomena are well exhibited by the Potsdam and St. Perer sandstones

of Wisconsin."

aAVadsworth, M. B., Some instances of atmospheric action on sandstone: Proc. Boston See.
Nat. Hiat., vol. 22, 1883, p. 202.
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Surface induration, wliile most common as the result of the deposition

of sihca, is not hmited to this compound. The upward-moving- sokitions

carried by molecular attraction may, under favorable circumstances, con-

tain iron salts in solution. When the solutions approach the surface evap-

oration takes place and the iron salts are thrown down, usually as limonite

or hematite. If precipitated as hmonite, this compound may be later

dehydrated and hematite be formed. Where the iron salts are transported

as carbonate, oxidation takes place at the time of precipitation. While it is

not necessary to suppose that the iron is always transported as carbonate,

since limonite and hematite are so insoluble it is natui-al to suppose that in

most cases the iron is transported in some other form than the oxide, and

is chemically changed when precipitated. By the above processes we have

surface induration due to iron oxide cement. This is beautifully illustrated

at various places in the desert regions of western United States. One of

the best localities known to me is that of the volcanic rocks of the Colorado

Desert east of Needles along the line of the Santa Fe Railway. The desert

is strewn with bowlders of disintegration, of a light-colored lava. The part

of these bowlders embedded in the sand has its normal color; the part

above the sand line is a rich reddish brown, due to hematite, the iron of

which has been brought to the surface in solution and has there been

oxidized and precipitated.

Another interesting case of the segregation of iron oxide at the surface

is furnished by quartzite bowlders in the Potsdam sandstone of the driftless

area of the Baraboo district of Wisconsin. Here, locally, in consequence

of weathering processes, the sand matrix has been carried away and the

quartzite bowlders have accumulated at the surface. The quartzite is

ferruginous, containing hematite, which gives purplish and brownish tones

to the unweathered rock The centers of the bowlders still show these

colors; the borders are rich yellow-brown, or red, due to limonite and

hematite, the color being much more marked than in the centers of the

bowlders or in the massive quartzite, and plainly showing an uimsual

proportion of the iron oxide. Between the outer surfaces of the bowlders

and the central cores of unaltered quartzite are frequently bands, from two

to five centimeters broad, almost white, which fade off into the heavily

ferruginous outer parts of the bowlders and to the less ferruginous cores.

It is very clear in these cases that the iron oxide once in this lighter middle
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band lias been taken into solution, transferred to the surface, and there

deposited. It is a depleted area, and correlative with it is the surplus of

iron oxide at and near the surface. This case is interesting, since the iron,

both in its original form and where segregated, is an oxide. It is therefore

clearly shown that iron in the form of hematite is soluble in the belt of

weathering. Whether actually carried in that form or whether reduced

and changed to carbonates or other salts at the time of transfer is uncertain.

In a similar manner other cements besides silica and iron oxide may
be brought to the surface and deposited. These processes, while most

prominent at the surface, are not limited to it; they take place to a consid-

erable extent along the major openings of the rocks near the surface, such

as joints. Crosby has noted the induration of Pikes Peak granite along

the joints. Surface induration of granite, rhyolite, and other rocks has

been noted, the casehardening materials ordinarily being the three most

common ones—silica, iron oxide, and calcite."

In connection with casehardening it is interesting to note the influence

of the so-called quarry water contained in stones taken from the quarry.

This is the water of imbibition. As this water is evaporated the material

in solution is deposited between the grains near the surface and thus helps

to cement them. The very considerable induration thus produced by the

quarry water is evidence that this water is rich in mineral solutions. In

this deposition of material we have the explanation of the great advantage

of dressing sandstones and other porous rocks before the quarry water is

lost by evaporation.

From the previous pages it appears that capillarity is most effective in

transferring soluble material from below the surface to the surface in semi-

arid and arid regions. But if in regions which are ordinarily known as

humid there are seasons of drought, great quantities of soluble material

may be segregated at the surface by capillarity. So far as this material is

thrown down in a readily soluble form it is likely to be largely taken into

solution at times of abundant rainfall and again carried below the surface.

But if at the time of precipitation chemical change takes place, so that the

material is transformed to a relatively insoluble form, as, for instance, the

dehydration of colloidal silicic acid forming quartz, or the oxidation of iron

a Merrill, George P., Rocks, rock-weathering, and soils, Macmillan Co., New York, 1897, pp.
254-256.
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carbonate, forming hematite or limonite, its solution is very slow, and thus

the upward transfer of the compounds at the time of drought may more

than compensate for the solution at periods of humidit}^, and actual

seffresration of certain materials at the surface take place. ,

Furthermore, it is to be noted that in humid regions vegetation is

abundant, and therefore the upward transfer of material through the

agency of life is at a maximum. This compensates in part for the relative

inefficiency of capillarity in humid regions as compared with that in arid

regions. It therefore appears that whether a region be arid or humid the

vertical transfer of soluble material through the agency of life and by

capillarity takes place effectively.

CONCENTRATION BY CIRCULATION EXTENDING INTO BELT OF CEMENTATION.

It has been pointed out, on pages 128, 156, that waters contimiously join

the belt of cementation and continuously issue from it. In general the

waters which issue from the belt of cementation are not saturated, but not

infrequently the waters of springs as they near or reach the surface pre-

cipitate material by lowering of the temperature, by evaporation, or by

chemical change.

Perhaps one of the most common deposits thus produced is limonite.

The iron precipitated is usually carried underground as carbonate, but when

it reaches the surface, where oxygen is abundant, oxidation takes place, the

carbon dioxide is liberated, the ferric oxide unites with water, and limonite

is thrown down. Thus bog deposits of iron ore are built up. Another

deposit which is not infrequently produced is calcium carbonate. This may

be thrown down as a result of lessening pressure and temperature, or by

evaporation. Such deposits are known as tufa or travertine. They are

found in many parts of the world. One of the best illustrations is fur-

nished by the travertine deposits of the Yellowstone National Park, at

Mammoth Hot Springs and on Terrace Mountain. The latter represents

the deposit of springs now dead. A third class of deposits thus built up

by issuing spring water is siliceous sinter. These are best illustrated by

the deposits of geyserite in the Yellowstone National Park. It is inter-

esting to note that the travertine and the siliceous sinter deposits in the

Yellowstone Park are in the same region, and one in which the spring waters

are hot. To the latter fact may be attributed the magnitude of the deposits.
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Such waters were capable of taking- more calcium carbonate and silica into

solution than ordinary cold underg-round waters. An interestino- fact in

connection with these deposits is the correlation of their character with the

rocks adjacent. As pointed out by Hague, the calcareous deposits of

Mammoth Hot Springs and Terrace- Mountain are adjacent to sedimentary

rocks which contain abundant calcium carbonate to serve as a source of

supply." The geyserite deposits of siliceous sinter, on the other hand, are

in a region of volcanic igneous rocks, mostly rhyolite, and where there are no
sedimentary rocks. Here calcium carbonate is not available, but silica is

very abundant in natural glass and in crystallized minerals. These sili-

cates are decomposed by the processes of weathering. Colloidal sihcic

acid is thus formed, which is readily taken into solution by the hot waters

and abundantly brought to the surface. There dehydration, partial or

complete, takes place and the geyserite deposits are built up.

In these cases it is clear that the major portion of the material deposited

was derived from the solid rocks through which the hot solutions circulated,

rather than from the magmas which heated the water, as maintained by
some. (See pp. 1033-1034, 1071-1072.)

CONCENTKATION BY OVERGROUND CIRCXTLATION.

The waters of streams and lakes always contain soluble material

derived from the soil dissolved by the run-off and from the lower part of the

belt of weathering and the belt of cementation by the issuing spring waters.

The material dissolved by the run-off may form in the soil by the processes

of weathering or be brought to the surface by means of life or by the

underground circulation. The amount of this material is comparatively
small in humid regions, but is relatively large in arid regions. In some arid

regions the amounts held hj the surface waters may be so great as to unfit

them for domestic purposes, or even for purposes of irrigation, since, as

already noted, a comparatively small amount of alkali is sufficient to

prevent plant life.

The best illustrations of overground concentration are furnished by
basin regions, where there is no permanent run-off In the United States the

Great Basin is the one of dominant importance. Southern California also

contains basins of great extent. Into the Great Basin a large number of

" Hague, Arnold, Geological history of Yellowstone National Park: Trans. Am. Inst. Min. En"
vol. 16, 1888, pp. 795-796.
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streams flow, some of them of considerable size, for instance, the Bear,

Ogdeu, and Weber rivers. The smaller streams which flow into the basin

for the most part rise on the mountain slopes of the Wasatch and Sierra

Nevada, which wall the Great Basin on the east and the west. Within the

Great Basin there are many mountain ranges, some of them of great size.

The greater of these are the Humboldt and the Inyo ranges. On these

basin ranges many streams rise and flow down upon the floor of the basin.

The precipitation in the Great Basin region is mainly in the winter and

spring. At times of abundant precipitation and rapid melting of the snow

many ephemeral streams form upon the floor of the basin itself The

streams, small and great, all fail to reach the ocean; the larger of them

flow into the permanent lakes of the basin, such as Great Salt Lake, Mono
Lake, and Winnemucca Lake, but by far the greater number flow into the

ephemeral lakes. These lakes, which are numbered by hundreds, are

shallow; they may be many miles across in early spring and entirely

disappear before autumn. Also, the permanent lakes, like Great Salt Lake

and Winnemucca Lake, greatly expand at the time they receive tlie large

contributions from the streams and shrink during the summer and autumn.

All the streams bring their contributions of soluble materials to the lakes

and, in addition, the usual amounts of mechanical sediments. Hence there

is mingled in the Great Basin lakes the greatest variety of materials.

The salts of alkalies, the salts of the alkaline earths, and lesser amounts of

other soluble salts are all commingled with one another and with the

mechanical sediments.

When the waters of the ephemeral lakes are evaporated, all the

materials held in solution and in suspension are thrown down. In the

larger of the ephemeral lakes there is a distinct tendency for the chemical

and mechanical sediments to be deposited in alternate layers. Within a short

time after the" flood season of spring the mechanical sediments are largely

laid down. During the dry season the lake evaporates and the chemical

sediments are precipitated. These sediments, while perhaps partly dissolved

by the waters of the lake of the succeeding flood season, are largely buried

under the mechanical sediments of that year. Upon these mechanical

sediments follows the next layer of chemical sediments, and so on.

It is difficult for one who has not traveled in the Great Basin region to

appreciate the vast amount of alkaline material deposited by the ejjhemeral
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lakes. In jounieyiug across the desert of Nevada in summer or autumn a

person is rarely out of sight of one or more areas, small or great, varying in

size from a fraction of an acre to hundreds or even thousands of square

miles, covered with the almost snow-white chemical deposits of the evapo-

rated lakes, which glare with intense light under the brilliant sun.

The permanent lakes, like Great Salt Lake, continually receive supplies

of material in solution and are constantly being evaporated. When such

lakes were first formed the salts steadily accumulated until the water became

saturated. After a state of saturation is reached each year at the flood season

chemical deposition may and usually does cease and solution even may

take place to some extent. After the flood season the mechanical sediments

quickly subside. During summer and autumn evaporation greatly exceeds

the influx of water; the lakes shi-ink; the solutions become supersaturated and

chemical precipitation follows. Along the borders of the permanent lakes

chemical and mechanical precipitates are interstratified the same as in the

ephemeral lakes ; but in the central areas of these lakes, beyond the depth to

which plentiful mechanical sediments are carried, the chemical precipitates,

comparatively little contaminated with mechanical material, are steadily

built up. It is well known that the amuial rainfall is not uniform, but that

there are periods extending over a number of years of more than and less than

the average rainfall. It is in the dry parts of the cycles that the thick deposits

of chemical sediments are largely built up. The formation of such deposits

is now also promoted in many lakes by the use of the water in irrigation.

As already noted, the abundant chemical sediments are the alkalies

and alkaline earths, cai'bonates, sulphates, and chlorides. The order in

which the materials are deposited depends upon the relative amounts of

these substances and upon their relative solubilities. In consequence of

difference in solubility there is a more or less marked tendency for the

bases first to luiite with the acids so as to produce the most insoluble com-

pounds. Thus the calcium and magnesium unite with carbonic acid to

produce marl and tufa. The calcium unites with sulphuric acid to produce

gypsum. But always before one substance is completelj^ precipitated one

or more others begin to be thrown down, and consequently there is a min-

gling of precipitates. This is especially true of those compounds which are

closely allied chemically, such as the calcium and magnesium carbonates,

the sodium and potassium chlorides, etc. While there is a tendency for
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the most insoluble compounds first to be thrown down, these relatively

insoluble compounds may be very sparse in quantity, and therefore more

soluble salts be first precipitated. While all the above complications

make the result very uncertain, still there is usually a marked tendency

to stratification, each stratum being composed dominantly of one compound

or of two closely allied compounds. Thus a stratum may consist mainly of

marl, another mainly of gypsum, another mainly of common salt, and so on.

By great changes in the humidity of a region and some changes

perhaps- in the topographic conditions a basin lake may become smaller or

wholly disappear, thus baring its deposits to the ordinary forces of erosion.

Such lakes are Lake Bonneville, described by Grilbert, and Lake Lahontan,

described by Russell. The chief chemical deposit of Lake Bonneville,

according to Gilbert, was a white calcareous marl. However, this marl is

very impure, containing a large amount of silicates and silica, in one case

as much as 74 per cent." The chief chemical deposits of Lake Lahontan,

according to Russell, are a calcareous white marl and tufa. The white

marl, like that of Bonneville, is impure, containing about 30 per cent of

silica, alumina, and iron, of which 22 per cent is silica. The tufa deposits

are mainly calcium carbonates, although small amounts of magnesium

carbonates and other constituents are contained.' It appears that Lakes

Bonneville and Lahontan did not become saturated with the salts of the

alkalies. In the case of Bonneville this stage was not reached until it had

shrunk to Great Salt Lake.

By still more radical topographic revolutions and changes in meteoro-

logical conditions than those experienced by Bonneville and Lahontan,

deposits of salt lakes may become deeply buried below other sediments,

and thus we have the explanation of the salt, the gypsum, and other similar

deposits of various parts of the world.

DISTRIBUTIOSr or RESIDUAL ]\LA.TBRIALS.

The distribution of the dissolved material iu the belt of weathering is

of very great importance, but the distribution of residual material which

at no time goes into solution is of no less importance. The concentration

« Gilbert, G. K., Lake Bonneville: Mon. U. S. Geol. Survey, vol. 1, 1890, p. 202.

''Eussell, I. C, Geological history of Lake Lahontan: Mon. U. S. Geol. Survey, vol. 11, 1885,

pp. 152-153, 203.
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of this material and its transportation, separation and deposition by the

epigene agents of erosion ought, perhaps, to be considered here; but this is

a subject so large and complicated that it is ordinarih^ given a separate

treatment in physiography; therefore no attempt will be here made even

to summarize this part of the cycle of the movements and alterations of the

material of rocks. The residual undissolved material of the belt of

weathering is a source of the mechanical sediments and the partial source of

the combined mechanical and organic or chemical sediments.

This residual material is deficient in the elements which have been

taken in solution in large amounts; it is therefore complementary to the

dissolved material. It follows that the residual material which is the source

of the mechanical sediments is likely to be deficient, to a varying extent,

in the alkalies and the alkaline earths, and of these it is much more likely

to be deficient in sodium and calcium than in potassium and magnesium.

This is true without taking into account the mechanical sorting. So far as

there is mechanical sorting, there may be deficiencies or excesses of other

elements. But it may here be suggested that the deficiency in certain

elements, as compared with the original rocks, furnishes an adequate

reason why the mechanical sediments, when metamorphosed, do not

reproduce mineral combinations like those of the original rocks. The
metamorphosed equivalents of the mechanical sediments will naturally be

deficient in minerals rich in sodium and in calcium, such as sodalite,

nephelite, anorthite, etc.

REIiATIOlSrS OF BEX/T OF WEATHERING TO SEUIMEISTTARY ROCKS.

BELT OF WEATHERING THE SOURCE OF SEDIMENTARY ROCKS.

The materials transported to the sea in suspension and in solution by
overground and underground waters, and subordinately by the wind and
ice, supply the materials for the sedimentary rocks. These materials are

almost wholly derived, directly or indirectly, from the belt of weathering.

The main source of the sedimentary rocks is therefore the belt of weathering.

The material derived from the belt of weathering is transported in suspension

and in solution.
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MATERIAL TRANSPORTED IN SUSPENSION.

The dominant constituents of the sedimentary rocks transported in

suspension are the minerals produced in and adapted to the belt of"

weathering and the slowly decomposable minerals. The first class com-

prises the kaolin group, the serpentine-talc group, the chlorite group, the

zeolite group, quartz, iron-oxide minerals, and aluminum-oxide minerals.

Of the second class the minerals of dominant importance are quartz and

the acid feldspars. Quartz is included in both classes, and is the mineral of

greatest abundance in the sedimentary rocks; second to it is feldspar. With

the abundant minerals there are present, of course, very subordinate amounts

of the very difficultly decomposable minerals, such as garnet, staurolite,

tourmaline, zircon, etc.

The readily alterable minerals are usually rare or subordinate in

quantity in the sediments. The group of minerals most readily alterable,

the feldspathoids, including neplielite, leucite, and sodalite, are rarely,

if ever, found in the sedimentary rocks. Minei'als of tlie olivine group are

also rare in the sedimentary rocks. The ferromagnesian group of minerals,

including the pyroxenes, amphiboles, and biotites, are more difficultly decom-

posable and are frequently found; still, they alter with such readiness that

they are generally subordinate in quantity, although locally abundant.

While where decomposition has been important the above are the dominant

minerals in the mechanical sedimentary rocks, in many sedimentary rocks

the materials are but slightly decomposed, disintegration being the chief

process of destruction of the original rocks. In mechanical sediments

derived from disintegrated material, as already pointed out, all or nearly all

the original minerals may be present. Where disintegrated materials are

dominant the rocks produced by their consolidation are conglomei-ates,

arkoses, and grits. As would be expected, there is every gradation between

rocks in which decomposed material is important and rocks in which disin-

tegrated material is dominant. Therefore, sedimentary rocks may be built

up of materials which, in chemical composition, stand anywhere between

decomposition products and disintegrated products, and which vary from

the mineralogical simplicity of the former to the mineralogical complexity

of the latter. Since the chemical analyses of such materials vary greatly,

as shown by the analyses given on pages 507-515, it is usually possible, by

the analysis of a sedimentary rock, to obtain a rough idea as to the stage of
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decomposition. In cases where both the decomposed and the undecom-

posed materials are abundant the mineralogical complexity is even greater

than in the ordinary original rocks.

Even where decomposable minerals are largely altered and the

abundant minerals are few, by different combinations of these few minerals

a wide variety of sedimentary rocks may be produced. This is due to the

opposing processes of mingling of the materials in streams and separation

of them by waves and currents. Where material is deposited at the mouth

of a great and rapid river all the minerals are intermingled; where the

material is contributed to the sea no faster than it can be sorted by
the waves and the currents the different minerals are separated. Between

thorough assorting and no assorting there are all gradations. In proportion

as the material is unassorted the combinations of different minerals and of

different-sized particles built into a deposit is varied; in proportion as the

process of assorting is advanced a deposit is likely to be built up of a single

mineral or of a combination of two or more minerals having approximately

the same size and the same specific gravity, or at any rate which are

floatable to the same degree. Where the materials are slowly contributed

to the sea and are long subjected to the waves, the nearly perfect assorting,

both as to mineral material and as to size, is remarkable. As an illustration

of nearly perfect assorting may be mentioned the St. Peter sandstone of

Wisconsin. This sandstone is almost wholly composed of quartz grains,

analyses showing it to have 96.74 per cent of silica " Moreover, the varia-

tion in diameter of the great majority of the grains is less than by ratios

of 2:3 (pp. 861-862).

MATERIAL TRANSPORTED IN SOLUTION.

It has been pointed out that the material transported in solution is

mainly composed of the more soluble compounds, viz, salts of the alkalies

and the alkaline earths. The ocean as a whole is not saturated with the salts

derived from the belt of weathering, nor is there any evidence that it has

been so at any time in the past, although locally inclosed seas and lagoons

do become saturated, and in this case chemical precipitation may occur

precisely as in inland lakes, described on pages 551-553. But the domi-

nant precipitation of material from solution in the ocean is not through the

process of chemical precipitation, but through the agency of life. As is ,

a Geology of Wisconsin, vol. 2, 1878, p. 680.
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well known, by far the most abundant of all the constituents thus precipi-

tated is calcium carbonate. The corals and other shell animals abstract

this material from the water and build it into their hard parts. As the

animals die this material is deposited, and thus great limestone formations

are built up, and doubtless have been in the past. No adequate reason

has been given for the belief that great seas connected with the ocean have

become saturated by calcium carbonate so as to build up limestone forma-

tions by chemical precipitation, although, as already intimated, chemical

precipitation of calcium carbonate has locally occurred. While the chief

precipitation of calcium carbonate is through the agency of life, chemical

replacement works in conjunction with organic precipitation. No sooner is

a deposit of calcium carbonate formed than the other salts of the sea begin

to act upon it, under the laws of heterogeneous systems, and thus modify

the deposit. Calcium is taken in solution and is replaced by the other

bases, especially by magnesium. (See pp. 798-802.)

MATERIAL TRANSPORTED IN SUSPENSION AND SOLUTION.

Commonly the material transported in suspension and that transported

in solution are built into deposits whicli are largely separated from each

other; but not infrequently both classes of material are laid down together,

and this causes additional variety in the sedimentary rocks. We thus have

sediments built up of all proportions of materials mechanically transported

and materials chemically transported. It therefore appears that the sedi-

mentary rocks may have a wider variety of chemical composition and of

mineral composition than any of the igneous rocks. But while this is

possible, the rule for the great sedimentary formations is simplicity; and.

this is due to the tendency toward simplicity in the belt of weathering and

to the processes of assorting. The first great process of assorting in the

belt of weathering is the subdivision of material into insoluble compoiinds

transported in suspension and soluble compounds transported in solution.

As already pointed out, the mechanical sediments are commonly assorted

by waves and currents, and the chemical sediments' are assorted by life

;

and thus the dominant formations of the sedimentary rocks are simple, both

chemically and mineralogically. This is especially true of the two

kinds of formations, sandstones and limestones. The shales, arkoses,

graywackes, and conglomerates represent the varieties of sedimentary

rocks in which there is greater complexity.
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ROCKS PRODUCED FROM MATERIAL OF BELT OF WEATHERING WITHOUT
TRANSPORTATION TO THE SEA.

While by far the larger part of the material produced by the processes

of weathering- is transported to the sea, either in suspension or solution, the

weathered material may be buried under other deposits without transpor-

tation to the sea. The weathered material not carried to the ocean may

be classified into residuary and transported material. Such deposits may

be from a few meters to hundreds of meters, or, in the case of the trans-

ported material, even a thousand meters in thickness. After a deposit of

residuar}^ or transported material has accumulated, the sea may transgress

over the region so quietly as not to disturb the larger part of the weathered

rock. As an example of the burial of residuary material under marine

deposits may be mentioned the Coastal Plain of the United States. Here

the deeply disintegrated pre-Cretaceous rocks have been overridden by the

ocean, and upon them have been laid down the Coastal Plain deposits. If

the sea should now advance over the Piedmont Plateau somewhat rapidly

part of the deeply disintegrated and decomposed belt there occurring might

be buried under marine deposits without disturbance.

Weathered material may be transported a greater or less distance, but

not to the sea, and thick deposits be built up. This is well illustrated by

the deposits of the Great Basin region of the United States. Here the

weathered material, instead of being transported to the sea, continuously

accumulates in the lower areas. This has gone on until there are hun-

dreds or a thousand or inore meters of weathered rock material, which has

accumulated between the mountains. Some of this material is deposited

by the streams; other parts are deposited by the ephemeral lakes; others

by the permanent lakes. (See pp. 551-564.) The result is the building of

great sedimentary deposits, in which there is local assorting. When the sea

next encroaches upon this Great Basin area there may be buried below

the marine deposits a great mass of weathered material, which differs

radically from the ordinary marine deposits in that there has been com-

paratively little abstraction of soluble salts, and which therefore must have

nearly the same average chemical composition as the original rocks from

which they are derived, but not the same mineral composition.

The residuary or transjDorted material, when sufficiently deeply buried,

whether below the sea or by upbuilding, as in the Great Basin area, passes
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into the belt of cementation, and ma}^ even pass into the zone of anamor-

phism. It may be metamorphosed in those positions, and produce rocks

different in character from ordinary metamorphosed sedimentary rocks,

because the material has a different chemical composition. It is pointed out

in another place (see pp. 831-833) that the jaspilites of the Lower Huronian

of the Marquette district represent a weathered belt, which has been

overridden by the Upper Huronian seas, deeply bui'ied by later sediments,

and metamorphosed under the conditions of the zone of anamorphism.

TKAlSrSITION BETWEEN BEiT OF WEATHERING AND BEET OF
CEMENTATION.

Before taking up "The belt of cementation," it will be well to call atten-

tion to the fact that the belts of weathering and cementation are not sharply

separated, but there is a transition between them. In many cases the

explanation of the transition is partly that locally sti'ong downward currents

carry solution as a preponderaut process well below the level of ground

water, and partly that a considerable quantity of oxygen may be carried

some distance below the level of ground water and produce reactions charac-

teristic of the belt of weathering. In other cases the level of ground water

rises and falls, as explained on pages 423-429, and therefore there is a

belt in which the conditions ai-e alternately those of the belt of weathering

and the belt of cementation. While in general the transition from one belt

to the other is somewhat gradual, in some instances it is rather abrupt. An
excellent illustration of an abrupt change is that given by Culver in the

case of the diabase in Minnehaha County, S. Dak." This rock is thoroughly

disintegrated and apparently much decomposed to a depth of 6 or 8 meters,

that is, to the bed of the stream which marks the limit of ground water.

Says Culver: "The limit of decomposition seems to be marked by the

position of the stream; the rock in its bed is firm and apparently unaltered."

As an illustration of a transition belt of considerable width may be cited

the iron-ore deposits of the Lake Superior region. Many of these deposits

extend from the surface to a depth of 200 to 500 or more meters, but at the

greater depths they usually become gradually smaller and less rich in

hematite. The level of ground water is rarely deeper than 30 meters.

a Culver, G. E., and Hobbs, William H., On a new occurrence of olivine-diabase in Minnehaha

County, South Dakota: Trans. Wisconsin Acad. Sci., Arts, and Letters, vol. 8, 1888-1891, pp. 206-207.
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These iron-ore deposits consist mainly of hematite with some limonite, and

occasionally some magnetite, with silica as the main impurity. In passing

downward the silica is likely to become somewhat more abundant, and

finally the ores become too lean for working. As explained in another

place, these ores have been precipitated in pitching troughs on impervious

basements by downward-percolating waters which bear oxygen, often at

places where the rocks have been much fractured by orogenic movement
and are therefore very open and porous. Simultaneously with the pre-

cipitation of the iron oxide silica is dissolved. (See pp. 1193-1197.) It

appears, therefore, in the case of these ore deposits, that oxidation and solu-

tion, both reactions characteristic of the belt of weathering, have locally

extended for 300 meters or more into the belt of cementation.
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CHAPTER VII.

THE BELT OF CEMENTATION.

BELT OF CEMBKTATIOlSr DEFINED.

The belt of cementation, like the belt of weathering, belongs to the

zone of katamorphism. The belt has been discussed from the physical-

chemical point of view in Chapter IV. From this point of view its

definition is very similar to that of the belt of weathering. It is a belt

in which the reactions take place with liberation of heat and expansion

of volume, or come under the first part of van't Hoff"'s law. From a

geological point of view the condition of aff'airs is very different in the belt

of cementation from that in the belt of weathering, and it is primarily the

purpose of this chapter to consider the belt of cementation from this point

of view, but, as heretofore, the geological ti-eatment is subject to the-

general principles which have been developed in the previous chapters.

Geologically the belt of cementation may be defined to include that

part of the zone of katamorphism which is below the belt of weathering.

It has as its lower limit the zone of anamorphism, the zone in which

permanent openings, whether produced by fracture, original sedimentation,

or any oth°er cause, are of subcapillary size. It is bounded above by the

belt of weathering, the lower limit of which is the level of ground water.

All of the classes of openings described on pages 129-146 are found in

this belt. But whatever the nature of the openings, whether cracks and

crevices produced by mechanical action, such as those of joints, faults,

bedding partings, and fissility, or the openings originally present in the

I'ocks, such as pore spaces of the mechanical sediments and the vacuoles in

volcanic rocks, they are usually filled with water.

The belt under discussion is named the "belt of cementation" because

cementation is the most obvious and probably the most important single

process of the belt. But it is by no means the only process; it will be seen

562
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that metasomatism, injection, consolidation, and fracturing are important,

and some of them scarcely less so than cementation. The geological

evidence clearly shows that no sooner are openings produced in this belt, or

rocks containing openings transferred to this belt, than deposition of material

in the openings begins and continues until the separated parts are firmly

cemented. Since cementation is only one of the processes which occur, the

name "belt of cementation" is less fortunate than the name for the belt at

the surface, the belt of weathering, for weathering is a general term properly

covering many, if not all, the processes which take place within the belt

to which it is applied; but as there is no comprehensive term available,

the name " belt of cementation " has been chosen, with hesitation, on the

basis of naming the belt by the most obvious and characteristic of the

processes which take place within it. In many respects the name "belt

of induration" would be a good one, since under quiescent conditions the

rocks are hardened by the various processes at work. The process ot

cementation also hardens or indurates many of the rocks. This name

would cover both of the chemical processes, cementation and metasomatism,

and the igneous process of injection, but it is contradicted by the mechanical

process of fracturing. It is more comprehensive than the name "belt of

cementation," but is inaccurate in that induration is not always characteristic

of the belt. The name "belt of saturation" well covers the fact that the

openings are commonly filled by water solutions, but this is also true of the

exceedingly minute openings of the zone of anamorphism. Furthermore,

the term "belt of saturation" would be likely to be understood to imply that

the solutions in the belt are always saturated with the compounds with which

they are in contact, and this is far from the truth. Certainly the term "belt

of cementation" is the one which seizes as distinctive the most characteristic

and obvious feature, evidences of which are seen in the field in all

major openings, and which are equally evident through the microscope in

minor openings.

The geological evidence that cementation is the universal law for the

part of the zone of fracture in which the rocks are usually saturated with

water seems to be conclusive. In mining operations the world over it has

been found that there is a tightening of the ground when the level of gTOund

water is reached. Above that level the rocks are likely to be open and

porous, giving the freest circulation to the waters of the belt of weathering;
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but below that level the rocks are usually much less porous, although it does

not follow that the water circulation may not be important and rapid. Fine

illustrations of the sudden lessening of the pore space at water level are fur-

nished by the lead and zinc districts of the Mississippi Valley. This lessen-

ing of the pore space is partl}^ due to the solution of material above the level

of ffround water, rather than to cementation below it. But observations

below the level of ground water show that cementation is as certain as is

solution above. Sandstone formations, as is well known, are cemented

mainly by silica, although calcium carbonate, iron oxide, etc., are subordi-

nate cementing constituents. Wherever sandstones are found which have

long been below the level of gTOund water, cementation has taken place,

either by enlargement of the old grains or by independent deposition between

the grains, or by the two combined. All stages of this process are seen,

from those in which the grains have simply built out crystal facets that

sparkle in the sun, to rocks so firmly cemented as to be perfect quartzites,

in which fracture breaks through the cement and across the old grains

rather than around them.'' The pore spaces of arkoses, tuffs, and other

rocks which have long been below the level of ground water, are shown by

microscopical examination to have been also closed; but often the cements

are more variable tlian in the case of quartzites, frequently including

feldspar, pyroxenes and amphiboles, calcite, and various other minerals.

That cementation is the universal rule for the porous rocks below the

level of ground water was ascertained only by microscopical study, but in

the field may be seen evidence of cementation of the larger fractures. The

filling of ancient joints, recementing the separated joint blocks, the filling

of fault openings, thus producing true veins, and the cementing of the frag-

ments of breccias are all well-known phenomena. Where rocks have been

broken and buried deep enough to be below the level of ground water and

have remained there long, it is found to be an almost universal rule that the

filling of these larger openings has begun; and usually, so far as the older

openings are concerned, the process has been practically completed, although

recent earth movements may have produced openings which have not been

closed.

The openings which are being filled in the belt of cementation vary in

size from minute pores between the grains to great caves. Interesting

n Irving, R. D., and Van Hise, C. R., On secondary enlargements of mineral fragments in certain

rocks: Bull. U. S. Geol. Survey No. 8, 1884, pp. 1-56.
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instances of very large openings below the level of ground water are fur-

nished by the caves in the lead and zinc district of Missouri. Here, in

consequence of extensive pumping operations, the level of ground water has

been lowered from a few meters to 45 to 60 meters. At various places below

the level of ground water caves of considerable magnitude have been found,

some nearly 60 meters in length and with rooms 12 to 15 meters in width.

These caves are lined with crystals of calcite. The faces are perfectly

clear. It is almost certain that the crystals continued to grow until the

level of ground water passed below them. The caves are, in fact, like

gigantic geodes with gi'eat scalenohedral crystals, some of them a half meter

or more in length, projecting everywhere from the walls. No stalactites

or stalagmites are found, or any of the other peculiar phenomena so

characteristic of caves above the level of ground water in the belt of

weathering. These caves, before transferred from the belt of cementation

by the lowering of the level of ground water, were being filled, and had

the process continued sufficiently long there would have been formed great

masses of crystalline calcite analogous to the masses of that mineral which

are sometimes elsewhere found.

Concluding from the geological facts observed, it seems perfectly clear

to me that the fundamental fact of the part of the zone of fracture between

the level of ground water and the zone of anamorphism is that cementation

is the most characteristic process, and therefore the one which properly

gives its name to the belt.

BOUNDARIES OF BELT OF CEMEKTATI0:N^.

It has been explained (pp. 409-411) that in different areas the level of

ground water is at different depths from the surface, varying from zero to

300 meters, and exceptionally to a thousand meters.

It has been shown that the level of the upper surface of the ground

water is not horizontal, but undulating, and that the undulations of the

level of ground water roughly follow the topography, as shown by the fact

that upon many hills and mountains wells reach water of saturation at the

very moderate depths of a few meters to 50 meters. A topographic map
of a region is to a certain extent a map of the level of ground water, but

the latter shows less accentuated contours. The elevation of the contour

of the ground water at a given place is less than the elevation of the
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surface contour by the depth of the level of ground water. It has also

been seen (pp. 411-413) that the surface of gTOund water rises and falls

from a few centimeters to a number of meters, and that therefore the apj^er

boundary of the belt of cementation is somewhat variable.

The lower limit of the belt of cementation is the lowest horizon at

which there may exist abundant openings in the rocks of supercapillary and

capillary size. It has already been pointed out (pp. 190-191) that to this

limit the rocks are self-supporting, but below it the rocks are not sufficiently

strong to support tliemselves, so that if openings were supposed to be

produced they would be closed by flow." It has been, calculated that for

the strongest rocks the bottom of the belt of cementation may be as deep

as 10,000 or possibly 12,000 meters, although for most rocks under ordinary

conditions the bottom of the belt of cementation is believed not to be nearly

so low. With the same kind of rock the bottom of the belt of cementation

is at different depths under different conditions. For instance, when earth

movements are rapid the belt might extend considerably deeper than when

they are slow. The belt of cementation, extending as it does from the level'

of ground water to the bottom of the zone of fracture, is much broader

than the belt of weathering.

CONDITION OF WATER IN BELT OF CEMENTATION.

The question whether hydrostatic pressure increases sufficiently fast

with depth to prevent the water from passing into the form of gas needs to

be answered. If the average temperature at the surface be assumed to be

0° C.—and in the arctic regions the average temperature is probably lower

rather than higher than this—and if the increment of increase of tempera-

ture be taken as 1° C. for every 30 meters, the critical temperature of water
,_

365° C, is at a depth of 10,950 meters. If the average temperature at the

surface were sup2D0sed to be 25° C, about the maximum for the tropical

regions, in order to reach a temperature of 365°, the critical temperature of

water, a depth of 10,200 meters would be required.

At any given place the water is subject to the pressure of the super-

incumbent column of water. Supposing the temperature of the water were

100° C, or just at tlie boiling point, at the surface of the earth (the most

«Vaii Hise, 0. R., Principles of North American pre-Cambrian geology: Sixteenth Ann.

Eept. U. S. Geol. Sur('ey, pt. 1, 1896, pp. 591-5i*4.
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unfavorable assumption to holding the water as a liquid), the water would

be a liquid in the belt of cementation, as is shown by the following table

based upon this supposition, column (1) being temperatures, column (2)

being pressures necessary to hold water as a liqnid at these temperatures,

column (3) being depth in meters at which the pressures would be pro-

duced, column (4) being the depth which would be required to produce

the temperatures on the supposition that the increment of the increase of

temperature is 1° C. for every 30 meters, and column (5) being the actual

temperatures which exist upon this supposition at the depths represented

by column (3).

Relations ofpressures, temjje^'atures, and depths in ground water.

(1)
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A fuller table, sliowing the relations of temperature and pressure

between 225° and 365° C, at intervals of 5° C, is given below."

Relations of teinj^eratures andpressures of water.

Tempera-
tures.
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it is conceivable that as a result of deformation itself the temperature of

the rocks may become so high as to convert the water present into the form

of gas, but, from investigations upon metamorphism, it is believed to be

]]robable that this condition of affairs rarely obtains, since, as shown on

pages 690-69z}, long before the critical temperature of water is reached

solution and deposition of rock material, or recrystallization, readily takes

place, and in this change the work converted into heat is far less than in

mechanical granulation.

In conclusion the general statement may be made that in the belt

of cementation water is commonly in the form of liquid, and only excep-

tionally in the form of gas.

AMOIFNT OF WATER IN BELT OF CEMENTATION.

It has already been suggested that the belt of cementation might be

called the belt of saturation. This implies that the openings in the belt of

cementation normally are filled with water solutions; therefore, the answer

to the question as to the amount of openings in the belt of cementation

approximately answers the question as to the amount of water there

contained. It has been seen that in the belt of weathering the openings

vary from a small amount to 40 or 50 per cent or more. In the belt of

cementation the amount of pore space varies from zero to a maximum as

high as 28.28 per cent, the actual amount of pore space found by Buckley

in the Dunnville sandstone of Wisconsin." The mechanical sediments,

especially sandstones which have not been much cemented, contain very

large amounts of pore space. The volcanic fragmental rocks also furnish

considerable pore space. The very dense rocks, especially the plutonic

igneous rocks, have a very small amount of ]3ore space unless they have

been fractured. Wherever the rocks have been deformed above the zone

of anamorphism fractures of all classes are produced, including joints,

faults, bedding partings, fissility, and brecciation fractures. The amounts

of openings which are thus produced may vary from a fraction of a per

cent to as large a per cent as in the porous sandstones, as, for instance, in

breccias. But the openings which originally existed in the rocks or which

have been produced by deformation are in all stages of cementation. Also

a Buckley, E. R., Building and ornamental .stones of Wisconsin: Bull. Geol. and Nat. Hist. Survey
Wisconsin No. 4, 1898, table v, p. 403.
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in all probability the amount of pore space gradually decreases in passing

from the upper to the lower part of the belt of cementation. All of the

foregoing uncertain factors make any estimate of the water of the belt of

cementation little better than a guess. On page 128, assuming there is

Fig. 7.—Iflenl horizontal section of the flow of gronnd water through a homogeneous medium from one well to another.

present only one-fifth as much as Dana's estimate of 2.67 per cent by

weight as the average amount of water in the upper part of the belt of.

cementation, supposing that from this amount it gradually decreases to

zero at the bottom of the belt, and assuming the belt to extend to a depth

of 10,000 meters, I have calculated that the amount of water in the belt, if

concentrated in a stratum, would make a sheet 69 meters thick. How-
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over, it may be that this estimate is too small, and that the amount of

water of the belt of cementation may be two oi- three times this amount.

CIRCULATION OF WATER IN BELT OF CEMENTATION.

VIGOR OF CIRCULATION.

The vio-or of the circulation in the belt of cementation is best shown by

the amount of work ^vhich has been accomplished in cementation of rocks

Fig. 8.—Ideal vertical section of the flow of ground water through a homogeneous medium from one well to another.

by ground \\'aters. It is shown in another place that great sandstone for-

mations, which must originally have had a pore space of from 32 to 40 per

cent, have been completely cemented by the deposition of silica. (See pp.

865-868.) It is further shown that the amount of silica thus deposited is
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enormous—to be measured in tens of thousands, and probably hundreds

of thousands of cubic kilometers. The amount of silica which the waters of

mineral sjirings carry is, on the average, less than 2 parts in 100,000. In

only a few cases is the amount greater than 10 parts in 100,000, although

in one case, that of San Bernardino spring of California, the amovmt runs

as high as 22 parts in 100,000." Supposing the amount of silica deposited

by underground waters to be as high, on the average, as 1 part in 100,000

(and the amount deposited is invariably less than that in solution), it would

be necessary to believe that over 260,000 times as much water must have

circulated through the sandstone formations as the enormous amount of

quartz which has been deposited. The amount of silica assumed to be

deposited by underground waters may be too great or too small, but it is

certain that many thousand times as much water as deposited quartz has

circulated through the rocks.

CHARACTER OF CIRCULATION.

It has already been explained that the complex movements of ground

water may be resolved into two components, horizontal or lateral move-

ments and vertical movements. In order to understand the work done by

underground water in its journey, it is first necessary to know the path

which it follows. On this point the recent analytical work of Prof. C. S.

Slichter gives the desired information.'. According to Professor Slichter's

analysis, the fiowage of water from one* place to another through a

homogeneous medium, say from A to B, is not by a direct path, but by a

large number of diverging paths from A during the first part of the journey,

and by a large number of converging paths to B during the latter part of

the joui'ney. This may be illustrated by supposing the water to be poured

into a well, A, and to flow to a well, B. The horizontal course of the water

is represented by fig. 7, and the vertical course by fig. 8. These conclusions

apply equally well to any porous rock, such as a soil or sandstone in which

the spaces are distributed in a somewhat uniform manner.

It is apparent that Slichter's conclusions have far-reaching consequences

as to the flowage of ground water. In the passage of the water from tlie

aPeale, A. C, Mineral springs of the United States: Bnll. U. S. Geol. Survey No. 32, 1886, pp.

156, 187, 192, 195, 212, 213.

''Slichter, C. S., Theoretical investigation of the motion of ground waters; Nineteenth Ann. Kept.

U. S. Geol. Survey, pt. 2, 1899, pp. 297-384.
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top or slope of a hill to a point of issue at the foot of a hill, supposing these

to be the only points of entrance or issuance of the water, and supposing

the spaces to be uniform, the vertical course would be represented by the

lines of fig. 9 and the horizontal course would be represented by the lines

of fig. 7.

Fig. 9.—Ideal vertical section of the flow, through a homogeneous medium, of ground wnter entering nt one point

on a slope and issuing at a lower point.

In an actual case of ground-water ilowage the water does not enter the

ground at a single point, but at every point of a slope. As a simple case,

we ma)^ suppose that the water entering on a slope reaches the surface again

at the level of a stream in an adjacent valley. To get an idea of the com-

plexity of the flow in this ideal case we maj' arbitrarily select a number of

points where the water enters and trace out its course. We may plat by
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different kinds of lines the vertical components of the flowage of the water

which enters at each place ii:idependently of the water that enters at other

places. (Fig. 10.) In the fig-ure we have a series of intersecting lines

representing the vertical components of movement.

It is not supposed that water actually follows paths similar to those

represented by the iigure, for there is mutual interference of the water

Fig. 10.—Ideal vertical section of the flow, through a homogeneoua medium, of ground \vater entering at three points

and issuing at a single point, each system of flow being independent of the others.

entering at the various points. As a result of this the water entering the

opening nearest the exit would take a more direct course than the average
'

of that platted; but, as a consequence of this, the water from the next

opening up the slope would take a more indirect course, on the average,

than that platted, and so on. The total result would be to give an average

course for the water which may be represented by combining the inde-
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pendent curves. (Fig. 11.) The effect, so far as the geological action of

the underground water is concerned, would be approximately the same

whether the course of the water were that represented by fig. 10 or that

represented by fig. 11. -This statement, applicable to a few points of

entrance and one of exit, is equally applicable to a great number of points

of entrance and one of exit. The statement can be further extended to

Fig. 11.—Ideal vertical section of the flow, through a homogeneous medium, of ground water entering at many points
along a slope and issuing at a single point at a lower elevation,

an indefinitely great number of points of entrance distributed along the

contours of the slope as well as up the slope and to manj points of exit at

or near the level of the walley.

Disregarding the lateral movement after the water reaches the level

of ground water, the sea of ground water at a given place might be con-

sidered as a column moving downwai-d as rapidly as the increment of ground
water is added from above. However, the lateral movement which is super-
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imposed upon the vertical movement carries it sooner or later to some point

where upward movement is taking place. Thus the amount which con-

tinues downward is an ever-decreasing fraction of the amount of precipita-

tion which joins the sea of ground water.

Thus far the discussion of the flowage of ground water has been

carried on as if it were through a homogeneous porous medium extending

indefinitely in all directions in which the pressure and the temperature are

the same throughout. It is needless to say that such are not the conditions

of natural systems of underground flowage. Under natural conditions there

are many other factors which very greatly modify the nature of the flowage.

Among these are limiting formations, gravity, increase in temperature with

depth, the relative lengths of the vertical and horizontal components, and

preferential use of large and continuous channels.

LIMITING FORMATIONS.

It has been shown (pp. 190-191) that the bottom of the belt of cemen-

tation corresponds with the bottom of the zone of fracture. It has been

explained that to the bottom of the zone of fracture supercapillary or

capillary openings may exist. Below the bottom of the zone of fracture the

openings in the rocks are subcapillary and therefore practically impervious

to a rapid circulation. The bottom of the zone of fracture is the lowest pos-

sible boundary of efficient circulation. But there is no theoretical reason

why a ground-water system may not utilize the entire zone of fracture to its

lower boundary. Indeed, the well-known hydrodynamical principle that

the entire available cross section is utilized by flowing currents demands

that the circulation extend to the bottom of the zone of fracture. This

generalized statement conforms well with the lines of flow in a homo-

geneous medium as determined by Professor Slichter. (See figs. 7 and 9.)

It therefore appears highly probable that, in any system of ground-water

circulation, where there is no impervious rock nearer the surface than the

bottom of the zone of fracture the entire zone of fracture is searched,

although waters joining and departing from the underground sea disappear

and appear at its surface. While this is true, other things being equal, the

more direct route is utilized to a greater degree than the more indirect

route, and therefore the remoteivcorners of available space have relatively
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small circulations The principle of the distribution of the flowage of water

over the entire available area is well illustrated by the case of water flowing

horizontally into a beaker from one side and overflowing the beaker on the

other side. The movement of the water is not confined to the liquid near

the surface, but all portions of the water in the beaker, from the top to the

very bottom, take part in the flowage, although, of course, the rate of

movement is much more rapid at the top than at the bottom."

While the circulation may extend to the very bottom of the zone of

fracture, in manjr cases before that depth is reached a stratum is met all

the openings of which are subcapillary. As shown on pages 143-146, such

a stratum is practically impervious, and therefore becomes a practical limit

of circulation in that direction. Such impervious strata may be only a few

meters below the level of ground water, and thus the circulation be exceed-

ingly shallow. From such a position an impervious stratum may be at

various depths to the bottom of the zone of fracture.

While one system of circulation may thus be of very limited depth, it

Fig. 12.—Ideal section illustrating the chief requisite conditions of artesian wells. A, a porous stratum; B and C,

impervious beds below and above A, acting as confining strata; F, the height of the water level in the porous bed A, or, in

other words, the height of the reservoir or fountain head; D and E, flowing wells springing from the porous water-filled

bed A. After Chamberlin.

does not follow that other systems of circulation are not utilizing tlie other

parts of the zone of fracture below the first circulation; for ver}' frequently

a belt below, which contains openings and is available for flowage, may
elsewhere reach the surface and have a feeding area. Indeed, such are the

circulations of many systems which are limited above by impervious strata.

One of the simplest of such systems is represented by fig. 12. There are

an indefinite number of variations of the systems of imderground circula-

tions, dependent upon various combinations of pervious and impervious

strata. In some instances there may be several superimposed or adjacent

systems, the relations of which are exceedingly complex. Some of- the

cases are of general geological interest. A number have been discussed by

aSlichter, 0. S., Theoretical investigation of tiie motion of ground waters: Nineteenth Ann. Kept.

U. S. Geol. Survey, pt. 2, 1899, p. 331.
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Cliamberliii and others in connection with artesian waters;" but the best

iUustrations of complex systems have been worked out in connection with

ore deposits, and in the chapter on that subject a number are discussed.

GRAVITY.

Thus far the full effect of gravity upon the character of the circulation

has not appeared. The discussion has been carried on as if the movement

of the ground water Avere controlled by simple pressure. But gravity is

ever pulling the water downward. This force, in the early part of the

journey, accords with the downward movement produced by head, and the

result is that the water follows a deeper course than it would if moving

through a homogeneous medium, in a manner similar to that of an electric

current.

INCREASE OF TEMPERATURE WITH INCREASE OF DEPTH.

It has been repeatedly stated that the normal increase of temperature

with increase of depth is 1° C. for each 30 meters. It has been pointed out

(pp. 140-141) that the viscosity of water decreases as the temperature

increases, and that the flowage of water is relatively rapid in proportion as it

has low viscosity. Indeed, in capillary openings it has been shown (p. 139)

that the flowage is inversely as the viscosity. When it is remembered that

the pore spaces of the ordinary mechanical sediments are of capillary size,

it is seen that this principle is very important in the flowage of ground

water. At a depth of 1,350 meters, supposing the increment of temperature

to be normal, the ground waters would have a temperature of 45° C. greater

than at the surface. At a depth of 2,700 meters the ground waters would

have a temperature of 90° C. greater than at the surface. The viscosity

of water at 45° C. is only about one-third as much as at 0° C, and

at 90° C is only one-fifth as much as at 0° C (See p. 141.) In the lower

part of the zone of fracture the temperature of water varies between

100° C. and the critical temperature of water, 365° C. (See pp. 566-5'i9.)

If we suppose that at temperatures above 90° C the viscosity decreases at

"Chamberlin, T. C, Artesian wells: Geol. of Wisconsin, 1873-79, vol. 1, 1883, pp. 690-691; also

vol. 2, 1878, pp. 149-152. Leverett, Frank, The water resources of Illinois: Seventeenth Ann. Kept.

TJ. S. Geol. Survey, pt. 2, 1896, pp. 802-803. Hill, R. T., Geography and geology of the Black and
Grand prairies, Texas: Twenty-first Ann. Kept. U. S. Geol. Survey, pt. 7, 1901, pp. 398-401.
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the same average rate as between 0° C. and 90° C, at a depth of 9,000

meters, where the temperature is probably about 300° C. greater than at

the surface, the viscosity woukl be only about one-twentieth of that at the

surface. From the foregoing it appears that in capillary openings in the

part of the zone of fracture below 1,350 meters, with a given head, the

flowage of water for capillary tubes of a definite size would vary from

about three times to about twenty times faster than at the surface. These

numbers are not accurate, because water at the surface usually has a higher

temperature than 0° C, but the error is not so great but that the conclusion

follows that increase of temperature with depth is a very important factor,

tending' to promote a circulation in the deeper parts of the zone of fracture,

for water follows the lines of least resistance; thei'efore, gi'ound water, on

the average, follows a deeper path than it would were the temperature and

viscosity uniform.

EELATIVE LENGTHS OF VERTICAL AND HORIZONTAL COMPONENTS.

The vertical component of the journey of ground waters in the belt of

cementation may be considered as confined to the zone of fracture, and is

probably measured by 10,000 meters, or at most by 12,000 meters. The
lateral component, on the other hand, may vary from a few meters to

hundreds or even a thousand or more kilometers. There can be little doubt

that, on the average, the horizontal component is much greater than the

vertical component. No limit can be assigned to the horizontal movement
of water. It is known that the nearest source for artesian waters may be

many kilometers from the Avells. For instance, in the James River Valley,

Dakota, the Dakota sandstone yields abundant water. The nearest place at

which this sandstone outcrops is several hundred kilometers distant, and it

therefore appears highly probable that the horizontal movement of the

ground water is measured by hundreds of kilometers, while its vertical

journey is probably less than 1,000 meters. Doubtless in this case the

horizontal distance which the water has journeyed is far greater than the

average, but still the average journey is probably one of considerable

length.

The length of the horizontal component of the journey has much to do
with the depth of the circulation. Where the horizontal component is
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comparative!)- short, not many times longer than the vei'tical component,

there is a strong tendency for the circulation to be relatively shallow.

Where, however, the horizontal component is very great, the relatively short

distance between the bottom and top of the zone of fracture of a ])orous

stratum is of comparatively little consequence. In such cases the circulation

through the deeper channels, provided they are equal in area and size to

the shallow channels and the water is of the same temperature, might be

practically the same as through the shallow ones. For instance, in the case

already cited of the Dakota sandstone of the James River Valley, its thick-

ness, about 100 meters, is insignificant compared with the horizontal journey

of hundreds of kilometers. Therefore, in such a case, if the sandstone were

equally porous throughout and of the same temperature, for the greater

part of the journey there would be no appreciable difference between the

amount of flow in the upper and that in the lower part of the sandstone,

although in the ver}^ early and very late stages of the journey the upper part

of the sandstone would have a greater flow. Where the horizontal journey

is long, it is possible, on account of increase of temperature, giving decreased

viscosity, that the circulation is more rapid through the lower part of a

formation than through the upper part. This would almost certainly be

true if all parts were equally porous. But if this were so, sooner or later

the more rapid flowage would carry the process of cementation of the lower

part of the formation farther than the higher part; and as the openings

became partially closed, this would tend to lessen the amount of the deeper

circixlation.

PREFERENTIAL USE OF LARGE CHANXELS.

A very important factor in the flowage of ground water is the great

variation, in any natural system of underground flow, of the area of avail-

able space and the rate of movement. In nature the points of entrance for

ground water are indefinitely numerous, and the places of exit compara-

tively few. The water falls upon the ground everywhere and enters the

innumerable pores. After a longer or shorter underground course, perhaps

passing under many subordinate hills and valleys, it escapes to the surface

as a spring or by seepage, nearer the drainage level than where it entered

the ground. The water began its journey through an almost infinite num-

ber of openings; it issues at many openings, but these are few compared

with the vast number of those at which it entered.
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This couclusion is based on the following facts: Openings in rocks are

never of uniform size. It has been seen that the resistance to flow in

capillary openings is far greater than in siipercapillary openings. In small

supercai^illary openings the resistance is greater per unit of ilow than in

larger ones. Thus there is a strong tendency for the water starting through

innumerable small openings to converge into larger and larger openings,

because these are the hues of least resistance. Of course, water may go

long distances underground witliout finding larger openings than those

near the surface, as in some sandstones; but if large openings exist, they

are fully utilized. Finally, when a single opening or a group of openings

larp-er than the average reach the surface at a lower altitude than the

average level of entrance of the water, there is a spring.

This reasoning is confirmed by exj^erimental work of King, who finds

that the flow in the Amherst sandstone of Wisconsin is faster along than

across the bedding planes. The openings along the bedding planes are

larger than those between the grains. The first are largely utilized in

flowage along bedding and the second must be utilized in flowage across

bedding planes."

From his experimental work King holds "that the movements of

groinid water across long distances must take place in considerable

measure through passageways larger than those which depend upon the

pore space fixed by the diameters of the grains which constitute the beds

themselves." ''

While I believe that in proportion as openings are large they are

much more fully utilized than a similar area of distributed openings of

small size, we must remember that the movement of the widely dispersed

deep water is often excessively slow, and that under these cii-cumstances

the resistance in the capillary tubes per unit distance is reduced to a very

small, almost an infinitesimal, amount. (See pp. 141-142.) Therefore

cai)illary openings between the grains in the cases of great sandstone and

similar formations may be the chief channels of circulation for large quan-

tities of water and for long distances. That such openings are the chief

channels through which the water actually flows in the deeply buried sand-

stones bearing artesian waters is indicated by the fact brought out by

"King, F. H., Principles and conditions of the movement of ground water: Nineteenth Ann.
" Kept. U. S. Geol. Survey, pt. 2, 1899, p. 126.

6 King, cit., p. 249.
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Slichter, that the pressure a short distance from the bottom of a well is com-

monly as great while the well is flowing as it is at the mouth of the well

when the flow is stopped." If the flowage was mainly, or even largely,

through supercapillary openings, this would not be the case.

Laro-e openings are favorable to a somewhat direct course; small

openings are favorable to a circuitous route. As the openings decrease in

size, a more circuitous route must be taken, for to pass a given volume

of water from one point to another it is necessary that a wide range of open-

ings be utilized. It has been pointed out (pp. 569-570) that the openings

of the belt of cementation are relatively large in its upper part and probably

diminish in magnitude as depth increases. So far as this is true, therefore,

large channels for truiak circulation are, on the average, most numerous near

the level of ground water, and diminish in number and size as depth increases.

From this, and the principle that the ground water tends to utilize the

larger openings to the greatest extent, it follows that the abundant cir-

culation tends to follow a relativel}'- shallow course.

The direct course of water in large openings is illustrated by limestone

regions where there are numerous large joints and sometimes caves within

which the water is quickly concentrated. In such instances the flowage

of water is very largely in the upper part of the zone of fracture.

RESULTANT CIRCULATION.

Summarizing, it has been seen that the movement of water in a

homogeneous medium is similar to the movement of a current of electricity

through a homogeneous medium, in that it utilizes the entire available

cross section. But by the water the more direct course is utilized to a

much greater extent than the less direct course. For the actual underground

circulation this general statement must be modifled in various ways. The

circulation is limited wherever a formation is met in which the openings

are subcapillary. Gravit)^ and increase of temperature with depth tend to

cause the water to take a deeper course than it otherwise would. On the

other hand, the preference of water for the larger openings, and the greater

abmidance of openings of large size near the surface, tend to.give the water

a shallow course. Therefore the influence of gravity and temperature and

-that of large openings oppose each other. Which of these two opposing

« Slichter, C. S., Theoretical investigation of the motion of ground waters: Nineteenth Ann. Kept.

U. S. Geol. Survey, pt. 2, 1899, pp. 363-364.
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factors is the more important is uncertain, but probably the existence of

larger fractures near the surface is more important than the effect of gravity

and temperature.

It has been seen that during' the first part of the underground journey

of water the vertical component is downward, and that during the latter

part of its journey the vertical component of much of it is upward. It

follows that, on the average, the downward movements of water are through

the smaller, and the upward movements through the larger, openings in the

rocks. Of course, where large openings are available for the downward-

moving water they are fully utilized, and therefore to a greater extent than

a similar area of smaller openings. But even if this be true, the statement

still holds that, on the average, the larger openings are more extensively

used by the upward-moving water than by the _downward-moving- water.

From the foregoing it appears that a system of circulation of ground water

has a very close analogy to a tree of peculiar character.

The points of entrance of water are the ends of the indefinite number

of twigs; these twigs maite into a branch; the branches unite to produce a

larger branch; the larger branches unite into a trunk; and at the end of a

trunk is a spring. The analogy of an underground drainage system to a

tree is even closer than that of a surface system; for in a system of under-

ground water circulation three dimensions are concerned to an important

extent, while in a sm-face system of drainage the movement of the water is

approximately confined to a plane. But, from what has gone befoi'e, it is

clear that the tree of ground water has a peculiar shape. The twigs and

branches have an important downward component; the larger branches

of .the tree may be considered as approximately horizontal; and the trunk

usually has an upward component, which may be slight but is often

important. Thus twigs, branches, and trunks together ordinarily make a

great U. Where the water issues near the places of entrance the sides

of the U are rather close together. Where there is great lateral move-

ment of the water the sides of the U are very far apart. Such a system

of ground water is somewhat similar to that of a surface system of drainage.

Ordinarily where the water first enters the underground sea the area

of available space is exceedingly great and the rate of movement is very

slow. As the water gathers in the larger openings the speed increases, and

in the final trunk channels the water may have a very rapid movement, as
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shown l3Y springs. These facts are important in connection with the varia-

tion in the size of the openings. The earlier movements are in the capillar}'

openings, where the resistance to rapid flow wonld be great ; but here the

movement is slow, and consequently the friction is very small. (See p.

581.) As the water passes into the supercapillary branch and trunk

channels, the important factor in friction is not that between the moving

water and the adherent films, but the internal fi-iction. The total friction

in these larger channels is almost indefinitely small as compared with the

friction of the same amount of water moving at the same rate through the

same area subdivided among capillary openings; for the area of contact,

and therefore the friction between the moving liquid and that fixed to the

walls, is inversely as the size of the openings. (See pp. 136-137.)

An underground circulating system is ideally illustrated in many arid

and semiarid regions. In the United States it is especially well illustrated

in the Great Basin and in southern California. In these regions the early

parts of the courses of many streams are in mountain gorges, where

usually considerable streams are above ground. As the streams leave

the gorges and pass out to the plains their courses are over their own

deposits, consisting of great alkivial fans of material, coarse and fine,

which is called "wash." The streams at these places commonly pass

underground, and there, as shown by drilling for wfi,ter, follow some-

what definite channels. Lower in the course of the drainage systems a

large part of the underground water frequently issues in a series of springs,

or by seepage on a large scale, and continues its course above ground.

The gravel and coarse sands furnish a close approximation to a homoge-

neous medium and ideally illustrate the laws of flowage given on pages

129-152, 572-576. Such an underground circulation as the above differs

from an overground system in that the boundaries of the water courses are

indefinite, in that the movement as compared with the movement over-

ground is exceedingly slow, and in that the undei-ground cross sections

are necessarily much larger. The work of Professor Slichter shows that

the ground water of the Arkansas River flows in gravels at a rate not

greater than 3 to 5 meters a day." Supposing the rate of movement of the

overground streams to be 10 kilometers an hour, or 240 kilometers a day,

and supposing the rate in the underground streams in the Great Basin or

«Slicliter, C. S., The motions of underground waters: Water-Sup. and Irr. Paper No. 67, U. S.

Geol. Survey, 1902, p. 43.
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in southern California to be four times as great as the most rapid rate in

the Arkansas sands—that is, 20 meters a day—the overground rate would

be 12,000 times as fast as the underground rate. When it is remembered

that underground about three-fourths of the space is occupied by sand

and gravel, and that the openings present are more or less irregular, at

the maximum the a^^-ailable openings are not more than one-fourth the

entire space. It follows that, in order to accommodate the underground

Avater, the channel would have to be 48,000 times larger than at the

surface. This number may be an overestimate, but certainly an under-

ground channel through sand and gravel to accommodate a certain amount

of water must be many thousand times larger than an overground channel

with the same slopes which accommodates the same amount of water.

While many streams in the semiarid and arid regions normally have

an underground course as above described, at occasional times of flood,

which may be for a brief season each year or may occur only once in a

number of seasons, the mountain streams are of such increased volume

that the underground circulation is not sufficient to dispose of the water, in

which case there is for a time also an overground circulation, which usually

follows approximately the same general course as the ground waters. It

is at these times of flood that the fans of the wash are built up and the

overground channels determined. Such circulations are ideally illustrated

by the Santa Ana, San Gabriel, San Antonio, and other streams of southern

California.

Excellent illustrations of underground flowage are furnished by
artesian systems. For instance, in Wisconsin the Potsdam sandstone is an

artesian water-bearing stratum. This sandstone is 200 to 250 meters thick.

The annual precipitation in the district of its outcrop is approximately 60

centimeters. Supposing that one-half the rainfall enters the sea of ground

water in the sandstone, this would give an additional increment every

year of 25 centimeters. If the pore space of the sandstone be supj^osed

to be 16§ per cent, in order that the increment added shall find space in

the sandstone without raising the water level it is necessary to suppose

that the water of tlie previous year shall have moved downward 150

centimeters. In other words, the vei"tical flowage per annum is only

150 centimeters, or Ih meters. Suppose the dip of the sandstone to be 2

meters per kilometer ; it would follow that the lateral movement of the
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water, in order that the new water shall have room to enter the sandstone

without raising the water level, should be three-fourths of 1 kilometer per

aniram. If the dip of the artesian-bearing strata were steeper the lateral

movement would be much less. The above case, however, is approxi-

mately that of the Potsdam sandstone of Wisconsin. Since the -average

lateral movement of the water can not be supposed to be more than

three-fourths of 1 kilometer per annum, the water which enters the artesian

circulation at a distance of 160 kilometers from Chicago should, on the

average, issue from the wells at Chicago 200 years after it enters the sea

of ground water in Wisconsin.

In so far as the openings in the porous stratum are not of uniform size,

the movement will be more rapid through the larger openings, and so far

as this takes place the water rising in the artesian wells would remain

underground for a less time than calculated; but, on the other hand, the

remainder of the water which did not follow the larger openings would

travel at a slower rate than calculated, and thus remain underground a

longer time; and thus, so far as difference in porosity is concerned, the

average would be as. calculated.

The average length of time during- which the water remains in the

ground would probably be longer, perhaps much longer, than calculated,

for all the premises are made so as to give the minimum time. For

instance, the calculation is made upon the supposition that the porous

stratum is homogenous and that there is no leakage through the overlying

impervious structure, whereas it is certain that there is leakage. In so far

as there is leakage the lateral luovement would be slower and the calculated

length of time should be increased.

Also the annual rainfall which enters the sea. of ground water in the

belt of cementation is not so great as 25 centimeters, for a considerable

portion of the water which goes underground is evaporated from the belt

of weathering. In so far as the amount is overestimated the length of time

calculated—two hundred yeai-s—should be increased.

The above result as to length of time which water remains underground

in an artesian circulation is not so surprising when we compare it with the

exceedingly slow flow already mentioned for the underground water in the

sands of the Arkansas River and of the alluvial cones of southern Cali-

fornia, in which the descent of the level of ground water is many times
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greater per kilometer than the gTadieiit for the artesian water, as figured by
dividing the difference between the head and the point to which the water

would rise by the horizontal distance. Where the sandstone is jDerforated

by artesian wells near Lake Michigan the water rises with a pressure which

is a large fraction of the pressure due to head.

If, for instance, the city of Chicago be taken, the nearest point at

which the Potsdam sandstone outcrops is about 150 kilometers, and the water

for the Chicago wells is probably mainly derived ft-om points 150 to 250

Mlonieters from Chicag'o. The average elevation of the catchment area

above Chicago is 80 meters. The water of the early artesian wells at Chi-

cago, before they were so numerous as mutiially to interfere when allowed

to flow, rose to an altitude of about 30 meters above the surface;" or, there

is a loss, in the entire distance of 150 kilometers or more, of only about 50

meters of j)ressure. This small loss of head, which may be attributed to

friction between the water and the sandstone, and within the water, is to

be distributed through this entire distance. It follows that iii the capillary

openings of this sandstone the friction of the water is almost zero, else the

pressure at the wells would not so nearly equal the pressure due to head.

Of course the moment the wells are allowed to flow, and especially if there

be a number of contiguous wells which are allowed to flow, the 23ressure

rapidly drops. This is not due to friction through the major course of the

water, where the movement is slow, but is due to friction adjacent to tlie

wells, where the water is moving rapidly toward them. This is shown by
the fact that at a distance of from lOO to 200 meters from a well the pressure

is commonly as great while the well is flowing as it is at the mouth of the

well when the flow is stopped.' Indicating the same thing is the fact that

the flow of a well may be greatly increased by shattering the rock at the

bottom of the well, thus producing supercapillary openings into which the

water may issue from the capillary openings. If the area of these super-

capillary openings be many times that of the cross section of the well, the

chief source of friction is that of moving water in the well itself; for the

water has a chance to slowly ooze from the capillar}^ into the supercapillary

tubes without rapid motion, and to make its way to the well tube through

«Leverett, Frank, The water resources of Illinois: Seventeenth Ann. Eept. U. S. Geol. Survey,

pt. 2, 1896, pp. 805-806, 811.

''Slichter, C. S., Theoretical investigation of the motion of ground waters: Nineteenth Ann. Eept.

U. S. Geol. Survey, pt. 2, 1899, pp. .363-364.
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maiay supercapillavy channels of much greater cross section tlian the well.

The rapid movement is restricted to the section of water in the well, and

there the friction is great. This Wisconsin illustration is typical of natural

systems of ground water flow; for, as shown on page 583, a natural system

of flowagre simulates a tree. At the outset there are an indefinite number

of minute openings throug-h which the water slowly moves to the branch

openings. In the branch openings the movement is faster. The branches

unite into the trunk channels, and in these the movement of the water is

rapid.

The analogy to a tree has been suggested in order to get definitely

in mind the sreneral character of the circulation of ground water. But the

analogy must not be pushed too far. A tree commonly has but a single,

continuous, solid trunk, although willows and other trees have many trunks.

Very frequently, indeed commonly, the trunk channels of ground water

circulation are very complex. While a main watercourse may exceptionally

occupy a single open passage, ordinarily it occupies a number of inter-

locking passages. These may be the parallel openings of a complex fault,

the smaller numerous openings of a zone of fissility, or the more open places

of sandstones or conglomerates. In short, a trunk channel of ground water

differs from other channels only in that because the openings are larger

than the average, they are places where there is more circulation.

Thus far the discussion has not taken into account the geological

Avork of the circulation itself But the character of the circulation is being

continually affected by the material deposited.

Later in this chapter it will be explained that under quiescent condi-

tions the process of deposition of mineral material in the openings of the

belt of cementation continues until the openings are practically closed. In

proportion as this process is advanced the openings become smaller and the

circulation slower. In many great, almost perfectly cemented formations,

as the process neared completion, the movement of the ground water must

have become exceedingly slow, and finally practically ceased. After a

formation has been once cemented, orogenic movements may again produce

fractures within it, and thus form new openings through which an under-

ground circulation may again be set up.
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GENERAL STATEMENT.

Ill conclusion of this part of tlie subject, while the lessened viscosity

with depth, slow movement, and long journey are all very favorable to a

deep circulation, I have little doubt that in porous strata large openings

near the surface and the more direct course of a shallow journey result, on

the average, in much larg-er flowage in the upper part of the belt of cemen-

tation than in the lower part.

TEMPERATURE OF ENTERING AND ISSUING WATER, AND TRANSFER OF HEAT.

Before taking up the work of ground water in the belt of cementation

it is necessary to consider the relative temi^eratures of the water which

enters and departs from the sea of underground water. Is the water which

joins the belt of cementation colder or warmer than that which issues

from it"?

At a certain definite distance below the surface, in most regions from

12 to 15 meters, seasonal variations in temperature are eliminated; the

thermometer discloses no difference between the temperature of winter

and that of summer. The thermal conductivity of the rocks is so low and

the amount of water which passes to the belt of cementation is relatively

so small that the great variations of temperature of the atmosphere, of

the rocks at the surface, and of the meteoric water, emphasized on pages

433-444, 458-460, at the depth of a few meters all merge into a temper-

ature uniform for a given locality, but of course variable in different

localities, and especially with latitude.

When the rain falls upon the soil it may be warmer or colder than the

surface of the earth, but the part that sinks into the soil is subdivided

between the pores of the rocks and comes into most intimate contact

with them, so that when the water at the surface is warmer than the rocks

it is cooled; when colder than the rocks it is warmed. Thus the two

quickly assume nearly the same temperature. Doubtless downward-moving

water is one of the most important of the agents which determine the fixed

average annual temperature of the rocks a short distance below the surface.

The reason for this belief is the high specific heat of water as compared

with rocks. However, the relative influence of the heat given hj water

and that due to other climatic factors, such as latitude, altitude, etc., need
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not here be discussed. For the present purpose the important point is that

for any locahty at a very moderate distance below the surface the water

and the rocks haA^e a common and practically invariable temperature.

It is highly probable that the point at whicli there is no appreciable

annual change of temperature is not deeper, on the average, than the level

of ground water. If this be so we may consider the ground water as

entering the belt of saturation at a fixed temperature. Assuming this, in

order to answer the question whether the water is colder or warmer when

it issues from the belt of cementation than when it entered the belt, it is

necessary to consider in what manner the water may gain or lose heat

during the interval.

For the following reasons it appears highly probable that, on the

average, the water gains heat during its underground journey:

(1) Earth movements are general for the lithosphere, and in many

regions these are of the most intense character. So far as earth movements

take place, to a very large extent the energy of the mechanical action finally

passes into heat. Where the movements are forceful the amount of heat

thus produced is considerable. The circulating underground water in

contact with the rocks necessarily absorbs some of this heat.

(2) It has been shown that the dominant chemical reactions that take

place in the belt of cementation are those which liberate heat. Of all the

reactions characteristic of the belt of cementation it has been pointed out

that hydration is the most important, and this process liberates a large

amount of heat. The chemical reactions therefore furnish heat which the

percolating waters must certainly absorb, in part at least.

In the lower zone, that of anamorphism (see p. 167), it has been

pointed out that the dominant chemical reactions take place with absorption

of heat. But where these reactions take place it is only through the

expenditure of mechanical energy which liberates heat to a greater extent

than that absorbed by the chemical reactions. That is, as a result of

mechanical action and chemical action together, as fully developed on

pages 110-11-3, there is a residuum of heat hberated to be absorbed by

the water, and therefore if the reactions of the zone of anamorphism

affect the temperature of the water of the belt of cementation at all it

must be by addition of heat.

(3) Very large quantities of heat are brought into the belt of cementa-

tion by intrusive igneous rocks. The intruded rocks are partly cooled by
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t.ie transmission of their lieat to the surrounding rocks and by conduction

to the surface, but the underground circulating water in contact with the

igneous rocks and in contact with the other rocks heated by them absorbs

a large amount of the heat, probably a much larger amount than that

transmitted to the surface through conductivity.

(4) After the water joins the sea of ground water its vertical com-

ponent is at first downward. Because of the normal increment of increase

of temperature—1° C. in 30 meters—the descending water gradually

absorbs heat from the rocks. During the ascent the water tends to give

heat to the rocks, because it is passing from rocks of higher to those

of lower temperature. But the upward movement of the water is of

shorter duration, is in larger openings, and is more rapid than its downward
movement (see pp. 682-584); therefore it seems probable that in conse-

quence of normal increase of temperature due to depth, more heat is trans-

mitted to the water than is abstracted from it.

When we combine all four of these factors it follows to a certainty

that the" water in its journey absorbs heat, on the average, and therefore

issues from the belt of cementation at a higher temperature than it enters it.

Hence it appears perfectly clear to me, from general reasoning, that during

the circulation of ground water it abstracts heat from the rocks.

So far as I know, no attempt has been made to prove this general

statement by observation; but it appears to be highly probable that it could

be proved by careful experiments. At the crests of elevations in various

regions temperatures should be taken at tlie level of ground water. In the

same regions the average temperature of the water issuing from springs

should be observed. The two sets of data should be compared. While no

general observations have been made along these lines, in some regions of

recent orogenic movements and volcanism observation does clearly show
that the temperature of the issuing water is higher than that of the entering

water. This is well illustrated by the Cordilleran region of western United

States. This is a region of comjjaratively recent epeirogenic and orogenic

movements and of volcanism. Gilbert and others" have shown that,

scattered throughout this vast region, occupying nearly one-third of the

a Gilbert, G. K., Volcanic rocks and mountains, with localities of thermal springs in the United
States: U. S. Geog. Surv. W. 100th Mer., vol. 3, 1875, pp. 145-155. Howell, E. E.. Thermal springs:

ibid., pp. 256-257. Stevenson, J. J., Mineral springs: ibid., pp. 478^87.
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United States, are many springs the te)uperatures of which vary from

30° to 100° C. For instance, in the Yellowstone Park are a great

number of hot springs and geysers, the temperatures of which approximate

100° C. That a vast amount of heat is brought to the surface by the

underground circulation of this district can not be doubted. The number

of springs in the Cordilleran region which are known as hot is very small

as compared with those which are simplj^ warm. The warm springs,

according to Grilbert," may be considered as those having a temperature

between 18.3° and 37.7° C. (65° and 100° F.) or practically blood heat

According to Gilbert, *" the water of all the foregoing springs exceeds the

mean annual temperature of the air by 8.3° C. (15° F.).

Although we have no data by which to verify the statement, I have

no doubt whatever that the number of springs the temperature of which is

slightly but measurably above the mean annual temperature exceeds many
times the total number of all springs the temperatures of which are so notably

above the normal temperature of the region as to be called warm or hot.

Finally, it is highly probable that the amount of water which escapes

through notable springs is small as compared with that which reaches the

drainage of the valleys through small openings and seepage. The move-

ment of this water is relatively slow, and it may be presumed that it is at

but a slightly higher temperature at the point of issue than the average

temperature of the rocks of the surface. But it is to be remembered that

a slightly liigher temperature of issuing water over that of the entering

water through the vast number of springs of very moderate temperature,

and through seepage, is probably of far greater quantitative importance

than the marked increase of temperature in the comparatively few warm
and hot springs. This illustrates the old piinciple that widespread small

forces and agents may be of more importance, sometimes incomparably

more, than the more conspicuous but more circumscribed forces and agents.

In -other regions of recent orogenic movements and volcanism essen-

tially the same facts prevail as in the Cordilleran region of America; and

therefore observation, so far as it has gone, confirms the genei'al reasoning

given on pages 690-591, that water issues from the belt of cementation at

a higher temperature than it enters it.

Aside from the matter of metamorphism, this conclusion has a bearing

upon the refrigeration of the earth. The heat of the earth produced by

"Gilbert, cit., p. 148 6 Gilbert, cit., p. 149.
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mechanical action, produced by chemical action, transferred to within the

zone of fracture by volcanism, and derived from the interior by conduction,

so far as it escapes is largely transferred by means of water. If this con-

clusion be true the question immediately arises as to the effect upon the

temperature gradient.

Barus states that, because of the chemical action of water in the pores

of rocks, heat is liberated; and that we may consider the zone of circula-

tion as a furnace. From this he concludes that the temperature gradient

observed is probably not high enough, on the average, or the "observed

rate of increase of temperatui-e with depth is too large."" The reasoning

applied to heat developed by chemical reactions would apply to that pro-

duced by mechanical action in the zone of fracture and to that introduced

by volcanism. But in Barus's statement the fact tliat the water is in circu-

lation is altogether neglected. This makes the case much more complicated

than Barus supposed. The water is in circulation, and, as already shown,

is constantly abstracting heat from the earth. Therefore it appears that,

aside from volcanism, from the zone of fracture heat is being transferred to

the surface in two ways—by conduction and by the convectional circula-

tion of water. I suspect that the heat convectionally transferred by

circulating waters is as great as or greater than that lost by conduction.

The amount thus transferred by convection may more than compensate for

that develojjed within the zone of fracture by mechanical and chemical

action and by volcanism.

The above suggestions are offered to show that the problem of the

heat gradient is much more intricate than has been supposed, and that the

heat problem of the earth can not be treated as a simple one in which con-

duction is the only factor to be handled. The problem is so complicated

by chemical action, by mechanical action, by igneous intrusions and

extrusions, and by the water circulation in the zone of observation, that

any conclusion as to the loss of heat of the earth and the depth to which

cooling extends which ignores these disturbing factors is of very little value,

to say the least.

n Barus, Carl, The compressibility of liquids: Bull. U. S. Geol. Survey No. 92, 1892, pp. 83-84.
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TAEIABLE MATBRIAXiS AND CONDITIOKS OF BELT OF CEMENTATION.

Within the belt of cementation the materials and conditions are variable,

but not nearly so variable as in the belt of weathering. The materials

within the belt of cementation include all the classes which exist in the

belt of weathering- (see pp. 429-430); that is, igneous rocks, sedimentary

rocks, surficial rocks, metamorphosed rocks, and their variations and

gradations; but ordinarily the alteration products are not nearly so com-

plex in the belt of cementation as in the belt of weathering, and therefore

the alteration forms of the belt are much less varied than those of the belt

of weathering.

Water solutions are the main active agents at work in the belt of

cementation. Gaseous solutions and organic compounds, which are so

important within the belt of weathering, play a comparatively small part.

The water solutions may contain any of the bases and acids which occur in

the belt of weathering. (See pp. 457-458.) They may also contain gases

in solution, of which oxygen and carbon dioxide are the more important,

but others are of considerable consequence. In the belt of cementation the

temperature varies with depth and also varies greatly in consequence of

mechanical action and igneous intrusions. A great range of temperature is

much more common than in the belt of weathering, but the speed of change

at any place is slow, so that for a long time at any one place the tempera-

ture is relatively constant. The work of the belt of cementation is

accomplished by mechanical and chemical agents, precisely as in the belt

of weathering, but the character of the work performed is very different

from that of the belt of weathering.

AVORK IN BEET OF CEMENTATION.

The rocks in the belt of cementation are modified by mechanical work,

by chemical work, and by igneous work.

MECHANICAL WORK.

The inechanical work of the belt of cementation occurs in connec-

tion with deformation. The mechanical work of wind, water, and ice, of

changes in temperature, of plants and animals, so important in the belt of

weathering, plays no part. The chief force producing deformation is gravity
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acting directly ov indirectly through orogenic movements and intrusives.

The direct pressure due to gravity increases with depth. It is therefore

increasing' at areas where loading is taking place by sedimentation or igneous

accumulations, and is decreasing in areas where denudation is going on.

Heat is also a force producing mechanical effects. As a result of denudation,

by which process the rocks approach nearer the surface; by sedimentation,

by which process rocks pass deeper below the surface; by mechanical and

chemical action, and by the intrusion of igneous rocks, the temperature is

chang'ed. Increase of temperature expands the material affected, and

therefore induces compressive strains and tends to decrease the openings

within the rocks. Decrease of temperature produces the opposite effect.

The mechanical work of deformation includes the processes of consoli-

dation, strain within the elastic limit, and strain beyond the elastic limit.

Each of these processes is considered, in turn.

CONSOLIDATION.

Mechanical consolidation is a process by which the separated parts of

a rock are brought closer together through pressure. The pressure may
be due to the weight of the superincumbent rocks, to the lateral thrust of

orogenic movements, to the hydrostatic pressure of igneous rocks, and

to mineral growth during cementation and metasomatism. The very

idea of the zone of fracture, to which the belt of cementation belongs,

implies that the rocks and mineral particles are sufficiently strong to be

self-sustaining.

Ill proportion as the rocks show openings, and especially in proportion

as they are incoherent, mechanical consolidation is likely to produce an

important effect. The incoherent rocks comprise the mechanical sediments

and tuffs in their original condition. The colierent rocks comprise both of

the above classes which have been more or less cemented and the massive

rocks which may have openings due to various causes.

For the present purposes the mechanical sediments are of two general

classes, the silts and muds, and the coarse sands and grits. The first of

these classes is the one which is most affected by mechanical consolidation.

In many cases the mineral particles of the fine-grained silts and muds appear

to be separated by water. In such a rock pressure gradually squeezes

out this water, bringing the mineral particles into contact. At the same
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time the mineral particles are mechanically readjusted in reference to one

another. In consequence of the two the volume of the material may be

considerably decreased. The process of consolidation may continue until

finally the particles are brought so close together that they cohere. As

explained by Becker," when the films of water between the particles

become very thin, they may become an important factor in the coherence

of the rocks. The molecular attraction of the water films and the adjacent

particles, or their adhesion, and the cohesion of the molecules of the films

may be sufficient to give the rocks a certain amount of strength. As the

process of squeezing out the water goes on, many of the particles are

brought so close together as to be within the sphere of molecular attraction

independent!)" of the separating films of water. So far as this is true the

particles are welded by the pressure. The welding and the adherent

influence of the water films may give the muds and silts marked coherence.

During the process of consolidation, as the water escapes the ^pressure

to which it is subject gradually becomes less. Therefore if saturated or

nearly so, during- its escape it may deposit a portion of the material in

solution, and hence cementation dependent upon mechanical consolidation

may promote induration.

In proportion as the particles of the mechanical sediments become

large and clean the process of mechanical consolidation becomes less

important, for the points of contact rapidly decrease in number as the

sediments become coarse, and where they are very coarse such contacts are

so few that the rocks gain little strength as a result of close contact and the

adherent effect of the films of water. Moreover, as shown b)^ Professor

Slichter,^ coarse mechanical sediments deposited by water are usually

arranged in a somewhat compact manner. This natural arrangement,

while not the most compact possible, is so compact that experiments

show that subsequent mechanical disturbances sufficient to displace the

grains in reference to one another ordinarily result in decreasing the com-

pactness of the packing, and therefore in increasing the volume of the rocks.

The tuffs are somewhat intermediate in character between the coarse

and the fine mechanical sediments. They ordinarily include both classes

a Becker, Geo. F., The torsional theory of Joints: Trans. Am. Inst. Min. Eng., vol. 24, 1895, p. 131.

ftSlichter, C. S., Theoretical investigation of the motion of ground waters: Nineteenth Ann. Rept.

U. S. Geol. Survey, pt. 2, 1899, p. 305.
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of matPi-ial in the same rocks. If originally arranged under air, they have

a very much less compact arrangement than they or the ordinary sednnents

do if arranged under water. Thus many tuffs are in a condition ni which

mechanical adjustment of the particles by pressure may give a considerably

more compact arrangement. Also, since between the coarse particles there

are many fine particles, the number of points of contact between the

particles raav be sufficient to give considerable coherence by welding, and

the strength"'is further increased by the adherent power of the water films,

precisely as in the case of the muds and silts. Therefore it is probable that

to a considerable extent tuffs may be consolidated by pressure.

lu general in the zone of fracture the coherent rocks are sufficiently

strong to support themselves, and mechanical consolidation is relatively

unimportant. However, the openings produced by rather rapid movements

may be subsequently gradually closed by the steady pressure of gravity or

thrust. .In the massive rocks containing no openings mechanical consolida-

tion has no appreciable effect.

STRAIN WITHIN ELASTIC LIMIT.

All substances subjected to stress are more or less strained, and the

amount of the strain is proportional, although not directly proportional to

the stress The rocks throughout the belt of cementation are all subjected

to stress, and therefore to strain; for none are free from the weight of the

superincumbent material, and in general they are subjected to compressive

or tensile stresses parallel to the surface of the earth. It has been seen

that in the belt of cementation the direct stress of gravity, and its indirect

effect through orogeiiic movements, is sufficient to mechanically consolidate

the rocks and to fracture them in the most extensive manner. It is clear

that in a given case of rupture, before fracture took place the rocks must

•

have been strained to the elastic hmit. Therefore the amount of the strain

within the belt of cementation varies from an insignificant quantity to

strain to the elastic limit of the rocks under the conditions in which they

exist It would be generally agreed that the intensity of the strain is very

important at moderate depths. But it is commonly supposed that rocks

near the surface, and especially in little disturbed regions, are not under

considerable strain; but that this conclusion is erroneous is shown by

observations which have been made by a- number of men. Niles has
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shown" a high state of strain in the granite quarry at Monson, Mass.

Before the quarry was opened it would not have been supposed that the

rocks were subject to any unusual amount of stress, but when the quarry

was opened the rocks were found to be in such a state of strain that fre-

quent ruptures spontaneously took place, or occurred with very slight

assistance by the quarrying operations. Before quarrying began the rocks

were prevented from lateral expansion, but after an excavation was made

they were freed from pressure on one side, and this loss of restraint led to

the rupturing already mentioned. That the Monson granite is elastically

compressed is shown by the fact that when a great mass is cut off from the

sides of the quarry it expands so that the bisected drill holes do not match.

Also elastic compression is shown by the expansion at various times during

the quarrying, anticlinal arches thus being formed by the elevation of lay-

ers along* horizontal planes of rupture. Johnston had previously described''

similar spontaneous movements in the sandstone strata at Portland, Conn.

Niles has also given'' evidence of very important strain in the sandstone at

Berea, Ohio, in the limestone of Lemont, 111., and in quarries in Connecticut.

At various places in the Galena limestone of the Fox River Valley,

Wisconsin, after excavation has been made, the layers have been found to

be under such elastic strain that they have released themselves by expan-

sion, forming aiiticlinal arches, in places 40 cm. in height. '' Gilbert has

described" post-Glacial anticlinal arches at various places in the Devonian

shale of New York and northwestern Ohio and in the Trenton limestone of

New York. It thus appears that the rocks in the upper part of the belt of

cementation may be in a state of strain near or even to the elastic limit at

many places throughout extensive regions. The condition of mechanical

strain can be discovered only by quarrying processes, and by observations

such as are given above. When a specimen is taken from a quarry in which

« Niles, W. H., Peculiar phenomena observed in quarrying: Proo. Boston Soc. Nat. Hist., vol. 14,

1871, pp. 1-8.

6 Johnston, John, Notice of some spontaneous movements occasionally observed in the sandstone

strata in one of the quarries at Portland, Conn.: Proc. Am. Assoc. Adv. Sci., 8th meeting, 1854, pp.

283-286.
< Niles, W. H., The geological agency of lateral pressure exhibited by certain movements of rocks:

Proc. Boston Soc. Nat. Hist., vol. 18, 1876, pp. 272-284.

f'Cramer, Frank, On a recent rock flexure: Am. Jour. Sci., 3d ser., vol. 39, 1890, pp. 220-225.

Also, Cramer, Frank, On the rock fracture at the combined locks mill, Appleton, Wis.: ibid., 3d ser.,

. vol. 41, 1891, pp. 432-434.

'"Gilbert, G. K., Post-Glacial anticlinal ridges near Ripley and Caledonia, New York: Am. Geol.,

vol. 8, 1891, pp. 230-231.
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the rocks are much strained, by that process it is largely relieved fi-om

strain, and a slide of it placed under the microscope may show little or no

evidence of its former state of strain.

It therefore a'ppears probable that a high state of strain is the common

condition for the great mass of the rocks constituting the belt of cementa-

tion. It has been explained on pages 95-98 that in proportion as min-

eral particles are in a state of strain they are likely to be acted upon

chemically by the ground solutions. Therefore the very general and

marked state of strain in the rocks of the belt of cementation is probably a

very important factor in their alteration. This is especially true of meta-

somatism. By that process, as explained on pages 690-692, the rocks

may be released from strain, the mechanical energy producing the strain

being utilized in promoting recrystallization. It is difficult or impossible

to prove the importance of state of strain in metasomatism except by

general reasoning, based upon the experimental facts referred to in Chapters

III and VIII. But it is my confident belief that the general state of strain

is one of the most important of the inciting causes of alteration.

STRAIN BETOND ELASTIC LIMIT.

Strain beyond the elastic limit results in fracture. The belt of cemen-

tation belongs to the zone of fracture. It has been seen in the previous

sections that deformation may be accomplished to a considerable extent by

differential movement of the particles of incoherent rocks and by strain

within the elastic limit. Where the rocks are coherent marked deforma-

tion in the belt of cementation is largely accomplished by fra,ctures and

by movements along the fracture planes. In the very partially indurated

rocks fracturing may consist in the rupturing of the particles from one

another, and adjustment come by differential movements between the par-

ticles. But in the coherent rocks the ruptures are wider spaced than the

individual grains. In the weaker coherent rocks the surfaces of rupture

are more or less irregular, ordinarily breaking' around rather than cutting-

through the grains. This form of rupture is well illustrated by sandstones.

The strongly coherent rocks usually show clean-cut fractm-es which cut

the mineral particles.

When rocks in the belt of cementation are strained beyond the elastic

limit there is a marked tendency for the ruptm*es to follow planes more or
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less closely, and for the planes to be in parallel sets. In a given case there

may be one or more of these parallel sets ; commonly there are as many as

three. In such instances the rocks are broken into parallelopiped blocks.

In some instances there are as many as six or more parallel sets of ruptures,

and by them the rocks are cut into various irregular forms.

The spacing of the different sets of ruptures is very variable. For

instance, if there be three sets of ruptures, the distances between the frac-

tures in one set may be several or many times as great as between those of

another set. The spacing of all the sets in one case may be much wider

than that of unj set in another case. The fractures may be very far apart,

as with widely separated faults or joints, or they may be very close

together. In some instances the different sets of I'uptures are so close

together that it is scarcely possible to find an unruptured parallelopiped a

centimeter in diameter. Ruptures of this kind are very well illustrated in

the slates and graywackes of the Wausau district of Wisconsin. However,

in the belt of cementation the ruptures are not so close as to cut all, or even

any considerable proportion, of the mineral particles. Between the amount

of ruptui'ing necessary to produce particles a fraction of a centimeter across

and that necessary to affect every mineral particle there is a very wide gap.

In general, near the surface the raptures are likely to be widely spaced,

with considerable differential movement along the fractures. As depth

increases, so that the rocks are subject to the weight of the superincumbent

material, the ruptures are likely to be closer together. When the depth

become so great that the fractures affect the individual mineral jDarticles,

the zone of anamorphism, or rock flowage, has been reached.

The ffactures produced in rocks must take place as a result of tensile or

compressive stresses.'* Where the rocks are homogeneous and the fractures

are by tensile stresses, they take place normal to the force. Where the

fractures are by compressive stresses—and this is probably much more com-

mon—the ruptures are inclined to the direction of maximum compressive

stress. Ignoring the effect of the stress, and supposing the rocks to be

homogeneous, the ruptures would occur in sets at angles of 45° to the

maximum stress. However, since the stress itself gives additional strength

«Becker, G. F., Finite homogeneous strain, flow, and rupture of rocks: Bnll. Geol. Soc. America,

vol. 4, 1893, pp. 48-49. Van Hise, C. R., Pi-inciples of North American pre-Cambrian geology: Six-

teenth Ann. Rept. U. S. Geol. Survey, pt. 1, 1896, pp. 6(38-678.'
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in the direction of compression, the inclinations of rupture are inclined at

angles less than 45° to the direction of greatest compressive stress.

The actual direction of fracture depends not only upon the direction

and nature of the stresses, but upon the character of the rocks. The

directions of rupture are greatly influenced by the variable strength of the

rocks, by the rock structures and textures, and by the difference in size and

strength of the constituent particles. Because of these varying factors

force is transmitted with unequal efficiency in different directions. Coi\se-

quently the direction of the maximum stress is not the same throughout a

rock mass, but varies from place to place. This variabilit}'- both in the

nature of the rock and in the direction of the stresses gives very great

irregularity of rupturing. Because of these variable factors no comprehen-

sive statement can now be made as to the directions of ruj^tures in rocks;

but certain special conclusions are evident. Where the rocks are hetero-

geneous the ruptures are likely to take place to a greater extent in the

weaker rocks. Where there are contacts of strong and weak rocks ruptures

are likely to take place at the contact planes, for these are planes of weak-

ness. Where there are regular structures, such as bedding, gneissositv,

schistosity, cleavage, the ruptures are likely to follow these planes of weak-

ness. Where in a rock the particles have variable strength, weaker particles

suffer more than the stronger ones. In the rupture of mineral particles

fractures are likely to follow cleavage planes, since these are planes of

weakness. All these factors result in giving ruptures which vary gi-eatly

from positions at right angles to tensile stresses and from 45° to the

maximum compressive stresses.

It follows from the foregoing tliat the. determination of the precise

direction and nature of the forces which produced rupture in any individual

rock is a most difficult matter.

After raptures are produced differential movements may result in the

rubbing of the parts adjacent to the fractures against one another. At such

places the individual mineral particles may be granulated. However, this

fracturing of the mineral particles is largely confined to thin layers along

the walls of the openings. This fracturing of the particles is in many
respects like the fracturing of mineral particles in the zone of anamorjjhism.

(See pp. 673-675.) The matter is not further considered here.

From the foregoing it follows that deformation accomplished by frac-

ture in the belt of cementation results in breaking up the rocks into great
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masses by faulting, into blocks by jointing, into layers by fractures along

bedding planes and other planes of weakness, into narrow slices by fissility,

and into irregular fragments hj brecciation. It lias furthermore been

seen that deformation produces comparatively unimportant changes in the

size of the masses between the fractures. In these masses the original

structures and textures are unaffected. But it will be explained under

cementation, metasomatism, and injection, tliat the ruptures furnish condi-

tions very favorable for these processes. Everywhere the ruptures give

ready passages for the circulating ground water; everywhere they give

ready entrance to intrusives. In consequence, the openings are closed

by cementation and injection. Moreover, from the openings the water,

frequently heated and loaded with material, is able to make its way for

short distances in the subcapillary openings between the grains, and thus

metasomatic processes are greatly promoted. Where the spacing of the

fractures is small metasomatism may modify the unbroken masses through-

out. Where the spacing of the ruptures is somewhat wide the metasomatic

alterations may not extend all the way from one passage to another, and

thus leave the interiors of the masses unaffected. Therefore there is very

great variation in the amount of metasomatic alteration in passing from the

walls of the openings to the interiors of the large unbroken masses. This

has been fully worked out in connection with ore bodies, which commonly

form along widely spaced, simple or complex, large openings.^ Lindgreu

especially has shown" how metasomatic jorocesses greatly affect the walls

of the fissures. The effect gradually dies out in passing away from the

openings, but may be marked for some distance.

CHEMICAL W^ORK.

The chemical work in the belt of cementation needs considei'ation

from two points of view—the chemical changes and the resulting processes.

CHEMICAL CHANGES.

The chemical work within the belt of cementation is accomplished

mainly by water solutions. Water is here the great agent of m'etamor-

phism, but the igneous rocks are second only to water solutions. They

aLindgren, Waldemar, Metasomatic processes in fissure veins: Trans. Am. Inst. Min. Eng., vol. 30,

1901, pp. 578-692.
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are of vastly greater importance than in the belt of weathering. At the

surface or Avithin the belt of weathering, igneous rocks rapidly lose their

heat, and thus produce a comparatively short-lived effect. Within the belt

of cementation the igneous rocks retain their heat for a very long time.

By their introduction they produce both a direct effect, due to their own
action, and—far more important—an indirect effect by heating the

solutions, and thus very greatly increase their efficiency both as to speed

of reaction and as to quantity of material which can be held, as is fully

explained elsewhere. (See pp. 79-81.)

The range of temperature at' which the solutions work is from 0° C. to

the critical temperature of water, which, as we have seen (pp. 566-569), is

365° C. The amount of work which the solutions accomplish in a given

time at very high temperatures is almost indefinitely greater than that

which is accomplished at lower temperatures. (See p. 79.)

The pressure at which the solutions work varies from that of an

atmosphere to the pressure of a column of water to the bottom of the

zone of fracture. Supposing the bottom of this zone of fracture to be at a

depth of 10,000 meters, the maximum pressure would be 1,000 kilograms

per square centimeter. Therefore the range of pressure upon the solutions

within the belt of cementation is very great.

By observation we know that in the belt of cementation the important

chemical reactions which take place as a result of the action of the various

agents are oxidation, carbonation, hydration, and solution and deposition.

These reactions are the same as those in the belt of weathering. Just as in

the belt of weathering, the reactions of .oxidation, carbonation, hydration,

and possibly solution preponderate over the reverse reactions. However,
the relative importance of these various reactions in the two belts is very
different.

All of these reactions, as has been seen, are of very great consequence
in the belt of weathering. Oxidation and carbonation are of much less

consequence in the belt of cementation; but this statement can not be made
of hydration, solution, and deposition. Hydration, because of the decreased

prominence of oxidation and carbonation, becomes the chief one of these

tlii-ee processes in the belt of cementation. Solution and deposition are both
of fundamental importance; but the first, solution, does not dominate as

it does in the belt of weathering. All of these reactions have been fully
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considered in Chapter VI on "The belt of weathering-," and they will here

be taken up only so far as their work is different in the belt of cementation

from that in the belt of weathering. The modifications are easily made for

oxidation, carbonation, and hydration and their reversals, but are complicated

for solution and deposition.

In the upper part of the belt of cementation, that near the level of

ground water, the active agents in .the solutions are very similar to those

in the belt of weathering, and therefore the reactions are closely allied to

those of the belt of weathering. But a,s depth below the belt of weathering

increases, the distinctions between the reactions which are of controlling

importance in the two belts becomes more and more clear, and for the

major part of the belt of cementation the relative importance of reactions is

very different from that in the belt of weathering. The depth to which all

the reactions of the belt of weathering extend into the belt of cementation

depends very largely upon whether the waters for the particular area are

ascending or descending. At places where large amounts of descending

waters are converged, and where the variations of topography are marked,

so as to give a very high head, all the reactions of the belt of weathering-

may be quantitative^ important to depths of 800 or 1,000 meters or more,

although such depths as these are very iniusual. But where the descend-

ing currents are driven by a low head, some of the reactions of the belt

of weathering may extend only to a ver}^ moderate depth into the belt

of cementation. In areas where the water currents are ascending, and so

continue to the belt of weathering, some of the reactions of the latter belt

may extend scarcely at all iuto the belt of cementation. Oxidation, car-

bonation, hydi'ation, and solution and deposition commonly do not take

place separately, but occur at the same time upon the same materials;

although, as pointed out on page 611, in the upper pai-t of the belt of

cementation, carbonation and oxidation are to some extent exclusive of

each other. But for the purposes of analysis it is necessary to treat each

separately.
OXIDATION.

Ordinarily when water passes from the belt of weathering into the belt

of cementation it contains oxygen in solution. The amount of this oxygen

may be as great as can be dissolved under atmospheric conditions of pres-

sure and temperature, or the water may be saturated. From this the
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timouut varies to almost nothing. Also, in consequence of atmospheric

pressure, oxygen maj^ be forced into the sea of grouiid water to some

extent. The favorable conditions for abundant oxygen in the water when

it joins the belt of cementation are a very porous belt of weathering and

absence of luxuriant vegetation. Under such conditions the atmosphere

circulates somewhat freely through the belt of weathering', and as oxygen

is exhausted in the belt by the processes of oxidation it is resupplied to the

solutions by the atmosphere.

It is seen (pp. 609-610) that the sources of carbon dioxide are abun-

dant, and therefore that the process of carbonation is almost universal in

the belt of cementation. The situation is very different with oxygen.

Practically the only oxygen supplied is that which is carried down by
solutions from the belt of weathering and that which makes its way into the

water of the belt .of cementation at the level of ground water in conse-

quence of atmospheric pressure. It naturally follows that, as the waters

move downward and the process of oxidation continues, the amount of

oxygen available becomes less and less. Commonly the ox^^gen is prac-

tically exhausted at very moderate depths. Therefore, while oxidation

takes place within the belt of cementation wherever oxj'gen is available,

for much of the belt there is no oxygen available for this process and hence

oxidation does not occur. This general reasoning is plainly confirmed by
observation. The waters of tlie upper part of the belt of cementation are

commonly oxidizing, while the deeper waters of the belt rarely contain

oxygen. According with this general observation, Lepsius has made exact

experimental tests of the amount of oxygen in waters derived from bore

holes, and he finds that with increase of depth there is a gradual and some-

what uniform decrease of oxygen contained in the ground waters." Bischof

many years ago verified the depletion of oxygen as the result of oxidation

by determinations of the relative amounts of oxygen and nitrogen in springs.

He found in cold springs that the oxygen is not so great in proportion to

the nitrogen present as in the atmosphere, and in warm springs this defi-

ciency is even more marked, and he correctly explains this deficiency as

due to the "partial combination of this gas with oxidizable substances.'"'

oBerichte Deutsch. chem. Gesell., vol. 18, 1885, p. 2487.

>> Bischof, Gustav, Elements of chemical and physical geology, translated by Paul and Drum-
mond, Harrison & Sons, London, 1854, vol. 1, p. 234.
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Under ordinary circumstances oxygen is practically exhausted in the

early part of the journey, so that it is rather unusual for marked oxidation

to extend more than a few meters below the level of ground water. But

where, because of marked relief, there are large and strong downward-

moving currents through open and porous rocks, the process of oxidation

may extend to a very considerable depth into the belt of cementation.

This has been especially noticed in mining regions, where ore deposits are

commonly located along joints, faults, or other trunk channels where there

are numerous and large openings. One of the best illustrations of oxidation

extending to a considerable depth is that furnished by the iron ores of the

Lake Superior region. Here, as fully explained in the chapter on ore

deposits, the process of oxidation has extended on a very great scale to the

depth of 100 meters, in mines has produced great ore bodies to a depth

of 300 meters, and exceptionally has gone on to an imp,ortant extent to a

depth of 500 to 700 meters. As an instance in which oxidation has

extended to a great depth may be mentioned the San Juan district of Colo-

rado. Here in some of the mines oxidation is marked to a depth of 600

meters, and is occasionally noticeable to a depth of 1,000 meters. In

contrast with such regions as these are others in which the water ascends

almost or quite to the sru'face. In such instances oxidation scarcely extends

below the level of ground water. An excellent illustration of this is fur-

nished by the Missouri-Kansas lead and zinc district.

The oxygen is chiefly utilized in the oxidation of iron, sulphur, and

organic material. In the upper part of the belt, where oxygen is abundant,

laro-e amounts of hematite and limonite may be prodiiced by the oxidation

of the ferrous particles, but for the greater part of the belt of cementation,

where oxygen is somewhat deficient, the ferrous oxide is oxidized only to

the form of magnetite, since this requires, per unit of iron, only two-thirds

as much oxygen as to produce hematite and limonite.

The sulphur is mainly united with the iron as pyrite and marcasite. At

the same time the sulphur is oxidized the iron also is oxidized. Where the

oxygen is abundant there may be produced ferrous sulphate, or ferric oxide

and sulphuric acid; but where oxygen is not abundant, as in the major

portion of the belt, magnetite and sulphurous acid are more likely to be

formed.

Where the oxygen is utilized in the oxidation of organic material

carbon dioxide and water are produced, and these compounds join the
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circulating ground water. In many cases the major portion of the oxygen

is thus utihzecl. In so far as this takes . place the process leaves no

direct evidence of itself by the existence of oxides. So far as suphuric acid

is formed the same is true. The carbonic acid and the sulphuric acid may
remain in part in the belt of cementation in carbonates and sulphates. So

far as this occurs the oxidized compounds remain in the belt, but not as

substances which we ordinarily think of as evidences of the process of

oxidation.

After the oxygen of the waters of the belt of cementation is exhausted

organic and other compounds, such as sulphides, are likely to be taken into

solution, which renders the waters reducing, as explained on page 165.

The waters under impervious strata which take a long nnderground journey

are especially likely to be in this condition, for such a journey furnishes

ample time for the complete consumption of the oxygen contained in the

solutions. The above is illustrated by the deep ai-tesian waters of^^any

parts of the world. Excellent cases are those furnished by the artesian

waters of the Potsdam sandstone of Wisconsin and the Dakota sandstone

of the James River Valley, Dakota. The waters which issue from the

Potsdam formation along Lake Michigan are of a reducing character,

containing, as noted by Chamberlin, some hydrogen sulpliide."

Where the waters become reducing deoxidation of the compounds with

which they come into contact may take place.

One form of deoxidation is of sufficient consequence to require men-

tion. While of no great quantitative importance, it is important from the

point of view of the metallic ores. It has been explained under "The belt

of weathering" (pp. 468-469) that the sulphides are continuously oxidized

to sulphites or sulphates. A part of the sulphurous and sulphuric acid

uiaited witli the original elements, or with other elements, joins the belt

of cementation. After the oxygen is exhausted and organic compounds are

present the sulphites and sulphates may be reduced to sulphides by the

direct action of the organic matter, or by these compounds after passing

into the solutions.

The process of reduction, or deoxidation, of the sulphates involves

the oxidation of the organic material, and thus this reaction, from one point

of view only, is reduction. From the other point of view it is oxidation.

"Chamberlin, T. C, The ore deposits of southwestern Wisconsin: Geol. of AVisconsin, vol. 4, 1882,

p. 547.
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Thus the process of deoxidation or reduction, so far as it takes place,

iuvolves the passage of the oxygen abstracted to the reducing agents or

their oxidation. Moreover, the sum total of the heat effect, taking into

account both the reduction and the oxidation, is to liberate heat. Hence

the reaction is one normal for the zone of katamorphism. The sulphides

formed may be precipitated and serve as one of the stibordinate cementing

substances. The formation and precipitation of sulphides will be much

more fully considered in Chapter XII, on "Ore deposits."

We have just seen that deoxidation, so far as it takes place, is explained

by oxidation of some other compound. But oxidation by the oxygen origi-

nally derived from the surface and present in the solution does not involve

the deoxidation of some other compound. It therefore follows that the

process of oxidation in the belt of cementation overbalances that of reduc-

tion in the belt by the amount of oxygen which is carried into the belt of

cementation by the entering waters, and is abstracted from it by the nnion

of the oxygen with the compounds encountered during its underground

journey.

It has been explained on page 467 that the process of oxidation of

inorganic compounds involves increase of volume varying under ordinary

circumstances from a small amount to as much as 64 per cent. But by the

oxidation of the carbonates carbon dioxide is liberated, and this may give

a considerable decrease in the volume of the product, amounting in some

instances to as much as 50 per cent.

In summary, it is clear tliat oxidation is a reaction characteristic of

the belt of cementation, but that in this belt it has no such importance

as in the belt of weathering. In the belt of cementation oxidation goes

on but to a very limited extent. While in the upper part of the belt g-reat

masses of highly oxidized rocks are locally found, as in the case of iron

ores, for the major part of the belt the evidences of oxidation are not

apparent, it being evidenced perhaps to the greatest extent by magnetite.

CARBONATION.

The water which passes from the belt of weathering to the belt of

cementation carries dissolved cai'bon dioxide precisely as it does oxygen.

The quantity thus carried varies from an exceedingly small amount to

iaufficient to produce saturation.
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It has been fully ex]Dlained on pages 473-475 that carbon dioxide is

produced in larg-e quantities in regions of abundant vegetation, where

the process of oxidation of carbon goes on on a great scale in the belt of

weathering. Therefore, the conditions for abundant carbonic acid in the

waters joining the belt of cementation are those of luxuriant vegetation.

It has just been explained that the conditions favorable for the transporta-

tion of abundant oxygen to the belt of cementation are those of open soil

and lack of vegetation. Hence, the waters which carry carbonic acid

plentifully to the belt of cementation are not likely to carry oxygen plen-

tifully. Where one is abundant the other is likely to be deficient It has

just been explained that the process of oxidation may take place upon

carbonates. Also, by oxidation of organic matter which has been so deeply

buried as to be within the belt of cementation, carbon dioxide is formed.

In so far as these occur carbon dioxide is produced by the reactions within

the belt of cementation itself, and thus is added to the ground solutions.

It thus appears that the occurrence of one of the chemical processes

within the belt of cementation, that of oxidation, by its very action

produces another active agent, carbon dioxide, and therefore promotes

the second of the important reactions of the belt of cementation, that of

carbonation.

The third source of carbon dioxide for the belt of cementation, as is

fully explained in the following chapter (pp. 677-679), is the process of

silication, with simultaneous decarbonation as a prominent and often a-

dominant reaction. Some of the liberated carbon dioxide is permanently

retained in the zone of anamorphism as occluded gas and liquid. (See

p. 678.) But the temperatures of the zone of anamorphism are above the

critical temperature of carbon dioxide. This compound is therefore origi-

nally a gas, and is capable of making its way through very small openings.

Doubtless a ' considerable amount of it escapes from the zone of anamor-

phism and enters the belt of cementation. Thus is largely explained the

abundant carbonic acid which is frequently found in the waters of deep

mines rising from a still deeper source.

It therefore appears that the waters of the belt of cementation have
four important sources of carbon dioxide—from the belt of weathering,

from the decomposition of carbonates of the belt of cementation through

oxidation, from the oxidation of organic material within the belt of cemen-
MON XLVII—04 39



610 A TREATISE ON METAMORPHISM.

tation, and from the silication of carbonates in the zone of anamorphism.

Therefore, the carbon dioxide for carbonation in the belt of cementation is

contributed by tlie belt of weathering above, by the zone of anamorphism

below, and by the belt of cementation itself

Bischof fully realized the very great abundance of carbonic acid in

"a numerous class of springs which are abundantly distributed over the

surface of the earth, especially in districts where extinct volcanoes or

basaltic rocks occur."" He also notes that "carbonated springs which

evolve abundance of this gas are likewise met with in the midst of sedi-

mentary formations." ' The locations of a very large number of carbonated

springs scattered throug'h extensive regions are mentioned." Bischof

further says that the carbonated springs "are always situated at the lower

part of mountain declivities or at the deepest points of valleys, gener-

all}^ near brooks;" while "fresh-water springs issue at points still higher

above the bottom of the valley, and sometimes at tolerably considerable

heights." "* He further fully realized that the springs bringing the carbonic

acid abundantly to the surface are deep-seated waters which have arisen

from considerable depths.* Finally, Bischof attributes the abundance of

carbonic acid in the waters of deep springs and those which come from

deep borings to the silication of the carbonates. However, he recognizes

that the carbonic acid found in the waters of wells is also produced in part

by the oxidation of organic material.-'^ Bischof therefore many years ago

correctly gave two main sources of carbon dioxide for the water of the

belt of cementation.

It has been fully explained on pages 160-161 that, under the conditions

of the belt of cementation, where the rocks support themselves and open-

ings exist, the reactions take place which liberate heat. Carbonation of

the silicates and oxides belongs to this class. (See pp. 476-480.) It there-

fore follows from general reasoning that the carbon dioxide abundantly

supplied to the waters of the belt of cementation will react upon various

compounds and produce carbonates! Of the compounds upon which it acts

"Bischof, Gustav, Elements of chemical and physical geology, trans, by Paul and Drummond,

Harrison & Sons, London, 1854, p. 217.

'^Bischof, cit., vol. 1, p. 217.

<-• Bischof, cit., vol. 1, pp. 218-241.

li Bischof, cit., vol. 1, p 223.

''Bischof, cit., vol. 1, pp. 228-230.

/Bischof, cit., vol. 1, p. 239.
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the silicates are undoubtedly those of dominant importance. The action of

carbonic acid upon the silicates results in the production of carbonates of the

bases and the liberation of silica, which may remain in sitii as quartz or

go into solution as colloidal silicic acid. Monoxides of iron and manganese

originally present in this form or produced by the oxidation of sulphides

may unite with the carbon dioxide and form carbonates.

Since the carbon dioxide of the belt of cementation is derived from

above, from below, and, by reactions of oxidation, from within the belt,

one would expect carbonation to take place throughout the belt of cemen-

tation. In the upper part of the belt of cementation the main source of

supply of carbon dioxide is that from the belt of weathering; but, as has

been noted, where the carbon dioxide is abundant oxygen is apt to be

deficient, so that where one finds active carbonation in the upper part of

the belt of cementation one would not expect to find active oxidation.

The majority of the carbonates formed, and those originally present in

the belt of cementation, are rather soluble. Commonly, therefore, the

waters issuing from the belt of cementation contain very large amounts of

carbonates and carbon dioxide. Average amounts of carbonates given by
Peale from many mineral springs from various portions of the United States

are as follows :

"

Grains per gallon. Milligrams per liter,

North Atlantic States .:!. 32.88 56.27

South Atlantic States 13.70 23.45

North Central States 45. 35 77. 62

South Central States 18.30 31.32
Western States 139. 59 238. 90

Carbonic acid is a very much less active agent than oxygen. The
process of carbonation therefore takes place slowly, and tlie carbonic acid

does not all succeed in getting united with the bases. In many instances

the amount which has failed to unite with the bases is large. This is

illustrated by the abundance of uncombined carbon dioxide in the waters

of many of the famous springs of the world, as those of Carlsbad and

Shasta, and also by the great abundance of uncombined carbon dioxide

noted in connection with the rising waters of many mines.

It has been explahied under "The belt of weathering" that the

increase in volume in the process of carbonation of the silicates, provided

oPeale, A. C, Lists and analyses of the mineral springs of the United States: Bull. U. S. Geol.

Survey No. 32, 1886, pp. 1-235.
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the liberated silica remains in situ, varies in most cases from 15 to 50 per

cent. If, therefore, the carbonates produced and the silica liberated be

deposited, there is great increase in volume.

While in tlie belt of cementation carbonation unquestionably domi-

nates over decarbonation, doubtless it frequently happens during earth

movements that the pressiu-e is so great that silication and decarbonation

take place.

HTDEATION.

It has been stated that the belt of cementation might almost equally

well be called the belt of saturation. Water is everywhere present. The

process of hydration is one which involves a great iiicrease of volume, but

openings exist which may be utilized by the process without overcoming

the strength of the rocks or gravity. Therefore the conditions are ideal for

hydration, and this everywhere occurs. Indeed, it is in the belt of cemen-

tation that the great group of hydrous silicates form most abundantly.

The belt of cementation is the home of the hydromicas, of the chlorites, of

the zeolites, of serpentine, of the epidotes, and of limonite and gibbsite.

Kaolin and talc also form there, although they are more especially char-

acteristic of the belt of weathering. The increase in volume iu these

processes of hydration, provided all the compounds remain in situ, varies in

most cases from 20 to 50 per cent. While, as already explained, oxidation

and carbonation are important in the belt of cementation, the process of

hydration occurs on a vastly greater scale, and the chief change in volume

in this belt is due to this process.

Just as decarbonation may take place under conditions of exceptional

pressure in the belt of cementation, so dehydration may, and certainl}'- does,

occur, although this is so subordinate to the process of hydration as almost

to be negligible.

SOLtlTION AND DEPOSITION.

Both solution and deposition are processes of great importance in the

belt of cementation. We have already seen that deposition occurs on so

great a scale as to make the filling of the cavities and consequent cementing

of the rocks the rule. While at first thought it might be supposed that

solution is subordinate, a close analysis shows that this process is not less

important than deposition, and, indeed, it may more than balance deposition.
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QUANTITATIVE RELATIONS BETWEEN SOLUTION AND DEPOSITION.

It has been fully explained that the belt of weathering- at any given

time represents the partly disintegrated and decomposed material above

the level of ground water. During the long-continued erosion of a region

the belt of weathering steadily migrates downward. ' Thus the forces of

weathering continually find new material at the bottom of the belt upon

which to work. Therefore, as denudation goes on, there is always a belt

of a certain thickness in which weathering processes are taking place.

These include solution as a dominant process. It has further been noted

that the material abstracted from the belt of weathering is divided into two

parts, one of which goes to the overground circulation and thence to the

sea, the other of which passes through the belt of weathering into the belt

of cementation below. Each unit of water which passes downward

through the belt of weathering into- the belt of cementation carries with it

in solution a certain amount of material. As a consequence of continuous

downward migration of the belt of weathering, it is certain that an incre-

ment of material is continuously added to the belt of cementation from the

belt of weathering.

If this increment which the sea of underground water continually

receives were deposited in the belt of cementation, it would furnish a

sufficient supply of material for the cementation of that belt. Much of this

material is certainly deposited in the belt of cementation, but in that belt

solution is also taking place, and the question therefore arises whether or

not more material is deposited than is dissolved in the belt of cementation.

This question is not easy to answer, but we know certain data which have

an important bearing upon it.

One of the fundamental conclusions worked out in Chapter III, on

"The agents of metamorphism," is that the quantity of water which passes

through the belt of weathering and enters the sea of underground water is

substantially equal to that which emerges from this sea through springs

and through seepage and joins the run-ofi^. If we knew the relative

amounts of material contained in solution in the waters entering and issuing

from the belt of cementation, we could answer the third question—i. e.,

whether more material is dissolved or deposited in the belt of cementation.

But the only possible way to get this information is by numerous analyses.
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In various regions the amounts of salts should be determined in the solutions

near the bottom of the belt of weathering and in the solutions issuing from

the belt of cementation. Such a comparative analytical study has not been

made, and we must therefore have recourse to general reasoning for a

probable answer to the question of the relative amounts of the salts entering

and issuing from the belt of cementation.

It might be concluded that the actual fact of widespread consolidation

due to filling the openings of the belt of cementation, so fully empliasized

in the opening' pages of this chapter, is evidence that the amount of material

contained in the water issuing from the belt is not so great as that which

joins it through percolation. But there are considerations which render

this view very doubtful. As shown by numerous analyses, it is certain

that large amounts of materials are contained in the spring and seepage

waters which issue from the belt of cementation. From general considera-

tions, if the character of the compounds transported be ignored, one would

expect that this amount would be greater than that which entered the belt.

These considerations are as follows

:

As water passes through the belt of weathering and enters the belt of

cementation it may not have been sufficiently long in the belt of weathering

and in close enough contact with the various compounds to become sat-

urated. Doubtless in many cases of fine- soils containing plentiful soluble

compounds, where vegetation is abundant and percolation is slow, saturation

for many of the compounds may be appi'oached or even attained. But

where there are coarse and thin soils underlain by fissured or porous

material, it is highly probable that the descending waters are far from

saturated when they leave the belt of weathering and join the belt of

cementation. After the waters join the belt of cementation they take a

longer or shorter journey before issuing at the surface. It has been

explained (pp. 584-686) that the general movement of the ground water is

exceedingly slow. In many instances also its journey is long—in some

areas hundreds of kilometers. In this connection it may be recalled that

it was calculated that the waters which issue at Chicago probably entered

the ground in ceiatral Wisconsin somewhere from one hundred and fifty to

two hundred and fifty years before This factor of time, therefore, is of

fundamental consequence in the work of the water of the belt of cementa-

tion, and it would be strange if the water which has taken a considerable
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journey iu a formation, even if but a small fraction of that in the case men-

tioned, slaould not become saturated with the compounds with which it is

in contact.

The journey of the water in the belt of cementation involves a com-

ponent parallel to the surface and a vertical component. As a result of the

component of the movement of ground water parallel to the surface there

is a tendency for material to be taken into solution and to be abstracted

by the water. For a given depth the pressure and the temperature are, on

the average, the same. The longer this course the nearer will the water

approach to saturation with the compounds with which it is in contact,

because of the time factor. If the journey be long, the state of saturation

may be attained at a comparatively early stage, after which the additions

and subtractions of material may be presumed, on the average, to neutral-

ize each other, although in a given instance the total amount of material

held in solution would vary greatly, depending upon the character of the

ocks with which the water is in contact.

Under normal conditions, so far as the vertical component is concerned

there is steadily increasing pressure and temperature during the downward

movement,, and steadily decreasing pressure and temperature during the

upward movement. If the places of entrance and issue were at the same

level, these two factors might be considered to neutralize each other, but

the descending column is necessarily the longer; therefore the balance of

the two processes is in favor of solution rather than deposition. Also, unless

the water has become saturated during its descent solution will continue

during its ascent until saturation is attained, and if the vertical component

be short, this may not occur before the entire ascent has been made.

Finally, the temperature of the entering and issuing water is of great

consequence in, the matter of relative quantities of dissolved and deposited

materials. Even if the temperature were precisely the same at the enter-

ing and issuing points this would favor solution, for increase in temperature

as the Avater descends very greatly accelerates the process of solution, and

as the water ascends precipitation takes place only when saturation is

reached, and then only to an extent sufficient to prevent supersaturation.

But into this matter of temperature another very important factor

enters. It has been shown on pages 589-592 that, on the average, the

temperature of the issuing water is higher than that of the entering water.
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It has been fully explaiued on pages 79-81 how important a slight increase

in temperature is, not only in respect to the speed with which material is

dissolved, but in respect to the quantity which may be taken into solution

before saturation is reached. This small average additional increment of

heat in the issuing water over that of the entering water is very favorable

to the presence in the issuing water of larger amounts of material than was

contained by the entering water.

Therefore it appears that, in proportion as the underground journey

of the water in the belt of cementation is slow, in so far as it has a hori-

zontal course, in so far as it enters at a higher elevation than it issues, and in

so far as it issues at a higher temperature than it enters, it should contain

more material in solution per unit mass when it issues than when it enters.

From all these points of view it is to be expected that ground waters

contain more material in solution when they issue from the belt of

cementation than they contained when they entered that belt, and that

waters which have taken a journey of considerable length in a uniform

formation will have reached a state of almost complete equilibrium between

themselves and the surrounding rocks, or will be saturated. '

But another im23ortant factor enters into the matter. It is not to be

supposed that during the underground journey the materials which are held

in solution are the same. Throughout the journey there are various chemical

interactions. Much of the material brought from the belt of weathering is

deposited; there is solution of material at a certain place, and later depo-

sition of it elsewhere; there is interaction between the solutions and solids;

there is interaction between the mingled solutions from different sources.

It is the uncertainty as to the average effect of these various chemical

reactions that leaves us in doubt as to the end result; that is, whether or not

the solutions of all systems of circulation are, on the average, richer in

material when they emerge from the belt of cementation than when they

entered it. For instance, if a solution containing oxygen were mingled with

a solution in which iron was the chief base, hematite or limonite Avould be

precipitated, and the solution would be depleted in material even if the

temperature of the water were higher at the end than at the beginning

of the journey. Again, colloidal silicic acid is readily soluble even at low

temperatures, but the acid has a marked tendency to decompose into water

and silica, though the reaction is a slow one. So far as it takes place in the
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belt of cementation, there is precipitation of quartz and reduction of the

amount of material held in solution, even if the temperature be high.

Indeed, it is not improbable that high temperature is favorable to the

dehydration of silicic acid." Because of the uncertainty of the effect of

the chemical reactions, one can not say whether more material emerges

with the solutions than enters with them. Were it not for the enormous

quantity of colloidal silicic acid contributed by the belt of weathering and

the dominant importance of quartz as a cement (see pp. 622-623), probably

solution due to the causes above assigned would overbalance deposition.

But in the present state of knowledge I must leave unanswered the question

as to which of the processes, solution or deposition, is preponderant in the

belt of cementation. Both are of the utmost consequence.

Concluding, we now see that the unity of the belt of cementation and

the belt of weathering from a physical-chemical point of view is perfect.

Both are belts of oxidation, carbonation, hydration, and solution and

deposition. Both are belts of reactions with liberation of heat and

expansion of volume. The contrast between the two belts is largely due to

the variable quantitative value of each of these processes in the two belts

and the resulting condition in which -the rocks are left—disintegrated and

softened in the one and cemented and indurated in the other.

KESULTANT PEOOESSES.

The processes resulting from the chemical changes are cementation and

metasomatism.
CE3IENTA TION.

By cementation is meant the binding together of the rock particles by

deposition of material as minerals in the interstices of the rocks. In the

previous chapter on "The Belt of Weathering," we ascertained the source

and character of the materials which joined the sea of ground water and

which are therefore available for cementation in the belt of induration. It is

clear that there are constantly being added from the belt of weathering to

the continuous sheet of water in the belt of cementation the following

compounds: Sodium, potassium, calcium, magnesium, iron, aluminum, as

carbonate, sulphate, nitrate, phosphate, chloride. With these there are also

oMendeleefi, D., Principles of chemistry, trans, by George Kamensky, Longmans, Green & Co.,

London, 1897, vol. 2, p. 112.
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abundant colloidal silicic acid and lesser proportions of the rarer bases and

acids, such as manganese, hydrofluoric, and boric. In the following section

on metasomatism it will be shown that during- the alterations of the materials

of the belt of cementation equal or greater amounts of these compounds are

added to the solutions. A portion of the great amount of material which

joins the sea of ground water from the belt of weathering and from the

alterations of the minerals of the belt of cementation is there precipitated

as minerals and the rocks are cemented. Hence the name, "belt of

cementation."

It will be remembered that the openings in rocks comprise those

between the mineral particles, and especially the grains of sediments, the

vacuoles of igneous rocks, the regular openings of fissility, joints, and

faults, and the irregular openings from those of the fractures of the

individual mineral particles to those of breccias. Further, it will be

recalled that the amount of openings varies from a small fraction of 1 per

cent to 75 per cent, that in the mechanical sediments and the porous lavas

a pore space of 20 to 40 per cent is common, and that the quantitative

importance of the fault, joint, and fissile openings is great. (See pp. 124-

131.) Therefore the amount of material which is required to fill the open-

ings of great formations, thousands of meters in thickness and extending

over areas of hundreds or thousands of square kilometers, is vast. Yet it

is rather rare, if not unknown, for a rock which has been deeply buried

and approaches the surface by denudation not to have the older openings of

all kinds almost entirely filled.

In pi'oportion as the process of cementation advances it necessarily

follows that the openings become smaller, the circulation of the water is

retarded, material is transported in smaller quantity, and the process

becomes slower. This lessening of speed continues from the first, and

when cementation is near completion it must be exceedingly slow.

Notwithstanding this the process, as has been explained, has been

practically completed for great thicknesses of rocks over extensive areas.

The time required for the work must have been great, and yet for

completion under favorable conditions it is certain that it does not require

geological eras. This is shown by the complete cementation of formations

of Eocene age In such instances the process must have been completed

and a sufficient time have elapsed for erosion to' bring the cemented rock
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to the surface since early in Tertiary time. The best illustration known to

me of a completely cemented great formation of Tertiary age is the San

Juan breccias of Colorado. This formation is 1,500 meters thick; it was

very porous, and yet every ancient opening not of microscopic size, from

great fissures to pores between the particles of ash, is completely filled.

Of course, after cementation has been partially or wholly completed

orogenic movements may occur which produce a new set of openings, and

a vigorous circulation be set up in the new openings. This would give

new trunk channels for circulation and thus assist in the cementation of

partially closed old openings.

In judging of the nearness to completion of the process of cementation

when the rocks were at a considerable distance beloAV the surface, openings

which have been produced by later orogenic movements when the rocks

were nearing the surface must be ignored. Commonly such openings are

not closed.

It is explained on pages 595-597, 646-648 that the openings in the

rocks are to some extent closed by pressure, and locally are closed by

injection. So far as these processes take place the space left to be filled by

the process of cementation is decreased; but the residual actually observed

to have been filled by the process of cementation is enormous.

In the cementation of the openings between the mineral particles the

new mineral material may be added in two different ways. It may attach

itself to the old grains of like mineral character, or it may be deposited as

independent interstitial material. If mineral particles be fractured, it may

heal them with the same or some other mineral.

When interstitial mineral material attaches itself to an old mineral of

like character, the two being in optical continuity, the mineral is said to

have been enlarged. The principle explaining the enlargement of old min-

eral particles rather than the development of new smaller mineral particles

is essentially the same as that explained on pages 74-76, that large indivi-

duals grow at the expense of small ones. Where there are old nuclei which

can be used the solutions deposit material upon these ; for if independent

particles begin to form, these under the principle above referred to would be

likely to be again dissolved and deposited upon the old larger particles.

The enlargement process is far more important for quartz than for any

other mineral, although enlargements of feldspar, hornblende, augite, biotite,
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calcite, garnet, and touvmaiine have been observed, some of them frequently

In a clastic rock the process of enlargement means that the component

grains are minerals still and have the structure and potency of minerals-

These minerals, originally produced in igneous or metamorphic rocks, are

taken from their original positions and deposited in a secondary rock. The

beds are buried by overlying formations. Mineral-bearing solutions pass

through the new rock and each mineral fragment chooses from the solu-

tions material like itself This it attaches to itself in optical continuity,

even though the time interval between the first and second growths be

indefinitely long. In the early stages of this renewed growth crystal faces

are often rebuilt. (PI. IX, A.) If the growth continues, the enlarge-

ment of a particle n:ieets similar enlargements from other grains. By
further growth these interlock and finally fill up

all the interspaces and perfectly indurate the rock.

rPl. IX, B.)

This process of enlargement is of greatest

importance in the mechanical sedimentary rocks.

Its magnitude in these rocks is fully explained on

pages 865-868. The process is also important in

the volcanic fragmental rocks, including both coarse

tuffs and ashes; and, finally, the process does take

place, although it is of subordinate importance, in

massive igneous rocks. The cracks within and

between the grains may be cemented by substances the same as or different

from the materials cemented. If the cementation be imperfect secondary

gas- or liquid-filled cavities may be formed. Often the broken fragments

are somewhat displaced, but occasionally, in the case of parallel fractures,

the particles are broken apart and left very nearly in their original relative

positions, in which case the healing may be so perfect that the fact that the

rock has been fractured may be shown only by the gas- or liquid-filled

cavities and by the secondary inclusions. Thus are explained many of

the inclusions in cavities which are so frequently noticed to occur along-

regular parallel planes. (See fig. 13.)

In all cases where the process of cementation has gone far the depos

ited minerals interlock, and in the larger spaces they may have a coarsely

crystalline texture. The quantity of cementing material varies in diff'erent

Fig. 13.—Part of a thin section of a

quartz-schist showing liquid- and
gas-filled cavities of a secondary

nature. Black Hills, South Dakota.
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cases from a relatively unimportant amount to predominance. The

cementing minerals may permeate the rocks through and through, and

fill all the interspaces, microscopic and macroscopic. The result is in

many instances to give a most extraordinarily complex structure, the places

between the original minerals being filled, the parallel fractures being

emphasized by the parallel impregnation, and the whole being intersected

by larger masses of holocrystalline interlocking mineral materials, some of

which are parallel to the original structures, some of which are diagonal to

them, and some of which are parallel for a certain distance and then cut

across them. The material filling the larger crevices often has distinct vein-

like forms. (PI. II, A.) When examined carefully the material deposited

parallel to laminated rocks may be found to follow the folia very closely, or

it may be found to follow along them for some distance, then break across

one or more, and then follow them again. In proportion as the cementing

material follows the laminae the cement bands are likely to be of approxi-

mately the same width. In proportion as there is a tendency for the material

to break across the folia the veins usually are of unequal size.

The cementing minerals filling the openings of fissile rocks are usually

different or in different proportions from the minerals of the adjacent lam-

inae, and hence there is a tendency to preserve and emphasize the laminated

arrangement. Where sets of parallel joints are filled, for a similar reason

a parallel structure is produced. Where there are intersecting sets of par-

allel joints the parallel structures of cementation may form simultaneously

in two or three directions. It therefore follows that where the openings

are of the sheeted parallel kind, in general the process of cementation results

in a regular alternation of parallel laj^ers of different kinds, the structures

of which have no definite relations to the original bedding.

l,EME\TI>« SrBSTAXCES.

The more important cements of rocks may be divided into oxides,

carbonates, silicates, and sulphides.

The most important oxides are silica, iron oxide, and aluminum oxide.

The more important carbonates are calcite, dolomite, and siderite. The
silicates include both the hydrous and anhydrous silicates, but the former
are by far the more important. The only sulphides which are geologically
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important ai'e marcasite and pyrite, but from the point of view of ore

deposits many other sulphides are of great consequence.

In addition to these, there are many subordinate minerals deposited in

the belt of cementation; indeed, almost every mineral which occurs in rocks

may there form, but the amounts are so small that they will not be

considered here.

OXIDES.

Silica.—Silica may be deposited as opal, chalcedony, or quartz. In the

process of precipitation it may fill any of the classes of openings which exist

in rocks. But the greatest quantitj^ of this material is deposited between

grains of sediments, and especially between the grains of quartzose sand.

Sandstone formations are one of the most abundant of the sedimentary

deposits. It has been shown on pages 124-126 that the original pore space

of such formations probably varied from one-fifth to two-fifths of the volume,

with a probable average of approximately one-third. The ordinary quartz-

ites which have not been modified by mechanical action ai-e completely

indurated by the deposition of quartz between the grains, in orientation

with the original grains, or as independent material, or the two combined.

(PL IX.) The volume of quartzite of this class now existing upon the

earth is very great. (See pp. 865-868.) In reaching a judgment as to the

amount of quartz which has been precipitated in sand, it must be remem-

bered also that many sandstone and quartzite formations produced in

past geological times have been destroyed by the forces of erosion and

redeposited.

One of the reasons why quartz is so very extensively deposited in

quartzose sandstone is furnished by the principle (see pp. 120-122) that,

other things being equal, material in solution is precipitated where there

are nuclei of the same composition upon which it may be deposited.

The innumerable rounded grains of quartz in the sands furnish the neces-

sary nuclei which promote the precipitation of silica.

But quartz is deposited not only between the grains of quartzose sands;

to some extent it is deposited between the grains of all other porous

mechanical sediments, although the amount thus precipitated is subordinate.

A vast amount of quartz is also deposited in the vacuoles of volcanic rocks

as amygdules. Further, silica is deposited in the innumerable ojDenings of

the fissile rocks, in tlie numberless joints, and along the numerous faults
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and openings in the brecciated rocks. The amount thus deposited is onlj'

second to that deposited in the sediments. Finally, as shown in the

succeeding section on metasomatism, there are ver)^ extensive replacement

deposits of quartz. There is no means by which the amount of replace-

ment silica can be measured, but the quantity is certainly very great.

The foregoing facts give us some idea of the vastness of the amount

of siliceous material which is deposited in the belt of cementation.

Certainly the amount is to be measured in thousands and probably in

hundreds of thousands of cubic kilometers. An adequate source of this

silica is that liberated by the process of carbonation in the belt of weath-

ering. (See p. 480.)

Iron oxides.—Irou oxide is extensively deposited between the grains of

mechanical sediments, and therefore is an important cementing agent Iron

oxide is also deposited in the other classes of openings in rocks, and also as

a replacement product. Iron oxide is deposited as magnetite, hematite,

limonite, and other hydrated oxides.

A very large amount of the iron is precipitated as hematite or limonite

or other hydrated oxide. This precipitation is likely to occur where oxygen

is abundant. These conditions are likely to obtain where solutions from

different sources are united in some main channel of descending ground

water. No better illustration of precipitation of iron oxide by this process

can be given than the great hematite deposits of the Lake Superior region,

which are precipitated by the mingling of waters bearing iron carbonate

and those bearing oxygen. (See pp. 1194-1197.)

Magnetite is deposited in the belt of cementation as a very widespread

constituent. The explanation of the precipitation of some magnetite is: In

the belt of cementation there is usually a deficiency of oxygen. If the

iron be supposed to be carried in the form of carbonate, the reaction for

the precipitation of magnetite may be written as follows:

3FeC03+0=Fe30,+3002.

Other methods by which magnetite is precipitated are considered on

pages 845-846. Where iron is thrown down as magnetite it is ordinarily

found in crystals. As illustrations of this may be mentioned formations in

the Lake Superior region, some of which are of economic importance, as,

for instance, the magnetite of the Michigamme, Republic, and other mines
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along- the Republic trough. However, the magnetite thus deposited in

solid bodies is entirely subordinate to the vast amount which is dissemi-

nated through the rocks of the adjacent formations—the quartzites, slates,

and tuffs. Extensive deposition of magnetite is illustrated by the Michi-

gamme schist of the Marquette district and by the Hemlock volcanic forma-

tion of the Crystal Falls district."

It will be remembered that hematite and hmonite are very abundantly

precipitated in the belt of weathering as well as in the belt of cementation,

but magnetite very rarely forms in the belt of weathering. It therefore

appears that magnetite cement is especially characteristic of the belt of

cementation.

Aluminum oxides.—The alumiuum oxides which are deposited as cementing

substances are gibbsite, diaspore, and perhaps corundum. Both of the

hydrous minerals are known to be rather frequent cementing constituents

where the rocks are of an intermediate or basic character. Usually they

have not been regarded as important cementing minerals, but I suspect

they are rather more plentiful than has been supposed. My reason for

this belief is the frequency with which aluminum hydroxide is a by-product

in the common alterations of such minerals as the feldspars, feldspathoids,

micas, and other minerals. (See pp. 375-394.)

CAKBONATES.

The important carbonate cements are calcite, dolomite, and siderite.

caicite and dolomite.—Calcito aud dolomite are treated together, since without

chemical analyses it is usually impracticable to discriminate between the

two where deposited in rocks. Also, there are various gradations between

calcite and dolomite. In general, it may be said that these minerals are

deposited in all the kinds of openings in rocks. They are more likely to be

extensively deposited in the calcareous rocks than in the siliceous rocks, since

in such rocks the solutions are sure to contain abundant carbonates, and

there are crystals of calcite and dolomite to serve as nuclei for deposition.

The calcium carbonate and magnesium carbonate may be deposited upon

calcite and dolomite, respectively, thus enlarging these minerals precisely

a Van Hise, C. E., and Bavley, W. S., The Marquette iron-bearing district of Michigan: Mon.

U. S. Geol. Survey, vol. 28, 1897, pp. 444-452. Clements, J. Morgan, and Smyth, H. L., The Crystal

Falls iron-bearing district of Michigan: Mon. U. S. Geol. Survey, vol. 36, 1899, pp. 150-152.
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as quartz is enlarged. The deposition of magnesium carbonate in many

cases involves the solution of an equivalent amount of calcium carbonate,

in which case the process is that of metasomatism, fully considered on

pages 640-646.

The quantity of calcite and dolomite deposited between the grains of

sediments, the vacuoles of igneous rocks, the openings of fissility, joints,

and faults, while very great, is vastlj^ less than that of quartz.

siderite.—The irou in solution may be partly or largely precipitated in the

form of siderite, ankerite, or ferrodolomite. These compounds all form

somewhat extensively in the minor interstices in rocks, and occasionally

they may form veins of such magnitude as to be worked as iron ore.

SILICATES.

The silicates which are most abundantly precipitated as cements are

hydrous, but anhydrous silicates are also deposited. The important

cementing silicates include, in order of abundance, the (1) zeolites and

prehnite, (2) chlorites, (3) epidotes, (4) serpentine and talc. The zeolites

and prehnite are sodium-aluminum silicates, calcium-alumimim silicates,

sodium-calcium aluminum silicates, and potassium-calcium silicates. The

chlorites are magnesium-aluminum silicates when pure, but ordinarily the

magnesium is partly replaced by iron. The epidotes comprise zoisite

(calcium-aluminum silicate) and epidote (calcium-aluminum-iron silicate).

Serpentine and talc are magnesium silicates. As to the degree of hydra-

tion, the minerals may be divided into three classes: The zeolites and

prehnite, the chlorites and serpentine, and epidote and talc. The bases

of all of the above compounds are those which abundantly enter into the

solutions. Hydration, as already shown, is one of the most important of

the chemical processes which result in the liberation of heat. Probably

the dominant factor in the precipitation of these hydrous compounds is the

chemical law obtaining in the zone of katamorphism that, other things

being equal, those compounds form b}^ which the greatest amount of heat

is developed and liberated.

The anhydrous silicates which are somewhat abundantly deposited in

the belt of cementation are feldspar, hornblende, and mica, the order given

being that of relative abundance. These materials may be deposited as

independent constituents in the interstices of the rocks, and they may also

MON XLVII—Oi -iO
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Fig. 14.—Enlargement of feldspar

fragment.

be deposited in optical orientation upon nuclei of like minerals. Feldsjjar

enlargements have been found in many arkoses. Perhaps the best known

instance is that of the Keweenawan sandstone of Lake Superior, the cemen-

tation of wliich is mainly accomplished b}^ the deposition of feldspar upon

worn grains of that mineral/ The grains are of

different kinds of feldspar, orthoclase, and various

plagioclases. The material deposited in each case

is in optical continuity with the old material, even

to the extension of the twinning lamellse. (See

fig. 14.) An excellent instance of the enlarge-

ment of hornblende is that of the hornblende

crystals of the volcanic tuffs of Kekekabic Lake,

in northeastern Minnesota.* The relations of the

cores and additions of hornblende are identical

with those of the feldspars, even to the extension

of the twinning lamellse. (See fig. 15.)

The enlargement of feldspar and hornblende

furnish the best illustrations known of the principle so strongly emphasized

on pages 120-122, that mineral nuclei already present are able to abstract

from solutions materials like themselves, and thus control

the combinations of the elements when precipitated. In

this principle probably lies the partial answer to the ques-

tion why, in the cases cited of feldspar and hornblende

enlargements, the material was not deposited between the

grains as hydrous minerals. The formation of hydrous

compounds would have developed more heat, but the

power of the nuclei of old minerals to control the precipi-

tation appears to more than have overbalanced the chemi-

cal law that in the belt of cementation reactions commonly

take place which liberate the greatest amount of heat.

But another factor which frequently enters into the precipitation of such

anhydrous minerals as feldspar, hornblende, and mica is the abundance

and the proper proportions in the solutions of the elements out of

which they can be made. Rocks in which feldspar, hornblende, etc.,

a Van Hise, C. R., Enlargement of feldspar fragments in certain Keweenawan sandstones: Bull.

U. S. Geol. Survey No. 8, 1884, pt. 2, pp. 44-47.

6 Van Hise, C. R., Enlargements of hornblende fragments: Am. Jour. Sci., 3d ser., vol. 30, 1885,

pp. 231-235.

Fig. 1.5.—Enlargement of

hornblende fragment.
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are deposited usually coutaiu these same minerals in abundance, and in

many cases the formations extend to the sxirface. The materials for the

solutions may have been derived from the same minerals in the belt of

weathering, or from a part of the belt of cementation above the places

of deposition in case the waters are descending, and below the places of

deposition in case the waters are ascending.

SULPHIDES.

The only important sulphide cement is that of iron. Iron is somewhat

extensively thrown down as pyrite or marcasite. This may be precipitated

by means of hydrosulphuric acid; it may be produced by the reduction of

iron sulphate by means of organic reducing agents in the solutions oi- the

rocks. These and other methods of precipitating sulphides are fully con-

sidered on pages 1108-1118. The quantitative importance of the cement-

ing' sulphides in the belt of cementation, from a geological point of view, is

small, but from the point of view of ore deposits they are of the greatest

consequence. (See pp. 1104-1105.)

DISTRIBl'TIOX OF ELEMENTS IN CEMENTING MINERALS.

From the foregoing it appears that the elements added to the solutions

from the belt of weathering and from the belt of cementation itself are

distributed between the various minerals as follows

:

The sodium passes into the silicates as zeolites, and may produce any

one of the following sodium-bearing minerals of this group: Thomsonite,

hydronephelite, natrolite, mesolite, gmelinite, analcite, phillipsite. The
potassium passes into silicates as zeolite, being a constituent of apophyllite.

The calcium passes into the carbonates and silicates. As a carbonate it is

a constituent of calcite, dolomite, ankerite, and parankerite. As a silicate

it enters into the zeolites and epidotes. The zeolites containing calcium

are thomsonite, mesolite, scolecite, apophyllite, stilbite, phillipsite, gis-

mondite, chabazite, and laumontite. Both epidote proper and zoisite con-

tain calcium. The magnesium may enter into carbonates or silicates. As

a carbonate it is a constituent of dolomite, ankerite, and parankerite. As a

silicate it is a constituent of all the chlorites, of serpentine, and of talc.

The iron may pass into oxide, carbonate, silicate, or sulphide. As an oxide

it is a constituent of magnetite, hematite, and limonite. As a carbonate

it is a constituent of ankerite, parankerite, and siderite. As a silicate it is

a constituent of epidote and cldorite. As a sulphide it is a constituent of
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pyrite and marcasite. The alumina passes into the hydroxides and sihcates.

As a hydroxide it is a constituent of diaspore and gibbsite. As a sihcate it

is a constituent of all the zeolites except apophyllite, of all the chlorites, and

of the epidotes.

The carbon of carbonic acid enters as a constituent of the carbonates

above mentioned. The silicon of silicic acid enters into quartz, opal, and

the silicates above mentioned. The sulphur of hydrosulphuric acid enters as

a constituent of the sulphides.

DISTEIBCTIOX OP CEMENTING MlN'ERAIiS.

It is very noteworthy that the cementing minerals have a strong

tendency to be like the compounds which are cemented. Thus the sands

are transformed to sandstones and finally to quartzites by siliceous cement.

Where nearly pure limestones and dolomites have been fractured, the dom-

inant cementing minerals are calcite and dolomite. If, liowever, the lime-

stone be a very cherty one, the cementing material may be largely chert.

Where the porous rocks are largely silicates, as in the case of the amygda-

loids, the cementing materials are mainly silicates, including the zeolites,

epidotes, chlorites, etc., but also with these are usually associated important

amounts of quartz and carbonates, one being correlative with the other ; for

carbonation of the silicates, forming carbonates, liberates silicic acid, which

mav separate as quartz.

These plienomena are beautiful!}^ illustrated by the amygdaloids of

the Keweenawan series described by Pumpelly" and Irving,* and by the

Crvstal Falls volcanics described by Clements."

In many cases not only are the silicates cemented by silicates, but the

cementing minerals are like the dominant minerals cemented. For instance,

the feldspathic sandstones may be cemented by feldspar, as in the case of

the Keweenawan sandstones of Eagle Harbor.'' Where hornblende is

abundant the cementing material may be largely hornblende, as in the case

of the Cacaquabic tuffs of northeastern Minnesota.

"Pumpelly, Raphael, Metasomatic development of the copper-bearing rocks of Lake Superior:

Am. Acad. Arts and Sci., vol. 13, 1878, pp. 253-309.

'j Irving, R. D., The copper-bearing rocks of Lake Superior: JNIon. U. S. Geol. Survey, vol. 5, 1883,

pp. 87-91, 134-139.

'"Clements, J. Morgan, and Smyth, H. L., The Crystal Falls iron-bearing district of Michigan:

Mon. U. S. Geol. Survey, vol. 36, 1899, pp. 73-154.

<«VanHise, cit.. Bull. 8.
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CAUSES OF CEMENTATION.

It has already" been explained (see p. 156) that the amount of ground

water which reaches the surface hj springs and by seepage for a given

jjeriod is approximately equal to the amount which is added to the sea of

ground water. It is well known that all issuing waters contain material in

solution; aiid it has been shown that the amount of such material may
be greater than that which the solutions contained wlien they entered the

belt of cementation. Notwithstanding the foregoing conclusion, it is an

undeniable fact, as fully shown in the previous pages, that cementation is

the rule for the part of the zone of fracture below the level of ground

water. If more material be dissolved in this belt than is deposited by the

circulating waters, what is the explanation of the apparently contradictory

fact of deposition to the extent of complete cementation?

Before attempting to answer this question, it is advisable to recall the

amount of openings which may be present in the belt of cementation. It

has been shown that the coarse mechanical sediments frequently have an

original average pore space as great as one-third; that in the thinlv bedded

lavas this amount is often equaled, and that the openings produced by
mechanical action are great. It follows, as already clearly shown, that the

amount of deposited cementing material is vast. Therefore we must not

only furnish a cause which will result in the deposition of material in the

pore spaces, but we must show that the causes assigned are quantitatively

adequate to perform the great work.

In this connection it is well to restate the principles of precipitation

worked out on pages 113-123. Mentioned in order of probable impor-

tance, precipitation is due (1) to the mingling of solutions from different

sources, (2) to reactions between the solutions and the wall rocks, (3) to

decrease in temperature, and (4) to decrease in pressure. The compounds

are precipitated from the solutions in proportion as they are relatively

insoluble and in i^roportion as they are abundant.

The law of chemistry that when compounds of different kinds come

together substances form (if possible) which are insoluble in the liquids

present, explains the importance of the first and second causes of precipita-

tion. It has been shown that decrease in temperature is also very important,

and that probably the importance of this factor in connection with decrease
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of pressure has not been sufficiently appreciated. The experimental work of

Barus" shows that at temperatures above 185° C. water and soft glass are

miscible in all proportions. Further, it is held that water and rock are mis-

cible in all proportions at proper temperatures and pressures. (See p. 723.)

These conclusions throw new light upon the importance of the third

and fourth causes of precipitation. If these conclusions as to the misci-

bility of water and rock be true, at the higli temperatures and pressures

which prevail in the deep seated circulation the water must be very rich in

mineral content. It is clear that ascending' waters which continuously fall

in temperature and pressure must throw down great quantities of this

material before they reach the surface. It is notable that large channels

are most favorably situated with reference to all of these causes of

precipitation, for in the large channels mingling of solutions is most

likely to take place, along them reactions with the wall rock are important,

and in them solutions are most likely to be ascending. (See pp. 582-584.)

Therefore all the causes for precipitation combine to explain the great

amount of material deposited in the large openings.

While all of these statements are undoubtedly true, in view of the fact

already pointed out, that waters issuing from the belt of cementation

may contain more material in solution than those entering that belt, none

of them, nor their combinations, explain the general cementation in large

and small openings alike. Before we can satisfactoril}^ assign causes for

general cementation it is necessary also to recall the cementing minerals

and to indicate their relative importance. Of the substances deposited in

the belt of cementation quartz is undoubtedly the one which dominates

over all others. The one great process ii\ the belt of cementation is

silicification. Of very great importance is the deposition of the silicates

and carbonates. Both of these classes of minerals are deposited on a

great scale, but which of these is quantitatively the more important it is

hard to say. It has been noted that of the various silicates deposited the

important ones are the zeolites, the chlorites, the serpentines and talcs, and

the epidotes. The deposition of oxide of ii-on, as hematite, linaonite, etc.,

and of aluminum, as gibbsite and diaspore, is rather important, but quan-

titatively very subordinate to that of the classes of minerals already

mentioned,

« Barus, C, Hot water and soft glass in their thermo-dynamic relations; Am. Jour. Sci., 4th ser.,

vol. 6, 1898, p. 270; and vol. 9, 1900, pp. 167-168.
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We ai-e now prepared to suggest causes which may combine to explain

the apparently contradictory facts that a vast amount of openings in the

belt of cementation is cemented and that emerging waters may contain

more material in solution than entering waters ; or that, of the two processes

of deposition and solution, the latter is the preponderant one.

EXPANSION REACTIONS.

The first cause which will be given for cementation—and I believe the

one of greatest importance—is that of expansion reactions. It has been

explained (p. 603) that the chief reactions of the belt of cementation are

oxidation, carbonation, and hydration, and that of these three the latter is

of greatest consequence. Further, it has been seen that, 2:»i'ovided all of the

compounds formed remain as solids, the average volume increase in con-

sequence of these reactions varies from 16 to 50 per cent or more. So far

as these expansion reactions take place—rand they undoubtedly occur on a

most extensive scale-^-they tend to fill the openings, and thus cement and

consolidate the rocks.

In the following section it is explained that the process of metasoma-

tism, or change of the minerals within the body of the rocks, has taken place

upon a vast scale in the belt of cementation. Indeed, in extensive ancient

formations, especially in rocks of a porous character, it has frequently hap-

pened that, with the possible exception of quartz, scarcely a vestige of any

original mineral remains. Many of the rocks, esjsecially the igneous rocks,

are largel}^ or almost wholly composed of silicates. Even in the acid rocks

the amount of quartz and other compounds, aside from the silicates, together

is rarely as great as 50 per cent, leaving 50 per cent or more of silicates.

We shall now consider the expansion due to alteration of a rock which

contains 50 per cent of silicates. If we suppose the silicates to be com-

pletely altered by the processes of oxidation, carbonation, and hydration,

and that in these processes the expansion is 25 per cent—which is less rather

than more tlian the average amount—if all of the materials were deposited

the resultant expansion would be sufficient to furnish material to fill pore

spaces to the amount of 12J per cent of the total original solids of the rock.

Therefore, in the case of an igneous rock of exceptional aeiditv and excep-

tional porosity, the expansion reactions would be adequate to entirely fill

the openings of a rather porous rock. But it may be said that many of the
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rocks, especially the lavas, contain more pore space than 10 or 12 per cent.

This is especially likely to be true of the basic igneous rocks, of which the

basalts may be taken as illustrative. But in basalt there is ordinarily no

quartz. Practically the entire mass of the rock is composed of silicates, and

the complete alteration of these compounds would furnish a sufficient amount

of material, suppo.sing the oxidation, carbonation, and hydration to produce

an expansion of volume of 25 per cent, and all the compounds formed remain

in situ, to fill a pore space of one-fifth the volume of the rock.

As an illustration of the very considerable amount of enlargement in

volume by metasomatism in the belt of cementation a specific case may be

given. For this purpose we jmay take a, rock of intermediate composition.

The amphibole-gabbro of Beaver Creek, Big Trees quadrangle, California,

the mineralogical composition of which has been determined by Cross,

Iddings, Pirsson, and Washington, will serve the purpose." Columns (1)

to (3) are taken from these authors:

Table showing relative volumes of original and altered rocks in helt of cementation.

(1)

Mineral.

Orthoclase

Albite

Anorthite

Diopside

Hypersthene ..

Olivine

Magnetite

Ilmenite

Apatite

Pyrite

Undetermined

Total.

(2)

Formula.

K,Al,SiA6 --

NajAljSisOie-.

CaAljSiA -..

CaMgFeSiaOg.

MgFeSi^O, - .

.

Mg,Fe,Si,08..

FejO,

FeTiOj

FeS,

(3)

Per cent.

1.11

23.06

43.92

13.10

3.92

7.75

2.55

1.67

1.55

.20

1.37

100. 20

Volume

0. 8743

1. 2082

1. 3465

1. 2788

1. 1284

1. 1519

1. 0000

1. 0000

1. 0000

1. 0000

1. 0000

(6)
Volume of
resultant
products.

0. 9705

27. 8611

59. 1383

16. 7523

4. 4233

8. 9272

2.55

1.67

1.55

.20

1.37

125. 4127

Supposing that the orthoclase by hydration and carbonation passes into

kaolin and quartz, the decrease in volume is 12.57 per cent (p. 389). Sup-

posing that the albite passes into analcite and quartz by simple hydration,

"Cross, Whitman, Iddings, J. P., Pirsson, L. V., and Washington, H. S., Quantitative classificar

tion of igneous rocks, Univ. of Chicago press, 1903, p. 199.
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the increase iu volume is 20.82 per cent (p. 375). Supposing that the

anorthite by hydration passes into thomsonite, a zeolite with only a mod-

erate amount of water, the increase in volume is 34.65 per cent (p. 376).

Supposing that the diopside by carbonation, hydration, and oxidation passes

into talc, quartz, magnetite, and calcite, the increase in volume is 27.88

per cent (see sahlite, p. 391). Supposing that the hypersthene b}' hydration

and oxidation passes into talc, magnetite, and quartz, the increase in volume

is 12.84 per cent (p. 385). Supposing that the olivine by hydration and

oxidation passes into serpentine, magnetite, and quartz, the increase in

volume is 15.19 per cent (p. 388). Since the percentages of the other

constituents are small, they will be supposed to remain unaltered. In the

above table, column (4) is the volume ratio and (5) the volume of resultant

products.

It thus appears that the supposed reactions of hydration, carbonation,

and oxidation of the amphibole gabbro result in an increase of volume of

25.21 per cent. It is to be noted also that the calculation is made upon a

conservative basis. It might be supposed, for instance, that the anorthite,

the most abundant mineral in the rock, passed into gismondite, which

would increase its volume by 52.76 per cent rather than 34.65 percent.

Also, if the conditions were very favorable for oxidation the iron would

pass to hematite and perhaps to limonite. If all these suppositions wei'e

made in favor of getting the maximum volume, this would make the volume

increase considerably greater than calculated.

While the scoriaceous upper parts of lava beds may contain a pore

space greater than 20 per cent, such a proportion of openings is compara-

tively rare for any considerable thickness of lava beds. It is well known
that the amygdules of amygdaloids are ordinarily filled with quartz, with

the zeolites, with chlorites, with epidotes, serpentine, and other hydrous

silicates, and with carbonates; in other words, with the minerals mentioned

on pages 621-627 as especially likely to be formed in the belt of cementa-

tion. That from the anhydrous silicates, hydrous silicates should form and

fill the openings is to be expected. That the bases should unite with carbon

dioxide is natural. But what is the source of the quartz f So far as car-

bonation of the silicates has taken place—and the presence of plentiful

carbonates shows that this is an important reaction—silica, probably mainly

in the form of colloidal silicic acid, is liberated. The precipitation of this
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silica from the solutions forms the abundant chalcedony and quartz of the

amygduies.

It therefore appears probable that, in the alteration in the belt of

cementation of the porous rocks containing abundant silicates, expansion

reactions characteristic of the belt of cementation may be entirely adequate

not only to account for the tilling of the openings, but possibly to furnish

additional material to the ground solutions.

CONTRIBUTIONS FROM IGNEOUS ROCKS.

Expansion reactions, however, are not the only cause of cementation.

In a subsequent section upon igneous rocks it is seen that injections locally

produce profound metamorphic effects. It is there explained that the chief

of these is the increased action of solutions due to the heat of the magma.

But, as is well known, magma when solidifying gives off water. This

water is sure to be very rich indeed in mineral content. The material thus

contributed to the ground water solutions is certainly a source of material

for cementation. This source is of importance, for volcanism is a widespread

geological process. So far as material of this origin is available it explains

the cementation of rocks notwithstanding the probability that solutions

emerg-ing" from the belt of cementation contain more material than when

entering this belt.

SELECTIVE PRECIPITATION.

But it is clear that the explanation thus far offered by no means fiiUy

covers the matter of cementation for all rocks. Indeed, it does not fully

include the most important of the cases of cementation. It has been seen

that the dominant cement of the belt of cementation is quartz. In many
instances (see pp. 622, 865-866) the transformation of the great sand forma-

tions to sandstones and quartzites is wholly, or almost wholly, accomplished

by the deposition of quartz. Probably 90 per cent or more of the fractures

of rocks produced by deformation, such as joints, faults, bedding partings,

etc., are cemented by quartz. The cementation by silicates, carbonates, etc.,

may be fully accounted for by the expansion reactions above given; but

what is the source of the great quantity of silica for silicification'? In order

to answer this question we need to recall that the most distinctive process

of the belt of weathering is carbonation; that there, by the process of

carbonation of the silicates on a vast scale, colloidal silicic acid is set
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free. This material is taken into solution by the descending waters and

transmitted to the belt of cementation. As already pointed out, by the

processes of denudation and downward migration of the belt of weathering,

an abundant increment of silicic acid is ever contributed to the belt of

cementation. If this material could be there deposited, this would account

for the very general cementation by quartz. It has been seen that the

silica largely separates from silicates as colloidal silicic acid. This com-

pound is unstable, and tends to slowly decompose into water and silica.

During' the long and very slow journey of the water in the belt of

cementation there is ample time for this process. It is likely that the

principle that insoluble products are apt to be precipitated has a bearing

at this point. Quartz is an extremely insoluble compound, and therefore

tends to separate from the solutions bearing colloidal silicic acid. In the

precipitation of the silica from the solutions the previous almost universal

presence of quartz is also of great importance; for it has been shown (pp.

120-122) that the presence of a mineral of a certain kind favors the abstrac-

tion of like material from a solution and the addition of that material to

the nuclei. Hence a large part of the most abundant substance contributed

by the solutions from the belt of weathering is precipitated in the belt of

cementation. As already pointed out, an additional supply of silica is fur-

nished by the carbonation of the silicates within the belt of cementation.

Finally, silica is furnished by emanations from intrusive rocks. Thus

is explained the universal dominance of quartz as a gangue and cementing

material, and the formation of great masses of sandstones and quartzites by
this cementation process, as fully explained (pp. 864-868).

It is highly probable that the solutions are partly or fully compensated

for the silica abstracted by the addition of calcium, magnesium, sodium,

potassium, iron, etc., obtained by alteration of the minerals within the belt

of cementation. It has been noted (pp. 609-610) that carbon dioxide is

added to the belt of cementation in four ways. This cai'bonic acid unites

with bases, producing carbonates. Further, it has been explained (pp.

624-625) that carbonates are very important compounds added to the belt

of cementation. Thus the solutions of the belt of cementation have two

sources of these compounds. It is therefore to be expected that undergound

solutions which issue at the surface and in springs would bear as their most

abundant compounds the carbonates of the alkalies, alkaline earths, and iron,
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aud with this expectation analyses of waters of springs fully accord. With

the carbonates are also salts of other acids, such as hydrochloric, hydro-

sulphuric, and others, and also various salts of other subordinate metals.

From the foregoing it appears that during the circulation of water in

the belt of cementation the processes of precipitation and solution are selec-

tive. Quartz and the hydrous silicates are the dominant precipitates.

Carbonates of the alkalies and alkaline earths are the dominant salts which

come to the surface. The above precipitations and solutions are precisely

what should be anticipated from the laws of chemical precipitation given

(pp. 113-123). The compounds which, on the average, are thrown down

to the greatest extent are those which are least soluble and most abundant.

The compounds which are retained in solution to the greatest extent are

those which are most soluble and least abundant. However, of the more

soluble and less abundant compounds a portion is precipitated. The

conditions under which we should expect partial precipitation of these

compounds are those of lessening temperature and pressure. These are the

conditions of the ascending columns of water. It has already been seen

that the ascending columns are likely to be the main water channels.

Hence is explained the precipitation of the comparatively soluble carbon-

ates of the alkaline earths and other minerals which form in the trunk

channels.

By these various processes the larger openings are filled with deposits,

some of which contain a sufficient quantity of valuable minerals to

constitute ores. But where one large opening contains valuable minerals

in sufficient quantity to be of service to man, millions are filled with quartz,

hydrous silicates, calcite, dolomite, and other gangue minerals. It thus

appears that the deposition of much of the ores is but a special phase of

a general geological process of great consequence. This idea will be fully

developed in Chapter XII.

DIFFUSION.

Other factors besides those already considered enter into the cemen-

tation of openings. Of these, diffusion is important. Before considering

the influence of diffusion, it is necessary to recall some of the points

already developed. After the water enters the belt of cementation it first

has a downward movement, and usually later an upward movement.
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Bnperimposed upon these vertical movements are lateral movements.

During the downward course under normal conditions the temperature and

the pressure steadily increase; during the upward course they steadily

decrease. But there are irregular variations in temperature and pressure

due to orogenic movements and to igneous intrusions. Increase of tem-

perature and pressure increases tlie capacity of water to hold material

in solution. The amount of material required to produce saturation is

therefore exceedingly A'ariable for different poi'tions of the underground

circulation. Equilibrium in the solutions extending- between two places

depends not uj^on the absolute quantity of material contained, but upon

the relative approach to saturation at the various intermediate points.

Material migrates by diffusion from places where the approach to saturation

is nearest to places where it is less near, and this might be from a cool

dilute solution to a warmer stronger solution. The conditions of equilibrium

are therefore not those of uniform concentration, or in many cases even

approximately so, for often the temperature and the pressure are different

in horizontal columns from those in vertical columns, and vary greatly

in vertical colunnis if they are of great altitude. Low temperatures

and pressures obtain near the surface, and high temperatures and pressures

obtain at depth. Consequently as depth increases more material may
be held in solution before reaching a state of saturation; and because

of this the conditions of equilibrium are those of greater coucenti-ation

in the lower than in the upper parts of the columns. Moreover, the exper-

imental work of Barns," showing the wonderful dissolving power of water

on glass at high temperatures and pressures, but still at temperatures which
obtain in the lower part of the zone of fracture, shows that the differences

in the amount of material held in solution may be very great—may, indeed,

vary by ratios as great as 1 : 100 or 1 : 1,000.

From the foregoing it follows that if there were uniform concentra-

tion, with variable temperatures and pressures in the underground solutions,

the material would diffuse from high levels to low levels and thus produce

equilibrium. Where the currents are moving dowmward, but with decreas-

ing slowness on account of the lateral movement of the water, which

continually cai-ries a part off to one side (see pp. 572-576), the lower

« Barns, Carl, The compressibility of hot water and its solvent action on glass: Am. Jour. Sci., 3d
ser., vol. 41, 1891, pp. 110-116.
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part of the column, because of its contact with the rocks for a greater time,

would be more likely to be near the point of saturation than the higher

parts; and thus there is a tendency for upward diffusion against the current.

Diffusion is so slow that this movement might be thought to be of so little

consequence as to be negligible; but it has been seen that the average

downward movement of water in the belt of cementation is exceedingly

slow, the rate of movement frequently not being more than a meter per

annum. Therefore it is rather probable that upward diffusion against the

downward-moving currents is a matter of consequence in maintaining the

approximate equilibrium of the underground solutions, and therefore in

promoting continuous and uniform precipitation throughout the belt.

During the upward movements which are characteristic of the later

parts of the journey of the water currents diffusion may also work against

the movement. This would be true if at the place where the upward

movement began saturation had not been attained. At some higher point,

"as a result of the lessening temperature and pressure, saturation would be

reached, and thus the coefficient of saturation would be higher. Hence

there would be diffusion downward, or from places where there is less

material in solution to places where there is more material in solution.

So far as the lateral movement of water is concerned, if variations in

temperature and pressure be ignored, there is diffusion from areas of greater

concentration to areas of less concentration. But the farther the water has

gone, and the longer therefore it has been in contact with the rocks, the

nearer are the solutions to saturation; hence there is a tendency for diffusion

to take place against the currents. But where the temperature and the

pressure are unequal, due to igneous rocks or orogenic movements or both,

this condition of affairs may be reversed.

This factor of diffusion in connection with movements of the under-

ground currents apparently explains some of the anomalous features of the

belt of cementation. The downward movement may be presumed to be

generally so slow tliat diffusion keeps the solutions approximately at

equilibrium, and the process of cementation goes on subject to the laws of

the expansion reactions and selective precipitation. But at places where

the downward currents move so fast that diffusion does not maintain
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equilibrium by movement of the dissolved material in a direction against

the current, the descending waters continuously take material into solution

;

or, if not that, at least deposit little or no material; and thus a formation

or an area in a formation below the level of ground water may not be

cemented or indurated. In this manner may be explained the streaky

cementation and induration of sandstones and quartzites, and very frequent

preponderant solution below the level of ground water where there are

strong descending currents (see p. 604). In places where the downward
movement was slow and regular, cementation and induration are in an

advanced stage or complete; while at places where there was rapid descend-

ing movement of the waters there was little deposition, and the material

is but feebly or not at all cemented.

Besides the greater movements of diffusion connected with general

currents of ground water, diffusion is unquestionably of great importance

in the short movements of the ground water in the subcapillary openings

between the single mineral particles or aggregates of mineral particles

and between the adjacent capillary and supercapillary openings in which

tlie main water currents travel. In the subcapillary openings, during the

metasomatic processes, the water becomes saturated with material. Even
if the water within the subcapillary openings itself does not move, the

material in solution slowly migrates by diffusion toward the larger open-

ings containing circulating waters, and vice versa. Therefore the materials

of the small openings and those of the main water currents meet. The
latter may carry not only recently acquired material, but material obtained

long before, perhaps at great distances, or even from the belt of weathering

above. As a result of this meeting selective precipitation takes place.

CONCLUSION.

From the foregoing pages I conclude that cementation is caused by
the expansion reactions, by contributions from magmas, by selective precipi-

tation, and by diffusion, and that these processes are adequate to explain

the process, notwithstanding that the waters issuing from the belt of cemen-

tation contain large quantities of material in solution. In the actual precip-

itation in the openings of rocks these different factors work together, not

separately.



640 A TREATISE ON METAMORPHISM.

The material precipitated is derived from three sources—that carried by

the waters passing from the belt of weathering- into the belt of cementa-

tion, that contributed by igneous emanations, and that which passes into

solution within the belt of cementation. While at any one time the belt of

.

weathering may not be of great thickness, as a consequence of denudation,

there is steady addition of new material to this belt, and therefore a con-

stant supply of material. If all of this material could be deposited in the

belt of cementation it would iindoubtedly be adequate for the work. The

same is true of the material which passes into solution within the belt of

cementation itself But doubtless if the belt of cementation had only one

of these sources, cementation would be very imperfect. It is only by the

combination of the important sources of material that an adequate supply

is obtained to furnish the issuing solutions the abundant materials which

they carry and yet leave a sufficient residuum for cementation.

METASOMA TISM.

DEFINITION.

Metasomatism may be defined as the process by which original minerals

are partly or wholly altered into other minerals, or are replaced by other

minerals, or are recrystallized with or without mineral changes, or one or

more of these together. In the alteration of a mineral into other minerals,

or in its replacement by other minerals, there may be addition or subtraction

of certain constituents. As a result of the changes, the new rock may gain

or lose variety in the minerals composing it. Either by the substitution of

constituents, or by the loss of constituents, and therefore concentration of

other constituents, a resultant rock may have a predominant mineral.

EXTENT OF PROCESS.

In rocks changed by metasomatism under mass-static conditions all

stages of alteration may be seen, from comparatively fresh rocks, in which

the changes are incipient in the minerals most readily alterable, to those

rocks in which all alterable minerals have been transformed by metasomatism

into others which are permanent under the prevailing conditions.

Throughout extensive areas important formations are so altered that

no original mineral remains. That the recrystallization of great masses of
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sedimentary and igneous rocks may go far, toward or quite to completion

under mass-static conditions is so well known that the fact need not here

be emphasized. One of the best illustrative American localities is that of

the Keweenawan series of the Lake Superior region. As shown by

Pumpelly" and Irving,' the more porous lavas of this series have in many

cases lai-gely recrystallized. The less porous ones,show extensive alterations.

In various regions even great dense igneous masses have been profoundly

affected or completely recrystallized throughout by metasomatic change.

However, as subsequently seen, the rocks which have recrystallized

under mass-static conditions are easily discriminated from those which have

been recrystallized under mass-mechanical conditions.

CONDITIONS FAVOBABLE TO METASOMATISM.

Since the changes are produced mainly through the medium of water,

the presence of a considerable amount of water, and especially conditions

favorable to its circulation, are very favorable to metasomatic changes. It

follows that in proportion as the rocks are porous metasomatism is likely to

be rapid. But if there be sufficient time, in order to produce profound

changes, there is no necessity for circulation of ground waters beyond

that necessary to provide water for the development of the hydrated

minerals which form in the belt of cementation so as to keep intact the

minute amount of water in the small openings. If these conditions obtain,

a veiy small amount of water may be the medium through which the rocks

are completely altered and recrystallized. Even the subcapillary openings

may be penetrated by solutions and the unstable minerals transformed

throughout. But in dense rocks under mass-static conditions, where the

spaces bearing water are all subcapillary, the changes are exceedingly

slow. Even in the pre-Cambrian rocks, in the larger dense masses, such

readily alterable minerals as nepheline and olivine are found. Olivine

occurs extensively in the pre-Cambrian rocks of the Lake Superior region.

Throughout extensive masses in this region the less alterable minerals,

augite and basic feldspar, are apparently almost perfectly fresh. The

«Pumpelly, Raphael., Metasomatic development of the copper-bearing rocks of Lake Superior:
Proc. Am. Acad. Arts and Sci., vol. 1.3, 1878, pp. 253-309.

''Irving, R. D., The copper-bearing rocks of Lake Superior: Mon. U. S. Geol. Survey, vol. 5, 1883,

pp. 87-91.
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small masses of dense rocks, especially those which are in the midst of

porous rocks, .are much more altered.

Porosity is also favorable to metasomatism because the necessary space

is available for the expansion reactions of the belt of cementation without

lifting' the rocks. This necessity for more space is an important restraining

factor in the alteration of the dense rocks.

In so far as the minerals are in a state of strain, this is favorable to

solution and redeposition, and therefore, in proportion as this condition

obtains, metasomatism is rapid. In so far as the mineral particles are finely

divided, they furnish a large area for the attacking solutions, and therefore,

in proportion as this condition obtains, metasomatism is rapid. Other

things being equal, the higher the temperature the more rapid is metaso-

matism. Since normally the temperature increases 1 ° C. for 30 meters in

depth, metasomatism is likely to be much more rapid in the middle and

lower parts of the zone of fracture than in the higher parts. The process

of metasomatism may be greatly promoted by increase of temperature due

to intrusives, as explained on pages 648-649.

Metasomatism is rapid in proportion as the rocks are composed of

readily alterable minerals. Of these leucite, nephelite, olivine, etc., are

readily alterable; the pyroxenes, amphiboles, and micas occupy an inter-

mediate position; and quartz and the acid feldspars are very slowly

alterable under the conditions of the belt of cementation, although, as has

been explained in a previous chapter (see p. 619), the feldspars are some-

what readily attacked in the belt of weathering.

Finally, the extent to which metasomatism has taken place is a direct

function of the age of the rocks. The older a formation the more likely

are the changes to be far-reaching.

MliXERALS PRODUCED.

The dominant minerals produced by metasomatism are the same as the

cementing minerals (see pp. 621-627), and this is what should be expected;

for it is to be remembered that the solutions pass through the rocks slowly,

and that the minerals deposited in the openings and those deposited in the

body of the rock are alike the joint result of the reactions between the

solutions and solids.
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If this be so, it can not but follow that the minerals precipitated from

the solutions in openings will be essentially the same as those produced by

the changes within the mineral particles, although their relative proportions

may be very different; for it is certain that the changes in the body of the

rock are largely accomplished by solution and redeposition, although the

material ma}^ be deposited very close to the place at which it was taken

into solution.

GROAVTH OP LARGE ISDITIDUALS WITH PEESERVATIOX OF TEXTURES.

One of the most distinctive features of metasomatism in the belt of

cementation is the growth of large mineral individuals witli the jjreservation

or emphasis of original textures and structures.

The formation of large individuals is a result of the physical-chemical

law explained on pages 74-76, under which large individuals form at the

expense of smaller ones. In rocks altered

by metasomatism in the belt of cementation

the more than average growth of certain

individuals may be recognized in the very

unequal size of the mineral particles and in

the enlargement of the old individuals. The

general unevenness in the magnitude of

mineral particles in rocks altered by meta-

somatism in the belt of cementation is so well fig. le.-CUstn. quart/ penetrated by serpentine.

, ... , , 1 • T
After Becker.

known that the point need not be emphasized.

WMle certain individuals may grow to much more than average magnitude,

many others break up into very numerous smaller individuals of diiferent

kinds; for instance, the change of feldspar to quartz and mica. (See PI.

Ill, A.) The growth of large individuals at the expense of small ones

explains the numerous interpenetrations of minerals in the recrystallized

rocks. As a result of the disturbance of equilibrium from any cause, a

change may take place. One mineral may grow. At the same time the

adjacent mineral may be dissolved. The growth of one in many cases is

apparently conditioned by the solution of the other. Cases of this are the

growth of magnetite into quartz, and the secondary penetration of needles

of actio olite and serpentine into quartz. (See fig. 16.)
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The enlargement of mineral particles has been described as occurring

in quartz, feldspar, hornblende, augite, garnet, tourmaline, and other

minerals, by Sorby," Becke,* Irving," mj^self,** Williams,'' Hobbs,-'' Whittle,^

and others. (See figs. 14 and 15.)

However profound the alterations of metasomatism by molecular

mechanical action under mass-static conditions, the original textures and

structures of the rock may not be greatly affected. It may be that all of

the original minerals composing a rock are completel}^ changed and yet

the original ig'ueous or other textures be perfectly preserved. The case is

parallel to that of petrifaction of a wood in which no particle of the woody

fiber remains aud yet the textures .of the original organic tissue are almost

perfectly preserved. The modifications are mainly changes of substance,

not changes of form. Thus all the textures characteristic of igneous rocks,

such as granolitic, ophitic, porphyritic, etc., may be almost completely

preserved in a rock which has altered throughout. This is illustrated by

the dolerite dikes in the iron-bearing formation of the Penokee series of

Michigan and Wisconsin. These dikes in the black impervious slates are

little altered dolerites, but their continuations in the iron-bearing formation

do not contain one vestige of any original mineral, but are ferruginous,

hydrated, aluminum silicates, which in composition correspond very closely

to kaolin.'' Yet the texture in the altered rock and in the dolerite is the

same.

Indeed, not only may there be no tendency to destroy textures and

structures which were originally present, but there may be a tendency to

«Sorby, H. C, On the structure and origin of noncalcareous stratified rocks: Proc. Geol. Soc.

London, 1880, p. 62.

6Becke, F., Eruptivgesteine aus der Gneissforraation des nieder6sterreichis6hen Waldviertels:

Tschermaks mineral. Mittheil., vol. 5, pt. 2, 1883.

i: Irving, R. D., and Van Hise, C. R., Enlargement of quartz fragments and genesis of quartzites:

Bull. U. S. Geol. Survey No. 8, pt. 1, 1884, pp. 11-43.

"^.Van Hise, C. R., Enlargements of feldspar fragments in certain Keweenavs-an sandstones: Bull.

U. S. Geol. Survey No. 8, pt. 2, 1884, pp. 44-47. Van Hise, C. R., Note on the enlargement of horn-

blendes and augites in fragmental and eruptive rocks: Am. Jour. Sci., 3d ser., vol. 33, 1887, pp. 385-388.

f Williams, G. H., The greenstone-schist areas of the Menominee and Marquette regions of Mich-

igan: Bull. U. S.Geol. Survey No. 62, 1890, p. 173.

./"Hobbs, Wm. H., Phases in the metamorphism of the schists of the southern' Berkshire: Bull.

Geol. See. America, vol. 4, 1893, pp. 173-176.

9" Whittle, C. L., Some dynamic and metasomatic phenomena in a metamorphic conglomerate in

the Green Mountains: Bull. Geol. Soc. America, vol. 4, 1893, pp. 156-158.

''Irving, R. D., and Van Hise, C. R., The Penokee iron-bearing series of Michigan and Wisconsin:

Hon. U. S. Geol. Survey, vol. 19, 1892, pp. 357, 358.
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emphasize them. This emphasizing of old textures and structures results

from the fact that solutions work along openings and surfaces of weakness.

At any place in which water is present in more than the average amount,

or is more than usually active, there may be greater than average solution

and deposition, and thus emphasis of the old texture or structure. Common
cases are the emphasis of perlitic cracks and bedding planes.

However, where large individuals alter to many small particles, or

undergo a secondary enlargement with needle-like terminations, or are

altered in various other ways, the original textures may become much less

definite than they were originally, although the process of modification

rarely goes so far as to obliterate original textures.

'

As a result of the preservation or emphasis of original textures and

structures during metasomatism in the belt of cementation, it may happen
that somewhat extensive changes in a rock are overlooked or ignored.

Those who are most famiUar with the recent little modified rocks are

inchned to explain the phenomena they see in them as original. Those
who have been working among the ancient and therefore more modified

rocks are inclined to explain similar phenomena as the result of alteration.

In each case the phenomena must be studied in the field and in the labora-

tory, taking into account all the evidence, in order to ascertain the actual

truth; for it is certain that such phenomena as amphibole surrounding
pyroxene cores and pegmatitic textures may be due to primary crystalliza-

tion or to secondary alteration, and the appearance in the two cases be
much the same, if not identical.

SEGREGATION OP INDlTIDUAIi MINERALS.

Under exceptional conditions, by alteration or substitution or the two
combined one mineral may very largely or wholly replace the minerals
previously occupying a certain space. The space thus taken may vary
from an insignificant amount to a considerable area for the entire thickness
ot a formation. In the latter case the process of metasomatism is often
given a name dependent upon the mineral which replaces the other
minerals, or that into which the other minerals alter. If, for instance, the
segregating compound be silica, the process is called silicification; if it be
serpentine, it is called serpentinizatiou; if it be chlorite, it is called
chloritization, etc.
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Probably the most common of the various segregations is that of

silica. This perhaps most frequentl}" takes place in limestones, pro-

ducing chert or quartz masses. According to Hinde," silicification has

extensively occurred at Spitzbergen and Axels Island, where formations

once largely carljonates, aggTegating 250 or more meters in thickness, are

composed almost entirely of chert.

Cases of extensive serpentinization are those of the metamorphosed

sandstones and igneous rocks in the Coast Eange of California, described

by Becker, where serpentine is said to replace quartz, feldspar, and apatite

on an extensive scale.'

IGNEOUS WORK.

The ig'neous woi'k of the belt of cementation is all comprised under

"injection."

INJECTION.

By injection is meant the penetration of a rock by a molten magma.

In the belt of cementation the injecting rocks make their way chiefly by
following fractures, such as faults, joints, bedding planes, fissility planes,

irregular fractures of brecciation, etc. The injected material therefore fills

the larger crevices, such as those produced by faulting, jointing, bedding,

fissility, or brecciation, and to some extent it may penetrate the interspaces

between the individual grains—for instance, those of the ordinary sedi-

mentary rocks. But it is probable that pm-e igneous injection between the

mineral particles of the dense rocks does not usually penetrate a great dis-

tance from a continuous mass of the magma. Not only do the injecting

masses utilize the openings already formed, but they force the walls apart

and. extend the openings, thus making possible intrusive masses of large size.

The intrusive masses vary in size from great laccoliths many kilometers in

extent and thousands of meters in thickness, through numerous great dikes

or sills, many of which may be a hundred or more meters in thickness and

many kilometers in extent, through dikes and sills of small size, to minute

lamina} between the fissile leaves or to stringers between the g'rains.

« Hinde, G. J., On the chert and siliceous schists of the Permo-Carboniferous strata of Spitzbergen

:

Geol. Mag., new ser., dec. 3, vol. 5, 1888, pp. 241-251. Reviewed in Am. Jour. Sci., 3d ser., vol. 36,

1888, p. 73.

(< Becker, G. F., Geology of the quicksilver deposits of the Pacific slope: Mon. U. S. Geol. Survey,

vol. 13, 1888, pp. 122-12,5.



WORK OF INJECTION. 647

Injection by occupying the opening, of the .-ocks indurates them. In

these Inspects the process is similar in its results to cementation. The

hjction magma is a solution which crystallizes. This .s a freezmg of the

solution (See p. 113.) In cementation the soUds crystalhze from the solu-

it It is beLed/as will be seen (pp. 723-728), that the process of

injection passes by gradation into cementation. The forms wh.ch m^ec-

ions take are often similar to those of the veins produced by cementation,

and rock masses formed by either process may have the same relations to

the previous structure of the rock.
^ . f ^^

Iniecting materials comprise magmas of all lands. Injections follow

narallel and irregular fractures ahke. Where the injections are m plane

parallel openings, such as those of faults, joints, and fissility the rock may

take on a banded character. These bands may be large and wide apart, as

is often true of injections along faults; smaller and closer together, as is

frequent along joints; or very narrow and very close together, as is occa-

sionally the case along planes of fissility. The banded rocks produced by

iniectima may have an added complexity, due to the fact that many of the

dikes follow one or more sets of fractm^es diagonal to the previous structure

as well as parallel to it. Where the injecti<ms are in rocks with origmal

irregular fractures, such as brecciation, this results in great complexity of

'^''''^The Sierra Nevada granite furnishes an admirable example of .a rock

which has been injected in a complicated manner. This granite is cut by

several sets of intersecting joints. Many of these joints have been taken

advantage of by the later injecting granite; and in the magnificent

exposures in the region the dikes may be seen in parallel sets, intersectmg

other parallel sets of dikes. One of the localities in which the phenomena

may be particularly well seen is the Yosemite Valley. Here there are at

least six sets of intersecting joints. At some places two or tlu-eeof these

sets of ioints have been taken advantage of by the entering material.

In some regions, after one set of fractures has been taken advantage ot

by injection material, succeeding orogenic movements have produced other

sets of fractures, which have again been injected, and in some regions there

may be found evidence of several distinct periods of fracturing and injec-

tions CompHcated injection is particularly likely to occur adjacent to

great laccoliths within the zone of fracture.
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Not onl)^ do igneous intrusions follow the various openings of rocks,

such as those of joints, faults, fissility, brecciation, etc., and thus close them,

but they produce a metainorphic effect upon the injected rocks. This

contact effect may be confined to a centimeter or two adjacent to the

intrusive or it may extend to a distance of several kilometers, depending

upon many factors considered below. Furthermore, the contact effect,

whether confined within narrow limits or affecting an extensive area, may
be either slight or profound. •

As already stated on pag-e 488, the contact effect of the injecting upon

the injected rock is known as the exomorphic effect, and that of the injected

rock upon the injecting rock as the endomorphic effect. As- has been fully

explained on pages 489-494, the exomorphic effect is produced in two

ways—by the direct contact action of the igneous rocks due to rise of

temperature, and by indirect action through heated solutions. The exomor-

phism is ordinarily at a maximum immediately adjacent to the intrusive,

and it decreases in amount, either rapidly or gradually, with distance from

the intrusive. The change immediately adjacent to the injecting rock is

often very marked. The rocks may be greatly indurated; the colors may
be changed, etc.; and these physical changes are commonly accompanied

by changes of chemical and mineral compositions.

The modifications of the intruded rocks immediately adjacent to the

intrusive rocks are commonly attributed to direct contact action, but the

change in chemical composition shows that solutions are also an important

factor in the result, and therefore that there is indirect action. Indeed, in the

belt of cementation the two are never independent, and it is impracticable

to separate direct and indirect exomorphism and measure their quantitative

importance. While this is true, it will be seen that contact metamorphism

in the belt of cementation is only in small measure direct, and in very large

measure indirect.

As fully explained on pages 490-494, in the belt of weathering the

exomorphic effect is accompHshed through gaseous solutions; in the belt

of cementation the exomorphic effect is accomplished mainly through liquid

solutions. In the latter belt, as in the belt of weathering, the solutions are

modified in two ways—by the actual emission of water and associated

materials from the igneous rocks to the solutions, and by tbe simple
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heating of the sokitious by the igneous rocks. In the belt of weathering

the range of action of the gaseous solutions is somewhat limited. (See

pp. 430-431.) In the belt, of cementation the range of action of the liquid

solutions may be far more extensive and the total result vastly greater.

Indeed, I believe it would be difficult to. overestimate this indirect effect.

The solutions are the great agents which permeate all the openings of

the rocks, great and small, travel great distances from the source whence they

derived their heat and dissolved materials, and in their journey everywhere

alter the rocks.

To illustrate, the waters of hot springs, such as those of the Yellowstone

Park, derive their heat from igneous rocks at considerable distances from

the points where the waters issue, and throughout the journey the activity

of these solutions is very greatly enhanced, and therefore exomorphism is

greatly accelerated.

The amount of contact action and the distance to which it extends

depend mainly upon (a) the porosity of the intruded rock, (b) the efficiency

of the water circulation, (c) the composition of the intrusive and intruded

rock, (d) the size of the intrusive masses, (e) the length of time of intrusion,

(f) the temperature of the intrusive, and (g) the depth of the intrusion.

(a) A most important factor ill the extent and amount of contact

metamorphism is the porosity of the intruded rock. If the rock be

nonporous the contact effect is usually limited to a somewhat narrow belt

adjacent to the intrusive. If the intruded rock be broken by faults, joints^

planes of fissility, and especially if the individual masses between the larger

openings are porous, as in the case of sandstones, the contact effect for a

given intrusive mass may extend many times farther and be many times

more effective than in a nonporous rock.

Chemical change is greatly facilitated by the perviousness of the

intruded rock. A porous rock, such as a sandstone or a fissile .rock, has

openings in which may be deposited great additions of materials different

from the unmodified rock, and thus change its chemical composition. For

instance, a quartzose sandstone may have large additions of feldspar or

amphibole, as in the Wausau district of Wisconsin. On the other hand, an

impervious rock, such as a mudstone or shale, may be but little changed, as

the solutions can not readily penetrate this rock and carry with them
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constituents of a different composition. Of course an impervious rock may
be considerably changed in chemical composition immediately adjacent to

the intrusive, but the change is not likely to extend far. (See e.)

(b) If circulating underground waters are in rapid motion in the

intruded rock—and this of course depends, among other things, upon the

porosity—the contact effect will extend widely and the alterations be great,

for the rapidly moving percolating waters derive both heat and soluble

material from the igneous rocks, or the heated rocks adjacent to them, and

this material and the heat are carried far and therefore produce great

effects.

(c) The amount of contact action depends upon the compositions of

the intrusive and intruded rocks. The general law in this connection is that

the exomorphism and eudomorphism tend to make the rocks approach each

other in chemical composition. Therefore the amount of change is likely

to be great in proportion as the difference in composition of the intrusive

and intruded rocks is great. If they be practically the same in chemical

composition, the interchange of constituents through the solutions is not

likely to greatly modify the composition of either. But if, on the other

hand, the two rocks differ greatly in composition, each will be likely to gain

constituents from the other and be modified in chemical and mineral compo-

sition. Each furnishes to the other materials in which it is deficient.

Thus, if an intrusive rock in which feldspar and bisilicates are abundant,

but in which quartz is absent, intrudes a rock rich in quartz, but one in

which feldspar and bisilicates are absent, the intruded quartzose rock will

be likely to gain feldspar and bisilicates, while the intrusive rock will be

likely to gain silica, and may gain an amount sufficient to cause the silica

to separate as quartz. An excellent example of the addition to the intruded

rock from the intrusive is furnished by the adinoles and spilosites of the

Crystal Falls district of Michigan described by Clements." These metamor-

phosed slates contain very much more potassium than the average slate of

the district. The igneous rock is rich in potassium and this element, there-

fore, must have been derived from that source.

In producing the above effects intrusive rocks are likely to cause

important change in proportion as they are mobile and in proportion as

they contain a large amount of occluded water. Indeed, to a certain extent

« Clements, J. Morgan, A contribution to the study of contact metamorphism: Am. Jour. Sci., 4th

ser., vol 7, 1899, pp. 85-90.
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these two factors are mutual; for the greater the amount of occluded water

the greater the mobility of the magma. The greater the mobility the more

extensive the intrusion is likely to be and the more minute the openings

which may be entered. Further, magmas which contain a large amount

of occluded water at the time of crystallization emit this water loaded with

salts, and this material is added to the intruded rocks and increases the

exomorphism.
' (d) Other things being equal, the greater the mass of the intrusive the

farther its effects are likely to extend and the more potent they are hkely

to be. While there is a tendency for the metamorphism to be proportional

to the size of the iutrusives, the small metamorphic effect upon the adjacent

rocks which large intrusive masses, such as the great dikes or even the

laccohths, frequently show is astonishing. In many cases the intruded

rocks seem to be scarcely modified at all by masses of the largest size in

the belt of cementation. An excellent illustration of great intrusive masses

with little or no apparent metamorphism is furnished by the extensive sills,

from 10 to 100 or more meters thick, in the Animikie slates northwest of

Lake Superior. But, as explained below, comparatively small masses of

intrusive rocks may, for various reasons, result in profound modification.

(e) An iujportaut factor in the extent of metamorphism is the length

of time through which flow continues along a certain opening. If mag-

matic flow continues long through an opening, the quantity of passing

magma is great and the contact effect is likely to extend far and to be

profound. This is a general consequence of the large amount of heat and

emanations which may be furnished to the surrounding rocks and solutions

by the long-continued intrusions. Long-continued flow of lava to higher

levels or to the surface may take place through small openings, and a large

intrusive mass may quickly form. Therefore a comparatively narrow

igneous inass may be accompanied by profound contact action, because

the changing mass furnishes to the intruded rock a continuous supply of

heat and material to the solutions for a long time; while accompanying

great masses of igneous rocks which simply occupied an area, compara-

tively little contact action may occur. The latter case is illustrated by the

Henry Mountain laccoliths " and the great dolerite sills, some of them

"Gilbert, G. K., Eeport on the geology o£ the Henry Mountains: U. S. Geog. and Geol. Surv.,

Rocky Mt. Region, 1880, pp. 51-98.
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hundreds of feet in thickness and many miles in extent, in the Animikie

series of the north shore of Lake Superior."

(f) The higher the temperature of the intrusive the greater the

amount and extent of the contact effect. The temperatures of hxvas as

the}' reach the surface vary greatly, ranging from 700 to 1,100° C.''

Other things being equal, it is evident that those magmas which have the

higher temperatures are more effective in metamorphism, for two reasons.

In the first place, they furnish a larger amount of heat to the surrounding

rocks and solutions; and in the second place, they have greater mobility

and therefore are more likely to extend far and enter minute openings.

(g) Other things being equal the greater the depth of the intrusion

the greater the contact effect. One of the chief reasons for this is that

rocks are very poor conductors of heat, and therefore the direct and

indii-ect effect upon the intruded I'ocks continues for a longer time with a

gradually broadening zone of action. Indeed, it is highly probable that

the larger masses of the intrusive rocks in the middle and lower parts of

the belt of cementation, of Tertiary age, have not yet cooled. The solu-

tions of very greatly increased metamorphic efficiency on account of this

heat have been at work for millions of years.

Finally, the pressure is much greater where the intrusives are deep

seated, and this promotes metamorphism. This matter of the increase of

the metamorphic power of intrusives with depth can not be too strongly

emphasized. Indeed, in cases of widely extended and profound exomorphic

effect the intrusives are almost invariably deep seated. As the depth of the

intrusives increases, we gradually pass from the belt of cementation, which

we are now considering, to the zone of anamorphism, to be considered in

the following chapter. It will there be seen (pp. 711-736) that in that zone,

where the intrusives are of still greater depths than in the belt of cemen-

tation, the contact effects are of -the most profound character. But it can

not be too strongly insisted upon that these effects are not mainly due to

the direct heating effects of the intrusive rock, but to the indirect effect

upon the solutions in heating them and furnishing materials to them.

I repeat, the solutions are the important direct agents which produce

far-reaching and profound metamorphism in the belt of cementation.

oLawson, A. C, The laccolitic sills of the northwest coast of Lake Superior: Bull. Geol. and Nat.

Hist. Surv., Minnesota, No. 8, 1893, pt. 2, pp. 24-48.

ftGeikie, A., Textbook of geology: Macmillan & Co., London, 1893, pp. 225-226.
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COMBINATIONS AND RELATIONS OF MECHANICAL WORK, CHEMICAL WORK,
AND IGNEOUS WORK.

For the sake of clearness of analysis, each of the mechanical processes

of consolidation—strain within the elastic limit, and fracturing; the chemical

processes of cementation and metasomatism; and the igneous process of

injection—has been treated separately. As a matter of fact, any one of

the processes may be dominant in an individual case, as, for instance, the

cementation of a sandstone to quartzite. Commonly, however, they do not

occur independently in the rocks, but two or more take place simultaneously.

The joint work of different combinations will be briefly considered in order

to make clear the interaction of the processes.

The mechanical, chemical, and igneous processes often occur together,

one frequently promoting the other. The chemical processes are promoted

by the mechanical processes. Fracturing gives water a much larger surface

of contact; it promotes water circulation; it allows easy injection. The

mechanical processes induce a state of strain in the mineral particles where

it does not fracture them. Therefore fracturing very notably promotes

cementation, metasomatism, and injection. Indeed, in the belt of cementa-

tion, where the rocks are massive and originally contained no openings,

cementation, metasomatism, and injection would take place with difficulty

and slowly if it were not for mechanical action.

It has been explained that the processes of oxidation, carbonation, and

hydration, characteristic of the belt of cementation, can take place only

with expansion of volume. Where there are no openings available, in

order that these reactions shall occur, it is necessary that much material

shall be dissolved to compensate for this expansion; and in the massive

rocks the water circulation is so slow that the material can be dissolved and

transported from the belt of cementation only very slowly indeed. This,

therefore, is the explanation of the small amount of alteration in the belt

of cementation where the rocks are not porous and have not been fractured.

However, where the massive, originally nonporous rocks have been

fractured, the fracturing increases the total volume of the rocks by the

amount of the openings produced. Later the openings are closed by

cementation, metasomatism, and injection, and thus there is absolute

increase in the volume of the material. This increase has been estimated
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by Slialer, as already noted (p. 127), to be 3 to 5 per cent of the superficial

area at certain places along the New England coast," and this corresponds

to an increase in volume from 0.52 to 1.12 per cent. Where one set of

openings which originally existed or has been produced by fracturing has

been closed by cementation, metasomatism, and injection, a new set of

ruptures may form, thus further increasing the volume of the rocks, and

these openings may again be closed by cementation. Of course, in such

rocks as were originally very porous—for instance, the sandstones and

amygdaloids—the alterations of the belt of cementation may take place

with no gross expansion of the volume of the rocks, the necessary spaces

being found in the original openings.

The conditions favorable to cementation and metasomatism are usually

the same; therefore the two processes naturally occur together. In some

cases, such as cementation of a pure quartz sand, cementation may take

place without marked metasomatism; but this is exceptional. Metasoma-

tism is almost invariably accompanied by cementation, and usually where

the former process is important the other is sure to be of consequence.

Where injections occur it has been seen that, besides closing the openings,

an extended and profound exomorphic effect is produced. Further, it has

been seen that this is especially likely to be true when the exomorphism is

indirect or the work of solutions. But the alterations accomplished l^y the

solutions as an agent are cementation and metasomatism. Therefore, where

injection is an important metamorphosing influence, cementation and meta-

somatism are exceedingly active and widely extended. The underground

waters are heated. These heated waters dissolve a large amount of the

material of the injected and injecting rock; they receive a further contribu-

tion furnished by the solutions emanating from the injected rock. Solu-

tions thus enriched travel for a greater or less distance, but ultimately a

portion of the material is deposited, thus cementing the rocks. Just as

injection promotes cementation it promotes nnetasomatism, and for the same

reasons. The solutions are heated and rich in mineral materials, and there-

fore the mineral particles present in the injected rock are modified. It

follows from the foregoing that the chief indirect exomorphic effects are.

accomplished by cementation and metasomatism.,

«Shaler, N. S., The crenitic hypothesis and mountain building: Science, vol. 11, 1888, p. 281.
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"Irving further points out" that, after an ig-neous rock has solidified, as

it continues to cool it contracts, and therefore at the contact of the igneous

rock with the intruded rocks openings are likely to be produced. Fre-

quently the contraction openings are not confined to the contacts, but

extend into both the injecting and the injected rock. Such openings, being

within the intrusive rocks or near the contacts of the intrusive and intruded

rocks, furnish trunk channels which are likely to receive solutions from both

the injecting and the injected rocks. Thus are exj)lained the very frequent

trunk channels for circulation and vein formation within and adjacent to

igneous rocks. The openings along the borders of igneous rocks and

within them are of very great consequence in connection with ore deposits.

(Seep. 1116.)

Concluding, it is clear that while one or two of the processes of cemen-

tation, metasomatism, and injection may occur without the other one or

two, it is rarely that one works alone. Of the processes, that which is most

likely to occur without the others is cementation. Metasomatism rarely, if

ever, takes place without cementation. Cementation and metasomatism

may take place on an extensive scale without injection. Injection is invari-

ably accompanied by cementation and metasomatism.

CHANGES OF CHEMICAL COMPOSITION.

The amount of change in the chemical composition of the rocks in the

belt of cementation is likel}- to vary with the porosity. Where the rocks

are dense, chemical analyses appear to show that the average composition

of the rocks does not greatly change, except by oxidation, carbonation, and
hydration. The oxygen and carbon dioxide are added directly or indirectly

from the atmosphere, and the water from the hydrosphere. In the opening

pages of Chapter II it has been explained that all chemical changes involve

molecular mechanical action, even where the average chemical comjoosition

remains the same. There may be interchange on a great scale between the

minerals within short distances (for instance, glasses may wholly devitrify),

but in the dense rocks the migrations of material are ordinarily confined

within somewhat narrow limits and the average change in chemical

composition is not great.

« Irving, A., Chemical and physical studies in the metamorphism of rocks, Longmans, Green &Co.,
London, 1889, pp. 82-84.
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In the porous rocks, such as sandstones, extrusive igneous rocks,

especially the vesicular lavas and porous tuffs, and much fractured rocks,

where there is comparatively rapid circulation of water, the migration of

materials for considerable distances may be important. The addition or

sul)traction of material at any place may be large; for instance, simply

filling the pore spaces may require the addition of 20 to 40 per cent of the

volume of the rocks. (See pp. 569-570.) Also alterations extend through

the minerals originally present. Therefore -the chemical compositions of the

rocks for extensive areas may be much changed. Excellent illustrations of

the transportation of material for long distances and its replacement of other

material, thus changing the composition of the rocks, are furnished by the

segregation of individual minerals, described on pages 645-646. One of the

best illustrations of extensive change in chemical composition is furnished

by the silicification of limestone formations. (See pp. 646, 816-820.)

Perhaps there is no more conclusive case of replacement than the very

numerous instances of partial and comjolete substitution of copper for

porphyry pebbles and bowlders, described by Pumpelly," in the Calumet

and Hecla conglomerate. Other illustrations of replacement are furnished

by many of the ore deposits.

« Pumpelly, Raphael, The paragenesis and derivation of copper and its associates on Lake Superior:

Am. Jour. Sci. for Sept., Oct., and Nov., 1871, vol. 2, pp. 188-198, 243-258, 347-355.



CHAPTER VIII.

THE ZONE OF ANAMORPHISM.

DEFINITION OF ZONE.

In Chapter IV the zone of anamorphism has been treated from a

physical-chemical point of view. It is there shown that this is a zone in

which there is great pressure in all directions, and that this is the dominant

factor controlling- the reactions, so that changes take place which diminish

the volume of the rocks. The chemical law of energy is subordinate to

the dominant jjhysical demand of pressure for reactions which lessen the

volume. Chemical reactions therefore take place with liberation or absorp-

tion of heat, as demanded by the pressure; but in large measure pressure

demands that chemical reactions take place with absorption of heat, such

as silication, dehydration, deoxidation.

It is the purpose of the present chapter to consider the zone of anamor-

phism from a geological point of view. The zone of anamorphism is

bounded above by the belt of cementation of the zone of katamorphism.

It has no assignable boundary below. The depth of the upper surface of

the zone of anamorphism is very variable, depending upon many factors,

among which the strength of the rocks and the speed of deformation are

very important. It is not practicable to assign a minimiim limit to this

depth, but it is highly probable that in many cases the upper surface of this

zone is not at greater depth than 1,000 to 2,000 meters, for rocks have been

modified by the reactions characteristic of the zone which have apparently

not been buried to a greater depth than this. By making assumptions so

as to give a maximum depth for the belt of cementation, the upper surface

of the zone of anamorphism is calculated to be at a depth not greater than

10,000 to 12,000 meters." (See pp. 189-190.)

"See Van Hise, C. R., Principles of North American pre-Cambrian geology: Sixteenth Ann. Rept
U. S. Geol. Survey, pt. 1, 1896, p. 593.
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It has been said that no lower hmit can be given for the zone of anamor-

phism. The aherations certainly obey the physical laws of the zone of

anamorphism to the depth at which observation is possible as a result of

deformation and denudation. How the rocks behave at greater depths is

only to be judged by inference. So far as one can foresee the action of

the laws of energy, it appears highly probable that the reactions of the

zone of anamorphism extend to a very great depth. But in this treatise

the zone,of anamorphism is restricted to the lower part of the lithosphere

of which we have observational knowledge, and, following Powell, I apply

to the unknown depth below it tlie term " centrosphere."

The zone of anamorphism differs in an important respect from that of

katamorphism, in that the openings are in general those of subcapillary

size. This follows from the fact that the pressure in all directions is

greater than the crushing streng-th of the rocks, and if large openings could

be supposed to exist they would be closed by the flowage of the rocks.

While the general fact of the subcapillary size of the majority of the open-

ings in the zone of anamorphism is beyond doubt, it can not be stated that

somewhat larger openings do not exist. So far as there are ojienings

which are filled with liquid that can not escape, the above reasoning does

not apply, for the inclosed liquid successfully resists the closing of the

cavities. By general reasoning one is not able to determine how large such

liquid-filled openings are, but observation indicates that they are small, in

general so small that they are observed only by the microscope, and in no

cases known to me are they larger than capillary size.

One modification of the above statements should be made in reference

to openings in the rocks in which the alterations are mainly those of the zone

of anamorphism. During periods of very rapid deformation large fractures

may extend much deeper than under ordinary conditions, for whether

rupture takes place by major fractures or by flowage is largely dependent

upon the speed of the movement. This principle can not be better illus-

trated than by the defoi-mation of marble at the surface. Where a marble

slab is rapidly deformed at the surface, it is ruptured. Where, however, a

similar slab is laid horizontally, being su^^ported only at the ends, so that

gravity steadily tends to bend it, the slab bends very slowly with permanent

set. This is illustrated in cemeteries by slabs long suspended in the manner

described. Julien cites a number of instances of the bending of marble
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slabs at the surface without rupture, the most notable being that of an

upright marble slab, 3.35 meters long, 22.8 cm. wide, and 6.35 cm. thick, in

one of the doors of the Alhambra, Spain, which, through the settling of the

material of the wall, had attained a curvature of 76.2 mm.''

From these illustrations it appears that a strong force rapidly applied

may deform a rock by fracture, whereas a very moderate force slowly

applied may deform it by flowage. This principle probably has great

geological significance in metamorphism. Where the deformation is very

rapid the zone of fracture and the alterations of the zone of katamorphism

may extend to great depth. Under such circumstances igneous injection

and cementation may go on, btit as soon as the earth movements cease, or

lessen in speed, the openings are gradually closed by rock flowage under

the laws of the zone of anamorphism. Thus a great zone or belt of rocks

is alternately under conditions of the belt of cementation and under condi-

tions of the zone of anamorphism, according as deformation is fast or slow.

This subject will be further considered on subsequent pages, especially in

the section on pegmatizatiou. (See pp. 720-728.)

CONDITION OF WATER.

In considering the condition of water in the zone of anamorphism the

temperature is of the utmost importance. It has been explained on page

566 that above a temperature of 365° C, the critical temperature of water,

water can exist only as gas. Supposing the increment of increase of tem-

perature with depth to be 1° C. for 30 meters, this temi^erature would be

reached at a depth of 10,950 meters, even if the temperature be 0° C. at

the surface. It has been explained that the upper surface of the zone of

anamorphism is probably in most cases at a depth not greater than one-half

of 10,950 meters. It therefore is clear that in the upper part of the zone of

anamorphism the water may be in the form of heated liquid, not as water

gas. Disregarding igneous rocks and erogenic movements, where the

critical temperature is not reached, even if the water were at temperatures

far above the boiling point at the surface, the water would be held in the

form of liquid by the pressure, as fully explained on pages 566-569. In

so far as the water is in the form of liquid, nothing further need be said

"Julien, A. A., The durability of building stones, etc.: Tenth Census of United States, 1880, vol.

10, 1884, pp. 366-367.
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in reference to it, for the laws controlling its movements and metamorphic

action are precisely the same as those governing the heated water of the

belt of cementation. (See pp. 566-646.) But at depths greater than about

11,000 meters the water must be supposed to be gas. Moreover, in conse-

quence of igneous intrusions and erogenic movements, the critical tempera-

ture is probably frequently attained over extensive areas at depths much

less than this. Therefore it is highly probable that for much of the zone ol

anamorphism the water is in the form of gas, not liquid.

The general statement may be made that, for the greater part of the

zone of anamorphism, water is in the form of water gas, but that for con-

siderable portions of the upper part of the zone the water is in the form

of liquid. Thus, in this matter the zone of anamorphism is in direct oppo-

sition to the zone of katamorphism, where the water is dominantly in the

form of liquid and only exceptionally in the form of gas.

The probable action of wateV gas in the zone of anamorphism should

be considered. What are the differences between the circulation and work

of water in the form of liquid at high temperatures and under great pressures

and the circulation and work of water gas at such temperatures and

pressures! At the pressures existing in the zone of anamorphism it is

certain that the gas would be dense. At the depth of 10,950 meters the

pressure per square centimeter of a hydrostatic column of water to the

surface would be 1,095 kilograms, or 1,060 atmospheres.

The density of water gas at atmospheric pressure and 100° C. is

0.0006 of the density of water at 4° C. Assuming, for purposes of calcu-

lation, that, under the temperatures and pressures given, water gas acts as

a perfect gas, H. C. Wolff has calculated for me that at a pressure of 1,060

atmospheres and at the critical temperature of water (365°), the density of

the gas would be 2.32 times the density of water at 4° C, a result almost

certainly too great, but still indicating that the gas is very dense.

In a very dense gas the molecules attract one another," and in so far

as this is true the gas approaches a liquid. It is certain that superheated

water at high temperature has a low viscosity and remarkable chemical

power, as shown on pages 79-81, 105-110, 140-141. In so far as the water

gas in the openings of the zone of anamorphism is less dense than the liquid

oNernst, W., Theoretical chemistry, trans, by 0. S. Palmer, Macraillau & Co., London, 1895,

p. 185.
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in the opeuings, this would reduce its chemical activity; but the fact that

the viscosity of the gas is probably less and its temperature higher may

render a small quantity of water in the form of gas as potent or even more

potent in the transformation of rocks than a much larger amount as liquid.

QUANTITY OF WATER.

The quantity of water in the crystallized rocks of the zone of anamor-

phism is certainly small as compared with that in the belt of cementation.

It has been explained that the openings of the zone are normally of sub-

capillary size, although some of them are r.s large as capillary openings.

The quantity of water is therefore- limited to the space which may be

furnished by these 023enings, unless it be supposed that under the extra-

ordinary pressures and high temperatures which prevail in this zone the

water gas finds a place between the molecules of the crystallized minerals,

and this hypothesis can not be proved. Ignoring this possibility, it is

probable that the amount of free water in the forms of liquid and gas in

the zone of anamorphism is in most cases less than 1 per cent.

CIRCULATION OF WATFK.

Before the question as to the circulation of the water in the zone of

anamorphism can be satisfactorily discussed, it is necessary to answer the

question as to the probable sources of the water. The certain sources of

water in the zone of anamorphism are (a) the water mechanically contained

in the rocks at the time they passed into the zone, (b) water produced by
dehydration of hydrous minerals, and (c) water from igneous intrusions.

(a) The sediments as originally formed commonly contain large

quantities of water in their interstices. As explained on pages 124-127, this

amount by volume is frequently 25 per cent or more. By deep burig,l the

sediments pass into the zone of anamorphism. In most cases it is highly

probable that before this takes place the larger portion of the original

water has been lost as a consequence of consolidation and cementation.

Bvit it is not likely that all of the water is lost, and therefore the sedimen-

tary rocks as they pass into the zone of anamorphism probably carry with

them mechanically mingled water. As to the quantity of this water, no

certain knowledge is available; but I suspect that in the majority of cases

it is small, possibly less than 1 per cent. Doubtless the rocks' of the centro-
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sphere which pass into the lower part of the lithosphere also contain some

mechanically mingled water, but it is rather probable that the amount is

very small.

(b) It has been noted that dehydration is one of the most important

reactions of the zone of anamorphism. Water is thus set free within the

zone of anamorphism. Dehydration is therefore a certain source of water.

It is explained elsewhere (pp. 742-744, 895-896) that in muds the com-

bined water is about 8 per cent, in shales is only about 4 per cent, in slates

about 3 per cent, and in schists about 1.50 per cent. The process of

metamorphism by which a miid is transformed to a schist requires the

squeezing out of least 6.5 per cent of water by weight. If the conclusion

be true that in general in the zone of anamorphism the quantity of free

water is less than 1 per cent, the process of dehydration is capable of

producing more water than is present at any one time. Dehydration is

therefore an important source of water. Indeed, water of hydration is

probably a main reservoir of this essential agent for the recrystallization

of the rocks in the zone of anamorphism.

(c) It will be explained under "Injection" that igneous intrusion is one

of the important processes which modify the zone of anamorphism. It is

.

well known that Avhen a magma makes its way to the surface it may contain

a considerable amount of occluded water. The amount of this water is

greater in many cases than the amount ordinarily contained in the cr5rstal-

lized deep-seated equivalents of these magmas. If this be so, the process of

crystallization of intruded magma in the zone of anamorphism may release

water within the zone, and thus furnish another important source of this

agent within the zone itself. How important this source of supply is, is

more or less conjectural, but I suspect that it is important, as will be more

fully explained under " Pegnlatization." But it is necessary to say here

that where there are great complex intrusive masses in the zone of anamor-

phism the central masses crystallize like igneous rocks. Often pegmatites

and veins form peripherally to this central mass. In their crystallization

water is believed to be a verj important agent, and it is rather probable

that this agent, or at least a large part of it, is that liberated during the

crystallization of the large igneous masses.

In addition to the above sources of water, water may have passed from

the belt of cementation downward into the zone of anamorphism, or from
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the centrosphere upward iuto the zone of anamorphism. But it is probable,

as will be seen below, that these are not important sources of water. I

suspect that, on the average, the mechanical water and the water of dehv-

dratiou are the main sources of water sup^aly of the zone of anamorphism.

My reason for this belief is that rocks which, containing large quantities of

combined water, like the sediments or the porous lavas, are readily recrys-

tallized in the zone of anamorphism, as fully explained on pages 741-748;

whereas great masses of igneous rocks in which there is a deficiency of

combined water are very frequently not recrystallized, but granulated.

The fact that massive igneous rocks containing little combined water do not

readily recrystallize is rather clear evidence that sufficient water to do this

work is not driven downward from the belt of cementation, or upward from

the centrosphere into the zone of anamorphism.

We are now prepared to consider the circulation of the water in the

zone of anamorphism. It has been seen that the available openings are

mainly those of subcapillary size. It is through these openings that the

water must circulate, unless it be assumed that under the high pressures

and temperatures obtaining in parts of the zone of anamorphism the water

can make its way through the intermolecular spaces of the sohd crystallized

mhierals. This has been held by some geologists. It has been pointed

out that water is certainly occluded within magmas; but this is a very
different thing from the existence of free water between the molecules of a

crystalhzed substance. While the possibihty of the transmission of water

in this manner is not denied, it is a mere hypothesis; and therefore the only
openings which we know to be available for water circulation are those of

subcapillary size, with possibly a relatively few of capillary size' between
the mineral particles.

The movement of the water thi'ough these openings must be slow
because of their subcapillary size. It has been explained on page 143
that in openings of this kind the attraction of the mineral particles extends

from wall to wall, and the films are strictly adherent and therefore not

free water at all. But as the temperature becomes high the viscosity of

the water becomes much less, the molecular attraction between it and the

rock is decreased, the adherent film is less fixed, and its mobility is there-

fore very greatly increased. Also, in so far as the temperature of the water
exceeds its critical temperature, it is in the form of a gas; between a gas
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and the rock particles molecular attraction is not so important as between

rock particles and a liquid; therefore, so far as the water is gaseous, there

are probably no strongly adherent films in the openings. The gas, as

already explained, is very dense; gas is very mobile; therefore, so far as

the water is in the form of gas, it would be likely to very effectively make

its way from places of great pressure to places of less pressure. With a

given amount of water per iniit volume the water gas would move from

places of higher temperature toward places of lower temperature, for with

a given amount of gas occupying the same volume, the higher the temper-

ature the higher the pressure.

As to what extent the water is in the form of liquid and to what extent

it is in the form of gas we know so little that n'^ attempt is made to discuss

the movement of the two separately. The statement below is true for

both aqueous sohitions and gaseous solutions of the zone of anamorphism-

Where the term water is used in the succeeding paragraphs there is no

implication as to which state the compound is in.

Disregarding the possible transmission of water through the inter-

molecular openings, all of the subcapillary and capillary openings would be

taken advantage of at every favorable ojDportunity, and favorable oppoi'-

tunities would be furnished at times of orogenic movement. In the zone of

anamorphism during earth movements the mineral particles either are

broken and move differentially witli reference to one another, or else are

recrystallized, or the two combined. In any case there is a constant read-

justment of the rock material by which the positions of the minute openings

are constantly changed. Where the movements are rapid, supercapillary

openings temporarily extend downward from the belt of cementation. (See

pp. 658-659.) . During orogenic movement the pressures vary greatly

from place to place; indeed, at the ,same place they vary from moment to

moment. This results in very variable pressure upon the water solutions

within short distances. Therefore, during orogenic movements, when the

rock material itself is in motion, the water is in most active movement.

The activity of the water in connection with deformation would be further

likely to be pi'omoted by the fact that locally the movements would raise

the temperature above the critical point if it were not so already, and thus

the water would be in the form of water gas, and hence have the high

mobility of that form.
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As to the direction of circulation for a given depth, it can be said that

the movements would be from places of greater pressure and higher tem-

perature to places of less pressure and lower temperattire. It seems

probable that the water would move laterally from places of intense orogenic

movement to places of less strong orogenic movement. It seems probable

that water would move away from places of igneous intrusions, because

these produce high temperatures and pressures-

Bnt the water movements of greatest geological interest are the

vertical movements. Does water make its way downward from the belt

of cementation or upward from the centrosphere into the zone of

anamorphism I

It has been explained that the water at the upper part of the zone of

anamorphism is ixnder great pressure and at high temperature. It might be

supposed, under these circumstances, that the water would make its way

downward into the rocks below. This has been a favorite hypothesis of

those who liave explained the water contained in magmas issuing from

volcanoes as of surface origin. The experimental work of Daubrde has

been appealed to in support of this view. Daubr(^e showed that water gas

at a temperature of 160° C. penetrated through a slab of fine-grained sand-

stone 2 centimeters thick, and produced a pressure upon the other side of 1.9

atmospheres (1,963.2 grains per sq. cm.)." However, it is to be remarked that

an essential point in this experiment is that the amount and pressure of water

gas are very much less upon the side of the rock to which the water makes

its way than upon the other side, for to hold water as liquid at a temperature

of 160° C. a pressure of about six atmospheres is required. If there were

no water in the zone of anamorphism there is little doubt that the water

would make its way from the belt of cementation into the zone of anamor-

phism until equilibrium were reached. The force tending to cany this water

downward is that of gravity, and is equal to the pressure of a column of

water from the bottom of the belt of cementation to the surface. But before

we can assume that this pressure is sufficient to drive the water into the

zone of anamorphism we must be certain that the pressure in that zone is

not as great as or greater than in the lower part of the beltt)f cementation.

We have seen that water may be present in the zone of anamorphism

from at least three sources. This water is under the high pressure of the

«Daubr6e, A., £tudes Synth^tiques de G^ologie Exp^rimentale, pt. 1, Paris, 1879, pp. 236-241.
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plastic rocks, and in large part above the critical temperature of water. It

is a characteristic of the zone of anamorphism that the rocks are not

sufficiently strong to sustain themselves, and that conseqiiently no large

and continuous openings are present; therefore the imprisoned water is not

subject to the hydrostatic pressure of a column of water reaching to the

surface only, as is that of the belt of cementation, but to the weight of

the rock colunm to the surface, which is approximately 2.7 times as much as

the pressure of an equivalent column of water. It has been seen that in

much of the zone of anamorphism the water is above its critical temperature,

and therefore that the enormous expansive force of this gas is tending to

drive the water from the zone of anamorphism to the belt of cementation.

In the experiment of Daubr^e "* the water gas traveled from a place of gj!-eater

pressure to a place of less pressure. So far, thei^efore, as this experiment is

applicable to the case under discussion it indicates that the water would

be driven from the zone of anamorphism to the belt of cementation.

From a consideration of physical principles, therefore, we conclude that

water does not pass from the belt of cementation to the zone of anamor-

phism, but probably is driven by the superior pressure and the expansive

force of the gas from the zone of anamorphism to the belt of cementation.

This conclusion, reached by physical reasoning, is fully confirmed by

the facts of observation. It has already been pointed out that, in the zone

of anamorphism, in the transformation of a shale to a schist the amount of

combined water is reduced from 4 to 1.50 per cent. But the amount of

free water in the zone of anamorphism is only a fraction of 1 per cent.

This liberated water must have escaped either above or below. That the

relative pressures in the zone of anamorphism and the belt of cementation

are such as to make the movement upward has already been seen, and there

can be little doubt that much or most of the water freed by dehydration

goes in this direction. This seems to me highly probable from the fact that

the amount of combined water in the recrj^stallized rocks lessens as the

intensity of the metamorphism increases. Where the rocks have been

metamorphosed under moderately deep-seated conditions, such minerals as

chlorite may be found; where the metamorphism was deeper seated, biotite

and muscovite, containing less water, are abundant; but where the

metamorphism is most profound, and where apparently the pressure has

«Daubree, cit., p. 236-241.
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o-one to the extreme recognized by observation, muscovite and biotite may be

destroyed, with the production of such heavy anhydrous minerals as garnet,

staurohte, etc. Therefore the water apparently does not make its way

downward, or if it does it is water occluded between the sohd molecules

rather than water combined with them ; but as already stated, there is no

evidence that water can exist in important quantity in such positions. From

the above facts, since the amount of water apparently decreases with the

intensity of the metamorphism, or practically, disregarding local irregulari-

ties, with depth, and the freed water must escape somewhere, I conclude

that the probable general movement of the water present or produced by

dehydration and from magmas 4n the zone of anamorphism is upward into

the belt of cementation.

This conclusion is confirmed by other facts in connection with meta-

morphism. It has been said, and will be fully explained, that siHcation of

carbonates, forming silicates and releasing carbon dioxide, is one of the

chief reactions of the zone of anamorphism." In the rocks metamorphosed

under deep-seated conditions inclusions of liquid and gaseous carbon

dioxide in the cavities are very common. When formed all of the occluded

carbon dioxide was probably a deuse gas, because above its critical tem-

perature. Under surface conditions, below critical temperature and with

the high pressures of the gaseous portions, the carbon dioxide largely

condenses to a liquid. It is a fact that waters rising from a deep-seated

source almost invariably carry large quantities of carbon dioxide. It seems

highly probable that much of the carbon dioxide brought up by the rising

deep-seated waters is a portion of that carbon dioxide liberated by the

process of silicatiou of the carbonates. If this be true, it is further probable

that the upward movement of the carbon dioxide was accompanied by

water or water gas, for there is no reason why one should go up and the

other down.

Therefore it seems to me that the principles of physics and the facts

of observation both lead to the conclusion that, so far as the vertical

circulation of water between the zone of anamorphism and the belt of

cementation are concerned, the transfer is upward, from the former to

the latter.

«See Le Conte, Joseph, Genesis of metalliferous veins: Am. Jour Sci., 3d ser., vol. 26, 1883, p. 9.
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The next question of importance is the probable movement of water

between the zone of anamorphism and the centrosphere. We Jiinow nothing

as to the average comparative amount of water in the openings of the lower

part of the zone of anamorphism and in the openings of the centrosphere

below, nor do we know the pressures and temperatures to which the water

is subjected. If the amount of water in the centrosphere be as great as it

may be supposed to be from the quantity in the extrusive lavas, it is press-

ing upward toward the surface, driven by the enormous pressure and high

temperature to which it is subjected. Are the quantities of water in the

ciystallized zone of anamorphism, combined with the pressures and tem-

peratures there, sufficient to give to the water an equally strong tendency

to move downward? Whether water makes its way into the zone of ana-

morphism from the centrosphere below, or moves in the reverse direction,

would depend upon the relative force of these two tendencies. Since we
know nothing of the quantity of water in the centrosphere, but little as to

the condition of the material of that zone, little of the temperatures there

prevailing, and absolutely nothing as to a change in the condition of the

material in passing from the lithosphere to the centrosphere, I do not

venture to express an opinion as to whether or not water travels upward

from the centrosphere into tlie zone of anamorphism. So far as the analogy

between the zone of anamorphism and the belt of cementation has any

weight, it indicates an upward rather than a downward movement The

permanence of the ocean might be adduced as evidence of the gradual

although slow movement of water from the centrosphere to the zone of

anamorphism, and from the zone of anamorphism to the belt of cementation,

and thence to the surface, rather than a reverse movement. But this move-

ment may be accomplished mainly by volcanism rather than by circulation

through the solid rocks. '

VARIABLE MATERIALS AKD CONDITIONS.

The rocks of the zone of anamorphism include various classes: (1) All

kinds of plutonic igneous rocks may be found in the zone of anamorphism.

Indeed, the lower zone is especially the zone of the plutonic igneous rocks.

It is in this zone that the great batholiths form. Chemically they vary

from the most basic to the most acid, and mineralogically they are

correspondingly variable. (2) All kinds of sedimentary and all kinds of

volcanic rocks may pass into the zone of anamorphism by deep burying.
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As sediments are buried under later sediments, the earlier sediments join

the lower zone. Volcanic rocks may join the lower zone either by burying

beneath later volcanic rocks or by burying below sediments, or both

combined. Durino- their downward movement to the zone of anamorphism

they undergo the alterations of the belt of cementation. (3) Any of the

products of the belt of weathering may be included within the zone of

anamorphism. This may follow as a consequence of the transgression of

the sea upon a weathered area and subsequent deep burial under sediments.

To illustrate, the rocks of the Piedmont Plateau of the United States and

of Brazil are disintegrated to a depth varying from a meter to 90 meters.

If the sea transgresses over these regions in the future, as it has in/ the past,

without very active erosion, the weathered zone may be buried beneath

later sediments, or volcanics may be poured over the weathered rocks

and thus protect them. By deep burying, as a result of volcanism or

sedimentation, or the two combined, the entire weathered zone may thus

join the lower zone. Finally, it is to be remembered that the weathered

rocks which join the lower zone by burying necessarily pass through the

belt of cementation, or have undergone the modifications of that belt at

least to some extent, before joining the zone of anamorphism.

From what has gone before it is clear that there are considerable

variations in the conditions of the zone of anamorphism. The pressure and

the temperature vary greatly, depending upon depth, deformation, and

igneous intrusions; the quantity of injection varies greatly, the igneous

material being here very abundant or preponderant and there altogether

absent; the quantity of water, while absolutely small, has a wide ratio of

rano'e, beine: manv times more abundant under some conditions than under

others. Since this agent, although present in small quantity, is a chief

agent of transformation, this variation in the quantity of water is very

important.

Therefore the conditions are exceedingly varied in the zone of

anamorphism. Excluding the effects of intrusives, the changes of con-

ditions generally take place rather graduall)^, and changing from one set

of conditions to another a considerable vertical depth or a greater lateral

distance is commonly required. In this respect the conditions contrast with

those of the zone of katamorpliism. The contrast is especially marked with

the belt of weathering, where the variations in conditions are great and
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sudden, but less marked witli the belt of cementation, where the variations

in conditions are somewhat gradual, and therefore approximate in this

respect those of the zone of anamorphism.

WORK IN" ZOKE OF AISTAMORPHISM.

As in the zone of katamorphism, the work from a phj^sical-chemical

point of view may be divided into mechanical work, chemical work, and

igneous work.

MECHANICAL WORK.

Mechanical work comprises welding, strain within the elastic limit, and

strain beyond the elastic limit.

WELDING.

Welding is the cohering of the rock particles in consequence of

jjressure which brings them so close together that they are within the limit

of molecular attraction of one another. It has been explained that within

the zone of anamorphism the pressures in all directions are greater than the

crushing strength of the rocks, and that if openings could be supposed to

be produced they would necessaril}" be closed because of the incapacity of

the rocks to support themselves. This pressure is so great that the particles

are brought within the limits of molecular attraction, and therefore are

welded for the same reason,that metals weld under proper conditions. That

this conclusion, based upon physical reasoning, is certainly true, is shown

by the invariably strong cohesion between the mineral particles of rocks

which have been in the zone of anamorphism; and recently this conclusion,

founded upon physical reasoning and observation, has been confirmed by
the experiments of Adams and Nicolson." They have ascertained that

when dry mai-ble is deformed under pressure in all directions greater than

its crushing strength, no supercapillary openings form, and the deformed

rock has strength only a little short of that of the original marble. Since

the deformation was carried on while the rock was dry, the coherence of

the rock particles can not be attributed to the action of water, but must be

due to true molecular attraction or welding. The rock was therefore

deformed under conditions similar to those which often obtain in the zone

of anamorphism.

"Adams, F. D., and Nicolson, J. T., An experimental investigation into the flow of marble:

Philoa. Trans. Royal Soc. London, ser. a, vol. 195, 1901, pp. 363-401.
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In tlie zone of anamorphism, in consequence of pressure in all directions

greater than the crushing strength of the rocks, and the resulting invariably

close contact of the mineral particles, the process of welding is of far greater

consequence than in the belt of cementation, although it has been shown

that in the latter belt welding does take place under favorable conditions.

(See pp. 695-597.) In short, while welding is an exceptional process in the

zone of katamorphism, it is a universal process for the zone of anamorphism.

The depth at which welding occurs is different for different substances.

Such plastic substances as coal and cla)^ may be welded at very moderate

depth, Avhile the strong and refractory rocks, such as quartzites, require a

very considerable depth.

STRAIN WITHIN ELASTIC LIMIT.
\

Within the zone of anamorphism all the mineral particles of all rocks

are in a high state of strain at all times. Where the conditions have been

quiescent for a long time and tlie mineral particles have readjusted them-

selves to the conditions, it may be supposed that the stresses are approxi-

mately equal in all directions, and therefore that the conditions approach

those of hydrostatics. Under such circumstances the pressure would be

the same in all directions within a mineral particle, and the only tendency

would be to elastically condense it. The strain would be one of simple

compression; or putting it in physical terms, negative homogeneous dilata-

tion." The molecules of a given mineral particle, as, for instance, one of

quartz, are pressed together by virtue of the elasticity of the mineral, and a

given particle occupies less space than under surface conditions, where the

pressure is slight. Where the h3'drostatic pressure is very great, recrystal-

lization may follow, by means of which the minerals pass into more con-

densed molecules, as is fully ex23lained under " Metasomatism," and

especialljr in connection with the development of porphyritic crystals. (See

pp. 699-705.)

Strain within the elastic limit in which the pressure is equal in all

directions is very exceptional, if it ever exists. Almost invariably the

pressure is unequal in different directions. The difference in the amount

aHoskins, L. M., Flow and fracture of rocks as related to structure, appendix to VanHise, C. R.,

Principles of North American pre-Cambrian geology: Sixteenth Ann. Eept. U. S. Geol. Survey, pt. 1,

1896, p. 860.
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of the pressure in the different directions varies from zero to the elastic

Hmit of a mineral particle under the conditions in which it exists. The

difference between the stresses in the different directions where they are

great in all directions has been called by Darwin the " stress-difference."" It

has been assumed by Darwin that if a mineral particle or a rock be sub-

jected to stress in all directions, when the stress-difference between the

maximum and minimum pressure is as great as the strength of the particle

or rock at the surface, deformation by rupture will take place. But this

by no means necessarily follows. It is highly probable that a greater

stress-difference is required for deformation when the rocks are under

pressure in all directions than when the pressure in one direction is zero, as

at the surface. Hallock found* that when a solid of a certain composition,

readily plastic under ordinary conditions, was subjected to a pressure of

6,000 atmospheres in cylinders on one side of which were placed coins and

tacks, the plastic substance, instead of flowing around the coins, pressed

them against the surface of the cylinder so as to fit it perfectly. Moreover,

the coins and the steel tacks were forced against the cylinder so strongly

that their impressions were left on the steel holder so as to be seen and felt.

From this experiment Hallock concludes that "in general for one and the

same substance, over considerable ranges of condition, the rigidity dimin-

ishes as the intermolecular distances increase.'" Or, reversing this gener-

alization to accord with his experiment, the rigidity increases as the

intermolecular distance decreases. Now in the zone of anamorphism,

where great pressure obtains in all directions, the molecules are brought

closer together than at the surface, and probably therefore a much greater

stress-difference is required to reach the elastic limit of mineral particles

in rocks in the zone of anamorphism than at the surface. How much

greater the stress-difference must be it is impossible to conjecture.

This statement applies onl}^ to mechanical deformation. In so far as

change in form takes place through solution and deposition, or by recrys-

tallization, the above rule does not apply; and this is probably a fact of

a Thomson, W., and Tait, P. G., Treatise on natural philosophy, Cambridge Univ. Press, London,

edition of 1890, pt. 2, p. 423.

f'Hallock, William, The flow of solids; or, liquefaction by pressure: Am. Jour. Sci., 3d ser., vol.

34, 1887, pp. 277-281.

c Hallock, cit., p. 278.
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most profouud significance in the metamorphism of rocks, for it will be

fully explained under "Metasomatism" that in so far as mineral particles

are strained, and especially as they are under unequal strains, in different

directions, solution and redeposition is likely to accompHsh deformation.

(See pp. 690-692.) The materials are dissolved and mineral particles of

different shapes are deposited in an unstrained condition. To accomplish

this it is not necessary that the stress difference shall equal or even approach

that of the elastic limit of the minerals and rocks.

We conclude thai strain ivitliin the elastic limit, either with or ivithout

a stress difference, lut almost universally with a stress difference zvhich for

much of the zone of anamorphism often exceeds the crtishing strength of the rocks

at the surface, prevails throughout the zone, affecting every mineral particle, small

and great.

Where the stress difference surpasses the elastic limit of the rocks

under the conditions in which they exist, rupture may take place, and this

leads us to the next section.

STRAIN BEYOND ELASTIC LIMIT.

Strain beyond the elastic limit in the zone of anamorphism results in

disruptive deformation, as in the belt of cementation. But the ruptures

are very different in the two. During deformation in the zone of anamor-

phism every particle, small or great, takes part in deformation, and it is

this fact which gives a fundamental difference between fracturing in the

zone of anamorphism and in the belt of cementation, since in the latter belt

between the fractures are blocks, small or great, which do not take part in

the movements. In this belt but a small number—in many cases an almost

infinitesimal fraction—of the mineral particles are actually ruptured,

whereas in the zone of anamorphism strain beyond the elastic limit breaks

all particles. If a slide be made from rocks deformed in the zone of

anamorphism not one square centimeter can be found in which movement
has not taken place. Not only so, but no mineral- particle has escaped the

effect of the deformation. Where strain has extended beyond the elastic

limit, under the microscope the deformed mineral particles are seen to give

evidence of the above facts by their undulatory extinction and their

granulation. (See fig. 17.)

This contrast in the nature of mechanical deformation between the

zone of anamorphism and the belt of cementation is of great significance,

MON XLVII—Oi 43
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(a.) (b)

Fig. 17.—Granulation of feldspar, and gradation between undulatory

extinction and granulation, (o) normal anortliosite; (6) granulated

anortliosite. After Adams.

and yet it has almost altogether escaped notice. What stronger mechanical

contrast can there be than escape from rupture of all but a very small

number of the minerals of a rock and the participation in fracturing of all

the mineral particles of a rock? But we shall see that in the zone of

anamorphism deformation is largely accomplished by chemical processes,

whereas in the belt of cementation deformation is mainly accompanied

by mechanical processes,

thus presenting an even

stronger contrast between

the two. (Seepp.766-768.)

The amount of granu-

lation varies greatly, de-

pending upon the minerals,

the size of the particles, and

the amount, rate, and other

conditions of deformation.

Some minerals are much
more readily granulated than others. For instance, in many rocks contain-

ing quartz and feldspar the former mineral may be granulated while the

latter mineral is but little affected. (See fig. 18.) The granulation of a

particle may be peripheral or extend throughout

the particle. At a stage of deformation, when the

smaller particles are granulated throughout, the

larger particles may suffer only peripheral granula-

tion; in a more advanced stage the larger pai'ticles

may be granulated throughout; and in some cases

of extreme deformation the largest bowlders of con-

glomerates are mashed into thin layers not recog-

nizable as clastic fragments, each being composed fig- is-Granuiation of quartz in a
o ' o ± rock in which the feldspar is but

of a multitude of particles. The degree of sub-

division by granulation in cases of extreme defor

mation is not usually realized. It should be recalled in this connection

that the volumes of particles are as the cubes of their diameters. Very

often the diameters of the granulated particles are not more than .1 the

diameters of the original fragments; rather frequently they are not more

than .01, and in some cases they may not be more than .001 of the originals.

This means a subdivision of the original particles into 1,000, 1,000,000,

little affected, (a-a) granulated

quartz; (&) feldspar. After Adams.
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and 1,000,000,000 particles, respectively. One of the best illustrations of

mechanical granulation is that of the anorthosite described by Adams."

Mr. S. H. Ball has compared the size of the grains of the original anorthosite

and the granulated anorthosite in two specimens furnished by Dr. Adams,

and found that, on the average, one feldspar grain of the original rock is

broken into 70,000 grains.

By granulation the volume is sure to be somewhat increased, for it is

not possible that the broken particles of a grain shall fit so closely as they

did when all were parts of one crystallographic unit. The subcapillary

openings between the jjarticles may be very small, but they are not so

minute as to be ignored. Also, not infrequently small capillary openings

form between the granules, and these considerably increase the volume.

Mligge* has shown that ice crystals may be mechanically deformed

by difi'erential movement along gliding planes without the desti'uction of

the crystals. Adams and Nicolson" have shown by experiment that the

same process may occur in calcite crystals; and they thus largely explain

the deformation of many of the marbles. This process is essentiallv

mechanical strain beyond the elastic limit. In so far as gliding takes

place, deformation may occiir without diminution in size of the mineral

particles, and hence it contrasts very strongly with granulation. It is

notable that in the experimental deformation of marble by gliding, the

mineral composing the rock is one in which there are numerous gliding

planes, and how important this jjrocess may be in reference to other „

minerals is more or less conjectural. Doubtless it is of some consequence

in such minerals as have good gliding planes—for instance, the micas; but

probably it is of little consequence with the greater number of the rock-

making minerals, such as quartz, feldspar, the pyroxenes, andamphiboles.

CHEMICAL WORK.

The chemical work of the zone of anamorphism, like that of the belt

of cementation, must be considered from two points of view—the chemical

changes and the resultant processes.

"Adams, F. D., Report on the geologj' of a portion of the Laurentian area lying to the north of

the Island of Montreal: Ann. Kept. Geol. Surv. Canada, new ser., vol. 8, 1896, pt. j, pp. 31-85.

^Miigge, O., Ueber die Plasticitiit der Eiskrystalle: Neues Jahrbuch fiir Mineralogie, etc., Jahr-
gang, 1895, vol. 2, pp. 211-228.

'^ Adams, F. D., and Nicolson, J. T., An experimental investigation into the flow of marble: Philos.

Trans. Royal Soc. London, series a., vol. 195, 1901, pp. 363-401.
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CHEMICAL CHANGES.

The chief chemical changes in the zone of anamorj)hism conaprise

deoxidation, silication, dehydration, and solution and deposition.

It is commonl}^ true that the reactions of deoxidation, silication,

dehydration, and solution and deposition do not occur separatel}^, but two

or more together; yet, in order to clearly understand their effect, each is

considered separately.

DEOXIDA TION.

Many of the sedimentary rocks contain organic material. In some

cases, at least, the deep-seated igneous rocks contain metallic iron, and

often they contain sulphides, among which bisulphide of iron is the most

important. The zone of anamorphism is deep below the surface, so that

oxygen can not get into it from the surface of the earth. Indeed, it has

been shown that the oxygen which passes downward with the surface

waters is usually exhausted before it has gone far into the belt of cementa-

tion. It follows that the solutions of the zone of anamorphism are reducing,

and the conditions those of deoxidation. Therefore highly oxidized com-

pounds are likely to be partly reduced. Ferric oxide is the most important

of such compounds. This compound may be reduced to the ferrosoferric

state, forming magnetite, or to the ferrous state, in which form it is in a

favorable condition for silication. The amount of reducing agents which

'are present in the zone of anamorphism is very variable. For instance,

the sediments may have almost no organic matter or they may have a

great, even a predominant, quantity. Where reducing agents are abun-

dant little or none of the iron is likely to remain as ferric oxide. Where,

on the other hand, organic material is sparse and there are large quantities

of ferric oxide this may permanently remain in this state. Where deoxi-

dation occurs there is a decrease in volume, but in most cases the amount

is small.

In the above paragraph it is supposed that deoxidation takes place

only if a reducing agent be present. There is no evidence that the pressure

may be so great that oxygen is squeezed out because of the demand for

decreased volume, although such a reaction is theoretically possible if the

pressure were high enough.
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SILICA TION.

In Chapter IV (p. 168) silicatioii has been defined as the union of silica

with bases so as to produce silicates. In that chapter the close analogy

between the sihcates and the carbonates has been pointed out, as well

as one of the most fundamental facts of metamorphism, their mutual-

interchange. (See pp. 173-177). In the chapters on the zone of katamor-

phism it has been seen that the carbonation of the silicates is one of the

processes of fundamental importance, and in the belt of weathering the one

which has the most far-reaching effects. It has further been explained

that in the zone of anamorphism this process is reversed, sihca replacing

carbon dioxide of the carbonates and producing silicates. While siHca in

the zone of anamorphism unites with bases not previously combined with

carbon dioxide, it is probable that sihcation of this kind is unimportant. It

is certain that much of the free silica which unites with bases in the zone

of anamorphism simultaneously drives off carbon dioxide. There are a

number of silicates which are formed by the direct silication of a single

mineral. To illustrate: silication of calcite forms wollastonite ; sihcation of

dolomite forms tremolite and wollastonite ; sihcation of ankerite forms sahlite

and actinolite; silication of siderite forms griinerite. Frequently silication

requires two or more minerals to produce the new sihcate. As instances,

we have the sihcation of rutile and calcite together, producing titanite; of

hypersthene and calcite, producing actinohte and anthophyllite ; of olivine

and calcite, producing actinolite; and of dolomite and siderite, or ferrous

dolomite, producing anthophyllite. Silication usually does not occur alone,

but takes place in connection with deoxidation or dehydration, or both. As

a case where we have silication with dehydration may be mentioned the

silication of gibbsite, producing sillimanite and cyanite. A case of silication

with deoxidation and dehydration is the formation of griinerite from limonite.

But usually the instances of silication combined with deoxidation or dehy-

dration, or both, are so complex that it is impossible to state what particular

combinations of minerals are deoxidized, dehydrated, or both, and silicated

in order to produce a definite silicate.

It will be seen in Chapter IX, when rocks are considered, that this

process of silication takes place on a vast scale. Indeed, no sooner does a

carbonate pass from the zone of katamorphism to the zone of anamorphism
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than silicatioii of the carbonates, with decarbonation, takes place. In many
of the ancient formations the process of transformation has been complete

;

in others it is far advanced, and it is uncommon to find any carbonate

formation that is buried in the zone of anamorphism in which the process

has not taken place to an important extent.

It has been explained (pp. 665-667) that a portion of the carbon

dioxide and water freed by silication jjrobably escapes to the belt of cemen-

tation and thence to the surface. It will be seen on pages 970-971 that one

of the important sources of carbon dioxide for the process of carbonation

is the vast quantity which comes to the surface through ground waters.

Illustrating this is the startling case furnished by Lecoq, who says that the

mineral springs in Auvergne district annually give off 7,000,000,000 cubic

meters of carbon dioxide;" and the immeasureably greater amount which

readies the surface for the world as a whole is mainly carbon dioxide freed

by the process of silication in the zone of anamorphism. This idea, that

the carbon dioxide which reaches the surface from subterranean sources is

that derived from the carbonates produced in previous geological ages, was

first suggested by Bischof.''

However, a part of the carbon dioxide and accompanying water does

not escape, and this is believed to largely explain the innumerable cavities

partly filled with water and carbon dioxide which are so generall}^ found

in the sedimentary rocks metamoi'phosed in the zone of anamorphism.

Such inclusions are comparatively^ rare, although not unimportant, in the

original igneous rocks. (See p. 969.) Silication is thus offered as a cause

which explains a large proportion of the liquid carbon dioxide inclusions

in the rocks.

Commonly when the silicated rocks have reached the surface, so that

thin sections may be cut, liquid carbon dioxide and water do not entirely

fill the cavities, a part being occupied by the gases of these compounds.

Doubtless in the deep-seated zone where the rocks were altered the carbon

dioxide and often the water were above their critical temperature, and were

altogether in the form of gas. Possibly if accurate measurements were

made of the volumes of water, liquid carbon dioxide, and water and carbon-

dioxide gas, and the total volume of many of the openings in a rock, so as

aBlake, E. F., andLetts, E. A. The carbonic anhydride of the atmosphere: Sci. Proc. Royal

Dublin Soc, new series, vol. 9, pt. 2, 1900, p. 159.

b Bischof , Gustav, Elements of chemical and physical geology, translated by Paul and Drummond,

Harrison & Sons, London, vol. 1, 1854, pp. 237-241.
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to g-et, average determinations, this might enable one to arrive at alternative

conclusions as to the pressures and temperatures under which the alterations

took place. If a given temperature were assumed, the pressure, and there-

fore the depth, could be calculated. If, on the other hand, pressure were

assumed, the temperature cotild be calculated.

Silication involves decrease in volume, varying from a very small

amount to 40 per cent or more. In the silication of the carbonates, if the

freed carbon dioxide be supposed to escape, the decrease in volume is

usually between 20 and 40 per cent, and averages fully 30 per cent. In

so far as there are cavities that are filled Avith the water and carbon dioxide

which have been liberated by the processes of silication and dehydration

but have not escaped, the above determinations as to diminution of volume

are too srreat. No estimates of the volumes of these inclusions in the meta-

morphic sedimentary rocks have been made, but the average amount would

probably be comparatively small, possibly less than 1 per cent,- although

in certain of the schists and gneisses the amount would be much greater

than this.

DEHYDRATION.

It has been seen in the previous chapters (Chapters IV to VII) that

hydration is one of the most important and characteristic of the reactions

which occur in the zone of katamorphism. By that process alone or com-

bined with others a large number of hydrated minerals are formed. The

most important of these comprise the hydrous silicates and the hydrous

oxides. The hydrous silicates include the kaolin group, the serpentine-talc

group, the chlorite group, the hydromica group, the zeolite group, and the

epidote group. The oxides include the aluminum-oxide group, of which

gibbsite is the most important, and the iron-oxide group, of which limonite

is the most important. In the zone of anamorphism all these minerals are

dehydrated; but in general one can not assert that from a definite one of

them some other definite mineral is produced, for commonly during the

time of dehydration other alterations also take place, and commonly the

materials of two or more minerals unite to produce a new mineral. How-

ever, in some cases the alteration is that of simple dehydration; as, for

instance, hematite is formed from limonite, anhydi'ite is produced from

gypsum, quartz is formed from opal, corundum develops from gibbsite.

By the process of simple dehydration there is usually a very considerable

decrease in volume, running from 20 to 40 per cent.
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It is believed that the process of dehydration is largely caused by

pressure. In other words, water is actually separated from its combination

and made free water by the pressure, and the freed water is squeezed out of

the rocks as water from a spong-e. Uudoiibtedly, also, the increase of tem-

perature with depth promotes dehydration. Without exhaustive experi-

mental work it is impossible to give any quantitative estimate of the relative

importance of pressure and temperature in producing dehydration. While

it is certainly true that moderate pressures and temperatures together

rapidly produce dehydration of the more hydrous minerals, ordinarily

pressure and temperature are not sufficiently great to drive off all water.

Apparently liberation becomes more and more difficult as the water increases

in amount. Dehydration is always incomplete, and commonly does not

reduce the combined water below 1.5 per cent. (See pp. 742-744.)

It is probable, as explained on pages 665-667, that the larger part of the

freed water escapes upward to the belt of cementation, but some part of it

is confined in the altered rocks. Thus dehydration explains a large portion

of the water inclusions in the metamorphosed rocks. Of course the water

inclusions of original igneous rocks are explained differently, although in an

analogous manner. The water, or a part of it, occluded in the magmas,

separates at the moment of crystallization, and such part as can not escape

is included by the crystallizing minerals.

SOLUTION ANV DEPOSITION.

Solution and deposition are essential concomitants of the chemical

reactions of deoxidation, silication, and dehydration, as well as of all other

important chemical changes. Cementation, next considered, involves depo-

sition. In metasomatism, subsequently treated, recrystallization is the

change of greatest consequence, and this is accomplished almost wholly by

solution and deposition.

Whether solution is preponderant in the zone of anamorphism, or the

reverse process, deposition, it is difficult to say with certainty. But if intru-

sives be ignored, probably solution is slightly preponderant. Elsewhere

it is shown that there is no evidence of transfers of material into the zone

of anamorphism by the water solutions. (See pp. 665-668, 764-766.) By
deoxidation, silication, and consequent decarbonation, and by dehydration,

the solids constantlv lose material. The water as a whole moves from the
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zone of anamorphism to the belt of cementation (see pp. 665-667), and takes

with it the freed materials and all the other compounds it can hold. Hence,

under normal conditions, solution probably somewhat overbalances deposi-

tion; but where igneous instrusions occur the above reasoning is

inapplicable.

RESULTANT PROCESSES.

The processes resulting from the chemical changes comprise cementa-

tion and metasomatism.

CEMENTATION.

Cementation in the zone of anamorphism is of far less importance

quantitatively than in the belt of cementation. The openings are mainly

confined to those of microscopic size—i. e., to the capillary openings

between the mineral particles and to the innumerable subcapillary open-

ings. There are in this zone no large openings. The laws of deposition

within the minute openings are the same as In the belt of cementation, and

will therefore not be repeated. However, the minerals produced are those

characteristic of the zoue of anamorphism rather than those of katamorphism.

The list of these minerals is deferred to the next section on metasoma-

tism, since that process is far more important than cementation. While

the quantity of cementing material in the zone of anamorphism is small,

it is not unimportant, at least so far as the strength of the rocks is

concerned. If after deformation the new openings between the particles

were not occupied by mineral material, the rocks would be rather weak.

When, however, these particles are cemented by deposition, they may

become as strong as or stronger than they were before deformation.

That cementation actually does take place in the minute openings

between the grains is shown by the experimental work of Adams. When
marble was deformed without water the modified rock was weaker than

the original marble, but where water was present, under great pressures

and at high temperatures, in one case the deformed rock was actually

stronger than the original marble, thus showing that cementation caused

the gi-ains to cohere more strongly than when simple welding was the

cause of cohesion, as in the case of deformation where water was absent.

"

« Adams, F. D., and Nicolson, J. T., An experimental investigation into the flow of marble:

Philos. Trans. Royal See. Loudon, ser. a, vol. 195, 1901, pp. 370-385.
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It has been seen (pp. 663-664) that the migration of water through the

discontinuous minute openings is exceedingly slow. Therefore the transfer

of material in any considerable amount and for great distances is very

slow. It follows that the process of cementation is confined to tlie depo-

sition of material in the minute microscopic spaces, and, ignoring injec-

tions, that this material is mainly if not wholly derived from the body

of the adjacent rock. In this respect there is a marked contrast between

the zone of anamorphism and the belt of cementation. It has been pointed

out on pages 617-619, 656, that in the latter belt the material deposited

may be great in quantity and derived from points remote from deposition.

It follows that, so far as the process of cementation is concerned, the chemical

composition of the rocks is httle changed in the zone of anamorphism;

whereas, as has been shown on pages 655-656, in the belt of cementation

the chemical composition may be greatly changed by this process.

* METASOMATISM.

Metasomatism in the zone of anamorphism may take place in various

ways, the same as in the belt of cementation. A mineral may recrystallize

without change in chemical composition, as, for instance, the alteration of

tridymite to quartz. Two or more minerals may unite to form a single

mineral, as, for instance, the union of calcite and quartz, producing wollas-

tonite. A mineral may change into two or more minerals, as, for instance,

kaolinite into andalusite and quartz, but this class of reactions is much

more common in the belt of cementation. One mineral may be replaced

by another, as, for instance, the substitution of magnetite for quartz. Two

adjacent minerals may react upon each other, producing a third mineral,

as, for instance, bytownite and olivine, producing amphibole." But more

frequent than any of these simple reactions are complex changes by which

the materials from a number of minerals rearrange themselves to produce

more than one new mineral. These various reactions between the minerals

are mainly accomphshed, as usual, through the medium of the water

solutions.

There are important differences between metasomatism in the zone of

anamorphism and metasomatism in the belt of cementation. In this zone

a "Williams, Geo. H., The gabbros and associated hornblende rocks occurring in the neighborhood

of Baltimore, Md. : Bull. U. S. Geol. Survey No. 28, 1886, p. 52.
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the water solutions are in minute openings, in small quantity, and circulate

slowly; therefore, it can not be supposed that any considerable amount of

material is contributed from an outside source except by injection. This

subject is more fully discussed later. (See pp. 764-766.) The reactions

which occur are in the direction of deoxidation, silication, and dehydra-

tion, instead of in the direction of oxidation, carbonation, and hydration.

The minerals formed comprise practically all of the important heavy
anhydrous minerals.

MIIVEBAJLS FORMED.

Among- the minerals formed in the zone of anamorphism are the

following :

The carbon minerals are anthracite, graphite, or diamond.

The abundant sulphides are pyrite and pyrrhotite. Marcasite, having
lower symmetry and lower specific gravity than pyrite, is rare or altogether

absent, although abundant in the belt of cementation.

The important oxides are those of silicon, ii-on, aluminum, and titanium.

Silica is found in the form of chert, chalcedony, or quartz. Tridymite is not

known. Tridymite alters to quartz because of the higher specific gravity oi

the latter mineral. Iron oxide occurs in hematite, magnetite, and ilmenite.

Aluminum oxide occurs as corundum. Titanium oxide is found as rutile,

octahedrite, and brookite. The two latter are rare as compared with rutile.

This is probably explained by the fact that the latter mineral occupies less

volume. The absence of the hydrous oxides, such as limonite, gibbsite,

brucite, etc., is explained by the general fact of dehydration characteristic

of the zone of anamorphism.

The carbonates, aragonite, magnesite, dolomite, siderite, ankerite, and
parankerite are extensively recrystalHzed ; but the processes as a whole
tend to destroy them, forming silicates. Ordinarily, where the carbonates

were in large volumes, the process of siHcation and decarbonation is

incomplete.

The most important sulphate is anhydrite. Gypsum does not occur,

because the process of dehydration destroys it. Titanate as titanite, and
phosphate as apatite, occur.

Practically all the important anhydrous silicates are abundant. These
comprise the feldspars, the pyroxenes, the amphiboles, the nephelite-

sodalite-leucite group, the garnets, the olivines, the scapolites, the epidotes,
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allanite, chondroclite, andalusite, sillimanite, cyanite, staurolite, totinnaline,

the micas, cliloritoid, and ottrelite; and of course various subordinate

silicates, such as axinite, melilite, gehlinite, vesuvianite, zircon, pied-

montite, topaz, etc. The only silicates which bear appreciable amounts of

water are the epidotes, staurolite, and the micas. The ordinary com-

pression conditions of the zone are not strong enough to completely

dehydrate these minerals. It therefore appears that the most profound

conditions of metamorphism with which we are familiar are not sufficient

to drive oif all of the water from all the minerals.

It has been explained that the hydi-ated, carbonated, and highly

oxidized minerals produced in the zone of katamorphism may, when buried,

pass into the zone of anamorphism. It has also been explained on jjages

366-369 that in these two zones the reactions are reversed. However,

it by no means follows that when a rock altered in the belt of weathering

or the belt of cementation has passed into the zone of anamorphism the

minerals originally present in the rock will be reproduced in their original

proportions. Indeed, it is certain that this will rarely, if ever, occur. The

reason for this is that in the zone of katamorphism, .and especially in the

belt of weathering, there may have been great changes in the chemical

composition of the rocks. For instance, it has been pointed out that the

rocks are very much depleted in alkalies and alkaline earths in the belt of

weathering, and that in the belt of cementation the addition of silica is

very common. It is therefore clear that when rocks of changed chemical

composition pass into the lower zone the minerals which were originally

present before the rocks were altered in the zone of katamorphism ma^^ not

all be reproduced, nor will those there formed develop in the same propor-

tion as originally. Furthermore, the sediments are likely to be deficient in

certain elements as compared with original igneous rocks. One element

which is especially deficient in these is sodium. It naturally follows

that when a sedimentary rock is transferred to the zone of anamorphism

by burying, such soda minerals as leticite, nephelite, and sodalite are

rarely, if ever, produced, simply because of a deficiency of one of the

elements out of which they may be made. But even where unchanged

igneous rocks are recrystallized in the zone of anamorphism the minerals

are not preserved in the same proportion, for it has been explained that

pressure tends to produce molecules which are heavy, and consequently
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such minerals as garnet, staurolite, and other heavy minerals form b}^ the

metamorphosis of many of the igneous rocks without any necessary change

in average chemical composition.

Not only may such changes as those given occur, but there may be

repeated changes. These are especially likely to occur with changes in

the pressure conditions. Under the law that the greater the pressure the

heavier the minerals formed, there may be repeated recrystallizations of the

rocks. Minerals produced at an early stage under conditions of moderate

temperature and pressure are destroyed and minerals of higher specific

gravity are produced. Thus a mud may change to shale, thence to slate,

thence to mica-slate, thence to andalusitic micaceous schist, thence to gar-

netiferous, staurolitic, and cyanitic micaceous schist or gneiss. In propor-

tion as the pressure is great and the temperature high, the tendency is to

produce heavier and heavier minerals. Thus a rock which had become

more and more deeply buried may be recrystallized, or partly so, a number

of times, minerals of higher and higher specific gravity successively

appearing. It is entirely possible that in the deeper part of the lithosphere

and within the ceutrosphere unknown minerals are produ.ced which are

heavier than any formed in the part of the lithosphere which has reached

the surface as the result of denudation. In this connection it is noteworthy

that the majority of the heavy silicate minerals developed in the zone of

anamorphism are those which, so far as they have been artificially produced,

have been formed either under igneous conditions or, if water were present,

under conditions of very high pressure and temperature. The latter is

notably the case for amphibole, pyroxene, quartz, and adularia, which

were obtained by Cln-ustschofiP from aqueous solutions heated to a tempera-

ture of 550° C.''

Metasomatism in the zone of anamorphism may take place under

mass-mechanical or mass-static conditions. The modifications under these

two sets of conditions are so different that it will be necessary to consider

them separately.

ALTERATIONS IN CONNECTION WITH MASS-MECHANICAL ACTION. \

It has been seen that where deformation in the zone of anamorphism

is accomplished by rupture alone the result is ever to subdivide the rock

particles. (See pp. 673-675.) It was there indicated that under other

a Chrustschoff, K. von, Ueber kiinstliche Hornblende: Neues Jahrbuch, vol. 2, 1891, pp. 86-90.
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circumstances deformation is mainly accomplished, not by mechanical

subdivision, but by the chemical action of recrystallization. The funda-

mental idea of this process is that as the rock is deformed it takes the new

form necessary by means of solution and redeposition of the rock material.

But this process is accompanied by strain within and beyond the elastic

limit of the minerals. In considering recrystallization these facts also are

necessarily taken into account. In order to make this clear the facts of

recrystallization will first be considered, and then the theory.

KEORYSTALLIZATION.

Facts of recrystallization.—Que would expcct, from the scctlou ou strain beyond

the elastic limit, that the more profound the kneading the finer would be

the granulation of the altered I'ock, but this is not the case. Many of the

most profoundly deformed rocks, instead of being extremely fine -grained,

are somewhat coarsely crystalline.

This anomaly was long a puzzle to me. In examining the deformed

rocks, I found that under certain conditions the more profound the defor-

mation the finer the granulation; but in tracing the process to the extreme,

I found that there was always a limit beyond which the particles did not

become more finely granulated. On the contrary, at a certain stage a

reverse tendency appeared, and the particles, instead of becoming smaller,

gradually became larger. This increase in coarseness of the * mineral

particles may be followed through all stages to the coarse schists and

gneisses.'

In the granulated rocks the mineral particles everywhere show strongly

the strains of undulatory extinction, but the mineral particles of many of

the coarse schists and gneisses show no more than slight strain shadows.

The coarse, perfect schists and gneisses, nearly free from strain shadows,

are always found to be those which have been deeply buried and pro-

foundly deformed or which are adjacent to great intrusive masses, or both.

It is therefore clear that those rocks represent the most advanced stages of

metamorphism.

It is generally agreed that the schists and gneisses of this character

have been recrystallized tlii-oughout, and therefore strongly contrast with

those rocks which have been granulated. However, the granulated and

recrystallized rocks are not separated sharply from each other (see pp.
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766-768); on the contrary, there is every gradation between the two.

The original rock may have varied greatly in the coarseness of its con-

stituent particles. If one passes from a place of granulation to a place of

recrystallization, one may find that recrystallization of the matrix begins

while granulation of the larger particles is still going on. In an inter-

mediate stage the matrix may have completely recrystallized and the

granulation of the coarser particles be still incomplete. As a consequence,

the mineral particles of the matrix are increasing in size at the same time

the larger particles are decreasing in size.

At a certain stage the larger grains are granulated into particles which
average about the same magnitude as those which have crystallized out of

a fine-grained and perhaps irresolvable matrix, and, moreover, the grains

which have formed from the matrix approximate uniformity of size. Thus
there is a marked tendency toward uniformity in the size of the grains of

the metamorphosed rocks, and this tendency is ordinarily dominant in the

schists and gneisses so long as mass deformation continues. (PL XI, C.)

This statement is more nearly accurate in reference to the particles of each

mineral than to particles of different minerals. This tendency toward
uniformity (controls notwithstanding the principle that under ordinary

conditions large minerals grow at the expense of smaller ones (see Chapter
III, pp. 74-76); for tinder mass-mechanical conditions a large grain,

whether 'original or produced by uneven growth, is especially exposed to

the mechanical stresses, and therefore is granulated in part or put into a
state of strain, and thus is more readily attacked by the solutions. Some
of the properly oriented smaller particles may themselves grow at the

expense of the larger ones or of the small ones not properly oriented or
happily placed. Thus is explained the characteristic uniformity in the size

of the particles of the schists and gneisses which have not been modified
since mass-mechanical action ceased. However, in some cases, where the

mineral particles are properly oriented, the tendency for large individuals

to grow at the expense of smaller ones may control, and porphyritic

textured schists and gneisses be produced. (PI. Ill, C, D.)

Such an occurrence is beautifully illustrated by the albite-schist of

Hoosac Mountain, Massachusetts, described by Wolff." Here there are

aPumpelly, Raphael, Wolff, J. E., and Dale, T. Nelson, Geology of the Green Mountains in
Massachusetts: Hon. U. S. Geol. Survey, vol. 23, 1894, pp. 59-63.
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numerotis porphyritic, simple twinned albites, with a close approximation

to definite orientation, the two greater dimensions of the crystals lying in

the planes of schistosity. Similar phenomena in reference to feldspar are

shown by some of the augen-gneisses. Not infrequentlj?^ porj)hyritic mica

and chloritoid show approximately similar orientations. In some cases

porphyritic staurolites have their greater dimensions arranged approxi-

mately in the schistose planes. In such cases as these the fortunate

positions of the porphyritic crystals are such that the tendency for large

individiials to grow at the expense of small ones is sufficiently strong to

prevent the usually dominant tendency to destroy large individuals, and

thus to prevent the production of the even-grained texture which is normally

characteristic of the schists produced during mass-mechanical movement.

In the case of an isometric mineral, such as garnet, which has no

cleavage and an isometric habit, it maj^- be possible for porphyritic crystals

to develop during mass-mechanical movement, although it is believed not

to be connnon at least for undistorted crystals, for such growth would imply

that minerals of this kind are able to grow as far against the greatest presr

sure as in the direction of least pressure.

The second characteristic feature of the recrystallized slaty, schistose,

and gneissose rocks is that the mineral particles show a marked tendency

toward regular orientation. This orientation may consist in the particles

having major, mean, and minor diameters in approximately common direc-

tions, or in certain species having' their crystallographic axes in nearly

common directions, as a result of which the like cleavages of all the

particles of a given mineral are approximately in the same plane, or in

the two combined. (PI. XI, C.) Orientation, where marked, gives the

rocks a cleavage.

The most important of the minerals the jjarticles of which show

similar crystallographic orientation are the micas, especially biotite and

muscovite. With these minerals similarity of orientation is usual. Another

set of minerals the particles of each of which frequently show a marked

tendency toward similar crystallographic ox-ientation are chlorite, amphi-

bole, and feldspar. Other less important minerals are known to show the

same phenomena. Of course, it is understood that the crystallog'raphic

orientation is in no case perfect, but with the micas it may approach per-

fection. From the extreme of regularity of orientation shown by mica in
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tlie typical schists to the random orieutation of some of the minerals in the

same rocks there are gradations; also there are gradations from tlie schists

recrystallized under mass-mechanical conditions to rocks recrystallized

under mass-static conditions where none of the minerals show a marked

tendency to similar crystallographic orientation.

In many cases the similar orientation of mineral particles in a typical

schist or gneiss may have been greatly disturbed by subsequent deformation

near the surface, and therefore in the zone of fracture. Under such

conditions shearing fractures may be produced parallel to the slatiness or

schistosity, and the shearing motion between the layers may largely destroy

the original regularity of the orientated particles.

The particles of some of the mineral constituents of igneous rocks

which have not been recrystallized show a tendency toward parallel crys-

tallographic orientation. With this structure are other structures charac-

teristic of rocks crystallized from a magma. I know of but few instances

where unaltered igneous rocks so closely resemble the recrystallized schists

and gneisses that there is great trouble in distinguishing them.

In the production of the characteristic textures and structures of the

slates, schists, and gneisses, the original textures and even the structures

may be destroyed, whetlier they be those of sedimentary or those of

igneous rocks. In passing from an area metamorphosed under mass-static

conditions to an area altered during mass-mechanical action, often all stages

of destruction of the original textures and structures and the development of

new textures and structures may be seen. In an intermediate stage the

larger particles or more refractory minerals may show the textures of the

original rock, the matrix of the same rock, however, ha^'ing the texture of

a slaty or schistose rock. In instances of extreme alteration under mass-

mechanical conditions no trace of the original textures remains, even where

the rocks were coarse conglomerates or coarse porphyritic, igneous rocks;

and the secondary structures may traverse the directions of the original

structures and the latter may be wholly obliterated.

Thus metamorphism under mass-mechanical action stands in sharjD con-

trast to metamorphism during mass-static conditions, in so far as textures

and structures are concerned. In metamorphism during mass-mechanical

action there is a tendency to destroy old textures and to produce a charac-

teristic texture, the more important features of which are mineral particles

MON XLVII—01 4-i
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of uniform siize and parallel orientation, and there is a tendency to destroy

old structures and to produce a characteristic slaty or schistose structure.

In metaniorphism under mass-static conditions original textures and struc-

tures are usually preserved, although they may be somewhat modified or

emphasized by the unequal size and lack of orientation of the newly-

develojDed mineral particles.

Theory of recrystaiiization.—Where recrystallizatiou occurs in the deep-seated

zone the temperature is considerably higher than at the surface, because of

the increase of temperature due to depth, because of heat resulting from

mechanical action, and in many districts because of heat derived from

intrusive igneotis rocks. Water occupies all the openings, including those

of subcapillary size. Moreover, this water has about the temperature of

the adjacent rocks, and is therefore extremely active. Taking the ordinary

gradient, the temperature at a depth of 3,000 meters would be 100° C; at

6,000 meters, 200° C; and at 9,000 meters, 300° C. At these temperatures

the material would ordinarily be water and not steam, for, ignoring the rock

pressure, the pressure of the superincumbent column of water is more than

sufficient to prevent it from passing into the condition of a gas. But in

consequence of the heat of mechanical action or of igneous intrusion, or

both, the temperature at a given depth may be so high that the water may,

at least locally and for short times, be in the form of a gas. During the

mass movements of rocks water as liquid makes its way between the rock

particles much more readily than under conditions of quiescence. (See

p. 664.) Therefore the water, on account of high temperature and com-

paratively free movement, is in a most favorable condition for work.

It has been pointed out (p. 98) that during orogenic movements the

I'ock pressures vary from place to place and from moment to moment.

This results in great variation in the pressure upon the contained water.

When the pressure increases, solution takes place ; when it decreases, depo-

sition occurs. Therefore, in consequence of changing pressure during

oroarenic movement the conditions are favorable for alternate solution and

deposition. Since the pressure continuously varies throughout long periods

of orogenic movement, it is probable that this is a factor of very consider-

able importance in the recrystallization of the rocks.

Another factor which is of great importance in recrystallization is the

potentialized energy which exists in mineral particles in consequence of a
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state of strain. It has been seen on pages 95-98 that state of strain is

very favorable to chemical action. This follows from the principle of

the conservation of energy. So far as minerals are in a state of strain,

energy is potentialized. This conclusion has been fully verified by Barus,"

who showed experimentally that when metals are strained a large amount

of energy is potentialized; and, finally, Hambuechen' has shown experi-

mentally that strained metals are much more easily acted upon chemically

than unstrained metals. Therefore the experimental work of Barus and

Hambuechen together has completely demonstrated that a state of strain in

substances is favorable to chemical action.

It has been shown (pp. 671-673) that all mineral particles in the zone of

anamorphism are in a high state of strain. It has been further noted that

the stresses may vary from equality in all directions to those so unequal as

to approach or surpass the elastic limit of the rock under the conditions in

which it exists. Therefore, the luineral pai'ticles may be strained within

the elastic limit %)r to the point of granulation; and with the latter the

former occurs, for even where the original mineral particles are broken the

individual granules ordinarily show strain shadows in polarized lig-ht. The
condition of unequal stress and strain is especially characteristic of mass-

mechanical action. (See pp. 670-672.)

It follows from Barus's and Hambuechen's work that in this interior

state of strain of the mineral particles, and especially in unequal strain,

we have a cause for recrystallization. The simplest illustration of the

effect of a state of strain is perhaps furnished by glass. It is well known
that unannealed glass is in a strained condition. This is best illustrated by
Prince Rupert's drops. When a point is broken the glass explodes, break-

ing into powder, showing that a large amount of energy is potentialized.

Unannealed glass, even in the laboratory and without the presence of water,

slowly releases itself from strain by recrystallization. Corresponding with

this fact it is to be expected that ancient natural glasses, because of their

unannealed condition, would have released themselves from strain by
recrystallization; and such are the facts.

We conclude from the above that the state of strain, and especially

unequal strain combined with high temperature in the jiresence of water, is

oBarus, C, The mechanism of sohd viscosity: Bull. U. S. Geol. Survey, ^Vo. 94, 1892, pp. 107-108.
I) Hambuechen, C, An experimental study of the corrosion of iron under different conditions: Bull.

Univ. of Wisconsin No. 42, 1900, p. 255.
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a sufficient cause to produce recrystallization of rocks. As soon as move-

ment begins, equilibrium is disturbed and the processes of solution and

deposition or recrystallization set to work rapidly to adjust the minerals.

The amazing power of heated water in solution and deposition, or in

recrystallization, has already been pointed out on pages 79-81, and it

may be recalled that Barus has shown that above 200° C. glass and water

are miscible in all proportions." At temperatures as high as or higher

than this, which undoubtedly prevail in the deep-seated zone of deforma-

tion, recrystallization can go on with comparative rapidity. At any

moment the substances are present almost wholly as minerals. However,

superheated water is in the capillaiy and subcapillary spaces l^etween the

particles, and through this as a medium adjustment by solution and deposi-

tion goes on continuously during the deformation. At any given moment

only an exceedingly small part of the material is in solution; but under the

molecular theory of solids all materials in a state of strain, or subject to

unequal pressure, or not in a compact state, will be mofe ready to part

with their molecules than the minerals not so conditioned. Thus, from all

mineral particles which are under one or all of these conditions, particles

are filed off or solution is constantly taking place. Simultaneously with

this, from the solutions there is deposition of material in more compact

molecules than those dissolved at the places where the pressure on the

mineral particles is less than the average.

Two minerals that excellently illustrate the process are quartz and mica.

The first reerystallizes somewhat readily and the second develops on an

extensive scale in the schists and gneisses. That quartz occurs abundantly

in flat individuals in the schists is well known. Moreover, it is knowli in

some cases that the flat individuals are largely the equivalent of individual

crystals which have had a nearly spherical form. As illustrations of flat

grains of this mineral are the quartzes of the quartz-porphyries described by

Futterer' (PI. Ill, B) and of the schists from the Black Hills" (PI. XI, C),

which I have described. The many flat particles have exactly the appear-

ance they would have had if the material could have been pressed out and

oBarus, C, Remarks on colloidal glass: Am. Jour. Sci., 4th ser., vol. 6, 1898, p. 270. See also

Am. Jour. Sci., 4th ser., vol. 9, 1900, i>p. 167-168.

SFutterer, Karl, Die "Ganggranite" von Grosssachsen, und die Quartzporphyre von Thai im

Thiiringer Wald. Heidelberg, 1890, pp. 27-47.

« Van Hise, G. E., The pre-Cambrian rocks of the Black Hills; Bull. Genl. Soc. America, vol. 1,

1890, pp. 222-226, 244.
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had recrystallized anew as a single individual and subsequently had been

somewhat strained. In some cases the flat individuals have a somewhat

curved form. (PI. Ill, B; also, see p. 753.) The ])lienomena are believed

to be due to solution and deposition, or recrystallization, as already

explained. The particles of the quartz not fortunately oriented or at places

of great strain are taken into solution and ti-ansported to fortunately ori-

ented individuals or those less strained, and redeposited; or, the material

dissolved from the more strnined part of a grain may be deposited on another

part of the same grain where the strain is less. Thus the quartz of a given

flat granule may be largely the same quartz as that of the original grain,

but it has been dissolved and redeposited in part, perhaps repeatedly.

Were the quartz grains to be granulated the volume of the rock would

be increased. (See pp. 674-675.) But by the process of solution and

deposition above described the form of the grain is changed and no increase

in volume results. Therefore, in the zone of anamorpliism, where pressure

is the dominant force, recrystallization rather than granulation takes jjlace

where it can, for by so doing the volume remains the same even if the

grains remain of the same average size, and heavier minerals are not

formed; and the volume is decreased where many grains merge, as cited

below, and where heavier minerals are produced.

Micas, especially biotite and nniscovite, are very abundant in the slates,

schists, and gneisses. Moreover, in proportion as tLe rocks approach typical

schists and gneisses the particles of these minerals are large, of approximately

uniform size, and oriented crystallogi'aphically. (See PL XI, C.) In the

original pelites, from which the micaceous schists most extensively form,

the micas are not abundant constituents. Even in the psammites, where

allogenic micas occur, the particles are large, more or less irregularly

arranged, often somewhat decomposed, and are readily discriminated from

the regularly arranged, fresh micas of the schists. These facts are so well

known that nearly all petrographers who have studied thin sections of the

schists have regarded the micas as authigenic. Chemical analyses show

that soils, muds, clays, and shales contain the elements out of which mica

may develop." Many of these elements occur in hydrated compounds, such

as kaolinite, zeolite, chlorite, and limonite. In the schists which develop

aOlarke, F. W., and Hillel)i-and, W. F., Analyses of rocks and analytical methods: Bull. U. S.

(;eol. Survey No. 148, 1897, pp. 277-301.
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from such sediments these minerals may be altogether absent, their places

being- largely taken by the micas and other minerals. It is clear that

during the metamorphism of the rocks these minerals are taken into solu-

tion, and from such solutions the new minei'als, containing little water, are

deposited. The solution and deposition give the material a less hydrated

and more compact form. During the process, at numerous places mica

nuclei oriented by the differential stresses (see pp. 671-673) begin to form.

The minute nuclei, once formed, serve as cores upon which the material

which is continuously taken into solution may be deposited. The mineral

particles grow somewhat uniformly, being subject to the same laws in this

respect as original particles. (See pp. 120-123.) By studying a series of

thin sections from any of the districts in which the rocks of a formation

vary from little altered material to coarse schists, all stages of the process

may be seen, from that in which the original hydrated minerals are abundant

and mica is absent to that in which the former are absent and mica is

abundant.

In the foregoing we apparently have the explanation of the large

average size of the mineral particles which constitute the schists formed at

considerable depth during mass-mechanical action. They are continuous

growths during deformation by solution and redeposition.

As excellent illustrations of rocks showing all or many stages of recrys-

tallization of quartz and the development of mica may be cited the schists

and gneisses which I have described in the Penokee-Gogebic and Marquette

districts of Michigan and in the Black Hills of South Dakota." (PI. Ill,

A, TJ; PL XI, B, C.)

As a beautiful illustration of the transition from finely crystalline to

coarsely crystalline rocks may be cited the iron-bearing formation of tlie

Marquette district of Michigan.* The deformation of this formation was

mainly by recrystallization. In the eastern part of the district granulation

and widely spaced fractures occurred to some extent, but the temperature

was not high enough for recrystallization, or else some other essential con-

«Irving, R. D., and Van Hise, C. R., The Penokee iron-bearing series of-Michiganand Wisconsin:

Men. U. S. Geol. Survey, vol. 19, 1892, pp. 305-345. Van Hise, C. R., anH Bayley, W. S., Tiie Mar-

quette iron-bearing district of IMicliigan: Mon. U. S. Geol. Survey, vol. 28, 1897, 444-459. Van Hise,

C. R., The pre-Cambrian rocks of the Black Hills: Bull. Geol. Soc. America, vol. 1, 1890, pp. 222-229.

6Van Hise and Bayley, cit., Mon. 28, pp. ,336-375.
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dition was lacking. In the western part of the district, while the rocks

were probably not more deeply buried, the deformation was raucli more

profound, and probably because of this the temperature reached 180° C.

or more. As a consequence the mineral particles grew to a large size. At

places in the eastern part of the district, wliere the conditions Avere least

favorable for recrystallization, the quartz granules in the jaspilite average

about 0.01 mm. in diameter. In the western part of the district, where the

conditions were most favorable, the quartz particles in the coarsest jaspilite

average about 1 mm. in diameter. Moreover, they show little strain.

These particles therefore average about a million times greater than those

of the eastern part of the district, and hence to form one new individual the

material of a million old particles was utilized. This illustration gives

conclusive evidence of the capacity of quartz to accommodate itself to the

most intense deformation by recrystallization.

The explanation suggested by Adams" for the deformation of the quartz

of the leaf gneisses of the original Laurentian district is movement along

gliding planes, as advocated by Mligge' in reference to ice crystals. How-

ever, this explanation is inadequate to explain the phenomena above

described, and Similar phenomena for other minerals, for two reasons : First,

the greater dimensions of the flat new individuals always corresponding to the

secondary structures in the slates and schists, are wholly independent of the

orientation of the original particles, and therefore independent of their glid-

ing or other definite planes. If gliding- had taken place, it miist have occurred

along definite crystal planes. Second, as shown on pages 686-688, the par-

ticles of the metamorphosed schists are very frequently, and in the case of

the metamorphosed sediments commonly, much larger than the original

particles. In many instances the particles average so much larger that A

multitude of old particles are built into a single new particle. In those

cases where differeiit mineral particles merge to form new particles of larger

size, gliding along any set of definite planes can not possibly explain the

process; this can be due only to solution and deposition, or recrystallization,

as already explained. But it does not follow from the above that whei'e

« Adams, F. D. , Report on the geology of a portion of the Laurentian area lying to the north of

the Island of Montreal: Ann. Kept. Geol. Surv. Canada for 1895, vol. 8, pt. .i, 3897, p. 48.

''Miigge, O., Ueber die Plasticitiit der Eiskrystalle: Neues Jahrbuch fiir Mineralogie, etc., Jahr-

gang 1895, vol. 2, p. 212.
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recryritallizatiou is the dominant or preponderant process, gliding may not

occur as a subordinate simultaneous process, especially with such mhierals

as calcite, which, as Adams" has shown, is especially likely to be deformed

by movement along gliding planes.

In the theory of recrystallization we have an explanation of the

general uniformity in size of the particles of any definite mineral in a rock

metamorphosed at depth during mass-mechanical action: The larger grains

of any mineral have smaller areas of contact for the oolutions to work on,

and therefore granulation plays a large part; the smaller particles have

larger areas of contact for the solutions to work on, and consequently

recrystallization merges them, producing larger particles. Therefore, tlie

tendency of granulation and vecrystaUization together is to produce

uniform-textured rocks.

Recrystallization lags behind deformation.—In the dcep-scated zouc adjustment may

not lag far behind the disturbing forces. However, in all cases there is

apparently some lag. In the most regularly laminated of the schists, close

examination usually reveals a slight undulatory extinction, and therefore a

state of unequal strain in the minerals, showing that recrystallization has

not exactly kept pace with deformation, or else that the schists have been

somewhat deformed since i-ecrystallization.

Where such subsequent deformation has not taken place, the amount

of strain shadows and granulation is thought in many cases to be a measure

of the amount that molecular readjustment lags behind the disturbing

movement. In the typical schists strain is in many cases scarcely percep-

tible. In other cases all of the mineral particles show marked strain

shadows. In still other cases the strain shadows are accompanied by more

or less of granulation, and this phase of the rocks grades into the ordinary

granulated rocks. Thus there are all gradations between molecular read-

justment or recrystallization almost pari passu with deformation, and

readjustment almost wholly by granulation.

Evidence that recrystallization does nearly keep pace with deformation

in the case of the schists consists partly in the absence of marked strain

structures, for it is to be supposed that if recrystallization did not nearly

keep pace with deformation the result would be that the mineral particles

a Adams, F. D., and Nicolson, J. T., An experimental investigation into the fiow of marine:

Philos. Trans. Royal Soc. London, ser. a, vol. 195, 1901, pp. 363-101.
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would show important strain shadows or even granulation. The texture

characteristic of the schists (described on pp. 688-690) is itself further

evidence of continuous recrystallization during deformation. It is a tex-

ture peculiar to the schists. If the minerals were not readjusted in a

continuous fashion thev must have become granulated by the mechanical

forces. If they had become fused into a magma, from that state the

material would have recrystallized with textures peculiar to the igneous

rocks. The regular arrangement of the mineral particles, with their

longer axes in definite planes is just what would be expected if the con-

tained water wei'e taking material into solution and depositing it largely

at the borders of the mineral particles, and thus continuously building

them out laterall}^

Further evidence that recrystallization may nearly keep pace with

deformation is found in the porphyritic minerals which frequently occur in

the schists Some of the more common of these minerals (mentioned on

page 700) are garnet, staurolite, andalusite, feldspar, hornblende, chlori-

toid, chlorite, and mica. Such porphyritic minerals ordinarily show no

perceptible strain. They frequently lie with their longer axes or readiest

cleavage across the schistosity. This is true even of mica and chloritoid,

the cleavage of tlie porphyritic constituents cutting directly across the

cleavage of the abundant small individuals of mica which accord with

the schistosity. It is maintained (p. 702) that such minerals have

developed mainly under static conditions after mass movement ceased.

These porphyritic minerals seem to be evidence that the differential

stresses of static conditions are ordinarily not sufficient to control the

orientation of the mineral particles; that in order to do this the differential

stresses must be sufficient to produce actual movement throughout the

mass of the rocks. If this be so we must suppose that the orientation of

the minerals producing schistosity occurred during the movement itself,

or, in other words, that recrystallization nearly kept pace with the

movements.

During movement, in some cases the tendency for large individuals to

grow at the expense of srjialler ones may control, and properly oriented

individuals grow to a porpliyritic size. For instance, porphyritic feldspars

may show a marked tendencj^ toward crystallographic orientation, the

cleavages of the feldspars corresponding with the cleavages of the rocks.
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This is beautifully illustrated by the albite-gneiss of Hoosac Mountain," by

augen-gneiss of the French Broad River, and at various other localities.

The argument that orientation of mineral particles in rocks is primarily

due to unequal stress in different directions during crystallization applies

equally to the cases of the parallel crystallographic orientation of individ-

uals ^Yhich occasionally occm- in rocks crystalliziug directly from magmas.

Feldspar is not infreqiiently oriented in such rocks, and the phenomena is

known in reference to other minerals.

Conclusion.—From the foregoing it is concluded that the development of

the schists is to be explained as a process of chemical action induced by

mechanical action, resulting in the constant solution and deposition of the

material, or its recrystallization, so as to accommodate it to the changing

form of the mass.

ALTEBATIOSfS UNDER MASS-STATIC COSDITIONS.

It has just been shown that metasomatic recrystallization largely

indvxced by mass-mechanical action is the most important process in the

development of the schists. However, recrystallization may and does take

place under mass-static conditions, by means of which minerals are

produced characteristic of the zone of anamorphism. The cause for

recrystallization under mass-static conditions is the demand of the pressure

for less volume. If the minerals be recrystallized or made over into those

which have a higher average specific gravity, the volume is lessened and

work is done. Changes are likely to be important in proportion as the

temperature is high and the pressure great. It naturally follows that

recrystallization under mass-static conditions is important where the rocks

are very deeply buried, or where orogenic movements have occurred, or

where igneous rocks have been intruded, and especially where two or all of

these are combined. If a rock has recrystallized during mass-mechanical

action or igneous intrusion, and therefore has developed into a schist, under

succeeding mass-static conditions recrystallization is particularly likely to

recur, for the orogenic movement or the intrusive produces a hig-her

temperature in the rocks than would obtain at the same depth under static

conditions.

f'Pumpelly, Raphael, Wolff, J. E., and Dale, T. Nelson, Geology of the Green Mountains in

Massachusetts: Mon. U. S. Geol. Survey, vol. 23, 1894, pp. 59-63.
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Under mass-static conditions the textures which are produced by

recrystallization are very different from those formed by crystalhzation

during mass-mechanical action. It has been seen that under mass-mechan-

ical conditions schists form, the distinctive textures of which are uniformity

of size of the mineral particles, and especially the similar orientation of

certain minerals. Under mass-static conditions, where the pressure con-

ditions approximate to hydrostatic, schists do not ordinarily develop. The

rearrangement takes place so as to form more condensed molecules, without

producing either uniformity of size or regularity of arrangement of the

mineral particles. During the development of the mineral particles they

ordinarily interfere with one another and interldck, producing a complex

texture often more intricate than that formed by the mutual interference of

minerals when crystallizing from a magma.

Commonly, the old minei-al particles, if large, break up into a great

number of other mineral particles of varying size. If, on the other hand,

the original particles are very small, they are apt to coalesce so as to

produce larger mineral particles; but usually the magnitude of the resultant

mineral particles is not great. To the above extent there is a tendency

toward uniformity of size, but it does not go so far as to result in approxi-

mate uniformity. Indeed, a very notable characteristic of the texture of

rocks recrystallized under mass-static conditions is the unequal size of the

mineral particles. This results from the fact that there is no movement to

prevent the full operation of the law of growth of large individuals at the

expense of small ones. In this particular the conditions contrast with those

of mass-mechanical action in which large individuals are especially exposed

to strain and rupture, and are therefore likely to be destroyed.

This process of the growth of large individuals at the expense of small

ones develops a porph3ritic texture. This process is of such significance

that it needs to be especially considered, as does also another process closely

allied to it, that of the regeneration or rejuvenation of old mineral particles

of large size which ai-e adapted to their environment.

DEVELOPMENT OF PORPHYEITIC TEXTURES.

Where the mass-static conditions favorable to recrystallization continue

long, some of the mineral particles may grow to great size as compared

with their fellows, and thus a porphyritic texture is produced. The pressure
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conditions demand diminution nf volume, and the large mineral particles

are apt to be those of high specific gravity. The more important dense

porphyritic minerals are feldspai', garnet, staurolite, tourmaline, andalusite,

sillimanite, cyanite, mica, chloritoid, and hornblende. The minerals also

exhibit a marked crystal habit, and not infrequently as they grow they

maintain crystal forms. (3fteii the porphyritic minerals show a distinct

zonal texture, compai-able in every way to the zonal texture sometimes

shown by minerals in igneous rocks. The zonal texture is frequently seen

in minerals having a var3'ing composition, as, for instance, garnet; and is

rare or has not been observed in minerals having a rather definite chemical

composition, as, for instance, staurolite. It is believed that the zonal texture

of the minerals is often due to varying composition, during their growth, of

the mineral solutions or adjacent minerals, or both. In some cases there

may have been actual cessation of growth and later a renewed growth. In

such instances the renewed growth is analogous to the process of enlarge-

ment of fragmental mineral particles.

Single porphyritic individuals may be larger than hundreds of individ-

uals of the background. Those a centimeter in diameter are very abundant,

while those two or even several centimeters in diameter are not infrequent,

and occasionally they are many centimeters across.

As the large porphyritic individuals form at the expense of many small

mineral particles, they either absorb the material of which the surrounding

minerals are composed, and thus grow by their desti'uction, or else absorb

a part and inclose a part. The minerals mentioned differ in capacity to

absorb the other minerals which before occupied the space they now

occupy. In proportion as they lack capacity to absorb the constituents of

prior minerals, they have the capacity to grow around and inclose them, so

that a single individual may be a large, reticulating, honeycombed mass,

which incloses a large amount of other material. (PI. Ill, C.) In some

cases the inclosed material may be several times as great in quantity as the

host. As minerals conspicuous for their capacity to include othei- minerals

may be mentioned andalusite and staurolite; occupying an intermediate

position are garnet and feldspar; while tourmaline usually does not contain

any considerable quantity of the prior minerals.

A large variety of minerals may be included by the porphyritic con-

stituents, but the dominant inclusion is quartz. Andalusite and garnet are
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orthosilicates ; staurolite and tourmaline are subsilicates. They are there-

fore unable to absoi'b a large amount of silica, and hence the explanation

of the abundant inclusions of quartz. The inclusion of quartz is finely

illustrated by some of the gai-netiferous and staurolitic schists. In the

staurolites the quartz frequently seems as abundant as in the background,

but the micas and other minerals are usually absent, although they may be

abundant in the background. The garnet and staurolite have partly or

wholly absorbed the micas, chlorites, feldspars, and other minerals, which

are largely composed of the same elements as themselves, and have built

them into their bodies, thus making denser minerals.

The evidence of this consists in the absence of inclusions of the iron-

bearing constituents of the schists in garnet and staurolite, and the presence

of abundant quartzose particles. While freqviently the iron-bearing min-

erals extend without apparent diminution in amount to the garnets and

staurolites, in some cases around the garnets are aureoles or lenticular areas

of material which are markedly deficient in the iron-bearing minerals.

This I first observed at Bristol, Conn. (See PI. II, 5.) Here is a biotitic

granite blotched by white spots, consisting of quartz and feldspar with

no mica, the larger of them 2 cm. wide by 8 cm. long, in the cores of

which are large crystals of garnet The same thing is beautifully illus-

trated by the almandite in a mica-schist of Hampshire County, Mass. The

acid minerals, such as quartz and feldspar, outside or inside the garnets

which could not be absorbed have arrangements characteristic of the schists.

The above occurrences give beautiful illustrations of the principle of

the development of the large heavy mineral particles fro:n the material ' of

small and light ones. They also give positive evidence that the work is

done b}' solution and redeposition. The transportation of the material of a

mica flake to a garnet or staurolite must be done by solutions

Commonly the porphyritic minerals do not sliow any orientation. But

in the schistose rocks containing porphyritic minerals it is usually true that

the minerals constituting the background have laminar forms, and often

similar crystallographic orientation. These minerals of the background

often stop abruptly at the junction with the garnets, staurolites, tourma-

lines, etc., without any deviation whatever or tendency to peripheral

arrangement about the porphyritic minerals. The micas may be seen witli

perfect arrangements extending to the exact junction of the porphyritic
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individuals with undiminished transverse dimensions, but with various frac-

tions of the average length of those of the background which have not been

interfered with by the porphyritic minerals. In short, the appearance, so

far as the minerals of the background are concerned, is precise]}^ that which

would be produced if one could cut out from a fully developed schist an

outline for a porphyritic mineral and subsequently insert that mineral with

extreme nicety. (PI. Ill, -D.)

The minerals included in the porphyritic individuals have the same

appearance, and have their granules arranged according to the same sys-

tem, as the like minerals in the background of the schist.

Where in the schists the porphyritic constituents have crystal habits,

and are not arranged with their greater dimensions parallel with the schis-

tosity of the groundmass, the evidence seems conclusive that such

porphyritic crystals developed under mass-static conditions. The case

seems especially conclusive when readily cleavable porphyritic minerals,

such as mica, chlorite, and chloritoid, in well-defined crystals, occur with

their cleavages diagonal or perpendicular to the dimensional arrangement

and cleavage of similar minerals of the background. Such cases are

beautifully illustrated by the Hudson schist of New York and by the

Michigamme schist of the Upper Huronian of the Lake Superior region.

Such porphyritic constituents with random orientation formed after the

movement ceased during which the minerals with parallel orientation were

formed and the schistose structure developed.

The conditions favorable to the development of porphyritic crystals

are those ah-eady mentioned as favorable to recrystallization under mass-

static conditions, viz, the presence of water, high pressure, and high temper-

ature. Where those conditions obtain to an exceptional degree poi'phyritic

constituents are common. These conditions are likely to obtain to an

unusual degree after either powerful orogenic movements or great batho-

lithic intrusions, or, still more commonly, the two combined. This is

illustrated by the porphyritic crystals of nearly every variety, including

mica, chloi'itoid, andalusite, garnet, staurolite, and tourmaline, in the schists

adjacent to the great Black Hills " granite batholith, and by the many

o Van Hise, C. R., The pre-Cambrian rocks of the Black Hills: Bull. Geol. See. America, vol. 1,

1890, pp. 222-230.
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PLATE III.

PHOTOMICROGRAPHS OF METAMORPHIC TEXTURES.

A. Uneven texture developed by metasomatic alteration of feldspar to quartz and mica. From
biotite-alate of Penokee-Gogebic district, Michigan.

B. Thin .section of mashed quartz-porphyry, showing the quartzes elongated by recrystallization,

while the adjacent feldspar is little affected. After Futterer.

C. Albite-schist, showing secondary porphyritic albites whioii include other mineral constituents

of the rock and their longer axes parallel to the prevailing schistosity. From Hoosac Mountain,
Massachusetts. After Leith.

D. Porphyritic chloritoid developed after rock fiowage has ceased. The chloritoid includes the

other («nstituents of the rocks with their longer diameters parallel to the prevailing cleavage. From
Black Hills, South Dakota. After Leith.
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porpliyritie constituents in the schists and gneisses adjacent to the great

granite bathohths of western Massachusetts."

Occasionally there may be present in schistose rocks porphyritic min-

erals which show a marked tendency toward similar crystallographic or

dimensional orientation, or both.
^

To instances of orientatioii of porphyritic constituents the arguments

above given in reference to the usual development of porphyritic minerals

under mass-static conditions after movement has ceased are not applicable.

This case is discussed on 2:)ages 687-688.

REGENERATION OF MINERAL PARTICLES.

The regeneration' or rejuvenation in the zone of anamorphism of large

mineral particles which have been partly altered in the belt of weathering

or the belt of cementation is closely analogous to the growth of porphyritic

minerals. Such partly destroyed large minerals are sometimes regenerated

at the expense of the small ones for the same reason that the porphyritic

minerals form. As an illustration of the process, the feldspars may be

cited. In the belt of weathering they are likely to become cloudy in

consequence of kaolinization, development of chlorite, zeolite, deposition

of iron oxide, etc. In the belt of cementation they may become cloudy,

in consequence of zeolitizatiou or other alterations. When such altered

feldspars pass into the lower zone the reactions may be reversed; new

feldspar is produced, which is controlled in its orientation by the residual

unaltered feldspar; the alteration products are absorbed by this new
feldspar or else dissolved; thus the cloud}^ appearance disappears, and

the feldspar once more becomes clear and fresh—i. e., is regenerated or

rejuvenated.

This process of regeneration is especially likely to occur where the

rocks pass from the zone of katamorphism into the zone of anamorphism

« Emerson, B. K., Porphyritic and gneissoid granites in Massachusetts: Bull. Geol. Soc. America,

vol. 1, 1890, pp. 559-561.

''Wolff, .T. E., Metamorphism of clastic feldspar in conglomerate-schist: Bull. Mus. Com. Zool.

Harvard College, whole ser., vol. 16, 1891, pp. 173-183. AVeidman, S., A contribution to the geology

of the pre-Cambrian igneous rocks of the Fox River Valley, Wisconsin: Bull. Wisconsin Geol. and
Nat. Hist. Surv., No. Ill, 1898, pp. 20-24. Whittle, C. L., Some dynamic and metasomatic phenom-
ena in a metamorphic conglomerate in the Green Mountains: Bull. Geol. Soc. America, vol. 4, 1893,

pp. 155-164. Hobbs, W. H., Phases in the metamorphism of the schists of southern Berkshire: Bull.

Geol. Soc. America, vol. 4, 1893, pp. 167-178.
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by burying without erogenic movement. Where recrystalUzation during

orogenic movements occurs the process of rejuvenation is less hkely to take

place, but may occur in the more resistant minerals which escape destruction.

As is well known, feldspar is one of the most resistant minerals under deep-

seated conditions of deformation, and hence many of the original parti)'

altered particles of this mineral may be rejuvenated during the time in

which other minerals are recrystallized. Of course, if the deformation is

severe the borders of the original feldspars are likely to be granulated or

recrystallized, and during extreme orogenic movements there may be com-

plete recrystallization of the feldspar.

The facts that under certain conditions feldspars are destroyed by

kaolinization, chloritization, zeolitization, etc., and under other conditions

are rejuvenated or newly developed, have been known for some time. We
can now assign reasons for the reversal of these reactions. Feldspar is

not adapted to the zone of katamorphism, and especially to the belt of

weathering, and it is destroyed by the reactions demanded by the chemical

and physical forces there obtaining; whereas feldspar is adapted to the

zone of anamorphism, and the chemical and physical forces there at work

reproduce it.

The nature of the process of rejuvenation has been illustrated by

feldspar because this is the best known case, but other minerals may be

rejuvenated in a similar manner."

a Lepsius has anticipated a number of the points of the previous pages, as is shown by the following

quotations and summary from the Geologic von Attika (Ein Beitrag zur Lehre vom Metamorphismus

der Gesteine), Dietrich Reimer, Berlin, 1893, 196 pp. With tables and atlas.

"Die Mineralien in den Gesteinen konnen nur umkrystallisiert werden, wenn ihre Molekiile

fliissig werden; dies kanu auf dreierlei Weise geschehen:

1. Durch Schmelzung in der Gliihhitze und zwar fiir unsern Fall bei Gegenwart von Druck, also

durch die eben besprochene Druckschmelze.

2. Durch Losungsmittel auf chemischem Wege, und zwar in unsrem Falle bei Gegenwart von Druck

und bei einer Temperatur, die hoher ist als die mittlere Temperatur der Erdoberflache, die jedoch im

allgemeinen nur bis zu einigen hundert Grad Celsius und wohl nicht iiber 500° steigen wird.

3. Durch hohen Druck auf mechanischem Wege, das ist diejenige Art von Druckverfliissigung,

welche durch die Springschen Versuche illustriert wurde.

Betrachten wir jetzt die zweite Moglichkeit, die Verfliissingung der Molekiile durch Losungsmittel

auf chemischem Wege; diese Art der Verfliissigung und Auskrystallisierung aus der chemischen Losung

scheint mir am besten die von aus beobachteten Vorgiinge bei der Metamorphose der Gesteine

aufzukliiren." (P. 18.3.)

Holds that the schistose Silurian and Tertiary rocks when metamorphosed were buried to a depth

of about 12,500 meters, which with a specific gravity of 2.5 would give a pressure of 3,125 atmospheres.

(P. 187.)
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IGNEOUS WORK.

The igneous work of the zone of anamorphism is comprised under

"Injection."

INJECTION.

Injection in the zone of anamorphism probably occurs on a much
greater scale than in the zone of katamorphism. The field evidence for this

view is found in the vast amount of intrusive igneous material in the areas

where deep denudation has exposed rocks which have been within the zone

of anamorphism. For instance, in the extensive areas of the Canadian

pre-Cambrian, in the Paleozoic of New England, and in the cores of the

great mountain masses of the world intrusive rocks constitute a large

percentage of the total material exposed. Indeed, over considerable

districts intrusive igneous material composes 25 to 50 per cent of the area.

These facts accord with what one would expect, for as magma struggles

toward the surface the quantity which is imable to accomplish the task

naturally increases from the surface toward the source.

Holds that recn'stallization takes place, producing coarser crystals, because of the fact that the
larger crystals have less surface for action than the small crystals, and therefore that, if solution and
precipitation are occurring, the small crystals will be dissolved and the large crystals grow. (P. 188.)

Holds that where the pressure is great the cliemical reactions will take place in such a sense as to

produce a diminution of volume, and cites Caillete and Pfaff's work as showing that certain reactions

can be greatly hindered and finally ceased altogether bv a pressure of from 40 to 80 atmospheres.
(P. 190.)

Holds that crystallization is not possible without solution, and explains that through' crystalliza-

tion under pressure the large crystals grow at the expense of the small ones. In this connection states,

"ist dieser zweite Krystall kleiner als der erste, so kann er nach dem oben angefiihrten Gegetze
aufgeliJst werden, und konnen alsdann seine Molekiile allmahlich mittels des Losungwassers zu dem
grosseren Krystall hiniiberwandern." (P. 193.)

"Neben der Zeitbauer sind die fiir die Grosse der Krj'stalle bestimmenden Faktoren : die Hohe
der Temperatur, mittelbar die Starke des Druckes, sowie natiirlich auch die grossere oder geringere
Loslichkeit der ilineralien in iiberhitztem Wasser und die absolute Quantitiit, in welcher die betref-

fenden Molekiile in dem urspriinglichen Sedimente vorhanden waren. Daher wilchst die Grosse
der Krystalle auch mit dem stiirkeren Druck; jedoch geschieht iiberhaupt kaum eine Umkrystallisier-
ung, wenn ein mechanischer Druck allein ohne cheniische LiJsung wirken soUte; umgekehrt wird die
Losungsftihigkeit des Wassers erhijht durch den Druck." (P. 193.)

" Bei der Entstehung von metamorphen Gesteinen wirken also vier Ursachen zusammen: Wasser
als chemisches Lijsungsmittel der in den Gesteinen vorhandenen Substanzen; hohere Temperatur. um
das Wasser zu erwiirmen; mechanischer Druck, um das iiberhitzte Wasser in fiiissiger Form in den
Gesteinen festzuhalten und dessen Ldsungsfiihigkeit zu erhohen; endlich auch eine lange Zeitdauer,
wiihrend welcher die chemischen Umsiitze in den Gesteinen vor sich gehen konnen." (P. 194.

)
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MA^'yEl{ OF INTRUSIOX.

The manner of intrusion in the zone of anamorphism differs in many

respects from that in the zone of katamorphism. In the latter zone it has

been explained that the igneous rocks mainly follow fractures. In the

lower zone no large fractures can be supposed to exist continuously.

In some way the magma must make its way through rocks which normally

have no large openings.

The progress of the igneous rocks is therefore a matter of far greater

difficulty. In consequence of earth movements the material may make its

way (1) en masse, without breaking across the structures of the intruded

rocks to a great extent; (2) by Ijreaking across the structures ot the

intruded rocks and by following' along planes of weakness such as cleavage,

bedding, and contacts; and (3) by fusion and absorption of the intruded

material.

(1) It is probable, indeed certain, that all three of the above processes

occur to some extent, but it is believed that the movements en masse,

without extensive breaking across the intruded rocks, are of great conse-

quence. As evidence of this may be cited the fact that in general, adjacent

to the great batholiths, the injected rocks have peripheral structures, as if

tliev had been driven aside en masse bv the earth stresses in connection

with epeiorogenic and oi'ogenic movements. It is believed that the magmas

transmit the thrusts thev receive substantially under the laws of hydro-

statics, tuid consequentl)' make their way by raising up and pushing aside

the material previouslj^ occu])ying the s^jace, without necessarily breaking

through it on a large scale. Under such circumstances, if the intruded

rock be sedimentary, the bedding of the sediment is peripheral to that of

the great intrusive masses. Materials of other kinds are similarly arranged.

The intrusive acts in reference to the i-ocks as would a hemispherical or

lenticular mass raised against a piece of flexible but tightly stretched

leather. The leather roug'hh' adjusts itself to the shape of the hemisphere

or lenticiile.

Also, as will be seen, high pressui-e, temperature, and water result in the

recrystallization of the rocks adjacent to intrusive masses, and during' thit

process they are shortened in a direction normal to the intrusion and

sometimes lengthened in a direction peripheral to it. Thus room is made

for the entering mass. Often the result, so far as the relations of the

s
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juasses are coucerued, is as if a solid body were puslied up against a sheet

of rubber. The rubber would be thinned and extended above the mass

and on the sides. Therefore a consequence of recrystallization is to carry

the entering magma nearer to the surface.

The deep-seated intrusives, producing uplift of the intruded rocks, form

mountains at the surface. Such mountains have been called subtuberant

by Russell and others." When later erosion removes the capping rocks the

igneous masses below are seen. Intrusive igneous masses of this class are

exposed on a great scale in this country, in the Cordilleras, in the Black

Hills, northwest of Lake Superior in Canada, and in New England. The

intrusive masses may be nearly spherical, lenticular, or many times longer

than broad. The larger of them have minor diameters of many kilometers

and major diameters of 50 to 100 kilometers, or even more. When the

mag]iitude of these masses is appreciated it is easy to understand how the

great interior earth stresses result in concentrated upward motion at some

area, as a consequence of which the magma, either liquid or potentially

liquid, slowly but with tremendous power oozes up toward the surface,

carrying with it and pushing aside the superincumbent rocks.

(2) Next in importance to raising the intruded rocks and pushing them

aside in the lower zone is the breaking across or the following of the

structures or planes of weakness of the intruded mass. During the great

movements resulting in mass intrusion the rocks which are thrust aside are

cut and injected parallel to their structures on a large scale, as a necessary

correlative of the greater process above described. Returning to the

illustration of the leather, this material stretched against a hemisphere is

wrinkled on its sides unless it be as extensible as i-ubber. Similarly, as a

great mass of igneous rock is intruded and pushes the rocks up and aside,

they are wrinkled, unless we assume greater flexibility than is warranted

by the facts. Commonly, therefore, subtuberant intrusion demands close

corrugation on the sides. Further, I have held in another place that great

periods of intrusion are also periods of rapid orogenic movements.*

When the deformation of a rock mass is rapid, fractures may extend

nmch deeper into the earth than they would under normal conditions.

« Russell, I. C, Volcanoes of North America, Macmillan Co,, New York, 1897, pp. 103-105. Also,

On the nature of igneous intrusions: Jour. Geol., vol. 4, 1896, p. 189.

''Van Hise, C. K., Earth movements: Trans. Wisconsin Acad. Sci., Arts, and Letters, vol. 11, 1898,

pp. 493-494.
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(See pp. 658-658.) I have said that it is characteristic of the zone of

flowage that no large openings can be sup^josed to exist continuously. It

does not therefore follow that at times of rapid movement extensive fractures

may not be temporarily formed. If these were at a place of subtuberant

intrusion, or were adjacent to any magma, material would break away from

the central mass, intrude itself into the openings and fractures, wedge the

walls apart, and thus we should have intrusives for a considerable belt

peripheral to the central mass which are analogous in their forms to the

intrusives characteristic: of the belt of cementation—that is, intrusives along

fractures; and this would be so even if the rock alterations of the place

were, on the average, those characteristic of the zone of anamorphism

rather than of the zone of katamorphism. We have here really the case of

an intermediate belt of combined fracture and flowage, fractures extending

deep at times of rapid deformation, although the normal conditions are

those of flowage. Thus from the great central masses of igneous rocks

smaller masses extend in various directions to various distances, some being

subordinate subtuberant masses, and others taking' advantage of the tem-

porary fractures and thus forming dikes There is a marked tendency for

these subordinate masses to follow planes of weakness, as, for instance, the

contacts between rocks of different character, the bedding of sedimentary

rocks, or other structures such as the planes of cleavage in schistose rocks.

Intrusives of this kind usually have greater dimensions parallel to the

structures followed than in the transverse directions. The tendency of

the injections to follow cleavage is very marked indeed. Parallel to the

planes of cleavage in the slaty and schistose rocks intrusions may be very

close together and small, there being perhaps a considerable number within

the breadth of an inch; or the intrusives along cleavage planes may be

larger and far apart, or they ma}' be any combination of these. All these

phenomena are well illustrated by the Hudson schist of New York City,

especially at New Rochelle, and by the gneisses at many places upon the

Piedmont Plateau.

(3) Finally, the upward progress of the great masses of magma is also

doubtless made in part by the fusion and absolution of the material with

which it is in contact, although the evidence that such absorption has taken

place on a great scale is lacking. That absorption does take place in a minor

way, however, is certain. (See "Fusion and absorption," pp. 728-736.)
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KESULTANT METAMORPHISM.

It is natural to expect that the rocks surrounding great batholiths of

igneous rocks, and tliose intimatel)' associated with the abundant and

numerous branch batholiths and dikes, would be profoundly modified, and

such is the fact. Conditions for profound and far-reaching modification are

perhajjs most favorable in connection with batholithic injection and conjoint

orogenic movements, and to this fact is probably due the classification of

certain kinds of metamorphism as contact metamorphism. But it must be

remembered that, with the one exception^ the forces and agents at work are

essentially the same as those in other parts of the zone of anamorphism,

the difference being, merely, that under the conditions of batholithic

intrusion these forces and agents are particularly jjotent. During an

intrusion the orogenic forces and the thrust transmitted by the magma
both act upon the rocks, and thus the mechanical processes are at work.

The temperature is abnormally high; hence the solutions are especially

potent. To some extent, as pointed out on page 662, the magma itself

ma}^ furnish water, and thus the surrounding rocks contain more than an

average amount of water; and this is the most important agent in recrys-

tallization. Therefore about great batholiths are usually zones of profound

jnetamorphism.

FACTOKS COXTROLLING METAMORPHISM.

The factors of alteration to be especially considered in this connection

are the size of the intrusive masses, the temperature, the amount of water

present, and the composition of the intrusive and intruded rocks.

SIZE OF INTRUSIVE MASSES.

The size of the intrusive masses is of the first importance in the

amount of metamorjahism. The smaller of the deep-seated irregular masses

are ordinarily called stocks; those of intermediate size, bosses; and those

of the largest size, batholiths. We know of no downward limit for any of

these. Oftentimes they undoubtedly increase very rapidl}' in magnitude

with depth, although this fact can not be directly observed. Erosion may
have extended only deep enough to expose a very small area of a bath-

olith, and yet for long distances about that place the subtuberant mass may
be only a short distance below the surface, and the rocks exposed therefore

be well within the limit of its influence. This must be a common case, for it
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is certain that the bathohths of great magnitude which now show a hirge area

must at an earlier stage of erosion have been in the position just described

with reference to the surrounding rock. Therefore, while metamorphism is

a function of the size of the intrusive masses, it is not a function of the

size of the masses exposed. When the masses are small and do not rapidly

expand in size below, the appreciable metamorphic effect may extend only

a few centimeters or a few meters; but the metamorphosing effect of the

great batholiths, some of them scores of kilometers in diameter, may

extend fi-om a kilometer to many kilometers.

THE TEMPERATURE.

The temperature effect depends largely upon the size of the intrusive

mass, and to a less extent upon its temperature. The greater the size of

the intrusive mass and the higher its temperature the larger the amount

of heat it is able to furnish to the surrounding rocks and the farther that

heat penetrates by conduction and convection. In the matter of heat the

iutrusives in the zone of anamorphism are in a vastly more advantageous

position than those of the belt of cementation. In the latter belt the rocks

are comparatively near the surface. There is a somewhat rapid circulation

of the water, so that the heat is dispersed, slowly to be sure, but with rela-

tive speed as compared with the zone below; but in the zone of anamor-

phism the great store of heat of an intrusive mass is so far below the

surface, and the circulation is so slow, that it is a sustained factor in

increasing the temperature of the surrounding rocks, certainly for geo-

logical epochs, and frequently in the case of the larger masses for geological

periods. Thus there is ample time during high temperature for the altera-

tions to take place. Moreover, the heat through conduction and convection

slowly disperses itself from the central mass over a very wide area and

produces a metamorphic effect upon the rocks far beyond the distance to

which the materials of the magma can possibly penetrate.

AMOUNT OF WATER PRESENT.

The amount of water, as fully explained in other connections (see

pp. 741-748), is of the utmost importance in determining whether the meta-

morphism is by granulation or by recrystallization. In proportion as water

is abundant recrystallization is likely to take place. Where the intrusive
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masses are introduced into sedimentary, volcanic, or other rocks, wliicli

have passed through the zone of katamorphism, they already contain a

reservoir of water in hydrated minerals which can be released by dehy-

dration. This supply is usually ample to entirely recrystallize the rocks.

But as nearly as we can ascertain from observation, the maginas themselves

contain a considerable store of water, as pointed out on page 662. At the

time of crystallization of a magma a portion of this water escapes and passes

slowly into the surrounding rocks, and thus in magmas we have a second

reservoir, which sup^jlements the first; so that adjacent to masses of igneous

material in the zone of anamorphism there is commonly an amount of water

such that recrystallization readily takes place.

COMPOSITION OF INTK0SIVE AND INTEUDED ROCKS.

The absolute and relative compositions of the intrusive and the intruded

rocks are both of importance in reference to the alterations which take

place. So far as observation can determine, it seems to be a fact that the

alterations are more widespread in connection with -batholiths of granite

and syenite and other acid rocks than with basic rocks. Possibly the

apparently greater contact effect may not be due so much to the chemical

composition of the crystallized intrusive as to a greater than average

amount of occluded water (see pp. 720-728), and to the high temperatures

which are frequent accompaniments of acid magmas.

The character of the intruded rock has much to do with the nature oi

the alteration. In so far as rocks are composed of minerals which are easily

i-ecrystallized, this process is more likely to take place; whereas rocks

which are difficult to recrystallize under the same conditions may be com-

paratively little altered. The presence of hydrous minerals which may
be dehydrated and furnish water, and fineness of grain are very favorable

to recrystallization.

As to the mutual effect upon the chemical composition of the intrusive

and the intruded rocks, the law in the zone of anamorphism is the same as

that in the belt of cementation, viz, that the joint endomorphip and exo-

morphic effect is to make the intruded and intrusive rocks approach each

other in composition. Under the law of mass action each gains from the

other elements in which it is deficient. One of the commonest illustrations

of this law is furnished by the large amounts of feldspar which fi-equently
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develop in a schist adjacent to an intrusive, when the continuations of the

schist foi'mations remote from the intrusive contain httle or no feldspar.

Such are the facts about the Black Hills batholiths (see p. 724) and at

many places about the New England granite batholiths.

Another excellent illustration is furnished by the Rib Hill quartzites of

central Wisconsin, adjacent to a great intrusive batholith of augite-syenite.

The center of the quartzite mass contains no feldspar. As the masses of

syenite are approached feldspar and hornblende appear in the quartzite.

These minerals increase in. amount as the syenite is approached, and close

to that rock the quartzite is so thoroughly impregnated with feldspar which

has developed in and between the gi-ains as to make many of the hand

specimens of the rock difficult to discriminate from a granite.

There is much difference between the zones of anamorphism and kata-

niorphism in the extent to which interchange of material takes place between

the injected and the injecting rocks. It has been seen that in the belt of

cementation, in consequence of the porosity of that zone, the material of

the magma, both by direct injection and b)^ transmission through water,

may profoundly affect the average chemical composition of the intruded

rock for great distances from the intrusive mass. While these changes do

not take place on an extensive scale to any such distance from the intrusive

in the zone of anamorphism, we must not go too far in minimizing the

importance of the exomorphic effect of intrusive rocks in this zone. The

short distance to which magma can furnish material to the injected rock is

compensated to a large extent by the great scale of the intrusions. As has

been explained, there are in the zone of anamorphism innumerable batho-

liths, bosses, and stocks, and in temporary fractures intimate intrusions for

extensive areas. Hence the conditions favorable for endomorphic and

exomorphic effects without transportation of material to a great distance

from an intrusive are widespread and important. The quantity of solutions

is small, and they make their way very slowly through the subcapillar)'

openings. The consequence is that, where there is a great simple mass

of intrusive with few offshoots, the chemical compositions of the two rocks

are affected for only a short distance from each other; but where the

intrusive and intruded rocks are intimately mingled there may be a jjro-

found modification in the chemical composition of both rocks over an

extensive area, each approaching the chemical composition of the other.

This general statement requires some amplification.
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As just noted, where the contacts are sharp one does not need to go

far in order to obtain rocks the chemical composition of which corresponds

to that of the intruded and intrusive masses, although the intrusive may be

affected to a greater distance b}' the absorbed material than are the intruded

rocks, since in a magma the elements are more rapidly distributed than

the}' are in the solid rock, in whicli the water is very small in amount and

moves very slowly. However, even in the case of the intruding magma,

Becker " and others have shown that the 23rocess of diffusion is compara-

tively slow, a A'ery long time being required for the chemical composition of

the intrusive to become greatly affected at a considerable distance from the

contact with the intruded rock.

Where, however, the intruded and intrusive rocks are intimately min-

gled there may be profound modification of the chemical composition of

both rocks. A case of this already given is that of parallel injection into

slates, schists, and gneisses. In such a case the modification may be so

great that the chemical composition of the intruded rock, if sedimentary,

may vary greatly from that of ordinary sediments, and the intruded rock

may differ considerabl}' in composition from the main mass of inlrusives.

Such rocks as these are the so-called injection gneisses (See pp. 725-727.)

These rocks are usually coarsely or finely banded, and may be aqueous

and igneous in any proportion, or igneous rocks of two kinds in any pro-

portion, provided the intruded rock was a schistose igneous one.

Another case of intimate mingling of the two rocks is that where

numerous fragments of the intruded rock are caught by the intrusive. By
subsequent movement such fragments may make their waj' into the magma
for some distance from its border, and their partial or complete absorption

may affect the chemical and mineral composition of the intrusive for con-

siderable or even long distances from the outside of the intrusive.

In closing this part of the subject it should be noted that the above

statements as to the rather short distances to which chemical changes are

usually limited does not contradict the statement already made, and more

fully developed later, that the metamorphic effect of great intrusives often

extends far from the intrusive masses.

"Becker, George F., Some queries on rock differentiation: Am. Jour. Sci., 4tii ser., vol. 3, 1897,

pp. 27-31.
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METAMORPHIC EFFECTS.

The metamorphic effects accomplished in conuectiou with intrusions

are both structural and mineral. It has already been noted (p. 712) that

the effects of great masses of intrusive rocks may extend for several or many

kilometers. It is by the study of areas adjacent to batholiths that the

contact effects are best appreciated. About a great batholith there are

commonly various zones of metamorphism which grade into one another.

This is true both of the structures which are formed and of the minerals

which develop.

STRUCTURES.

It has already been indicated that as batholiths are intruded the rocks

are deformed by being pushed aside. The deformation is mainly accom-

plished by recrystallization, as described on pages 690-696. During

the process the majority of rocks take on a slaty or schistose structure.

Cleavage developing normal to the pressure is peripheral to the batholith

or circumscribes it. The contact effect naturall}^ dies out as the distance

increases from the intrusive. Near the intrusive the recrystallized rock may

be a coarse-grained gneiss or schist; farther away from the intrusive it may

become an ordinary slate; and still farther away a slaty cleavage may

not be found unless it had been previously developed in some other way.

Between these three zones there are gradations.

In America peripheral structures in gneisses, schists, and slates ;are

illustrated by the Carboniferous batholiths of New England, described by

Emerson;" by the Algonkian batholiths of the region northwest of Lake.

Superior, described by La-wson;'' by the granite batholith of the Black Hills,

described by Van Hise;' and by the batholiths of Vancouver, described by

Dawson. "^

If a previous regional cleavage exists in an area intruded by a bath-

olith, this older cleavage is reenforced if it correspond to the new direction

of cleavage, and tends to be obliterated if it be diagonal or perpendicular

a Emerson, B. K., Porphyritic and gneissoid granites in Massachusetts: Bull. Geol. Soc. America,

vol. 1, 1890, pp. 559-561.

ftLawaon, A. C, The laceolitic sills of the northwest coast of Lake Superior : Bull. Geol. and Nat.

Hist. Surv. Minnesota, No. 8, 1893, pt. 2, pp. 24-48.

« Van Hise, C. R., The pre-Cambrian rocks of the Black Hills: Bull. Geol. Soc. America, vol. 1,

1890, pp. 206-212.

<1 Dawson, George M. , Report on a geological examination of the northern part of Vancouver Island

and adjacent coasts: Rept. Geol. and Nat. Hist. Surv. Canada for 1886, pt. b, 1887, pp. 1-129.
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to it. All of the above relations luay obtain about a single batholith, as in

the case of the Black Hills granite already mentioned. At places where

the new cleavage develops at right angles to the old cleavage, the older

may be completel}- obliterated near the batholith. Farther away from

it the old and new cleavage may both be present and inter.sect each other,

and still farther awa}' the old cleavag-e may be dominant."

THE MINERALS.

The minerals which form depend upon the intensitj?- of the metamor-

phism. To illustrate, closest to the Black Hills granite batholith is a gneiss

containing abundant quartz, mica, feldspar, garnet, staurolite, hornblende,

and tourmaline. Farther from the granite is a schist containing quartz

and mica, comprising both muscovite and biotite, with staurolite and garnet.

Farther out is a schist in which the staurolite is absent and garnet is present.

Still farther away is an ordinary slate in which there are small flakes of

mica, but in which there are no garnets or staurolite. Similar illustrations

are furnished by the batholiths of Massachusetts, described by Emerson;''

but these have, in addition to the minerals above mentioned adjacent to

the granite, cyanite; somewhat farther out in the schists, sillimanite; and

still more remote in the ordinary slate, andalusite. The three minerals

mentioned furnish a particularly good illustration of the metamorphic

effect with reference to position, since they have precisely the same chem-

ical composition. Also these minerals furnish a perfect illustration of the

principle, expounded in Chapter IV (pp. 182-186), that in proportion as the

metamorphic effect is profound and the pressure great, minerals of high

specific gravity develop. The specific gravities of andalusite, sillimanite,

and cyanite are, respectively, 3.18, 3.235, and 3.B15, and this is their order

observed in approaching the intrusives.

In a given case the different mineral zones are not sharply defined,

but grade into one another. Moreover, the most intensely metamor-

phosed area may contain all the minerals developed hj the feebler meta-

morphic processes This may be explained on the supposition that as

the metamorphic wave passes away from the central batholith the condi-

tions were first those of mild metamorphism, later those of moderate meta-

morphism, and finally those of severe metamorphism. Also adjacent to the

a Van Hise, cit., pp. 232-234. b Emerson, cit., pp. 559-561.
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intrusive mass as it cools, following the severe metamorpliism, the conditions

are those of moderate and mild metamorphism. As the metamorphic wave

passes out from the newly intruded batholith the minerals tirst developed

may later be transformed into other minerals requiring more intense

metamorphic power, and thus early minerals may be partly or wholly

obliterated by transformation into the minerals of more intense metamor-

phism. Under such circumstances the facts might be discovered by partial

change or by pseudomorphs. The phenomena are finely illustrated about

the batholiths of western Massachusetts. According to Emerson

—

The zonal character of the contact metamorphosis around these bathoUtes is

interesting, especially in aluminous sediments. The Urst wave of heat develops the

easih' formed minerals, fibrolite and chiastolite; stronger heat, staurolite and garnet;

then the first influx of the alkaline waters from the granite forms pseudomorphs of

these in muscovite, and with increasing heat feldspars develop. So the highly altered

rocks nearest the intrusive mass have often passed through all the stages one passes

over in going from the outer zone inward. Thus, in the Carboniferous argillite in

Harvard one finds masses of interlaced prisms of andalusite, of the largest size and

finest pink color, inclosing crystals of fibrolite in abundance (the two not orientated

to each other), and the whole in every stage of change to coarse muscovite. This

preserves three stages which were plainty passed over in succession, and nearer the

granite large feldspars are interspersed. In the Hatfield argillite, a zone of delicate

chiastolite is succeeded inwardly by a zone where the chiastolites are changed to a

mixture of muscovite and minute twins of staurolite (the mass still retaining the

shape and black cross of the chiastolite) by the influence of greater heat and alkaline

solutions; and nearer the granite the whole changes to sericite schist, chlorite schist,

and finally hornblende and feldspar appear near the contact with the hornblende

granite."

In Europe at many localities a zonal arrangement of the metamorphic

minerals peripheral to intrusive masses has been observed. The minerals

commonly developed and the order of their arrangement are in general

similar to the instances above given. Four well-known instances are those

furnished by the Vosges, the Erzgebirge, the Hartz, and the Tyrol. In

the Vosges, granite intrudes the Steiger Schiefer.'' Says Rosenbusch

:

Die ffesammte Contactzone der Steiger Schiefer an den Granititen lilsst sich

demnach gemass der wesentlichsten Entwicklungsglieder in 3 annahernd concen-

trische Partialzonen zerlegen, welche etwa zu bezeichnen waren als:

(1) die Zone der Fleck-, Frucht- oder Knotenschiefer mit unveranderter Schie-

fergrundmasse oder KnotenthonscJuefer;

"Emerson, B. K., Porphyritic and gneissoid granites in ilassachusetts: Bull. Geol. Soc. America,

vol. 1, 1890, pp. 560-561.

* Rosenbusch, H., Die Steiger Schiefer und ihre Contactzone an den Granititen von Barr-Andlau

und Hohwald, E,. Schultz & Co., Stras.sburg. 1S77. po. 17S-2.=iO.
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(2) die Zone der Fleck-, Fruclit- odei- Knotenschiefer mit deutlich grober krys-

tallin entwickelter Schiet'ergrundmasse oder Knotenglimnnerschiefer;

(3) die Zone der Horn/else, speciell der weitaus vorwiegenden Andalusithom-

felse.'-'-

In the Erzgebirge granite intrudes phyllite. Dalmar summarizes as

follows

:

Sonach lassen sich also innerhalb der fortschreitenden Reihe vonUmwandlnngen,

welche die Phyllite im Contact mit den Granitstocken erlitten haben, folgende vier

Stadien unterscheiden:

(1) Das Stadium der FrucliUcldefer mit unverdnderter Schiefermasse.

(2) .Das Stadium der Fruchtschiefer mit hrystallinisch veranderter Schiefermasse.

(3) Das Stadium der sckieferigen Glimmerfelse.

(4) Das Stadium der Andalusitglimmerfelse und AndaVusithornfelse.^

In the Hartz granite has intruded the sedimentary rocks, and here

Lessen finds three contact zones. Says Lossen:

Im Allgemeinen aber doch sehr wohl ausgepragte, concentrisch um den Granit

veriaufende Steigerungszonen der nach deni Eruptivgestein hinwachsenden Umbil-

dung: die Aeussere Knotenschieferzone, die mittlere Hornfelszone und die innere

Zone der Glimmerschiefer-ahnliclien Hornfelse gegliedert werden.*^

Near Monzoni in the Predazzo district of Tyrol is a set of zones charac-

terized in passing from the intrusive by a succession of garnet, augite,

serpentine, and brucite.'' This is a very interesting case, because the first

two minerals are those which ordinarily develop in the zone of anamorphism,

whereas the third and fourth minerals commonly develop in the zone of

katamorphism. So far as I know this is unique. It suggests, if all these

minerals be original, that near the intrusive mass the pressure was sufficient

to require reactions giving decrease in volume, and therefore the condi-

tions were those of the zone of anamorphism; whereas at a greater distance

the pressure was not so great but that reactions could take place with

increase of volume, and therefore the conditions were those of the zone of

katamorphism. However, before this can be regarded as established it

must be shown that the serpentine and brucite developed simultaneously

with the garnet and augite, a-nd are not later alteration products.

"Rosenbusch, tit., pp. 177-178.

''Dalmer, K., Erliiuterungen zur geologischen Specialkarte des Konigreichs Sachsen: Section

Kirchberg: Leipzig, 1884, Blatt 125, pp. 26-27.

"Lessen, K. A., Erlautenmgeu zur geologischen Specialkarte von Preussen und den Thiiringischen

Staaten: Blatt Harzgerode, Berlin, 1882, p. 45.

('Teller, F., and John, C. von, Geologisch-petrographische Beitrage zur Kenntniss der dioritischen

Gesteine von Klausen in Sudtyrol; Jahrbuch k.-k. geol. Reichsanstalt, 1882, XXXII, .589-684.

Irving, A., Metamorphism of rocks: Longmans, Green & Co., London, 1§89, p. 80.
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One additional American illustration is given. Grant describes the

development of contact minerals adjacent to the great basal gabbro of

northeastern Minnesota." This is an interesting case, since the intrusive

rock is basic and since it is in contact with several different formations

—

Animikie slates, Animikie iron-bearing member, green-schists, greenstones,

and granites. The prominent contact minerals developed in the slates are

feldspar, biotite, and muscovite, with occasional graphite, cordierite, and

hypersthene. The important contact minerals in the iron-bearing member

are magnetite, amphibole, augite, hypersthene, and olivine. In the meta-

morphosed greenstones augite and hypersthene are found in considerable

amounts. Besides the distinctive minerals developed, all of the rocks are

completely recrystallized for a distance varying from a hundred meters to

several hundred meters from the intrusive rock.

Concluding this part of the subject, it is evident that the development

of the metamorphic minerals occurs largely while intrusion is taking place

and movement is still going on, which explains the marked tendency for

the development of slates, schists, and gneisses. Following the intrusions

of the great batholiths and the orogenic movements connected with them

the mass conditions are static, yet the conditions may be very favorable

for recrystallization. The temperature may still be high and the solutions

active, and under such circumstances the conditions are very favorable for

the development of porphyritic crystals which have no relation in their ori-

entation either to the batholiths or to the slates, schists, or gneisses. Hence

it follows that within these rocks peripheral to the batholiths we find the best

illustrations of secondary porphyritic crystals. Moreover, the porphyritic

crystals which appear are dependent upon the intensity of the metamor-

phism. The order of the heavy porphyritic crystals in relation to the bath-

oliths is that above mentioned, viz., near the batholiths are apt to be the

heavy silicates, tourmaline, staurolice, and cyanite; more remote from them,

garnet and sillimanite; and still more remote, andalusite. Of course these

overlap and are intermingled, as alreadj^ explained.

PEGMATITES.

The complex processes in connection with the intrusive batholiths

and their offshoots may, and indeed do, produce masses of rocks which

"Grant, U. S., Contact metamorphism of basic igneous rock: Bull. Geol. Soc. America, vol. 11,

1900, i3p. 503-510.
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may be called pegmatites. So far as my observation goes, many of the

more complex phenomena of pegmatization which can not be explained

by igneons injection alone are in regions in which the rocks have been

buried to a very considerable depth. They commonly form in the lower

part of the zone of fracture, in the zone of combined fracture and flowage,

or in the part of the zone of flowage in which continuous fractures may
exist temporarily The phenomena occur to a great extent in the lower

zone in connection with offshoots from the deep-seated batholiths—i. e.,

injection dikes which have made their way along planes of rock weakness,

such as contacts or cleavage planes. Probably a strictly logical arrange-

ment would require that the treatment of pegmatites be deferred until the

relations of the zones of anamorphism and katamorphism are considered,

but the relations of pegmatites to deep-seated intrusives are so close that,

for the sake of continuity, ,the subject is dealt with here.

Pegmatization has been variously explained as the result of true igneous

injection, of aqueo-igneous action, and of water impregnation or cementa-

tion. Brogger has strongly enforced the idea that many pegmatite veins

are true igneous injections." In support of this idea he cites the undoubted

frequent association of pegmatitic veins with intrusive masses of acid rock,

the fact that many of the pegmatitic veins behave like other eruptives, and

that their structure is that of ig'neous rocks.

Williams is in substantial agreement with Brogger in assigning an

essentially eruptive origin for the greater number of the pegmatite dikes of

the Piedmont Plateau.'' In favor of this view he cites (1) the likeness in

chemical and mineralogical composition of the granite masses to the pegma-

tites, although it is stated that the pegmatites are usually somewhat more
acid; (2) the fact that the size and abundance of pegmatites are directly

proportional to their nearness to eruptive granite masses; (3) that in com-

position the pegmatites are independent of the rocks which surround them,

and (4) that they do not show the drusy or symmetrical character of veins.

While Williams thus holds to the igneous origin of the pegmatites, he

thinks they show a greater activity of mineralizing agencies than the normal

granite. In conclusion of his discussion, he says: "The writer therefore

"Brogger, "W. C, Syenitpegmatitgange der siidnorwegischen Augit-tmd Nephelinsyenite: Zeitsch.

fiir Ivryst,, vol. 16, 1890, pp. 215-235.

''Williams, G. H., The general relations of the granitic rocks in the middle Atlantic Piedmont
Plateau: Fifteenth Ann. Eept., U. S. Geol. Survey, 1895, pp. 675-68-4.
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interprets those pegmatites which by their mode of occurrence and associa-

tion strongly indicate an igneous character as the products of the residual

and therefore most acid portion of a granite magma highly charged with

water and other mineralizing agents. Such a siliceous material, in a state

intermediate between fusion and solution, has been injected into fissures and

there crystallized into very coarse-grained aggregates, not necessarily

through any great slowness of this process, but rather in virtue of the aid to

crystallization afforded by the abundance of mineralizers present.""

While Williams and Brogger strongly emphasize the igneous side of

pegmatization, they both agree that some of the pegmatites which show a

comb structure are essentially the result of aqueous processes.''

Standing at the other extreme is Hunt, who maintains a strictly

aqueous origin for pegmatites." In an intermediate position, ascribing an

aqueo-igneous origin to pegmatites, are Elie de Beaumont, Scheerer, Leh-

raaun, Credner, Reyer, and Crosby and Fuller. Scheerer in 1847, according

to Hunt, "Conceives the congealing granitic rocks to have been impreg-

nated with 'a juice,' which was nothing else than a highly heated aqueous

solution of certain mineral matters. This, tinder great pressure, oozed out,

penetrating even the stratified rocks in contact with the granite, filling

cavities and fissures in the latter, and depositing therein crystals of quartz

and of hornblende, the arrangement of which shows them to have been of

successive growth.'"* Reyer, following Scheerer, regards the pegmatites as

"Exsudate der erstarrenden Granitmasse."" But of all the authors writing

upon pegmatites Lehmann,-'' followed by Crosby,^ makes the closest approx-

imation to the view which I hold in reference to pegmatites. Lehmann

conceives that as a result of crystallization of the j^arent mass and the

concentration of the water in the residual uncrystallized part, a gelatinous

magma rich in silica is formed. "Between such a gelatinous magma and a

saturated aqueous solution a large number of coiisecutive intermediate

stages can be imagined.'"' However, Lehmann insists that no part of the

a Williams, G. H., The general relations of the granitic rocks in the middle Atlantic Piedmont

Plateau: Fifteenth Ann. Kept. U. S. Geol. Survey, 1895, p.' 684.

6 Williams, cit, p. 679.

«Hunt, T. Sterry, Chemical and geological essays: Osgood & Co., Boston, 1875, pp. 191-219.

f^Hunt, cit., p. 189.

« Reyer, E., Theoretische Geologie: Schweizerbart'sche Verlagshandlung, Stuttgart, 1888, p. 101.

.^Lehmann, Johannes, Untersuchungen iiber die Entstehung der altkrystallinischen Schiefer-

gesteine: Bonn, 1884, pp. 24-58.

? Crosby, W. O., and Fuller, M. L., Origin of pegmatite: Tech. Quar. vol. 9, 1896, pp. 326-356.

''Crosby, W. O., and Fuller, M. L., citing Lehmann, cit., p. 345.
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watei' is atmospheric, but is wholly eruptive water. Crosby and Fuller,

however, think it is possible that a portion of the water required "for the

more perfect hj^dratiou and liquefaction of the residuum of the magma may
be derived from extraneous sources.""

It seems to me that to explain adequately all the facts of pegmatization

described in various regions of the world, we must conclude that all three

processes have been at work—in some cases igneous injection, in some

cases aqueo-igneous action, in other cases pure water cementation, and in

still other cases combinations of two or all of these processes. It is further

believed that there is no sharp separation between these processes, but that,

on the contrary, there are all gradations between the three. That is, it is

thought highly probable that, under sufficient pressure and at a high tem-

perature, there are all gradations between heated ivaters containing mineral

material in solution and magma containing water in solution. In other words.,

under proper conditions water and liquid rock are miscible in all p)roportions.

This possibility, first published by me in 1896,'' in precisely the above

words, has received almost conclusive experimental verification at the

hands of Barus. As noted on page 80, Bai'us has shown that at temper-

atures below 200° C, and at high pressure, soft glass and water are actually

miscible in all proportions.

From the water solutions true cementation takes place ; from the rock

solutions, true injection. Pegmatization comprises these and the interme-

diate processes. It is not to be expected that under great pressure and at

high temperatures there is any sharp line of demarcation between the

processes of aqueous cementation and igneous injection. At the surface

it is usually easy to sharply separate aqueous from igneous action, but

deeper within the earth even the strongest rocks are latently plastic. At

great pressure heated waters must have power to absorb a quantity of

material far beyond that at the surface of the earth. Truly liquid rock is

higlily impregnated with water. It therefore is probable that at consid-

erable depths we have, on the one haJnd, material which all would call water

solution, and on the other hand material which all would call liquid rock,

with no sharp division line between the two. If this be so, there are all

a Crosby. W. 0., and Fuller, M. L., Origin of pegmatite: Tech. Quar., vol. 9, 1896, p. 348.

6 Van Hise, C. R., Principles of North American pre-Cambrian geology: Sixteenth Ann. Rept.

U. S. Geol. Survey, 1894-95, pt. 1, 1896, p. 687.
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stages of gradation between true igneous injection and aqueous cementation,

and all the various phases of pegmatization may thus be fully explained.

This idea of continuity was first suggested to me by the phenomena

observed in the schistose rocks surrounding the intrusive core of the Black

Hills. Remote from the intrusives the sedimentarji- rocks are slates; adja-

cent to it they are schists and gneisses. The core rock is a great batholith

of granite, 11 km. broad and 18 km. long. Besides this central mass there

are, to the southwest, a number of smaller masses, from 2 to 6 km.

long, which may be connected below with the greater mass. From the

central mass great quartz-feldspar dikes radiate. In passing away from the

core the dikes become smaller and have a less typical form; at the same

time the material assumes the appearance which we ordinarily denominate

pegmatitic. These veins might be considered true igneous injections. Still

farther away the pegmatitic masses begin to have vein-like characters

—

that is, there is a rough concentration of the material in different layers par-

allel to the walls. Still farther away a true banded-vein structure is found.

Yet farther away feldspar becomes less and less important in the veins and

the quartz more abundant, until remote from the granite the impregnating

material is mainly quartz. Within the intruded rock, adjacent to the

granite, there is also an extensive development of feldspar, giving the rock

a banded appearance and changing it from a schist to a gneiss. If one

examined only the outer zone, in which the quartz cementation series

occur, one would not doubt that they are ordinary deposits from ground

water; if one examined the dike-like masses of the inner zone adjacent to

the great granite mass, one would not doubt that they are true igneous

injections; but in passing back and forth between the two, one observes that

there is every gradation between, them, and is driven to the conclusion

that true igneous injection was predominant adjacent to the granite, that in

the central zone aqueous and igneous agencies were about equally impor-

tant, and that in the outer zone aqueous agencies were jDredomiuant. It is

impossible to believe that the larger dikes—plainly offshoots of the central

batholith—are not igneous injections; it is equally impossible to believe

that quartz veins remote from the granite are dikes, or that the ordinary

granite magma has penetrated to considerable distances between the indi-

vidual grains of the schist and thus impregnated it with feldspar.

From the foregoing it is clear that under the general term pegmatite
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are included the results of three somewhat distinct phases of action, which,

however, grade into one another; first, pegmatization mainly aqueous;

second, pegmatization mainly igneous, and third, aqueo-igneous pegmati-

zation.

The first case is illustrated in the Marquette district of the Lake

Superior region," where at certain places in the Michigamme formation

there is a great development of feldspar within the interstices of the schists.

In the crevices minute pegmatitic veins of quartz and feldspar occur. No
adjacent intrusive in this formation has been discovered even by the closest

detailed study. In this case it seems clear that ^pegmatization has taken

place during the metamorphism of the rocks, in connection with mechanical

action, without the assistance of any extraneous igneous material, and is

therefore essentially aqueous.

The second of these cases is illustrated by the pegmatites described by
Brogger in southern Norway,' in which igneous injection satisfactorily

explains all the phenomena. It is to be noticed that in this region the

process of pegmatization occurred at a maximum depth of 600 meters,

while much of it occurred at a depth varying from 30 to 100 meters.

The third phase of pegmatization, which combines both aqueous and

igneous agencies, is far the most extended and important. By it are formed

the great class of the rocks which are usually spoken of as pegmatized.

This phase may affect massive igneous I'ocks, massive sedimentary rocks,

and their metamorphic equivalents. It occurs in both acid and basic rocks.

In all, the effects may be most complex, ranging from the formation of

great pegmatite dikes to the development of individual crystals of feldspar,

quartz, and other minerals anywhere within the intruded masses.

But this phase of pegmatization is most extensive and best illustrated

by rocks in which there is a gneissic or schistic structure, since, as pointed

out on page 710, cleavage fui-nishes planes of weakness which are readily

taken advantage of by the igneous rocks. The relations are best studied

where intrusive and intruded rocks are of different colors; for instance,

where there is a dai'k- colored schist intruded by granite. In such rocks

will be seen a backgroimd of schist. Parallel to the folia are innumerable

"Van Hise, C. R., and Bayley, W. S., The Marquette iron-bearing district of Michigan: Mon.
U. S. Geol. Survey, vol. 28, 1897, pp. 447-448.

* Brogger, W. C, Syenitpegmatitgiinge der siidnorwegischen Auglt- und Nephelinsyenite: Zeitsch.

fiir Kryst., vol. 16, 1890, pp. 215-235.
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cementation-injection bands of lighter color. These bands vary from those

as thin as leaflets, being perhaps but a single row of crystals, to those of

considerable width. There may be many such bands within the space of

a centimeter, or a single one may be many meters across. Frequently

parts of the injected material are in dike-like masses of varying size, which

cut the schistosity at various angles. At numberless places the leaf-like

bands of pegmatitic-looking material parallel to the schistosity are found

to be connected directly with the dike-like masses cutting the schistosity.

The dark schistose bands are found to show exomorphism in various

degrees by the injecting material. Besides recrystallization, the modifica-

tion consists in the development of various new minerals, the material of

which is derived in part at least from the intrusive. Clear evidence of

this is the frequent addition of minerals, or a large increase in the amount

of minerals, in the j)egmatized rock of the kinds found in the adjacent

intrusive. Not only may the main mass of unpegmatized schist show a

deficiency of certain minerals as compared with the pegmatized areas, but

if within the pegmatized area there be any considerable belt of schist not

affected by the pegmatite masses it may exhibit a similar deficiency. The

endomorphic effect upon the injection bands follows the same rule. The

more intimate the inti'usion and pegmatization the greater the endomor-

phism. The smaller bands of injection material gain proportionally more

material from the schist than^do the larger ones.

The intrusive rock, which is the final inciting cause of the third phase

of pegmatization ma^^ vary from acid to basic, but pegmatization in connec-

tion with granite and other acid intrusives has been most closely studied.

The process of granitization described by Michel Levy" comprises the par-

ticular form of pegmatization produced by this rock. The pegmatization

known as granitization has been studied more closely than other forms

because of its prevalence, because the light color of the granite renders

it easily distinguishable, and perhaps because acid magmas supply more

water and heat than basic ones.

It seems to me that the third phase of pegmatization described above

can be conceived of only as an aqueo-igneous process. In many instances

the larger masses of cutting material are truly igneous dikes containing a

«L6vy, A. Michel, Sur I'origine des terrains cristallins primitifs: CongrSs g^ologique international,

4tlisess., London, 1888, pp. 117-129.
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little water. On the other hand, the intimate penetration of all parts of the

rocks, down to the openings between the mineral particles, b)'' the pegma-

tizing material can be accomphshed only by very mobile solutions which

are more nearly allied to water than to magma; but such water is very

rich in mineral material. Between these extremes are all gradations.

The aqueo-igneous pegmatites, especially the pegmatitic schists and

gneisses, in all their phases may be seen in any of the regions of America

in which there are great batholithic intrusions. They are illustrated equally

well in the Cordilleras, the Lake Superior region, Canada, and eastern

United States from Maine to Alabama. All these regions afford innumer-

able perfect illustrations of the process. Even the most extreme pegma-

tization is illustrated at many places. One of the best instances known to

me is that of Rib and Mosinee hills, central Wisconsin. These hills of

quartz rock are surrounded b}" a great batholith of augite-syenite many

kilometers in diameter. Within the quartz rock adjacent to the syenite

feldspar has so extensively developed as to change the rock from a nearly

pm'e quartz I'ock to one in which feldspar is an important constituent. A
more extensive and no less perfect illustration of pegmatization, as well as

of almost eveiy other phase of the process, is furnished by the Hudson

schist in the upper part of Central Park, New York, and even better at New
Rochelle, adjacent to Long Island Sound. Williams's accurate description

of the phenomena exhibited in Maryland shows this to be an admirable

case of pegmatization."

In summary, pegmatization, when it occurs on a great scale, usually is

found in connection with great intrusive masses in which there have been

long-continued composite intrusions. No great batholith is the result of a

single simple intrusion. The introduction of such masses went on irregu-

larly through a very long time. Pegmatitic masses are not the result of a

distinct epoch of eruption, but usually are produced in connection with the

closing phases of igneous activity. The pegmatites very frequently cut the

igneous rocks intruded in an earlier stage of the igneous epoch. After the

main masses of igneous rock have crystallized they continue to contract as

they cool, and are thereby fractured. This occurs while they are still very

hot, and gives ready access to the pegmatizing material. Also the surround-

« Williams, G. H., The general relations of the granitic rocks in the middle Atlantic Piedmont
Plateau: Fifteenth Ann. Rept. U. S. Geol. Survey, 1895, pp. 657-684.
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ing rocks which have been long- affected by the batholiths become highly

heated as a resnlt of direct conduction and in consequence of convection

through water. The occluded water which undoubtedly exists in the parent

mass, at the moment of crystallization is in large measure expelled. As

crystallization continues the residual magma gradually becomes more

watery. Thus a considerable part of the water, the presence of which is

evidenced by the character of the pegmatites, is derived from the magma
itself Doubtless the pegmatite dikes in immediate connection with the

great parent masses of igneous material, which closely resemble ordinary

igneous dikes, largely and perhaps predominantly derive their water from

the igneous rock itself.

As the pegmatites close to the central mass solidify, a large portion of

the water is expelled and travels outward to help form the pegmatitic rock

having a more distinctive vein character; but in many and perhaps most

cases the water in the outlying pegmatite dikes and veins, which more

and more assume the character of ordinary veins, has been largely derived

from the surrounding I'ocks. We thus have completely explained the

variations from the true igneous dikes by imperceptible gradations to

materials which have the unmistakable characters of aqueous mineral veins.

This injection-cementation theory of pegmatization gives an adequate

explanation of the extreme coarseness of crystallization which the pegma-

tites frequently exhibit. The rocks in which the pegmatites form, both the

parent crystallized igneous mass and the surrounding rocks, are highly

heated, and hence during the closing pegmatitic stages, even if the masses

be small, the temperature falls so slowly that there is ample time for the

formation of very coarse crystals. Also it is well known that there is no

limit to the size to which the crystals may grow from water solutions. The

separation of the crystalline material in many pegmatite veins is more

nearly analogous to crystallization from a solution than to the solidilica-

tion of a solvent (see p. 113), and this analogy, so far as it exists, is

favorable to very coarse crystals.

FUSION AND ABSORPTION.

In connection with metamorphism in the deep-seated zone where igne-

ous rocks are among the agents, the question of the fusion of the intruded

rocks should be considered. It has been held by Mallet and by others

that heat produced by mass-mechanical action is a sufficient cause to pro-
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duce aqueo-igneous fusion, and that such supposed fused material is the

source of molten material for volcanoes." Mallet supposes that the material

is mechanically divided so fine that a sufficient amount of heat is developed

by this work and by friction between the particles to fuse the rock. How-

ever, he does not tell how fine this must be, although he speaks of reducing

a rock to an absolute powder. What is meant by an absolute powder is

not apparent, but one might suppose it means a powder the particles of

which are of molecular size.

The conclusions herein contained concerning recrystallization and rock

flowage have an important bearing upon the hypothesis of aqueo-igneous

fusion. It has appeared that if water be present when the material, as a

result of the mechanical subdivision, or for any other cause, reaches the

very moderate temperature of 185° C, the adjustment is accomplished

mainly by recrystallization, and that fusion is not necessaiy to account for

the plasticity of the rocks. Probably a much higher temperature is required

for aqueo-igneous fusion than for recrystallization. Barus has failed to

secure aqueo-igneous fusion of the silicates at a temperature of 600° C.,^

and at temperatures much lower than this it is certain that recrystallization

goes on very rapidly.

So far as the typical schists and gneisses themselves are concerned, it

is certain that they are not the products of aqueo-igneous fusion. They
have the peculiar textures and structures characteristic of these rocks. (See

pp. 779-783.) Every magma crystallizes according to the laws of magmas,

and produces textures and structures which are characteristic of such

crystallization. The textures and structures of the two classes of rocks

are very different. There is no evidence that the great masses of the

magmas are formed by the fusion of the crystallized rocks in consequence

of mech inical action. But it does not follow that various rocks, including

the schists and gneisses, may not be fused by contact with intruded

magmas. It has been seen in connection with injection that profound

metamorphic effects are produced upon the intruded rocks, the ordinary

metamorphic forms being slates, schists, and gneisses. It has been held

that the phenomena of pegmatization may be explained by crystallization

"Mallet, Robert, Volcanic energy; an attempt to develop its true and cosmical relations: Philos.

Trans. Royal Soc. London, vol. 163, 1874, pp. 147-227.

6 Powell, J. W., Report of the Director: Fourteenth Ann. Rept. U. S. Geol. Survey, pt. 1, 1893,

pp. 161-162.
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from materials between water solutions and true magmas. Dur'ng pegma-

tizatiou, in proportion as the conditions approach those of a magma,

the textures and structures may depart from those of slates, schists, and

gneisses and approach those of igneous rocks. Thus there may be all

gradations between the textures and structures characteristic of the slates,

schists, and gneisses and those characteristic of the igneous rocks. In some

reg-ions there occur remarkable combinations of textures and structures

characteristic of various rocks; for instance, the clastic rocks, the schists,

and the igneous rocks.

When once a rock, whether a sediment, a crystallized igneous rock,

or a metamorphic rock, has become a magma by fusion, whether it be

by aqueo-igneous fusion or by dry fusion, the resultant material is a true

magma. The crystallized rock which forms from it by cooling has all the

characteristics of an igneous rock. The textures and structures formed are

those of the igneous rocks. The textures and structures of the fused

sedimentary, original igneous, or metamorphic rocks are totally destroyed,

and the newly formed rock is to all intents and purposes a new igneous

rock. If rocks derived by the fusion of previous solid rocks have again

crystallized on a large scale, it is most difficult to prove this. The contacts

between the fused and unfused portions of the material would be similar to

those between ordinary intruded and inti-usive rocks. The only way which

I can suggest to show fusion and recrystallization on a large scale is to

prove that the rock supposed to be fused and recrystallized possesses the

chemical composition of the rock from which it is believed to have been

derived. For instance, a fused and recrystallized shale should ^sossess the

textures and structures of an igneous rock, but the essential chemical

composition of a sedimentary rock. This criterion of chemical composition

as applied to the red granular rock (meta-rhyolite) of Pigeon Point leads

to the conclusion that it is probably an independent intrusive, rather than the

result of the fusion of the Animikie rocks by the gabbro." (See pp. 732-733.)

But while it has not been shown that fusion and recrystallization have

taken place on a great scale, various cases have been described in which

the evidence seems clear that to some extent intruded rocks have been fused.

There can be no question that fusion of fragments included within

igneous rocks does take place. Very numerous inclusions which are found

«Bayley, W. S., The eruptive and sedimentary rocks on Pigeon Point, Minnesota, and their con-

tact phenomena: Bull. U. S. Geol. Survey No. 109, 1893, p. 118.
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adjacent to great batholiths show various stages of absorption. Frequently

the partly absorbed residual fragments are profoundly metamorphosed,

being perhaps completely recrystallized, and frequently greatly changed in

chemical composition from that of the parent rock.

It is certain that the absorption of fragments must react upon the

chemical composition of the absorbing rock. In so far as rocks fused and

absorbed by a magma differ from it in chemical composition, they must

change the chemical composition of that magma. Where the rock absorbed

is igneous, and therefore has the composition of igneous rocks, the

modified magma has a composition intermediate between two magmas.

Where the material has the composition of a sediment, this changes the

chemical composition of the magma toward that of the sediment. For

instance, if a considerable portion of limestone or dolomite be absorbed,

the rocks become very rich in calcium or calcium and magnesium. If a

considerable portion of shale or slate derived from mudstone be absorbed,

the igneous rock would be likely to be deficient in the alkalies, especially

sodium; it might be deficient in the alkaline earths; and it would probably

be high in aluminum, thus becoming intermediate in chemical composition

between igneous rocks and the mudstone series. If a sedhnent intermediate

between the limestone series and the mudstone series, as, for instance,

calcareous shale or slate, were absorbed by magma, while there might not

be any deficiency in the alkaline earths, there would be a deficiency in the

alkalies, and probably the aluminum would be abnormally high.

If a rock were fused by contact with a magma without absorption by
it or mingling with it, it would, of course, have approximately the compo-
sition of the original solid rock, and therefore that of a sedimentary, igneous,

or metamorphic rock, as the case might be. Doubtless the compositions of

such rocks would be somewhat modified by the exomorphic effect of the

igneous rocks. (See pp. 713-714.) If any considerable mass of solidified

rock were fused as a result of contact with igneous rocks, it is natural to

suppose that for a zone of variable width the two would become mixed, and
thus there would be a gradation in chemical composition between the fused

rock and a normal mag'ma.

While it is beyond dispute that all of the above cases occur, petrog-

raphers have been inclined to believe that none has taken place on a great

scale. It may well be doubted whether the excess of heat in molten magma,
beyond that required to keep it liquid, is sufficient to perform the vast
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amount of work required for the liquefaction of a great mass of solidified

rock. Work must be done in fusing the material, and work must be done

in expanding the material. Besides raising the temperature to the fusion

point, all the latent heat of fusion must be supplied. The heat required

for the process of fusion of rocks in a furnace is very great. Ordinarily a

magma has a temperature only shghtly in excess of that required to hold

it in the liquid form. Therefore, that it could furnish a sufficient amount

of heat to liquefy immense masses of sohd rocks seems highly improbable.

And it has already been seen that it can not be assumed that the necessary

heat is furnished by orogenic movements, although this may be a helpful

factor.

While fusion of solidified rocks of the lithosphere on a great scale,

either by magma or by orogenic movement, or the two combined, is to be

proved, it is certain that fusion has locally occurred. One of the clearest

instances of fusion or semifusion in America is that on Pigeon Point,

described by Bayley." At this place is a metarhyolite, called keratophyre,

on one side of which is a great mass of gabbro, and ou the other side of

which are the slates and quartzites of the Animikie series. The keratophyre

has all the characteristics of an eruptive rock younger than the gabbro.

In a position between the keratophyre and the gabbro is a coarse-grained

red rock, which is intermediate in character between the two and grades

into each of them. It is therefore regarded as a product formed by the

intermingling of the gabbro and rhyolite magmas, the gabbro having been

actually fused for a short distance from the keratophyre. For a distance

of about 9.5 kilometers, with a few interruptions, the contact rock has a

width of from 30 to 90 meters, and for one continuous stretch of nearly

3 kilometers it has an average width of fully 60 meters. If this rock,

which is intermediate in composition between the metarhyolite and the

gabbro, and which grades into each, and yet has the textures and struc-

tures of an igneous rock, really represents the result of the action of the

quartz-keratophyre on the gabbro, as it appears to do, it is one of the best

known cases of actual fusion of one rock by another.

Between the metarhyolite and the slates and quartzites of the Animikie

there is another contact belt which extends for about the same length as the

aBayley, W. S., The eruptive and sedimentary rocks on Pigeon Point, Minnesota, and their

contact phenomena: Bull. V. S. Geol. Survey No. 109, 1893, pp. 1-121.
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contact between the quartz-keratopliyre and gabbro, and has an even greater

width, averaging perhaps 90 meter^, and being in some places as wide as

160 meters. But only a comparatively small part of this belt, that nearest

the rhyolite, has the textures and structures of an igneous rock, and seems

to have been completely fused and recrystallized into slates and quartzites.

The fusion metamorphism produced by the metarhyolite is correlated with

the enormous masses of intrusive granite which occur in the Keweenawan

series above the Animikie. The Pigeon Point dike of this rock doubtless

is located at one of the passages through which the material of some of

these larger masses made their way toward the sm-face. In this connection

it is notable that subsequent intrusive trap dikes cut all of the other rocks

of Pigeon Point with sharp contacts, and no sign of metamorphosing effects-

Bayley states that the metarhyolite itself may be the product of the

action of the gabbro upon the slates and quartzites. If this suggestion

is correct the Pigeon Point locality is a still more remarkable case of the

production of a rock by fusion of sediments. But that the rhyolite has

been produced from the slates can not be considered as determined. Indeed,

the analyses of the rhyoHtes and of the slates and quartzites are different

from each other in various important respects. While the amount of silica

and alumina in the two rocks is substantially the same, the alkalies are

nearly twice as abundant in the rhyolite as in the sedimentary rocks. Also,

the iron is more than twice as abundant in the sedimentary rocks as in the

igneous rocks. Nor can it be supposed that the surplus of alkalies,and the

deficiency of iron in the rhyolite can be explained by the gabbro, it modi-

fying the composition of the fused slates and quartzites so as to produce a

magma of the composition of the rhyolite ; for if any considerable portion

of gabbro magma had been added the silica content would have fallen and

the alumina would have gone up. Furthermore, the gabbro is scarcely

richer in alkalies than the slates and quartzites; hence, on the theory that

the red rock was formed by the fusion of the slate and quartzite by the

gabbro, one would have to explain why tlie quantity of alkalies in the red

rock is about twice as great as in either of its possible sources. Thus the

analyses seem to stand in the way of the conclusion that the granular red

rock (metarhyolite) is really a result of the fusion of the Animikie slates

and quartzites by the gabbro."

aClarke, F. W., and Hillebrand, W. F., Analyses of rocks and analytical methods: Bull. U. S.

Geol. Survey No. 148, 1897, pp. 106-110.
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Cases of claimed fusion of vastly greater mag-nitude than that at

Pigeon Point are described by Lawson, Barlow, and other members of the

Canadian survey. Lawson" has held that the great batholithic masses of

granite and gneiss, some of them many kilometers in diameter, in the

region of Rainy Lake and Lake of the Woods, northwest of Lake Supe-

rior, have been produced by the fusion of the sedimentary and volcanic

series, which he has called Keewatin and Coutchiching. He has called

this a case of subcrustal fusion. Similar statements have been made by
Barlow in reference to the batholiths of granite in the Original Huronian

district;* and the same thing has been said with reference to the granite and

gneiss of the Original Laurentian district. However, no adequate evidence

has been offered to support any of these conclusions. Composite chemical

analyses have not been made of the Keewatin and Coutchiching rocks and

the granites and gneisses supposed to be formed by their fusion, in order

to compare their compositions and thus to determine whether the granites

could possibly have been derived from the Keewatin and Coutchiching

rocks by subcrustal fusion. All of the phenomena along the contacts of

the granitic rocks and tlie Keewatin and Coutchiching are such as may be

fonnd at various parts of the world where batholiths of igneous i-ock have

intruded otter rocks. Many fragments of the intruded rocks are included in

the intrusive. At many places there is a border belt in which the two are

intermingled in the most confused way, and, furthermore, in the intruded

rocks pegmatizatiou has occurred adjacent to the batholith. The phenom-

ena might possibly lead one to infer the derivation of the intrusive rocks

from the intruded rocks by the fusion of the latter, and subsequent action

as an intrusion of the magma thus formed, but I do not so iilterpret them.

I have gone over the Rainy Lake and Lake of the Woods region in

the field, and have visited and closely studied the specific localities described

by Lawson as giving evidence of subcrustal fusion. At every one of these

localities the phenomena are precisely those which generally occur where

great intrusive batholiths penetrate otlier rocks. For instance, at the Nar-

rows of Kaiarskons Lake, which is cited by Lawson" as one of the best

« Lawson, A. C, The internal relations and taxonomy of the Archean of central Canada: Bull.

Geol. Soc. America, vol. 4, 1890, pp. 185-186.

6 Barlow, A. E., Relations of the Laurentian and Huronian rocks north of Lake Huron: Bull

Geol. Soc. America, vol 4, 1893, pp. 313-332.

(^Lawson, A. C, Report on the geology of the Rainy Lake region: Ann. Rept. Geol. and Nat.

Hist. Survey of Canada, for 1887-88, new ser., vol. 3, pt. 1, 1889, p. 32.
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instances giving- evidence of snbcrustal fusion, the granite cuts the horn-

blendic schist in a most intricate fashion. However, in most cases the con-

tacts between tlie two rocks are knife-Hke in their sliarpness, and tlais is true

whether the granite dikes and veins are large or small. At one place a few

feet square the granite and schist are so confused as to make it possible that

the hornblende-schists were locally softened. The granite near the contact

contains numerous fragments of the schist. The hornblendic schist gener-

ally retains its typical texture and structure directly to the contact with the

granite. The phenomena are clearly those of complex intrusion, with no

evidence whatever that the granite has crystallized from the fused horn-

blendic schist. Similar phenomena were found at other localities cited by

Lawson as evidence of subcrustal fusion.

This case has been dwelt upon because it is the one in America where

it has been most strongly claimed that immense masses of igneous rocks

have been produced by the fusion of older solidified rocks. The relations

seem to me, however, to be clearly those which are characteristic of great

batholithic intrusions in the rocks of the zone of anamorphism.

Another instance where in America it has been claimed that fusion meta-

morphism has taken place on a great scale is that described by Emerson.

It is well known that in eastern Massachusetts there are numei'ous great

batholiths of granite intrusive in the Paleozoic strata. Concerning these

batholiths Emerson makes substantially the following statements:

The Quinc}' granites of eastern Massachusetts do not alter the Cambrian schists

and do not absorb any material from them. Several other granite bands extending

across Worcester County contrast with the Quincj' band in the following particu-

lars: Thej^ are often coarsely porphyritic, while the Quincj' granites are not. They
are microcline granites. The Quincj^ granites are orthoclase granites. They contain

biotite, or biotite and muscovite instead of biotite and hornblende or glaucophane.

These granite batholiths are also contrasted with the Quincy rock in having a

broad peripheral laj'er, which has all the peculiarities of pegmatite in some cases, and
grades into black albitic granites, or even quartz-diorites.

These differences are largely due to the fact that in the Worcester district the

granites have fused much of the surrounding schist into their composition. This

was proved by finding characteristic inclusions of the schist in great numbers and of

every size in the granite, and also by tracing these inclusions into smaller and smaller

filaments, until they faded from sight, and finding with the microscope far bej-ond

this point in the fresh granite clear traces of the schists. Where the schist contains

pyrite, garnet, fibrolite, cordierite, or graphite, the granite becomes more ferruginous

and garnetiferous. The amber coarse fibrolite of the schist appears dissolved and
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recrystallized as a white, silky bucholzite, or fazer-kiesel in the granite, and the gra-

phite scales are inclosed in all the constituents of the granite over manj^ square miles.

Over the whole surface of the great Hubbardston batholith of perfect coarse

porphyritic granite, 61 kilometers long and 10 kilometers wide, it was possible to

map the areas once occupied by the different schists, which formerl}^ inautled over

the granite mass, by means of the indestructible constituents of the former schists,

by the portions which had melted into the mass of the granite, by the filaments still

remaining unabsorbed, and by the different aspect of the gi'anite, dependent largely

upon the great increment of iron. Using the first two ci'iteria especially, this double

mapping of the region was carried out in the sheets prepared for the United States

Geological Survey.

The region extending for several kilometers south from Mount Wachusett, and

that north and south of Brookfield, in the Hubbardston batholith, furnish abundant

exposures for the stud}^ of the phenomena here described."

The statement of facts which Emerson makes seems clearly to lead to

the conclusion that the granites of the Worcester district have actually

fused the metamorphosed schists to some extent. However, the changes

in chemical and mineral character of the granites adjacent to the schists

may be partly due to the transfer of material from the injected rock by

solutions. Until the facts for this district are given in detail, including

chemical analyses of the different phases of the granites, it will be impos-

sible to say how far the intruded schists have been absorbed by the granite;

and certainly the assumption that the differences between the Worcester

granites and the Quincy granites are due to absorption of schistose material

by the former requii'es much more evidence than has yet been offered.

COMBINATIONS AND RELATIONS OF THE VARIOUS PROCESSES.

The processes of welding, strain within the elastic limit, strain beyond

the elastic limit, cementation, metasomatism, and injection rarely occur

separately. Commonly several of them take place at the same time, and in

many instances all of them unite in the metamorphism of a rock. In the

previous pages, for the sake of clearness in analysis, each process has been

considered by itself, so far as this was possible, so that the effect of each

could be clearly appreciated. This natural tendency to consider each

process separately, and the tendency to regard a certain process under

consideration as the sole cause of metamorphism, have led to the artificial

classification into dynamic metamorphism, contact metamorphism, etc

«Emerson, B. K., Difference in batholithic granites according to depth of erosion: Bull. Geol. Soc.

America, vol. 10, 1899, pp. 499-500.
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The mechanical process of welding can not take place without strain within

the elastic limit. Strain beyond the elastic limit can not occur without

strain within the elastic limit and welding. Therefore, where the former

occurs all the mechanical processes are involved. The chemical processes

of cementation and metasomatism do not occur separately; where one takes

place the other is sure to be active. These processes, together, go on with

or without injection. But injection, which involves both mechanical and

chemical factors, never takes place without involving one or two or all' of

the other processes. Where it takes place on a lai'ge scale it is sure to

include all the mechanical processes. Moreover, under such circumstances

the exomorphic alterations involve the chemical transformations of cemen-

tation and metasomatism on a great scale.

From the foregoing it follows that in most instances of alteration in the

zone of anamorphism it is impracticable to state the relative importance of

the mechanical processes among themselves or of the chemical processes

among themselves. However, the chemical processes, as a group, and the

mechanical processes, as a groiip, can be better compared. As has been

noted, the mechanical processes where important usually produce granula-

tion, and the chemical processes where important result in recrystallization;

but also mechanical action promotes chemical action. The importance of

the relations of these two classes of processes demands full consideration.

KELATIONS OF GRANULATION AND RECRYSTALLIZATION.

In a rock the same mineral may be partly granulated and partly

recrystallized. Even the individual grains of a mineral may exhibit the two

processes in various proportions. In this case the fracturing may be along

the borders of the individuals, may extend entirely across them, or may
granulate them tlu-oughout. The simultaneous solutions and depositions

may occur alqng the borders of the original or the secondary granules, or

within the spaces produced by the fracturing, or may regenerate the old

mineral particles throughout. Any of the deposited material may occur as

independent individuals or as enlargements of original grains or mechan-

ical granules. Thus, in the different particles of the same mineral in a

given rock granulation or recrystallization may be the dominant process.

If this be so, the same is true, to an even greater extent, of the particles of

different minerals.

MON XLVII
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Wliether granulation or recrystallization is preponderant in a given

place in the zone of anamorphism depends upon many factors. Some of

these factors are, the character of the material and water content, tempera-

ture, pressure, and rapidity of deformation.

CHARACTER OF MATERIAL.

The degree to which granulation and recrystallization takes place

depends to a considerable extent upon the character of the material. The

character of the material involves both mineral composition and coarseness.

In the same rock mass certain minerals may be mainly recrystallized

and others mainl)^ granulated or even retain their integrity. For instance,

it is well known that quartz suffers granulation and recrystallization much

more readily than feldspar. This is illustrated by the recrystallization of

the flat individuals of quartz in the quartz-porphyry described by Futterer"

(PL III, B), in which the feldspars have been little affected.

I shall make no attempt to compare the various minerals with one

another with reference to ease of recrystallization. There are all gradations,

from calcite, which can be easily recrystallized in the laboratory by the

passage of water through finely powdered material imder very moderate

pressure, to the more refractory minerals, such as feldspar.

Since some minerals when strained recrystallize much more readily than

other minerals, it follows that a formation composed chiefly of one class of

minerals maybe deformed mainly by granulation, and an adjacent formation

composed of another set of minerals may be deformed mainly by recrys-

tallization. One formation may thus show complete granulation or other

imjjortant strain effects, while the recrystallization of the adjacent formation,

because of the greater mobility of its mineral particles, nearly keeps pace

with the deformation. One rock may recrystallize so as to show the tex-

tures and structures of the schists and gneisses with more or less residual

strain effects, while an interlaminated rock recrystallizes so' readily as to

take on a granolitic texture after movement has ceased. As an illustration

of this are the closely associated gneisses and marbles of the Adirondacks

and of the Hastings series of Canada. The gneisses, besides having their

characteristic textures and structures, show marked residual strain, while at

aFutterer, Karl, Die " Ganggrauite " von Grosssachsen, und die Quartzporphyre von Thai im
Thiiringer Wald, Heidelberg, 1890, pp. 27-47.
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various localities interstratified with these are coarse marbles with granolitic

textures showiug no other strain effects than those of polysjmthetic twinning

and similar phenomena, which may have been developed by the slight

stresses to which the material was subjected in section cutting- in the

laboratory.

'

The coarser the particles the more likely is granulation to be of

importance. The finer the particles the more likely is recrystallization to

be dominant. The finer the particles originally or by granulation the

greater is the suiface exposed to the action of the solutions. The dissolving

power of water, when not nearly saturated, is almost directly in proportion

to the area upon which it can act. If the grains of a rock be broken by
granulation into particles having radii 0.1 of those of the original grains,

each small grain will have 0.001 the volume of an original grain, and the

total surfaces of the fewer original grains will be to the total surfaces of

the more numerous grains as 1 : 10. If the granulation goes so far as to

give the granules radii averaging only 0.01 of those of the original grains,

each small grain will have 0.000001 of the volume of the original grains,

and the total surfaces of the original grains will be to the total sui'faces of

the granules as 1 : 100. A good illustration of mechanical granulation is

furnished by the anorthosites described by Adams." Mr. S. H. Ball has

compared the size of the grains of the original anorthosite and the granu-

lated anorthosiie in two specimens, the result showing that, on the average,

the ratio of the diameters of the feldspar grains of the original rock to

the' diameter of the granulated grains is 1 : 40, or one feldspar grain of the

original rock is broken into about 64,000 grains.

Ultimately, even under conditions otherwise favorable to granulation,

finer subdivision does not continue, for so large a surface is exposed to the

action of the solutions that the process of adjustment is accomplished by
recrystallization at least to such an extent that the granules do not, on the

average, decrease in size. In this fact of increased surface of action for

the solutions by granidation we have the explanation of the fact that

gi-anulation is not known to produce particles the average of which is near

the limit of observation with a moderate power of the microscope.

An excellent example of the influence of the character of the material

« Adams, F. D. , Report on the geology of a portion of the Laurentian area lying to the north of the
Island of Montreal: Ann. Kept. Geol. Surv. Canada, new ser.,.vol. 8, 1895, pt. j, pp. 85-134.
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upon the gradation and relations between granulation and recrystallization

is furnished by the Algonkian rocks of the Black Hills." There conglom-

erates, quartzites, slates, schists, and gneisses occur in intimate relations to

one another, due largely to varying character of material. Nearly every

phase of deformation, from that in which granulation is the dominant

process to that in which recrystallization is the dominant process, is there

represented.

TEiMPESATUBE.

Low temperature is favorable to granulation; high temperature is

favorable to recrystallization. If Barus's experiments upon the solubility

of glass** be a guide as to the silicates, the temperature of 185° C. is

more nearly crucial between the processes than any other. Below 185°

C granulation is likely to be prevalent, especially if the deformation be

rapid. Above 185° C, if sufficient water be present, recrystallization is

probably so rapid that the mechanical strains do not go far before they are

lai'gely obliterated by recrystallization.

Temperature increases with depth: the less the depth the greater

the tendency to deformation by granulation, and the greater the depth the

greater the tendency to recrystallization. But it must be remembered

that the mechanical work of deformation itself develops heat, which can

escape only by conduction or convection. Therefore, during mountain-

making periods, temperatures sufficient for recrystallization raaj exist

much nearer the surface than under quiescent conditions, and consequently

recrystallization takes place rapidly at no great depths.

Furthermore, the temperature is raised by intrusive igneous rocks.

The heat of the intrusives is conveyed to the adjacent rocks, both by

conduction and by convection through water. Hence the presence of

igneous rocks is favorable to recrystallization. This has already been

dwelt upon. The numerous broad zones of schists and gneisses in which

recrystallization is complete about great batholiths, with schistosity every-

where parallel to the sides of the intrusives, have been described. (See

pp. 716-717.)

« Van Hise, 0. R., The pre-Cambrian rooks of the Black Hills: Bull. Geol. Soc. America, vol. 1,

1890, pp. 214-230.

*Barus, C, Hot water and soft glass in their thermo-dynamic relations: Am. Jour. Sci., 4th ser.,

vol. 9, 1900, pp. 161-175; vol. 6, 1898, p.- 270.
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The identical character of the schists surrounding bathoHths and those

produced in connection with regional mechanical action is explained hj the

foregoing pages. The necessary conditions for the production of recrystal-

lized schists are movement under sufficient pressure, moderate temperature,

and presence of water. These conditions are produced in the two cases in

diiferent ways.

PJiESSUEE AND SAPIDITY OF DEFORMATION.

The less the pressure the more likely is the deformation to be accom-

plished by granulation. The greater the pressure the more likely is the

deformation to be accomplished by recrystallization. The pressure increases

with de^jth, with mechanical action, by igneous intrusions, and possibly

from other causes.

To a certain point, the more rapid the deformation the more likely is

the adjustment to be by granulation. The limit beyond which this does

not apply is reached when the mechanical process develops such an amount

of heat that the readjustment is by recrystallization rather than by granu-

lation. The slower the deformation the more likely is the readjustment to

be by recrystallization.

WATER CONTENT.

Absence of water is favorable to granulation; presence of water is

favorable to recrystallization. If a series be so dense, or is of such origin,

that it contains comparatively little water, even if other conditions he favor-

able, deformation by granulation rather than by recrystallization may occur.

Another series, which is in every other respect under similar conditions, but

which contains a fair amoimt of combined water that may be liberated

by dehydi-ation to serve as a medium for the process, may be adjusted by
recrystallization and form coarse schists. This principle is believed to

explain the difference in the character of the deformation of the different

formations for many districts. It is a well-known fact that in the same

district different rock masses composed of similar minerals deformed in the

zone of anamorphism vary greatly in the character of the alteration, some

formations yielding by granulation, others by recrystallization. In general

the sedimentary rocks contain a considerable percentage of combined water,

and therefore when deformed are recrystallized. The same is true of the

porous igneous rocks, such as lavas and tuffs. In contrast with these are
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the massive igneous rocks, and especially the plutonic rocks, which contain

httle combined water, and when deformed are apt to be granulated rather

than recrystallized. One of the best districts to illustrate the principle is

the Original Laurentian area described by Adams." In this district are the

anorthosites, the Grenville sedimentary series, and the Basement gneiss of

igneous origin. Adams's careful descriptions show that the most funda-

mental point of difference between the three classes of rocks in their response

to deformation is in reference to recrystallization and granulation. The

sedimentary rocks of the Grenville series have been completely recrystal-

lized and are typical schists.'' The igneous gneisses are largely deformed

by granulation, but "the granulation has perhaps been effected, in part at

least, by recrystalhzation." ' The anorthosites have been almost wholly

deformed by granulation.'' Corresponding exactly with these facts are the

amounts of contained water. Analyses of three recrystallized Grenville

gneisses give an average water content of 1.46 per cent." An analysis of

one partly granulated and partly recrystallized gneiss of igneous origin

gives 0.70 per cent of water.-^ An analysis of granulated anorthosites gives

only 0.51 per cent of water.''

The frequent granulation of the massive igneous rocks does not con-

tradict the conclusion (pp. 712-713) that in many cases water as a source of

recrystallization may be derived from the plutonic rocks during recrystalli-

zation. The very fact that water is given off during this process leaves the

,

plutonic rocks deficient in combined water. When later mass movements

take place with only a very small amount of combined water present,

granulation is likely to occur, and, as already noted, somewhat in pro-

portion to the amount of the residual water; for, as shown by the illustra-

tions already given, the anorthosites, containing a small amount of water,

under mass movement have been granulated to a greater extent than the

granites, which contain somewhat greater amounts of combined water.

As examples of recrystallized schists of igneous origin may be men-

a Adams, F. D., report on the geology of a portion of the Laurentian area lying to the north of

the Island of Montreal: Ann. Kept. Geol. Surv. Canada, vol. 8, 1895, pt. J, p. 184.

6 Adams, cit., pp. 49-66.

"Adams, cit, p. 45.

«* Adams, cit., p. 106.

« Adams, cit., p. 58.

/Adams, cit., p. 43.

ff Adams, cit, p. 130.
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tionecl the schists and gneisses of the Basement Complex of the Marquette

district of Michigan. Two analyses of the Kitchi schists showed, respec-

tively, 2.51 and 2.70 per cent of water above 100° C." A micaceous schist

gave off 2.04 per cent of water above 100° C.'' A Palmer gneiss gave off

2.33 per cent of water above 100° C." Partial analyses of two other

micaceous schists from the same locality as the micaceous ' schist above

referred to, which show a cataclastic or granulated structure, unfortunately

do not include water determinations.

The foregoing analyses of recrystallized schists from the Archean and

Algonkian may be taken as typical of the recrystallized schists of all ages

the world over. This is shown to be evident by running through the

various analyses of the recrystallized schists in any of the published tables

of analyses. Such tables show that the recrystallized schists average more,

rather than less, than 1.50 per cent of combined water, and in many cases

that they contain more than 2 per cent of water.

In Clarke and Hillebrand's book of analyses,'* besides those mentioned,

are found three other analyses of recrystallized gneisses. The analyses are

of typical gneiss, derived from basic granite at Washington, D. C, with a

water content (at and above 110° C.) of 1.97 per cent, and two plagioclase

gneisses from the Sierra Nevada, with a water content (at and above

110° C.) of 1.71 and 1.47 per cent, respectively. These analyses, with

those already quoted, cover all the schists and gneisses cited in Clarke and

Hillebrand's book which, from the available descriptions, can be ascertained

to be certainly recrystallized. They are here included to show that in this

bulletin there is no exception to the rule laid down, viz, that when rocks are

deformed in the zone of anamorphism, which contain a sufficient amount of

combined water to serve for recrystallization, this process is dominant rather

than granulation.

It is to be noted that the water contents of the schists and gneisses

mentioned are amoimts given off above 100° C, and in most cases above

110° C; in other words, the water is combined water. This point is of

importance as showing that, after the metanaorphism of the rocks to schists

Van Hise, C. R., and Bayley, W. S., The Marquette iron-bearing district of Michigan: Mon. U. S.

Gaol. Survey, vol. 28, 1897, p. 168.

6 Mon. 28, cit., p. 202, anal. vi.

cMon. 28, cit., p. 217.

(^Clarke, F. W., and Hillebrand, W. F., Analyses of rocks and analytical methods: Bull. U. S.

Geol. Survey, No. 148, 1897, pp. 88, 215.
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or gneisses, 1.50 per cent or more of water remained. The percentages of

combined water after metamorphism are, of course, no measure of the

amount of water, free and combined, contained by the rock before and

during the metamorphosing process. It is highly probable that the amount

of combined water in the later stages of the process, in the case at least of

the sedimentary rocks, is lower than in the earlier stages of the process,

consequently water is driven off during the process, thus renewing the water

films in the subcapillary spaces, and furnishing a medium for solution

and redeposition. (See Chapter III, p. 145.) This is inferred from the

analyses of pelites in their various stages of alteration from soils and clays

to shales, slates, schists, and gneisses. Sixteen analyses given by Clarke

and Hillebrand of soils and clays from Pennsylvania, Florida, and Colorado

gave an average loss of water at or above 100° C. of 7.15 per cent. Six

analyses of clays and soils from Virginia gave an average loss of water

above 110° C. of 8.61 per cent. Forty-four analyses of clays and soils

from Massachusetts, South Carolina, Alabama, Missouri, Colorado, Nevada,

and California gave an average loss of water upon ignition of 8.10 per

cent." Twenty slates and shales from Vermont, Colorado, ar i California

gave an average of 4.42 per cent of water above 100° C." Fourteen slates

and shales from Vermont, New York, Kentucky, Georgia, and Alabama

gave an average of 4.34 per cent of water above 110° C The original

mudstones from which the shales and slates were produced may be pre-

sumed to have contained at least as much water as do soils and clays. The
shales and slates are rocks partly metamorphosed during mass-mechanical

action, and they certainly lost about one-half of the combined water during

the change.

It is well known that shales and slates, when profoundly metamor-

phosed during mass-mechanical action, produce schists or gneisses. Since

most of the schists contain less than 2 per cent of water, this agent was

again reduced to one-half or one-third of the amount present when the

rocks were in the stage of shales and slates. Therefore the pelites in their

original form contain in combination not only a sufficient amount of water

to satisfy the requirements as to combined water in the completely meta-

morphosed schists, but an excess of water, which may be steadily given off

« Clarke, F. W., and Hillebrand, W. F., Analyses of rocks and analytical methods: Bull. U. S.

Geol. Survey, No. 148, 1897, pp. 287-301.

6 Clarke and Hillebrand, cit. pp. 277-286.
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during tlie process of metamorphism, and thus constantly furnish a supply

of the medium through which recrystallization can take place. The same

is certainly true of many other rocks the materials of which have been

subject to the processes of alteration in the zone of katamoi-phism, and

which therefore contain hydrous minerals. The most important exceptions

ai'e the pure silica and the pm^e carbonate rocks..

The steadily lessening amount of combined water with increasing

metamorphism is illustrative of the facts already explained on j)ages

178-180, that the deep-seated zone of recrystallization is one of dehydi'a-

tion. In opposition to this, the alterations under conditions of small depth

are those of hydration. Many of the rocks metamorphosed under such

conditions contain as high or higher percentages of water than the soils

and clays the water contents of which have been quoted. If later such

hydrated rocks, whether of igneous or of aqueous origin, were subjected

to alterations in the zone of anamorphism, recrystallized schists or gneisses

would be developed.

In the above no account is taken of the mechanically mingled water.

This is undoubtedly always present in important amount in all of the

sedimentary and in many of the igneous rocks, and is an additional supply

of the agent of transformation. The amount of this mechanical water has

already been discussed, (bee Chapter III, pp. 124-127.) It varies from a

fraction of 1 per cent of the volume in the densest rocks to as high as 50

or more per cent in the more open soils and clays. At the outset of the

process of change the mechanically included water is often an abundant

source of the agent of metamorphism ; but when the rocks become compacted

by pressure, or cemented, or both, this water is largely removed. This is

likely to take place in large measure in the zone of katamorphism;

consequently, when the rocks reach the zone of anamorphism the amount

of mechanical water is usually much reduced. It follows that the originally

mechanically mingled water, while probably of importance, can not be

depended upon as an adequate supply for recrystallization in the zone of

anamorphism. Indeed, it is believed that the water freed by dehydi-ation

is the most reliable source of water for recrystallization in the zone of

anamorphism. (See pp. 662-663.)

The facts presented on the preceding pages give strong support to the

idea that presence of water at the beginning of the process of metamorphism



746 A TREATISE ON METAMORPHISM.

is necessary in order that recrystallization shall readily occur. If the

massive original rocks at the beginning of the mass movements do not

contain water sufficient for recrystallization to take place, it does not appear

that they are likely under normal conditions to gain sufficient water from

an outside source. But where intrusives are introduced on an extensive

scale, this source of water may make good the deficiency, so that recrystal-

lization may occur. Apparently the amount of water present during

recrystallization must be great enough for at least 1 per cent to be left as

combined water; for in the deformed igneous rocks containing less than 1

per cent of water granulation is frequent, and the schists and gneisses

formed by recrystallization usually contain between 1 and 2 per cent of

water. But doubtless in proportion as rocks are deep seated, so that the

pressure is great and the temperature high, a

decreasing amount of water suffices for recrystal-

lization.

While the minerals of the rocks are steadily

dehydrated during the process of recrystalliza-

tion, not all of the water driven off escapes; a

small part of it is caught within the recrystal-

lizing material ; and thus are explained the almost

infinite number of minute microscopic water in-

clusions contained in the schists and gneisses.

In some instances the water bubbles are arranged

along planes of fracture, in which case they appear

in the sections as rows of bubbles which frequently extend continuously

across many individuals. (See. fig. 19.) The arrangement of continuous

rows of water bubbles across many minute individuals has been taken as

evidence that the minerals are original, whereas it is plain that the correct

interpretation is that the bubbles themselves are probably secondary inclu-

sions, as I have fully explained in another place."

Liquid carbon dioxide is frequently associated with the water inclu-

sions. It is believed that in most cases this material is a portion of the

carbon dioxide given off by the decomposition of the carbonates during sili-

cation. Another and probably larger portion of the carbon dioxide escapes

Fig. 19.—Liquid-filled cavities extend-

ing across several quartz individuals

without change of direction. From
Black Hills quartz-schist.

« Van Hise, C. K., The pre-Cambrian rocks of the Black Hills: Bull. Geol. Soc. America, vol. 1,

1890, p. 218.
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with the freed water, and is squeezed iipward to the belt of cementation.

(See pp. 177, 667.)

The foregoing facts seem to show that whether granulation or recrystal-

lization occurs in the zone of anamorphism in a given district in rocks of a

certain chemical composition does not depend upon whether the rocks are

igneous or aqueous, but, other things being equal, upon whether sufficient

water is present, by means of which recrystallization can occur. As this is

more frequently the condition in the sedimentaiy rocks than in the igneous

rocks, the sedimentary rocks are more frequently recrystallized than the

igneous rocks, though in many instances reciystallization, rather than gran-

ulation, has been the process of modification for the igneous rocks.

The experimental work of Adams and Nicolson " upon the deformation

of marble seems to me to be fully confirmatory of the above conclusions

as to the influence of water in determining whether granulation or recrys-

tallization occurs. They deformed marble under conditions of the zone

of flowage, both dry and wet, at a temperature of about 300° C. The
marble deformed while dry, "if not quite as strong, is at least verj^ nearly

as strong as the original rock,'"' as shown by tests of its crushing strength,

whereas the marble deformed at the same temperature in the presence of

steam at a pressure of 460 pounds per square inch was "not weaker, but

actually somewhat stronger than the original rock."" While they conclude

that "the presence of water was not observed to exert any influence,'"^ they

say: "It is just possible, however, that there may have been a deposition

of infinitesimal amounts of calcium carbonate along very minute cracks or

fissures, thus contributing to maintain the strength of the rock. No signs

of such deposition, however, are visible."^

It seems to me that the increased strength of the rock deformed in

the presence of steam is positive evidence of the influence of water.

When it is remembered that the mineral experimented upon was one

which is readily deformed by movement along gliding planes, and there-

fore one in which for deformation without granulation recrystallization

is not necessary, and that the time through which the experiment was

o Adams, P. D., and Nicolson, J. T., An experimental investigation into th'e flow of marble: Philos.

Trans. Royal Soc. London, series a, vol. 195, 1901, pp. 363-401.

b Adams and Nicolson, cit., p. 379.

"Adams and Nicolson, cit., p. 385.

''Adams and Nicolson, cit., p. 399.

''Adams and Nicolson, cit., p. 385.
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continued was but a minute fraction of the time of the action of water

under natural conditions, the experiment seems to me to furnish the

strongest possible confirmation of the conclusion already expressed as to

the importance of the presence of water during the recrystallizatiou of

rocks.

ROCK FLOWAGE.

MEANING OF ROCK FLOWAGE.

If the conclusions of the foregoing pages be true, the real meaning of

rock flowage, at least as deep as observation extends within the earth,

follows as a corollary. It is apparent that the process of rock flowage is

very different from the flowage of a liquid or that of a malleable solid,

although it involves elements which occur in these processes.

In discussing the subject of rock flowage it will be necessary to repeat

the substance of certain things which have already been said. This is nec-

essary in order to bring the different elements which enter into rock flowage

into juxtaposition in proper relations to one another. I have previously

maintained that deformation at considerable depth is accomplished by rock

flowage." However, I made no attempt to explain in detail the nature of

the interior movements.

All of the different processes which have been described are involved

in rock flowage. That is to say, the mechanical processes of strain within

the elastic limit, gliding, granulation, and welding, and the chemical proc-

esses of cementation and metasomatism resulting in recrystallizatiou, all

enter into the result. In the foregoing pages each of these processes has

been separately discussed and their relations have been pointed out. Vari-

ous combinations of the foregoing mechanical and chemical processes

explain rock flowagte. Commonly in rock flowage the chemical process of

recrystallizatiou is dominant; but this, as has been explained (pp. 690-692),

is promoted by the simultaneous mechanical strains. But in many cases of

rock flowage the evidences of chemical and mechanical processes are about

equally marked, and in some instances of considerable importance mechan-

ical processes have been dominant.

I shall first consider the slates, schists, and gneisses, which are typical

examples of rocks that have been deformed by rock flowage, and are also

«Van Hise, C. R., Principles of North American pre-Cambrian geology: Sixteenth Ann. Kept.

U. S. Geol. Survey, pt. 1, 1896, pp. 593-595, 636-643.
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the class of rocks in which the process has taken place on the most exten-

sive scale. It will be remembered that slates, schists, and gneisses are

rocks in which many of the mineral particles show parallel orientation and

in which the major portion of the mineral particles now show slight

or no strain effect. (PI. XI, C.) It is evident that these are rocks

which have nearly perfectly accommodated themselves to the deformation

thi'ough which they have passed. The accommodation, as already

explained, is accomphshed by continuous solution and deposition, or by

continuous recrystallization. While the adjustment during deformation at

any moment was nearly as complete as though the rock were a magma,

and while it may nowhere show even a microscopic opening, it is evident

that the flowage is wholly different from that of a liquid. At no time was

the rock a liquid; on the contrary, it was at all times almost wholly a

crystallized solid. At no time was more than an almost inappreciable

fraction of it in liquid form—that is, dissolved in water—yet at all times it

was adjusting itself by means of the small percentage of water contained

in the capillary and subcapillary openings, this being the chief agent of

deformation working through solution and deposition, or recrystallization.

In order that such a continuous process shall Lj adequate to explain rock

flowage, it is necessary only that it shall be sufficientlj'- rapid +o keep pace

with the deformation. Probably one's first thought is that it is not possible

that the process can be sufficiently rapid to account for the phenomena.

However, the experiments of Barus on the solution of glass give us a basis

upon which we can make a quantitative calculation.

- Barus has shown" that a temperature of 185° G. is critical so far as the

solution of glass by water is concerned. At temperatures lower than this

the rate of solution by wa,ter is very slow. However, at temperatures of

185° C. and above, solution of the silicates of glass goes on with astonishing

rapidity. Barus dissolved, in capillary tubes, a sufficient amount of glass

to cause an apparent contraction of volume of the water amounting to 1

3

per cent of the water present in 42 minutes, and 18 per cent in an hour.

This illustrates the fact that the activity of water at a very moderate

temperature is amazing and one need not be surprised at its potency in the

alteration of rocks deep below the surface of the earth. Temperatures

higher than 185° C. exist at moderate depth, and therefore it is reasonable

aBarus, C, The compressibility of liquids: Bull. U. S. Geol. Survey No. 92, 1892, pp. 78-84.
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to suppose that a small amount of water may be the medium of rapid and

most profound modification of the rocks.

We have already seen (pp. 690-691) that during the process of defor-

mation the material, if not dissolved, may be strained even to the point ol

granulation by the mechanical processes ; also it has been seen that, so far as

strain occurs, or the particles are small, the minerals are in a state in which

solution is easier than for unstrained or larger mineral particles. But it is

probable that the solution of mineral particles and the deposition of the

material in an unstrained crystallized condition is considerably slower

than the solution of amorphous glass; for, among' other reasons, it can not

be supposed that the same amount of energy is potentialized in the mineral

particles as in the glass. But the further the strain goes before fracture

the more energy is potentialized, or if fractures occur smaller particles are

produced. Moreover, the contained water is in small capillary or subcapil-

lary spaces, and therefore a given volume is acting upon a much larger

surface than in the capillary tubes used by Barns in his experiments. In

so far as granulation occurs, the surface of action is still further increased.

All these conditions are favorable to solution and redeposition; therefore,

the greater the straining and resultant granulation, the more rapid the

process of recrystallization; hence, in thei deep-seated zone, when water is

present in sufficient amount, mechanical disintegration never gets far in

advance of solution and redeposition. (See pp. 696-698.)

At tempei'atures above 185° C, if it be supposed that in the capillary

and subcapillary spaces within the rocks the speed of solution^of minerals

is 0.1 of that of glass, as ascertained by Barns, water would dissolve its own
volume of minerals in about five houi-s. If the deep-seated rocks be

supposed to contain 2 per cent of water by volume—that is, less than 1 per

cent by weight—the entire mass of rocks might be dissolved in about 250

hours, or little more than ten days, provided deposition went on at the

same rate as solution. The percentage of water premised is known to be

lower than the amount ordinarily found in the recrystallized schists and

gneisses (see pp. 742-743), and the rate suggested seems reasonable; but

if the speed of solution and deposition be decreased to 0.1 of that sug-

gested, or to 0.01 of that of the solution of glass, still the entire mass of

the rock might be dissolved and redeposited in about 100 days. Make the

rate 0.1 of this, or 0.001 of that of the solution of glass, and still recrystal-
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lization mia^lit be complete in about 1,000 days, or three years. If it be

supposed that a mountain-making period occupied 150,000 years—and this

is probably less rather than more than the time required for most mountain-

making movements—during this period at the slow rate suggested the

rocks could be recrystallized 50,000 times by 1 per cent of water, and this

number certainly seems adequate to fulfill the requirement that at any given

moment the rock shall exhibit but a slight strain effect.

Of course it is not thought probable that any rock has completely

recrystallized 50,000 times. Indeed, it is well known that many of the

rocks in which recrystallization is complete, in so far as the finer particles

are concerned, contain many larger particles which have not been completely

recrystallized. Perhaps one of the best instances of this is furnished by

the schist-conglomerates. The typical schist-conglomerates contain a

schist matrix, embedded in which are numerous large fragments. In many

of these the matrix is completely recrystallized, but the fragments, unlike

the matrix, show important strains, which not infrequently pass to the

point of partial granulation with partial recrystallization. To explain

the phenomena exhibited by the perfect schists which hrvc developed

during a continuous process of deformation it does not seem necessary to

suppose that complete recrystallization is necessary. If the case of a large

grain of quartz or feldspar in a recrystalliziiag rock be taken, we may
suppose the process to go on somewhat as follows : Because of the lack of

homogeneity of the rock the stresses are in-egularly distributed. At the

most exposed places upon the mineral particles the conditions are favorable

for solution, for the following reasons: The particles are there greatly

strained, perhaps to the point of granulation; and, so far as strain exists, or

small granules are formed, these conditions are favorable to solution. At

the places of great strain the material is therefore taken into solution and

transported to the parts of the particles less strained or to other particles.

At such places the conditions are favorable to deposition, on account of the

relatively large size of the residual original grains as compared with the

granules. (See pp. 74-76.) The mineral particles, where least strained,

separate from the solution materials like themselves and attach them in

oi'ientation with the cores in an unstrained or little strained condition. The
process of growth is analogous to that of mineral growth by secondary

enlargement. The entire process is similar in several respects to that of
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the continuous solution and deposition of calcium carbonate in the chemical

laboratory when water is passed through a layer of this material under

pressure. Where the pressure is greatest, in the upper part, the grains are

taken into solution; at the place of escape, where the pressure is least, the

material is deposited from solution and the grains increase in size, or grow.

During the deformation of the rocks this process of solution and

deposition of the mineral particles is continuous.

If it be supposed to go on to a stage in which an original particle is

one-half or one-third as thick as it was originally, it is not necessary to

suppose that the central part of the mineral particle has been recrystallized.

This is illustrated by fig. 20. A spherical grain is supposed to have changed

to the superimposed spheroidal grain. The

common portion C, or a large portion of it,

may be an uncrystallized part of the old grain,

but the material AA has been dissolved and

added to the borders at BB. Corresponding

to this explanation, some of the flat quartz

Fig. 20.-The possible relation of old and new m-ains of the slatCS and SChistS of the Black
grains of recrystallized rocks. ^

Hills of Dakota show residual cores."

Since in most cases the stresses are unequal in three dimensions, there

is a direction of greatest pressure; at right angles to this is a direction of

mean pressure ; and at right angles to these two, a direction of least pressure.

During the process of recrystallizatioh, at any given moment there is maxi-

mum shortening in the direction of greatest stress, maximum elongation in

the direction of least stress, and shortening or elongation in the direction of

mean stress. Consequently the shape of the modified particle may be that

which would be produced if a plastic grain were rolled out, the sides being

confined in one direction, but with liberty to elongate in another direction

in the same plane; or it may be that which would be produced if a roundish

cake of dough were flattened between two boards, and consequently elon-

gated in all directions at right angles to the direction of greatest pressure;

or, finally, the mean stress may approach so closely to the maximum

stress that there is shortening in two directions and elongation in a single

one only, in which case a fibrous structure is produced. But from my

«Van Hise, C. K., The pre-Cambrian rocks of the Black Hills: Bull. Geol. Soc. America, vol. 1,

1890, p. 224.
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study of the slates, schists, and gneisses I am inclined to believe that

shortening in one direction and unequal elongation in the direction at right

angles to this is the most common case, though my thin sections give

illustrations of all the cases. The particles are arranged with their greater,

mean, and minor diameters corresponding to least, mean, and greatest

pressures. In proportion as the movement involves shearing- motion or

scission," the mineral particles are rotated from a position in which the

direction of greatest elong-ation is at right angdes to the direction of greatest

pressure, although at any given time the mineral particles tend to develop

with their longer axes at right angles to the maximum pressure.

In some cases the direction of greatest pressure varies within exceed-

ingly short distances. This is illustrated by large I'igid particles, such as

feldsjDar, garnet, and other refractor}^ minerals, which act as transmitters

of pressure to more than an average extent. Adjacent to the rigid

mineral particles the direction of greatest pressure is modified from point

to point, thus deviating from the average for the rock. New minerals

forming may cux've about the rigid granules. This is beautifully illus-

trated by the flat, curved quartzes adjacent to feldspar in the quartz-

porphyry described by Futterer. (PI. Ill, B ; see p. 738.) In this case

the flat individuals lack orientation and show undulatory extinction inde-

pendently of subsequent strain.

The above process of flattening by recrystallization is general ; and

therefore we conclude that while recrystallization is. constantly occui'ring

in the deformation of rocks, at any given time a large number of the

mineral particles retain their integrity, and are nuclei which at any moment
orient the material being deposited. In many rocks evidence niay be

seen that- this has happened. The old mineral particles, represented by the

cores, are partly altered, and in consequence of this may be discriminated

from the freshly added material; or the cores show a border of iron oxide

or other mineral; or the old and new materials have slightly diiferent

compositions, and. this may be discovered by a difference in the color,

refraction, or extinction, or in some other way. Finally, all of the old

mineral particles may be regenerated or recrystallized.

"Becker, G. F., Finite homogeneous strain, flow, and rupture ot rocks: Bull. Geol. See. America,
vol. 4, 1893, pp. 24-25.

MON XLVII—04 48



754 A TREATISE ON METAMORPHISM.

Therefore a given portion of a definite mineral particle in a slate,

schist, or gneiss may not have been recrystallized at all, or, on the other

hand, may have recrystallized several or many times. It is believed that

ordinarily the recrystallization is far advanced or complete for all parts of

a typical schist, although this is far from the case in the semicrystalline

schists or imperfectly schistose rocks. Where deformation is mainly accom-

plished by recrystallization the process may be called recrystallization

flowage or chemical flowage.

Of course, during this rearrangement it is not supposed that the

identical molecules which are taken from the more severely stressed parts

of a grain are necessarily deposited at the places of less stress upon the

same grain. Undoubtedly there is great interchange of material between

the particles by means of the solutions. It is, however, thought probable

that in many cases of deep-seated deformation, where the passage of solu-

tions is difficult and slow, much of the identical material which is taken

from a grain at one place is added to it at another place.

When new individuals are produced in any way, as by granulation, or

by deposition as new mineral particles, perhaps as different species from

any originally in the rock, they are subject to the same laws as the original

mineral particles. Many have a tendency to form with dimensional orienta-

tion', which usually carries with it similar crystallographic orientation. How-

ever, it is only rarely that the orientation of the particles of a given mineral

approximates exactness. One mineral—for instance, mica—may be well

oriented, whereas such minerals as quartz or calcite may not be oriented.

In proportion as the minerals readily respond to the forces of recrys-

tallization, or are mobile, they do not gain or retain a regular arrangement.

After mass movement has ceased the temperature may be high enough

and the heat be held long enough for the solutions to completely recrystal-

lize the minerals under mass-static conditions, and therefore orientation

may be lost. In proportion as minerals do not readily recrystallize or

stubbornly resist the force of recrystallization, the minerals once oriented

retain their regularity of arrangement.

The most mobile of the important minerals is calcite. As explained

by Adams and Nicolson," the mobility of this mineral is doubtless partly

aAdams, F. D., and Nicolson, J. T., An experimental investigation into the flow of marble:

Philos. Trans. Royal Soc. London, series a, vol. 195, 1901, pp. 363-401.
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due to movement along g-liding planes. Quartz is also somewhat mobile.

Tlierefore these minerals in marble and in reciystallized quartzite frequently

lack regularity of arrangement. However, in some cases even calcite may
show well-developed dimensional and to some extent similar crystallographic

orientation. The usual almost complete lack of regular arrangement for

calcite is illustrated by most of the marbles from the Laurentian Mountains

to Alabama. The complete recrystallization of quartz to a coarse grano-

litic-textured rock, the individuals wholly lacking orientation, is illustrated

by the quartzites of the Wausau district of central Wisconsin.

In the process of recrystallization of rocks it is not supposed that every

large mineral particle retains a nucleus for lateral growth; indeed, it is

certain that in a rock some large particles of a mineral may retain the

modified integrity above described, while other jitn'ticles of the mineral

may be wholly destroyed. It is believed that orientation of the mineral

particles in reference to the varying stresses has an influence upon their

preservation. If the original particles happen to be in such positions that

they v.a)uld develop as authigenic minerals under the differential stresses,

this is thought to be favorable to the preservation of their nuclei and to

growth. It is believed that in proportion as the jDarticles vary from such

positions tlie mineral particles are likely to be destroyed. The effect of

position with reference to the principal stresses upon the persistence of a

given particle is probably great in proportion as the mineral has a tend-

enc}'' to be influenced in its dimensional arrangement and crystallographic

orientation by the stress differences which exist during deformation. To
illustrate: The position of the axes in reference to the greatest pressure in

mica, which shows a marked tendency to parallel arrangement, would be a

more important factor in its preservation than in quartz, which only rarely

shows regular arrangement."

In the foregoing nonrotational distortion has been assumed. In case

the deformation includes a rotational element, during the recrystallization

each of the particles would be similarly rotated, as well as flattened or

recrystallized, or both; and consequently the direction of the maximinn

compression, and therefore the most favorable direction of elongation of

the mineral particles, would change in reference to them. At any stage

"Van Hise, C. E., Principles of North American pre-Cambrian geology: Sixteenth Ann. Kept.
U. S. Geol. Survey, pt. 1, 1896, p. 635.
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of the process there would be a tendency to retard the growth of the min-

eral particles which had formed at an earlier stage. Another effect of

rotation would be to decrease the regularity of the similar arrangement of

the mineral particles as compared with those produced during nonrotational

distortion; for at any stage the new mineral particles would form in

positions somewhat different from those of the particles formed at an earlier

stage. I suspect that in rotation with reference to the forces during devel-

opment lies the principal cause of imperfect arrangement of the cleavage-

making mineral particles of the slates, schists, and gneisses. This point is

more fully developed by Leith."

While in the slates, schists, and gneisses many mineral particles are

able to maintain themselves, a vastly greater number are probably destroyed

by the process of recrystallization. This is certainly true in those very

numerous instances in which the average size of the mineral particles of

the metamorphosed rocks is much greater than the average size of the

particles in the unaltered rocks. It has been pointed out (pp. 674-675)

that in many instances hundreds or thousands or even a million or more

of particles may be required to produce a single individual. From such

cases there are all gradations to those where the particles of the recrys-

tallized rocks are not larger than those of the unaltered rocks, and through

these to those in which the particles of the recrystallized rocks are smaller

than those of the unaltered rocks. In proportion as the particles of the

original rocks are large, an increasing proportion of them, or of parts of

many of them, is likely to be preserved in the recrystallized rock. In

proportion as the particles of the unaltered rock are small, a decreasing

proportion of them is likely to be preserved in the recrystallized rock,

although in the latter case the absolute number of mineral particles preserved

and enlarged ma}^ be as g'reat as or greater than in the former case.

On pages 751-753 the modifications of the forms of the original particles

have been considered. Substantially the same principles apply to newly

formed mineral particles. With or without a nucleus, a mineral particle

begins to grow. Because of the differential stresses the molecules which

first segregate to form minerals that have strong crystal habit orient them-

selves in such positions that their shortest axes are in the direction of maxi-

mum pressure, their longest axes are in the direction of minimum pressure,

"Leith, C. K., Rock cleavage.
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and their mean axes are in the direction of mean pressure. When once

the mineral particles have oriented themselves in this way, they continue

to grow according to their crystal habits, the most rapid growths being in

the direction of greatest pressure. This dimensional arrangement control-

ling the orientation of mineral particles forming in rocks during conditions

of unequal stresses has been formulated by Leith as a result of his detailed

studies of rock cleavage." The amount of mass shortening which results in

the regular arrangement may be comparatively slight, and yet the differ-

ences in the dimensions of the mineral particles be great. For instance,

Leith's measurements show that the common ratio between the least and

greatest diameters of the mica flakes of mica-schists is, on the average,

about 1 : 10.' It does not follow, as has been thought by some, that this

involves the shortening of the rock mass by 0.9. Indeed, it is perfectly

conceivable that the rock mass may be but slightly shortened, perhaps by

0.1, and yet produce mineral particles the shortest dimensions of which are

only 0.1 as great as their longest dimensions. During recrystallization of

a rock the material of those minerals which have strong crystal habit

rapidly attaches itself to the borders of the particles and but slowly to the

sides.

The above conclusion seems to be completely confirmed by the con-

stancy of the ratios between the greatest and least diameters for a given

mineral. Leith has ascertained that in mica the ratio varies from 1 00 : 65

in the case of biotite to 100 : 10 in mixscovite, with an average of 100 : 20

for biotite and 100:14 for muscovite; in hornblende from 100:40 to

100 : 25; in feldspar from 100 : 75 to 100 : 50." In the case of each mineral

these ratios are practically the same whether the rock be a slate, a fine-

grained schist, or a coarse-grained gneiss. The full range of variation in

the ratios of a mineral can be found in the same rock in each of the dif-

ferent stages of metamorphism. If the ratios between the least and greatest

diameters of the mineral particles were taken as evidence of the amount of

shortening of a rock, we should reach a different conclusion for each

mineral and the same conclusion for all stages of metamorphism. Such a

conclusion is absurd, and the independence of the dimensional ratios of the

orienting minerals and the amount of rock shortening is perfectly estab-

lished. Therefore, so far as new mineral particles are produced with similar

a Leith, C. K., Rock cleavage. »L«ith, C. K., cit. c Leith, C. K., cit.
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"dimensional arrangement, these give no basis to estimate tlie amount of

shortening of the rock.

The case of flattened original fragments is very different. In so far

as the resultant material or flattened ovules can be identified with original

forms, as, for instance, where conglomerate pebbles and fossils are deformed,

these distorted objects give a means of determining the amount of the mass

shortening.

In proportion as the conditions are unfavorable for recrjstallization

—

that is, as mineral particles are refractory, as they are coarse grained, as the

deformation is rapid, as the depth is small, as the temperature is low, as the

water content is small—granulation occurs instead of recrystallization. This

is sufficiently evident, without amplification, from the discussion already

given. (See pp. 737-748.)

In the imperfect slates, schists, and gneisses, which are widespread

rocks, adjustment during deformation is accomplished in part by the

process of recrystallization just described, but also in part by the mechan-

ical processes. Of these, granulation with differential movement of the

granules and welding of the granules is of first importance. Strain within

the elastic limit is of very considerable moment. The deformation of the

mineral particles by movement along gliding planes may be of occasional

importance, especially in certain classes of rocks, such as marbles.

The cataclastic rocks do not usually show slaty or schistose structures.

In these rocks the process of flowage is mainly mechanical. It is chiefly

accomplished by the multitudinous fracturing' of the solid particles, by

differential movements between the minute particles, and by the welding

of the differentially moved bodies. With this process as a main one, there

is sure to be marked strain within the elastic limit in all the particles, both

original and secondary; and thus this is a rather important factor in the

process. Finall}^, gliding is more important than in the case of recrystalli-

zation-flowage. But it may perhaps be doubted whether even in the typical

granulated rocks the process of flowage is wholly mechanical. In all rocks

there is a small amount of water present, and even in the instances of

apparently perfect granulation probably solution and deposition, or recrys-

tallization, has taken place to some extent. Where deformation in the zone

of anamorphism is mainly accomplished by granulation and differential

movement of the particles, the process may be called granulation-flowage,

or mechanical flowage.
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The illustrations of tlie perfect schists produced mainly by recrystalli-

zation, and of the imperfect schists produced by recrystallization and

mechanical strains combined, are so well known that they need not be

mentioned. The best illustration known to me of flowage mainly by

granulation is afforded by the anorthosites of the Original Laurentian,

described by Adams."

So far as the mass deformation is concerned, the rock flowage may be

mainly by recrystallization, mainly by granulation and other mechanical

processes, or by any combination of them. In all alike there is minute

interior adjustment of the particles so as to change the mass form of the

rock. It makes no difPerence, so far as the resultant form is concerned,

whether the change is accomplished mainly by the difPerential movements

of the molecules, as in the recrystallized schists, or by the differential

movements of granules, as in the cataclastic rocks, or by the two combined.

CONCLTJSION.

Rock flow is mainly accomplished through continuous solution and

deposition—that is, by recrystallization of the rocks through the agency of

the contained water. The recrystallization is largely induced by mechanical

strains. Rock flow is partly accomplished by direct mechanical strains.

At the beginning of the process of flow, during the process, and at the end

of the process, the rocks, with the exception of an inappreciable amount,

are crystallized solids. At any moment only an infinitesimal quantity is

fluid—that contained in the minute quantity of water present. Yet the

solids respond to deformation like plastic bodies, not only not losing crys-

talline character, but usually acquiring mineral particles of fair magnitude,

becatise the water is ever changing the position of the crystallized matei-ial,

dissolving a substance here and depositiiig it there. Bj this process,

combined with the mechanical strains, there is continuous adjustment or

adaptation of the mineral particles to their environment, as demanded by

the deformation of the rock. i

This is rock flow. In this conclusion nothing is said as to the condition

of material below that part of the earth which is called the lithosphere, nor

as to the meaning of flow in this part of the globe—i. e., the centrosphere.

« Adams, F. D., Eeport on the geology of a portion of the Laurentian area lying to the north of

the Island of Montreal: Ann. Kept. Geol. Surv. Canada, new ser., vol. 8, 1895, pt. j, pp. 103-131.
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MEANING OF ROCK CLEAVAGE.

The conclusions of the foregoing pages show clearly the meaning of

rock cleavage. I have already held that this structure is largely accord-

ant with the cleavage planes of minerals the particles of which have

crystallographic orientations; that these particles are mainly authigenic,

and therefore that rock cleavage is a capacity to part largely due to the

actual cleavage of similarly oriented mineral particles." As the cleavage of

mineral particles has long been known to be a molecular structure, it

follows that the cleavage of rocks is also largely a molecular structure. I

have also explained that the similar crystallographic orientation is fre-

quently, indeed usually, accompanied by an arrangement of the mineral

particles with their longer diameters in the same plane as the cleavage, and

that this dimensional arrangement is a factor in rock cleavage, although

less important in most cases than that of the crystallographic orientation of

the mineral particles.* Leitli has shown that the dimensional arrangement

dependent upon mineral habit is the factor which controls the similar

crystallographic arrangement."

Where similar dimensional and crystallographic orientation ^Ji'evails

with a number of the important cleavable minerals, and a similar dimen-

sional arrangement without crystallographic orientation prevails with other

important minerals, cleavage is perfect. The ruptures take place by taking

advantage of the cleavage of the mineral particles or by partings between

their longer dimensions, and both these factors give easier rupturing than

transverse to the cleavage. Since rock cleavage is fully discussed b}^ Leith

in the publication referred to above, no detailed discussion is here made,

but it is mentioned in order to put this part of the subject in proper relation

to rock flowage.

EFFECT OF ROCK FLOW ON TEXTURES AND STRUCTURES.

As soon as rock flowage, combining mass and molecular movements^

is inaugurated, the interior movements begin the destruction of the original

textures and structures. With comparatively little flowage the original

aVanHise, C. E., Principles of North American pre-Cambrian geology: Sixteenth Ann. Kept.

U. S. Geol. Survey, pt. 1, 1896, pp. 633, 635.

b Van Hise, cit.
,
p. 635.

f^ Leith, C. K. , Rock cleavage.
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textures of some rocks may be wholly destroyed. For instance, such

rocks as quartzose sandstones, composed dominantly of a single mineral,

which retain their structures for indefinite periods if there be no marked

deformation even when buried under a thousand or more meters of other

rocks, when deformed in the zone bf anamorphism, rapidly lose all clastic

textures. In place of the original textures, whether those of sedimentary or

those of igneous rocks, in consequence of flowage there appear the peculiar

textures of the slaty, schistose, gneissose, and cataclastic rocks.

But while there is a marked tendency to obscure and finally to obht-

erate textures and structures by flowage, the extent to which this goes is

very variable. The larger the texture or structure the less likely it is to be

destroyed. .Since structures involve larger masses than textures, the

former may not be much obscured at a stage when the textures are

wholly gone.

During rock flowage, even if there be perfect granulation or recrys-

talHzation, or some combination of the two, the resultant rock may preserve

the larger textural and structural units of the original rock. This is more

likely to be true of granulation than of recrystallization. In rocks com-

posed of a number of minerals, even where granulation is complete, the

aggregate of mineral particles resulting from each original mineral particle

is commonly preserved as an elongated or flattened disk, the diff'erent

granules not being mingled to any considerable extent with those of the

granules of the associated minerals. For instance, the many granules

from a large feldspar grain of anorthosite may constitute an oval area little

or not at all mingled with the granules of the adjacent pyroxene. Again,

the innumerable granules of a flattened pebble of a conglomerate may be

sharply separated from the granules of the adjacent matrix, so that the

pebble is easily discriminated.

In proportion as recrystallization takes place the textures, are likely to

become more rapidly obscured. The solutions transport material for short

distances from one mineral particle to another, and thus the products

become intermingled. For instance, adjacent feldspar and pyroxene may

produce reaction minerals different from each. But even where recrys-

tallization occurs the process must- go to an extreme before the flattened

pebbles of a coarse conglomerate are wholly lost. Even when the matrix

is a coarse schist or gneiss the flattened disks of the pebbles are often
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recog-nizable in a section transverse tp tlie greatest elongation. But where

the metamorphism is extreme the pebbles may be so greatly flattened as to

allow the solutions to mingle the materials of the pebbles and matrix, and

thus the pebbles be wholly lost.

But even with most extreme metamorphism by recrystallization the

larger structures are usually preserved, although the process may occasion-

ally go so far as to make the strata or even the beds indistinguishable; but

it rarely, if ever, goes so far as to obliterate formations. Excluding igneous

action, interstratified sedimentary formations of, for instance, sand, mud,

and limestone, have rarely been so profoundly metamorphosed as to make

them indistinguishable. The composition of a formation is the most promi-

nent feature by means of which the original nature of a rock can be

recognized. Where there are metamorphic formations having the ajjproxi-

mate chemical compositions of sands, muds, and limestones, we may be

sure that such formations are sedimentary. Rock flowage may wholly

obliterate the clastic textures, and even the bedded structures; but there is

not sufficient kneading and intermingling of the materials to obliterate

major structures. That this should be so is precisely what we would

expect when we understand that rock flowage is accomplished not by

recrystallization from fusion, but by recrystaUization and by granulation of

the individual mineral particles, the rocks remaining solids throughout the

transformations.

ROCK FLOWAGE AND MASHING.

In another place I have proposed the term "mashing" to describe

the process of mass deformation in the zone of rock flow." It has been

seen that rock flow involves the universal participation of the mineral

particles. The precediixg study shows that this participation ma}'- be by

recrystallization or by granulation, or by the two combined; but in the

field, where microscopical work is not usual, it is difficult or impracticable

in many cases to discriminate between these two processes. Therefore it is

very convenient to have a word which will cover deformation by rock

flowage without reference to the detailed effects upon the mineral particles,

and for this purpose it has seemed to me.that the word "mashing^' expresses

»Van Hise, C. E., Principles of Nortli American pre-Cambrian Geology: Sixteenth Ann. Eept.

U. S. Geol. Survey, pt. 1, 1896^ pp. 694-696.



ROCK FLOWAGE AND MASHING. 763

better tliaii any otlier the macroscopical point of view of the zone of flow...

Without further exposition, which would involve repetition, I propose the

term "mashing" to cover mass deformations of all kinds in the zone of rock

flow.

The terni "mashing," thus used, includes much of the process which

has usually been described under the terms "dynamic metamorphism" and

"shearing." The term "dynamic metamorphism" is objectionable for

many reasons; it will here simply be said that fracturing in the belt of

cementation is equally dynamic metamorphism; but the effects in the two

zones of flowage and fracture contrast so sharply that they should not be

confused. The term "shearing" has been used in a very loose and most

objectionable manner. Most authors who have used it mean differential

movement along a certain set of j)arallel planes, but apparently most

geologists who have thus used the term do not recognize that shearing

parallel to one ]3lane is invariably accompanied by shearing in other planes.

Nor is it generally understood that when rocks are compressed by short-

ening without rotation this is possible only by shearing along all sets of

diagonal intersecting planes. In short, in all cases which have beeii

described as shearing and as shortening there is maximum shearing along

two sets of intersecting planes and maximum shortening and elongation in

the two directions half way between the two sets of shearing planes.

Further, as the term "shearing" is ordinarily used, it seems to be assumed

that there results a structure parallel to the one set of shearing planes,

whereas this may or may not be true." Therefore, to avoid errors implied

by the terms "dynamic metamorphism" and "shearing," the term "mash-

ing " is introduced, and from this term the implications which attach to the

others have been excluded.

In this connection it should be noted that mashed rocks and their

constituent portions, such as pebbles and minerals, are frequently spoken

of as stretched. For the most part, this term can not be applied to rocks

in the same manner that it is applied to india rubber or steel. In general,

the facts upon which the statements as to stretching are made are simply

that the rocks show evidence of being longer in a certain direction than

they were originally. However, it does not follow from this that the rocks

"Hoskins, L. M., Mow and fracture of rocks as related to structure; appendix to Van Hise, C. E.,

Principles of North American pre-Cambrian geology: Sixteenth Ann. Kept. V. S. Geol. Survey, pt. 1,

1896, pp. 860-866.
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have been stretclied. Most rocks and minerals when stretched quickly pass

their elastic limit, rupture takes place, and the dissevered parts are drawn

away from each other, often without deformation of the separated masses.

The elongations of rocks and portions of rocks are in most cases explained

not by pulling or stretching, but by compression or mashing in a direc-

tion^ transverse to that of the elongation, but this process does produce

tensile stresses, which often dissever the mineral particles. But the use of

the word "stretching" in reference to such rocks implies that tensile stress

is the dominant force. The term "stretching" should be dropped, except

in those instances where it is shown that tensile stress has been the primary

cause of deformation.

CHAISTGES IlSr CHEMICAIj COMPOSITIOIS^.

If injection be excluded, changes in the chemical composition of the

rocks during metamorphism in the zone of anamorphism are not nearly so

great as they are in the zone of katamorphism. It has been explained that

in the latter zone, both in the belt of weathering (see Chapter VI, pp. 507-618)

and in the belt of cementation (see Chapter VII, pp. 665-656), the chemical

composition of the rocks may be very -greatly modified. Indeed, the

changes of chemical composition are most profound in the belt of weather-

ing, and are very important in the belt of cementation. The great changes

in these belts are due to rapid and continuous circulation of water, by

means of which large quantities of material are transported from one place

to another. It has been explained that in the zone of anamorphism the

amount of water present is very small and its circulation exceedingly slow.

It follows that the water is not capable of transporting large quantities of

material considerable distances and thus making great changes in the chem-

ical comjDOsition of the rocks through extensive areas. In this we have the

explanation of the relative constancy of the chemical composition of the

equivalent unmetamorphosed and metamorphosed rocks of the zone of

anamorphism. While chemical changes do not greatly modify the average

composition of masses of rocks, it has been explained (pp. 682-685) that

there is important migration of material for short distances, and therefore

profound intei'ior readjustment of the elements in different mineral combi-

nations.

Excluding injection, the chief chemical changes ajoplying to the rock

masses as wholes are those of dehydration and decarbonation. Deoxidation
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also occurs. The water aud carbon dioxide eliminated from the chemical

combinations are largely squeezed out of the zone of anamorphism (see

pp. 665-667), but a subordinate amount may remain as inclusions in the

minerals developed. (See pp. 667-678.) The absolute losses of these

compounds is considerable. The loss of hydrogen, oxygen, and carbon

dioxide increases somewhat the percentag-e of the other elements, but does

not affect their relative proportions. Excluding hydrogen, the relative pro-

portions of the bases are substantially the same before and after alteration.

The replacement of carbon dioxide by silica reduces thi» amount of carbon-

ates, increases the quantity of silicates, and lessens the amount of free

quartz ; but the absolute quantity of silica remains the same. In discrimi-

nating the metamorphosed sedimentary from the metamorphosed igneous

rocks, it Avill be shown on pages 914-915 that in many cases the pro-

portions of the important chemical elements furnish the best criteria for

separating the two classes of rocks.

While in the absence of intrusives there is small change in chemical

composition of the rocks in the zone of anamorphism, there may be great

changes in the chemical composition where injection is an important factor

in the metamorphism (see pp. 711-720), for by injection material different in

chemical composition from the injected rock may be intruded in various

amounts and in various degrees of division for extensive areas. (See pp.

708-711.) The changes in chemical composition of the rocks where injec-

tion is important may be as great as or greater than in the belt of

cementation.

The difference in the amount of chemical changes in the rocks in the

belt of cementation and in the zone of anamorphism under ordinary condi-

tions, and the difference in the amount of change in the latter zone where

injection is absent arnd where it is present, explain some of the differences

of opinion which are prevalent among geologists. One geologist says that

metamorphism does not alter the composition of the rocks; another says

that metamorphism greatly alters the chemical compositions of the rocks.

Each has a part of the truth. Probably the facts with which each is familiar

verify his point of view, but each makes a mistake in supposing that a nar-

row set of facts covers the entire field. The truth of the matter is, as

explained, that there are profound changes in the chemical composition of

the rocks in the belt of weathering, great changes in the belt of cementa-

tion, and considerable changes wliere intrusion is important in the zone
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of anamorphism. But the alterations in the zone of anamorphism where

intrusives are absent do not result in great changes in the chemical

composition.

BELATIOlSrS OF ZOZSTB OF AN^AMORPHISM TO ZONE OF KATAMORPHISM.

It has already been intimated that the zones of anamorphism and

katamorphism are not sharply separated, and that there is a gradational belt

between them. This gradational belt follows of necessity from the varying

character of the rocks and from the varying forces and agents at work.

One rock is of a chemical and mineral composition which readily alters;

another is of a composition which alters with difficulty. One rock is weak;

another is strong. At one place the conditions are mass-static, or those of

quiescence; at another they are mass-dynamic, or those of movement. In

one place igneous rocks may be absent; in another, abundant. In one

place the temperature at a given depth may be low; at another, relatively

high. The amount of water has the widest range. Hence it is inevitable

that there should be no sharp bounding plane , between the zones of

katamorphism and anamorphism.

The weak or readily alterable rock may be changed by the reactions

of the zone of anamorphism, while a stronger and more refractory rock

below may be altered by the reactions of the zone of katamorphism.

Moreover, the same I'ock in the same position, because of varying condi-

tions, may be altered by the reactions of the zone of katamorphism and at

a different time by those of the zone of anamorphism. It follows that there

is a belt of considerable width in which we may have at one time, under

one set of conditions, the reactions of hydration, carbonation, and oxidation,

with expansion of volume; and at another time, under another set of

conditions, the reactions of dehydration, silication, and deoxidation, with

diminution of volume. Neither oxidation nor deoxidation is prominent in

the intermediate belt.

We therefore have in an intermediate belt the metamorphic results of

the belt of cementation, or those of the zone of anamorphism, or vfixious com-

binations of the two. In one place we may find the metamorphic effects of

the belt of cementation superimposed upon those of the zone of anamoi'phism

;

in another we may find those of the zone of anamorphism superimposed

upon those of the belt of cementation.

In order to understand more fully the phenomena in this transition
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belt, we may consider the metamorphism of an imaginary rock of homo-
geneous character, composed of a single mineral which extends from the

surface to an indefinite depth. Near the surface the rock is broken into

blocks by faults and joints. There is no marked deformation of the indi-

vidual particles, except in thin layers along the fractures. The textures of

the rocks are for the most ,part preserved. Deeper down the fractures are

closer together, and at sufficient depth the layers may be no thicker than

leaves. Still deeper down every particle takes part in the deformation.

This is the belt in which granulation is prominent, although with it there

may be some recrystallization. Still deeper down recrystallization becomes

important, and finally dominant. In the intermediate belt fracture and

flowage do not exclude each other; both occur to varying extent in different

positions at the same tinae.

The transition above described for a single formation composed of a

single mineral takes place at different depths for different formations and

for different minerals of the same formation, and hence it is that in hetero-

geneous formations all the phenomena discussed under both the zone of

katamorphism and the zone of anamorphism may occur together.

At a given depth the stronger or less readily recrystallized rocks may
be largely deformed by fracture, and the weaker or more readily recrystal-

lized rocks be largely deformed by flowage. The result is that original

textures and structures may be more or less preserved in the former, while

in the adjacent layers original textures and structures may be entirely

destroyed and the rocks become slates or schists. It very often happens

that the alternating beds which show original textures and structures and
those in which they are obliterated are not more than a few inches thick.

In the intermediate belt many of the beds are deformed by combined
mass fractures and fractures of the individual mineral particles, so that in the

same rock in which joints, faults, fissility, etc., and the alterations attending

these phenomena occur, there are also found, between the major fractures,

all grades of deformation by interior movement, from the earliest stages of

peripheral granulation of the grains to complete granulation or recrystal-

lization, extending throughout the mineral particles. Thus we have all com-
binations of macroscopic and microscopic fractures and recrystallization.

In some places the intermediate belt is broad; in other places it is

narrow. The phenomena of the belt may be seen in aqueous and igneous

rocks alike. Many illustrations of each might be given.
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As typical cases of sedimentary formations altered in tli3 intermediate

belt may be mentioned the Wewe and Siamo slates of the Lower Marquette

series, the Groodrich quartzite, and the eastern half of the Michigamme

formation of the Upper Marquette series, all in the Marquette district of

Michigan." Within these formations almost every one of the multifarious

reactions described, both within the zone of katamorphism and within the

zone of anamorphism, are beautifully illustrated. Indeed, it was a study of

these formations which first suggested to me the idea of a combination of

the phenomena of different alterations near the surface and at depth, and

the very great difference in the alterations which often occur at the same

depth under mass-static conditions and under mass-dynamic conditions.

In Calaveras Creek, a short distance below Calaveras Valley, south of

San Francisco, in the Coast Ranges of California, may be seen all stages of

transition between a brecciated igneous rock and a schist. The first

was deformed under the conditions of spaced fractures. The second was

deformed by granulation and recrystallization. In passing from the breccia

to the schist one first finds about the blocks of igneous rock which have

their characteristic textures mere films of schist. Farther toward the schist

is found an intermediate stage in which xinmashed blocks lie in a schistose

background or matrix. But a short distance from this place is the com-

pletely altered schist, in which no unmashed fragments remain. Every stage

of the transition is seen. The alterations within the blocks are those of the

zone of katamorphism. (See pp. 160-167, 187-191, 599-602.) Within

the films and layers of schists constituting the matrix in which the blocks

rest and in the main mass of schist the alterations are those of the zone

of anamorphism. (See pp. 167-170, 187-191, 657-659.)

These cases of the combination of the phenomena of metamorphism of

the zone of katamorphism and those of the zone of anamorphism are but

typical of almost innumerable illustrations. The phenomena in any one

case are very complex and intricate. Detailed consideration of any single

instance would require much space, and it is yet too early to attempt to

classify the different cases of various combinations of the alterations of the

zones of anamorphism and katamorphism.

oVan Hise, C. E., and Bayley, W. S., The Marquette iron-bearing district of Michigan: Mon. V. S.

(leol. Survey, vol. 28, 1897, pp. i-608.
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COMPARATIVE ElSrEEGY RJEQUIRED FOB DEFORMATIOlSr I]Sr ZONES OF
KATAMOKrHISM ANT) ANAMORPHISM.

The question of the amount of energj required to produce deformation

in .the zone of katamorphism, in the intermediate zone, and in the deep-

seated zone of anamorphism is of great importance.

The energy for rock deformation may be divided into two parts

—

energy for mechanical work and energy for chemical work. The mechan-

ical work is of three kinds—the subdivision of the rocks, the transfer of the

material in order to prodiice a changed form, and the friction between the

parts of the subdivided rocks during the transfer.

The .most useful comparison as to the amount of energy spent in the

different zones is upon the basis of average mass deformation. By average

mass deformations I mean the strains necessary to change the shape of unit

masses of rock in a nearly similar way, so that the exterior forms are prac-

tically the same. To illustrate:

A cubic foot of rock may be sup-

posed to be divided into ten hori-

zontal slices and sheared parallel

to these slices, so as to produce,

ignoring' the minor corners, a „,„ .,, ,„ , ». , , ,. , ,& o ' Fig. 21.—Illustrating mass deformation of a rock.

roughly rhomboidal mass (fig.

21). If instead of ten there were a hundred slices, the approximation

to a rhomboidal mass would be closer; if a thousand, closer still; and so

on, until the slices became of infinitesimal thickness, when the mass would

be rhomboidal. In all of these strains the mass deformation averages about

the same.

It is perfectly clear in the case of this hypothetical deformation that

the amount of work in rupturing is directly as the number of slices. The

average mass deformation is" substantially the same, and the energy required

for change of form—in other words, for transfer of material—is nearly

constant. The total amount of differential movement or sliear is practically

the same in all cases, and therefore the friction is nearly constant. Hence,

in the case of the illustration, the energy for the deformation is almost

directly as the number of slices. But in the case of the crust of the earth,

supposing the fracturing to l^ecome closer as depth increases, the energy

MON xLvir—04 ±y



770 A TREATISE ON METAMORPHISM.

required for a given mass deformation would increase with, depth for two

reasons: (I) More energy is required for the finer subdivision; and (2) the

load increases with depth, and therefore the energy required to overcome

friction also increases with depth. The energy required for the similar

transfers of material remains practically the same at all depths.

It has already been seen that near the surface the dominant deforma-

tions are relatively wide-spaced faults and joints; that with increase of

depth the spacing between the faults and joints decreases until the fractur-

ing is that of fissilit}?^ and finally of granulation.

It is therefore clear that the amount of energy required for fractures

a considerable distance apart, such as prevail where faults or joints, or

both, are the dominant deformations, is much less than where the fractures

are close together—as, for instance, in fissility. Furthermore, it is clear

that the amount of energy required for the slicing of fissility is much less

than that required for granulation of the individual particles, for in the

latter case a mass equivalent to a fissile leaf must be broken into a

multitude of particles. Probably the ratio between the energy required

for breaking a rock into fault or joint blocks near the surface and that

required for producing fissile leaves deeper down is not greater than the

ratio between the energy required to produce fissility and that required to

produce granulation throiighout at a still greater depth. No general ratio

between the amount of energy spent in deformation by faults and joints

and deformation by granulation can be given, but it is certain that the

amount of energy used in extreme cases of the latter may be indefinitely

greater than that required for the former.

Since it is certain that in passing frora the surface to considerable

deptli there is a passage from deformation by faulting or jointing, or both,

to deformation by granulation, it is certain that to a depth of many hundred

meters there is a steady and verj^ rapid increase in the amount of energy

required for a given mass deformation.

At sufficient depth, as has been seen, granulation is more and more

replaced by recrystallization, and finally this process is dominant. It would

be very interesting to know exactly the relative amounts of energy required

for the two i;)rocesses of granulation and recrj-stallization.

As already noted, the energy required for granulation is wholly

mechanical, and includes tlu-ee factoi-s-—(1) that required for the subdivision
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of the rocks, (2) that required for transfer of material, and (3) that required

to overcome friction.

The energy factors in recrystallization are four in number:

(1) Energy is continuously used in straining minerals during defor-

mation, but it is impossible to determine the amount of straining which
takes place, for evidence of the strain is continuously obliterated by
solution and deposition. If the mechanical stresses did not continuously

produce a state of strain, and thus disturb the equilibrium, it is probable

that the rate of the process of solution and deposition would be very slow.

It is this constant mechanical work in producing strain that keeps the

process of recrystallization going.

(2) Energy is required for the transfers of materials by solution.

(3) Energy is required to overcome the viscosity of the solutions, or,

stated in a different way, energy is required to overcome the friction of the

molecules against the water during their movements.

(4) As a result of solution and deposition in the lower zone, the

minerals produced are, on the average, more compact than before the

process. In so far as a more compact condition results energy is liberated.

On the other hand, the dominant chemical reactions of deoxidation, silica-

tion involving decarbonation, and dehydration all demand a large amount
of energy. The energy thus consumed is probably greater than that

liberated by condensation. It is therefore thought to be probable that the

process of solution and deposition consumes energy. In the rare cases in

which the minerals are equally compact before and after the process, and
no chemical change takes place, as in the recrystallization of a limestone,

the energy of solution and that of deposition balance.

We may now compare the energy demanded for each of the different

factors in the two processes of granulation and recrystallization. The three

factors entering into granulation are paralleled by the first three of the four

factors mentioned below entering into recrystallization. (1) It appears

probable that the energy required to produce granulation is greater than
that required to produce a state of strain during recrystallization. (2) The
energy required for the actual transfer of the material by granulation and
by solution may be supposed to be the same. (3) The energy required

to overcome friction during granulation is certainly vastly greater than the

energy requhed to overcome the friction of the molecules against the water
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during tlie transfer of the material. (4) As a result of tlie solution and

redepositiou, energy is consumed.

Therefore the energy required to accomplish granulation, on account of the

greater tvorJc of subdivision and the much greater work necessary to overcome

friction, is almost certainly greater than the energy required for recrystallisation.

If one premises that when the conditions are such that either granu-

lation or recrystallization might occur the process takes place which

requires the less expenditure of energy, this furnishes additional supj)ort

to the above conclusion; for wherever the conditions are such that recrys-

tallization can replace granulation, this occurs.

In the artificial deformation of dry marble in the experiments per-

formed by Adams and Nicolson," the deformation was accomplished by

gliding and granulation. When the deformation was made in the pres-

ence of steam, the adjustment was, to a small extent, by recrystallization.*

(See pp. 747-748.) - If the conditions could be so varied as to accomplish

the deformation by recrystallization mainly, it would be interesting and

important to compare the amount of work done upon the mass during

deformation under these different conditions; for if this could be done it

would be possible, at least in this case, to make an estimate of the relative

energy demanded by deformation through granulation and through recrys-

tallization. Doubtless this would be a difficult task. It would be necessary

to separate the total work done in the machine into the parts which were

required for the deformation of the rock mass and that required for the

deformation of the surrounding iron, and in one case also to estimate the

energy furnished by the water. If it were possible to make the determi-

nation, I anticipate from the analysis of the previous pages that the energy

required for deformation throiigh recrystallization would be less than that

required for deformation through granulation.

The question naturally arises. If less energ)^ is required for recrystalli-

zation than for granulation, why did the latter process occur extensively

during mountain making in various regions? The answer is plain. Recrys-

tallization can not take place except where the proper conditions of temper-

ature and moisture are present. If the nucleus of the earth be shrinking,

the lithosphere must be reduced in size to accommodate itself to this nucleus.

aAdams, F. D., and Nicolson, J. T., An experimental investigation into the flow of marble:

Philos. Trans. Royal. Soc. London, ser. a, vol. 195, 1901, pp. 376-382.

!<Adams and Nicolson, cit., pp. 382-885.
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This implies crustal deformation which extends to the surface, and therefore to

places where the conditions are not such that recrystallization can take place.

From the foregoing considerations, I believe that the amount of work

done, in order to produce the same mass deformation of the rocks, increases

to a certain depth and then decreases until the belt of the perfect schists is

reached. How far down this holds I am unable to conjecture, but believe it

is probable that it does so at l,east as deep as the zone in which the schists

formed by recrystallization develop, and that it may continue much farther.

The deformation of this deep-seated zone may or may not require the

elevation of the superincumbent mass. Where the superincumbent mass is

not elevated it is concluded that the energy required for deformation hj

recrystalhzation per unit mass is probably less than that required for defor-

mation by granulation, and may be less than that required to produce the

spaced fractures which occur near the surface. Where the deformation is

of the kind which requires the elevation of the superincumbent material,

energy is needed, not only to do interior work of deformaticm, but to elevate

this material. Where these conditions obtain it may be that the amount of

energy required to produce the deformation steadily increases with depth

on account of the energy required for lifting the load in addition to that

required for the interior deformation.

So far as I know, the region in America which best illustrates all the

phenomena from deformation by widely spaced thrust faults and by joints to

the interior deformation of recrystallization is the Southern Ajjpalachians.

In the Great Valley the Paleozoic rocks are little deformed except by thrust

faults and joint folds. Eastward, deeper into the mountains, the faults and

joints become closer together, and are finally replaced b)*- numerous closely

distributed fractures. At the same time the rocks show more and luore

evidence of metamorphism, first by granulation, and second by recrystalliza-

tion. In the cores of the mountains are rocks which have largely or

completely recrystallized, being slates, schists, and gneisses, with well-

developed cleavage. In the valley we find the alterations to affect but a

small part of the mass of the rocks now exposed. Tlie deeper we go into

the mountains the larger is the proportion of the material which was affected

by the alterations, and in the schists in the core the entire mass was modi-

fied, both in a mechanical and in a chemical way. In this passage it

becomes clear that for a certain distance the amount of energy required for

deformation per unit mass increased, but this tendency may have been
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revei'secl in the deepest seated zone. However, since this latter zone is a

region of uphft, and the work required for the raising of the superincumbent

strata must be added to that required for the interior deformation of the

rocks which we now see, no positive statement can be made as to whether

the total energy increased or decreased per unit mass in the deformation

of the deeper seated rocks.

The conclusions of the previous pages concerning the energy required

for a given mass deformation at different depths gives a possible explana-

tion of the concentration of superficial deformation found in mountain

ranges. If the energy of deformation be less at the depth at which the

slates, schists, and gneisses develop than in more superficial belts, it is

possible that the more rigid outer shell of the earth may shear over the

nucleus in the zone at which the schists develop, the deformation being

widely distributed. Such shearing for a considerable area may require

less expenditure of" energj^ than would be demanded for the similar defor-

mation of the rocks above; but during the earth movements, as a result

of cooling and other changes, the superficial material must certainly be

deformed and shortened," and at such places deformation is concentrated

and mountain ranges are formed. This subject is, however, better dis-

cussed in Chapter X, imder the heading " Relations of rock flowage to

mountain making."
CONCLUSION.

The energy required to produce a given mass deformation increases

downward to the bottom of the zone where deformation is chiefly by
fracture. In deformation by recrystallization the energy required to pro-

duce a given mass deformation is probably less and may be much less than

that in the lower part of the zone of fracture. By observation we see that

recrystallization does take place wherever that process can occur. We have

shown that the amount of water present in the rocks wherever recrystalliza-

tion takes place is adequate to accomplish the process. In the fact that less

energy is required for recrystallization than for granulation lies the most

fundamental answer to the question why recrystallization rather than defor-

mation by fracture takes place wherever the conditions are such that the

former process can occur. Nature is a great economist, and expends the

minimum amount of energy to accomplish her work.

"Van Hise, C. R., Estimates and causes of crustal shortening: Jour. Geol., vol. 6, 1898, pp. 41-64.



CHAPTER IX.

ROCKS.

In the preceding- chapters I have considered the forces and agents of

metamorphism, the divisions of the hthosphere into zones of metamorphism

upon a physical and chemical basis, the alterations of each of the important

rock-making minerals in reference to the zones in which they occur, and

the general nature of the alterations of rocks in the belt of weathering,

the belt of cementation, and the zone of anamorphism. It now remains

to consider the metamorphism of individual rocks, but for a number of

reasons it is impossible to do this part of the work satisfactorily at the

present time.

In papers upon metamorphism there has in general been no attempt

whatever to consider the subject from the points of view set forth in the

previous chapters. The usual practice has been to describe the metamor-

phism of a given region or district and give various conjectures as to the

causes of the alterations, often with little or no reference to the different

belts and zones of metamorphism. To some extent the belt of weathering

has been recognized as having distinctive reactions. The general neglect

of the principles of physics and chemistry in the consideration of meta-

morphism renders it impossible in most cases to interpret the descriptions

of the phenomena from the points of view discussed in this volume. If

the principles of metamorphism set forth in the foregoing chapters are well

founded they should be considered in the study of individual instances.

If these principles be recognized it will be comparatively easy to describe

a given case of metamorphism in reference to them. When this work is

done for a sufficient number of districts it will then be possible to write a

satisfactory chapter upon the metamorphism of individual rocks.

A second insuperable difficulty preventing a systematic treatment of the

metamorphic igneous rocks is the status of the classification of these rocks.

At the present time there is not only no consensus of opinion concerning

775
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a classification of such rocks, but there is not even an approximation to a

consensus of opinion as to the principles upon which a classification should

be based. Until the original igneous rocks are satisfactorily^ classified it is

quite impossible satisfactorily to consider their metamorphosed' equivalents.

The situation in reference to the original sedimentary rocks is somewhat

more fortunate. There is rather general agreement as to the principles

upon which the classification of the sedimentary rocks is to be based, and

upon the main classes, orders, and families of rocks which shall be

recognized. I shall therefore attempt to consider the metamcrphism of

each of tlie main divisions of the altered sedimentary rocks, but shall not

make a similar attempt for the igneous rocks.

USE OF SOME GE]!^ERAE TERMS APPLIED TO METAMORPHIC ROCKS.

The more important of the terms generally applied to metamorphic

rocks are the prefixes meta and apo, and the general names "slate," "schist,"

and "gneiss."

META.

The prefix meta is used in this treatise in a general way to indicate

any kind of alteration of any kind of rock. This usage of the prefix

corresponds with the definition of the term "metamorphiam" as given in

Chapter I, page 32, where metamorphism is defined as meaning all kinds

of alterations of all rocks by all forces, agents, and processes. In the sense

proposed we may say meta-sandstone, meta-shale, meta-arkose, meta-

dolerite, etc. We may even apply the prefix meta to a rock already

metamorphosed which has undergone a second set of changes, as, for

instance, meta-graywacke and meta-quartzite. Thus used it means that a

rock which had first been transformed to a graywacke or quartzite, respec-

tively, was afterwards again metamorphosed.

APO.

The prefix apo is here used as a qualifier to indicate metasomatic

cnanges in rocks in which the original textures and structures are largelv

preserved. This usage of apo accords with the underlying idea of the term

as proposed by Doctor Bascom." She proposed to call a rhyolite which lias

oBascom, Florence, Aporhyolite of South Mountain, Pennsylvania: Bull. Geol. Sec. America,
vol. 8, 1897, pp. 393-396.
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all the textures of glass, but which has been completely devitrified, apo-

rhyolite. In her original defiuitiou she restricted the term to this single

alteration, Ixit later she enlarged the meaning " so as to include not only

devitrified glasses but alterations of all rock in which the original textures

and structures are preserved.

The prefix apo thus used discriminates rocks which have been meta-

morphosed under mass-static conditions and retain their original textures

and structures from those which have been metamorphosed under mass-

dynamic conditions, so as to destroy or partly destroy the original textures

and structures and to produce slaty, schistose, or gneissic structures. A
rock to wliich apo is prefixed may differ greatly from the original rock in

both chemical and mineral composition.

The term epi was proposed by GiimbeP as a prefix for rocks which have

"undergone a change in mineral composition, and which by this change have

come to have the same mineral composition as another rock. Thus a dia-

base the pyroxene of which has changed to amphibole, and which, therefore,

has the mineralogical composition of diorite, he calls an epidiorite. The

term diabase itself was originally applied to an altered dolerite, which has

as an important constituent secondary chlorite. Applying the method which

is proposed to be here followed, the rock which Giimbel calls epidiorite

would be called apodolerite. This name is much more satisfactory than

that of Giimbel, since it gives the original nature of the rock, and tells

that a part or all of its minerals have altered, but that it retains its original

textures and structures. Therefore the name apodolerite gives a better

understanding of the history and relations of the rock than does the name

epidiorite.

In a manner similar to the above apo may be prefixed to any rock

altered under mass-static conditions, when it is desired to call attention to

the rock from which it was derived. Thus quartzite is an aposandstone;

graywacke is an apogrit, etc. The term apo thus used supplements the

terms schist and gneiss, its usage being structural in a negative sense

—

that is, applied to metamorphic rocks in which the textures and structures

have not changed.

"Bascom, Florence, Volcanics of Neponset Valley, Massachusetts: Bull. Geol. Soc. America,

vol. 11, 1900, pp. 121-122.

'' Giimbel, K. Wilhelm von, Geologie von Bayern, Kassel, 1888, vol. 1, p. 125.
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SLATE AND SCHIST.

Slate and schist are here used as general terms which are applicable

to all rocks having a well-defined cleavage in which the cleaved plates

are essentially like one another. I have explained in another connection

that cleavage in rocks is due to the arrangement of the mineral particles

with their longer diameters or readiest cleavage, or both, in a common

direction, and that this arrangement is caused, first and of most impor-

tance, by parallel development of new minerals; second, by the flattening

and parallel rotation of old and new mineral particles; and third, and

of least importance, by the rotation into approximately parallel positions

of random original particles." Subsequently Leith has shown that parallel

slicing may also be a subordinate factor. In a slate or schist the cleavage

may or may not be parallel to an original structure such as bedding,

but iisually it intersects the original structures. Cleavage is fully dis-

cussed by Leith.' His work shows that cleavage ultimately rests upon a

parallel dimensional arrangement of the mineral particles, but for some

minerals this dimensional an-angement carries with it mineral cleavage, and

the cleavage of these minerals is usually the controlling factor in rock

cleavage. Moreover, he argues that the dimensional arrangement is mainly

caused by recrystallization. His work while advancing in an important

way the theory of cleavage also confirms my own view in showing that

Tock cleavage is mainly due to the actual cleavage of mineral particles

produced by recrystallization, and subordinately due to the easy separation

b>etween mineral particles in the direction of their greater dimensions.

The production of slate and schist requires recrystallization during

mass-dynamic action. Previous textures and structures are partly or whoU}"

obliterated. In these particulars slate and schist contrast with those rocks

lo which the term apo may be prefixed.

SLATE.

Slate is defined to include those cleavable rocks the cleavage pieces of

which are like one another and the mineral particles of which are for the

most part so small as to be invisible to the naked eye. The typical example

is furnished by the roofing slates, which, so far as the eye can see, are gray

"Van Hise, C. E,., Principles of North American pre-Cambrian geology: Sixteenth Ann. Eept.

U. S. Geol. Survey, pt. 1, 1896, p. 635.

6 Leith, C. K., Rock cleavage.
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or black, homogeneous, aphanitic rocks, wliicli may readily be jiarted into

thin plates which are indistinguishable from one another. The microscope

shows that the cleavage of these rocks is due to the causes above given.

The foregoing definition of slate is purely structural. It involves no

imphcation as to the minerals which compose the slate. It says nothing as

to whether the rock from which a slate is derived is sedimentary or igneous.

If it be desired to ignore the origin of a slate and to indicate its mineral

composition, this may be. accomphshed by prefixing mineralogical qualifiers.

For instance, if a slate be composed of mica and quartz as the chief con-

stituents, it is a mica-quartz-slate. If it be desired to emphasize the slaty

structure, and at the same time to indicate the original rock from which the

slate is derived, the name of this rock may be prefixed. For instance, if a

slate be derived from mud, it may be called a pelitic slate or pelite-slate; if

a slate be derived from dolerite, it is a doleritic slate or dolerite-slate, etc.

If it be desired to emphasize the original rock from which the slate is

derived, and only secondarily to indicate that the rock has a slaty structure,

this may be done by placing the word slate in the first position; as, for

instance, slaty pelite or slate-pelite, and slaty dolerite or slate-dolerite.

Finally, mineralogical qualifiers may be prefixed to the above compound

names, as mica-quartz-pelite-slate or mica-quartz-slate-pelite.

SCHIST.

Schist is defined to include those cleavable rocks the cleavage pieces

of which are like one another and the mineral particles of which are for

the most part so large as to be visible to the naked eye. The thin cleavage

plates of a schist which are like one another are called folia, and the rock

is spoken of as foliated. The most important of the cleavage-making

minerals is mica, and a typical example of a schist is one composed of mica

and quartz in which mica is the chief cleavable mineral. Such a rock may

therefore be called a mica-quartz -schist. There is great variation in the

approach to perfection of the arrangement of the minerals. For instance,

the plates of mica may be almost perfectly straight and parallel or they

may be curved or even crenulated. The closest approximation to the above

definition of schist is that given by Greikie. According to this author, "A
rock possessing" a crystalline arrangement into separate folia is in English

termed a schist."" It is to be noted that the definition of schist given is

«Geikie, Archibald, Text-book of Geology, Macmillan & Co., London, 3d ed., 1893, p. 178.
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purely structural, and to its structural meaning the term will be rigidly

confined in this treatise.

However, the term schist has been widely used both in a structural

sense and as the name of definite i-ocks; and indeed this double usage is

fi^mid even in Geikie, whose definition restricts the term to a structural

meaningf. Illustrations of the use of the term schist both as the name for a

definite rock and with a structural signification are furnished by the terms

mica-schist, chlorite-schist, and hornblende-schist as generally used. In the

case of mica-schist, the term means that the rock is a schistose mica-quartz

rock. As here proposed such a rock should be called a mica-quartz-schist.

The omission of the term quartz from the name of this rock arose naturally,

since this is one of the most abundant varieties of schists, and since in it mica

is so conspicuous and quartz so inconspicuous. After it was discovered that

quartz is usually equally or more important than mica in most schists,

usage came to imply the presence of quartz in the rock called mica-schist.

But as the study of rocks continued, other schists were found in which the

conspicuous constituent is not mica, but chlorite or hornblende; and such

rocks were immediately called chlorite-schists or hornblende-schists, the

implication being that quartz was the remaining chief constituent How-

ever, when close microscopical studies were begun, they showed that in the

chlorite-schists and hornblende schists quartz might or might not be an

abundant constituent, its place being taken by feldspar or other minerals, and

thus chlorite-schist or hornblende-schist, as used by most English-speaking

geologists, means a schistose rock containing chlorite or hornblende and

other unnamed minerals. Thus the original scheme broke down. The

German petrographers soon saw this, and wliere schistose rocks were foimd

in which feldspar was an important constituent they proposed to call the rock

a gneiss, since feldspar was recognized as an important constituent in the

rocks which had before been called gneiss. When the English and American

geologists ascertained that a schist, as they use the term, might contain

various conibinations of minerals, they were inclined to return strictly to a

structural sense, as indicated by vhe quotation from Geikie already made.

!But as yet this jjlan has not been carried out consistently in reference to

individual rocks, and the usage of combining a structural meaning with

mineralogical implications is still common. It seems to me that clear dis-

crimination can be obtained only by restricting the term schist to the
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structural meaning as advocated. Illustrating the usage, if a rock which

has the structural characters of schists as here defined be composed of horn-

blende and plagioclase as chief constituents, it is a hornblende-plagioclase-

schist. If the plagioclase be definitely determined, as, for instance,

labradorite, such a rock is a hornblende-labradorite-schist; and of course

the classical mica-schist is mica-quartz-schist, as already stated.

The schists in which it is not desired to direct the attention to their

origins, or the origins of which are not known, are thus satisfactorily dis-

criminated by mineralogical qualifiers. If the origin of a given schist be

known, and it is desired to indicate this, the term is used in precisely the

manner in which it is proposed to use slate, viz,- by combining schist with

the names of rocks from which it has been derived. In doing this either

the schistose character or the origin of the rock may be emphasized. If it

be desired to emphasize the schistose character, and at the same time to

indicate the original rock from which the schist is derived, the name of this

rock ma}^ be prefixed. For instance, if a schist be derived from arkose, it

is an arkose-schist. If a schist be derived from a gabbro, it is a gabbro-

schist. If it be desired to emphasize the original rock from which the

schist is derived, and only secondarily to indicate that the rock has a

schistose character, this may be done by placing the word schist in the

first position; as, for instance, schistose arkose or schist-arkose, schistose

gabbro or schist-gabbro. Finally, if it be desired to combine the chief

minerals with the compound names which indicate the schistose character

and the origin of the rock, this may be done. For instance, a rock may be

said to be a mica-quartz-feldspar-arkose-schist.

The usage above advocated is very advantageous in handling the

metamorphosed rock masses, since^ the mineral character of a given schist

may be correctly indicated without any reference to its origin, or the origin

of the schist may be very accurately indicated. If the term schist be used

with a combined structural and mineralogical meaning, as is ordinarily

done, such usages are impossible. For instance, if schist means the pres-

ence of a certain mineral, as quartz, it can not be applied to a rock which

has a schistose character as here defined and which does not contain quartz.

For example, one could not say peridotite-schist. Considering all the fore-

going facts, the advantage of restricting the term schist to a purel}' struc-

tural usage is so great that all mineral implications for the term should be

dropped.
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GNEISS.

The term gneiss is defined to apply to a banded rock the bauds of

which are petrographically nnhke one another and consist of interlocking

mineral particles. The bands in different gneisses are of variable thickness,

ranging from a fraction of a centimeter to man^^ centimeters. Also there

is a similar range in thickness of the different bands of the same gneiss.

The lithological dissimilarity of the bands of gneiss constitutes a funda-

mental distinction between gneisses and the slates and schists, which are

comparatively homogeneous. Usually the gneisses have a cleavage par-

allel to the banding, but this cleavage is by no means so general or

distinctive as in the slater and schists, and not infrequently a parallel

arrangement of the mineral particles resulting in cleavage is almost wholly

lacking. This is especially likely to be the case with the gneisses of

igneous origin. It has been explained that the slaty and schistose struc-

tures are mainly dependent upon recrystallization during mashing. (See

pp. 688-690, 748-759.) Where a parallel arrangement of the mineral

particles is marked in gneiss this is likely to be largely due to the same

cause. But the parallel orientation of some of the mineral particles of a

part of the original gneisses formed from magmas is due to differential stress

during the primary crystallization of the rocks.

The use of the term gneiss advocated in the preceding- paragraph

approximates closely to the practice of American and English geologists in

recent years. But gneiss, like schist, has been extensively used with a dual

meaning, comprising structural and mineralogical factors. For instance, in

Germany the word gneiss has been used generally to designate rocks which

have the structure either of schists or of gneisses, as defined in the foregoing

pages, and which have a quartz-feldspar background with one or more

other constituents. In this sense the terms mica-gneiss and hornblende-

gneiss mean rocks having either a schistose or a gneissose structure, as here

defined, and a quartz-feldspar groundmass in which are respectively mica

and hornblende. The dual significance of the term gneiss has arisen natu-

rally from the fact that many of the gneisses, especially the abundant ones

first studied, have as chief constituents quartz and feldspar, and with these

minerals one or more other constituents. The minerals quartz and feldspar

common to them were taken as distinctive of the gneisses, and the names of

the other minerals were prefixed as qualifiers. But precisely as is the case
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with schists, the term gneiss was extended to banded rocks many of which

do not have this definite mineral groundmass. This became apparent only

when the microscope was applied to thin sections of rocks.

Since, as a matter of fact, it has been found that the rocks which have

been called gneiss have a very great vai'iety of mineral constituents, and not

necessarily any of the constituents originally supposed to be implied by the

name, it is no longer possible to use the term gneiss with a dual significa-

tion and at the same time to have clear discrimination. I therefore propose

to confine the term gneiss strictly to its structural sense, including all finely

banded crystalline rocks, whether of igneous or of aqueous origin. Thus

defined, the term gneiss may be applied precisely as are the terms slate and

schist. Miueralogical qualifiers may be prefixed ; the name of the i-ock from

which the gneiss is derived may be prefixed; the word gneiss may be pre-

fixed to the name of the original rock; and, finally, names denoting the

mineral composition, the name of the original rock, and the term gneiss may
be combined. For instance, we may say mica-quartz-feldspar-gneiss, diorite-

gneiss, granite-gneiss, gneissoid diorite, gneiss-diorite, gneissoid granite;

gneiss-granite, and finally mica-quartz-feldspar-gneiss-granite, etc.

GENERAL STATEMENTS.

It has been seen that all of the terms which have been discussed

—

meta, apo^ slate, schist, and gneiss—may be united with petrographical names

and with miueralogical qualifiers in various ways. For additional refined

discrimination geographical qualifiers may be used.

Under the usages advocated the character of a metamorphosed rock

may be designated very loosely and broadly either in a structural or in a

petrographical sense, may be discriminated with a moderate degree of

accuracy, or may be designated very accurately. The following usages

illustrate the various stages of gradation from loose to accurate designation:

An original unaltered rock may be granite, diorite, syenite, limestone,

sandstone, etc. If we wish to indicate that the rock has been altered

without saying anything as to the nature of the alteration, we may prefix

meta to these tei-ms. If alteration has taken place, but the original texture

of the rock is retained, we may prefix apo to any of the names. If

alteration has taken place so as to produce new structures, we may prefix

to the names the words slate-, schist-, or gneiss-, or the adjectives slaty,
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schistose, or gneissose. If we wish to designate the minerals of which the

rocks are composed, we may prefix the names of the minerals to any of

the previous names, as, for instance, mica-hornblende-schist-syenite, or

mica-hornblende-syenite-schist. Still further accuracy is obtained by pre-

fixing a geographical name, as Aurora granite. A final stage of accuracj^ is

obtained by combining all of these devices, as Aurora mica-quartz-feldspar-

schist-granite, or Aurora mica-hornblende-syenite-gneiss. Of course ordi-

narily the rock will be designated by the simpler terms, but somewhere in

a paper all of the qualifiers can be put together, so as to give in a single

compound name its most accurate designation.

The elasticity of this plan, by which it is possible to make loose,

apiDroximate, and very fine discriminations, is noteworthy. In the field it

may not be possible to give the mineral composition or the origin of the

rocks and an expression on these points can be avoided. But so far as the

facts are known they may be expressed in the notes if desired. Thus all

grades of knowledge of the metamorphic rocks can be indicated without

implying more than is known. When additional knowledge is gained and

further refinement is possible, these refinements may be expressed.

In preparing reports in the office it is very often advantageous to be

able to throw large groups of rocks together which have common structures

or textures without reference to their mineral composition or origin. In

another part of the text it may be desirable to indicate the mineral character

of the different rocks. In other parts of the text it may be desirable to'

indicate exactly the origin of the rocks. All these wants are very nicely

met by the proposed usage of the terms meta, apo, slate, schist, and gneiss.

SEDIMENTARY ROCKS.

The sedimentary rocks maybe divided in accordance with the oi'dinary

classification into nonfragmental or nonclastic and fragmental or clastic.

The nonfragmental rocks may be divided into five orders—nitrates,

sulphates, chlorides, carbonates, and oxides. The only important nitrate

is niter. The important sulphates are gypsum and anhydrite. The only

important chloride is rock salt. The carbonates may be divided into two

families—the calcium-magnesium carbonate family and the iron-bearing

carbonate family. The oxides are divided into two families—the iron-oxide

family and the silica family.
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Following Naumann and Haiiy," the fragmental rocks are divided into

three orders—psephites (^^^^^og, a pebble), psammites (^afifiog, sand), and

pelites (7t57/lds, clay). The psephites include the fragmental rocks which

contain abundant fragments coarser than peas. Frequently the matrix

of the psephites is psammitic. The psammites, following Rosenbusch,*

are defined as including the sedimentary rocks which are composed of

particles under the size of peas and larger than dust. The pelites are

composed of the minute particles, from those of the size of dust down.

The unconsolidated psephites, depending upon the coarseness, may be

called pebble, gravel, or bowlder deposits. Since the psephites are

unassorted material, the order includes but this one family and their

metamorphosed equivalents.

The psammite order comprises three families—quartz sands, quartz-

feldspar sands, and ferromagnesian sands, and the metamorphosed

equivalents of each.

The pelite order includes but one family—the muds, and their

metamorphosed equivalents.

The foregoing classification may be represented in tabular form as

follows

:

Giassification of sedimentary rocks.

Class.
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The foregoing classification is made xipon the basis of giving family

names to the abundant kinds of the sedimentary rocks. If names were

provided for kinds which are not abundant, a multitude of names would

be necessary. The intermediate varieties may be provided for by com-

pounding the various names within either the fragmental or the noufrag-

mental class. If the materials of each of the two classes be about equall}^

abundant, the names may be hyphenated; if one is subordinate, this ma}^

be used in the adjective form. The following illustrates the usage: If a

rock is about halfway between shale and limestone, it may be called a

shale-limestone or limestone-shale. If the fragmental material be subordi-

nate, it may be called shaly limestone. If the nonfragmental material be

subordinate, it may be called a calcareous shale. In a similar manner, if

a rock be intermediate between the carbonate and siliceous rocks, one may
say limestone-chert, chert-limestone, or calcareous chert, cherty limestone.

If it be desired to indicate still more closely the character of the rock,

geographical names may be prefixed.

It thus appears that the classification of the sedimentary rocks is

comparatively simple, since, as explained on pages 5f)5-560, the sorting

of the sedimentary material, both mechanically and chemically, is along-

definite lines, and consequently large masses of material are produced

which have comparatively narrow ranges in composition, and these abun-

dant rocks are selected for the family names. However, the fact must

not be forgotten that there are all gradations between all varieties of

the sedimentary rocks. The law that gradation is the rule in nature is

no better illustrated than by the sedimentary rocks. In biology, while

gradations have once existed between various forms, in many cases the

intermediate forms have been destroyed. In the early days of petrog-

raphy it was not supposed that between the various igneous rocks gradation

existed. But gradation varieties are known between the more important

facies, although gradational varieties between all kinds have not yet been

discovered. But the fact that each kind of sedimentary rock grades into

the i-elated kinds has been recognized since the rise of geology, and thus

there lias been no such cohfusion and multiplication of names for the

sedimentary rocks as foi' the igneous rocks. While gradations between

the different varieties of the sedimentar}^ rocks exist, it is believed that

under the families above named probably 90 per cent or more of the
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material of the sedimentary rocks may be placed, and, as already

explained, the remaining 10 per cent is provided for by compound names.

We are now prepared to consider the manner of formation of the

various families of original sedimentary rocks, their transformation, and

resultant alteration forms.

NONFRAGMENTAL CLASS.

NITRATE ORDER.

NITER FAMILY.

Natural niter is mainly soda niter (NaNOs), although potash niter

(KNO3) does occur in subordinate quantity. The sodium and potassium

of the niter are mainly derived from the many alkaline-bearing silicates by

their decomposition in the zone of katamorphism, and chiefly in the belt of

weathering, through the process of carbonation. The original source of the

nitrogen of the niter is the atmosphere. This is oxidized in the zone of

katamorphism, mainly in the belt of weathering and very largely in the

soil, to nitric acid. (See Chapter VI, pp. 465-466.) The nitric, acid unites

for the most part with the alkalies, forming the nitrates. The nitrates,

once formed, are dissolved from the soils by the circulating ground water

and carried to the sea or to lakes with no outlets. In the lakes niter is

chemicall}^ precipitated in consequence of continual addition of salts in

solution and evaporation of water. Niter is the most readily soluble of the

important natural salts, and therefore is the last of the series of chemical

precipitates to separate. It forms in the final stages of desiccation of the

lakes as the top deposit. Therefore niters are wholly the products of the

zone of katamorphism, and mainly of the belt of weathering.

The most extensive known deposits of niter are those in the extremely

arid regions of Chile. Niter deposits also occur in Bolivia, in Nevada, and

in southern California.

The alterations of niter are those of recrystallization and solution.

The process of recrystallization need not be dwelt upon, as it is in no way

different from the recrystallization of other readily soluble compounds.

Niter is so readily soluble that, unless the region be one of extreme aridity,

the rock, after having been precipitated, is redissolved and transported else-

where. Even where niter becomes buried under other rocks, it is likely

to be dissolved by the ground waters and again brought to the surface.

Consequently niter as a deeplj' buried rock is rare.
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SULPHATE OEDEE.

GYPSUM AND ANHYDRITE FAMILY.

.Gypsvim is hydrated calcium sulphate (CaS04.2H20). Anhydrite is

calcium sulphate (CaS04). The calcium for gypsum is released from other

combinatious, mainly silicates, in the zone of katamorphism, and especially

in the belt of weathering. Sulphur, as sulphide, and especially as pyrite,

is a widespread but not abundant mineral in the original igneous rocks.

In the zone of katamorphism, and especially in the belt of weathering,

the sulphur is oxidized to sulphuric acid. The sulphui-ic acid unites with

bases and forms sulphates. , Sulphates formed in the belt of weathering are

transported by the underground circulating waters to the sea or to lakes

without outlets. In these lakes, by the continual addition of sulphates and

evaporation, supersaturation is reached, and the sulphates are thrown down

as calcium sulphate, because this is the most insoluble of the sulphates of

the bases which abundantly occur in such bodies of water. Where locally

barium and strontium are found, these sulphates form in preference.

Gypsum is less soluble than niter and sodium- chloride, and more soluble

than calcium carbonate; therefore it is mainly precipitated after the tiifas

and before the rock salts. Gypsum is now forming on a somewhat exten-

sive scale in lakes with no outlets. In the past it has formed on a very

extensive scale in such lakes and has been buried under later deposits.

Some of the more important gypsum deposits of the United States are those

of Grand Rapids, Michigan, and Fort Dodge, Iowa, and the widespread

gypsums which occur in connection with the Red Beds (Permian and

Triassic) of western America.

Gypsum, like rock salt, may by recrj^stallization become coarsely

crystalline. In manj?- localities, because of its somewhat ready solubility,

it has formed crystals of grea,t size. The most famous of the localities for

large gypsum crystals is that of the Paris Basin. However, the most

gigantic crj^-stals known have recently been discovered in Utah, some of

them measuring 150 cm. in greatest dimension."

Gypsum, like niter and rock salt, is a product of the zone of kata-

morphism, and mainly of the belt of weathering.

When gypsum beds become so deeply buried that pressure is dominant,

and the heat is somewhat higher than at the surface, the process of dehy-

"Talmage, J. E., A remarkable occurrence of selenite: Science, vol. 21, 1893, pp. 85-86.
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dration occurs, and thus gypsum passes into anhydrite, with a decrsase of

vokime of 38 per cent. Anhydrite is then a result of the dehydration of

gypsum, often in the zone of anamorphism. But it is to be remembered that

after a deposit of gypsum has been changed to anhydrite in the lower zone,

in order that it shall reach the surface by denudation it must pass through

the upper zone, and under these conditions hydration occurs to a greater

or less extent, and it is thus transformed to gypsum in part or in whole.

At various localities the beds of calcium sulphate are in part composed of

gypsum and in part of anhydrite. Doubtless in places where the deposits

are deep the change toward anhydrite is taking place, and in other places

near the surface the change toward gypsum is taking place.

CHLORIDE ORDER.

SOCK-SALT FAMILY.

Rock salt, impure sodium chloride, or simply salt, is the only abundant

chloride. But potassium chloride, calcium chloride, and magnesium chlo-

ride are found as impure compounds. The sodium is derived mainly

from the silicates. It is liberated from these compounds in the zone

of katamorphism, mainly in the belt of weathering, by the process of

carbonation. The chlorine is more difficult to account for. Of the min-

erals in the original rocks, only sodalite, wernerite, and apatite contain

chlorine. But sodalite is abundant in the soda rocks, and the last two

minerals are very widespread. Therefore these minerals are an impor-

tant source of chlorine. It is well known that hydrochloric acid and

other chlorine compounds are emitted in large quantities in connection

with volcanic action. In this connection it should be noted that at

periods of regional volcanism the quantity of chlorine emitted is vastly

greater than during periods of local volcanism, like the present." It has

been supposed that emissions of chlorine during volcanism are evidence

that sea waters from the surface, or the salts of underground solutions,

have penetrated to the roots of volcanoes, and thus contributed chlorine

to magmas. Doubtless this is true in some instances, but it can not

be assumed from occasional cases of this kind that the chlorine very

generally emitted in volcanic regions is thus derived from the zone of

«Van Hise, C. R., Earth movements: Trans. Wisconsin Acad. Sci., Arts, and Letters, vol. 11, 1898,

pp. 496-497.
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katamoi-phism. I believe that mucli of the chlorine emitted from volca-

noes is not thus derived, but is an orig'inal constituent of the deep-seated

magmas, and it follows that before the crystallization of the magmas a

portion of the chlorine escapes. Consequently the quantity of chlorine in

the crystallized igneous rocks is less than originally existed in the magmas.

Probably the original chlorine minerals and the emissions in connection

with volcanism are sufficient to account for the chlorine of the chlorides.

Sodium chloride formed in the soil is taken into solution and is

transported to the sea or to lakes with no outlets, which are prevented

from expansion by evaporation. As the process continues salt accumulates

to the point of saturation, when further evaporation leads to chemical

precipitation, precisely as with niter.

Sodium chloride ranks in solubility next to niter, and is abundantly

precipitated before the latter compound is. Deposits of rock salt are

forming in various desert regions at the present time b)^ the evaporation

of the waters of inclosed seas, such as the Dead Sea, Great Salt Lake, etc.

Extensive deposits formed under similar conditions during past geological

periods have been buried under later formations, and these are the rock-

salt beds. Illustrations of such deposits are the thick rock-salt formations

of Poland, of central Germany, and of Louisiana. From the foregoing it

is plain that rock-salt deposits are strictly products of the zone of kata-

morphism, and malidy of the belt of weathering.

The alterations of rock salt are those of recrj^stallization and solution.

In some cases the material has become coarsely crystalline, as in the case of

the Polish deposits. In order that a rock-salt formation shall be preserved

it is necessary that it be buried under relatively impervious formations,

in order that the underground circulation shall not be so rapid as to

dissolve the material and bring it to the surface. That solution of many

ancient deposits is taking place is_ shown by the briny waters which are

found at many localities. Where such ground waters issue at the surface

we have salt springs. Such salt springs were known in America in early

days as "salt licks," because the animals frequented these places in order

to lick the salt which was deposited. As illustrations of deposits which are

being dissolved and which are artificially abstracted from the earth in the

form of brine, those of the Saginaw district of Michigan and the Syracuse

district of New York may be mentioned.
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OAEBONATE OEDER.

CALCIUM-MAGNESIUM CAKBOXATE FAMILY AND METAMORPHOSED EQUIVALENTS.

The calcium-magnesium carbonate family, with its metamorphosed

equivalents, comprises limestone, dolomite, marble, chert)^ limestone, cherty

dolomite, and cherty marble, silicated marble, and silicate rocks. Each of

these will be considered in turn.

LIMESTONES.

Limestones comprise all those rocks which are mainly composed of

calcium carbonate (CaCOs).

SOURCE OF MATERIAL OF LIMESTONES.

The original dominant source of the calcium and magnesium of the

calcium-magnesium carbonates is mainly the many alkaline earth-bearing

silicates. The silicates are decomposed in the zone of katamorphism, and

very largely in the belt of weathering, by the processes of carbonation,

hydration, and oxidation. So far as the process is due to carbonation the

carbonates are formed directly. In so far as the bases are set free by

other reactions they may later unite with the carbon dioxide. The carbon

dioxide immediately concerned in the process of carbonation is mainly

derived directly from the atmosphere, from that produced by the oxidation

of the organic compounds, by the liberatibn from rocks during their decom-

position of inclosed carbon dioxide, and from the deep-seated waters rising

from the zone of anamorphism. (See pp. 461-4fi5, 473-475, 608-610, 667,

677-678.) The relations of these sources of carbon dioxide to one another

and the replenishment of the supplies in order to carry on the process of

carbonation are fully discussed in Chapter XI, under the heading " Carbon."

The calcium and magnesium unite with the carbonic acid formed and

form carbonates. The original carbonates are solely produced by the

reactions of the zone of katamorphism, and chiefly by reactions of the belt

of weathering.

The calcium carbonate formed as above described, after transportation

to the sea or to lakes with no outlets, is thrown down as organic precipi-

tates and as chemical precipitates, and thus limestone is formed.
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ORGANIC PRECIPITATES.

Animals of the ocean and lakes abstract calcium carbonate from solution

and build it into tlieir hard parts. The number of kinds of organisms which

are doing this work is great. Of these the more important classes are the

corals, mollusks, and crinoids, the relative importance probably being

in the order given. In each class are many species, and the number of

individuals of each species is beyond computation. In order that a great

quantity of material may be abstracted from the water by organisms it is

necessary that abundant material shall be furnished to it, and also that the

conditions shall be favorable for the existence of abundant animal life of

the right kind. The material for the building of limestone is furnished

to the ocean mainly by the streams. Therefore, adjacent to great bodies

of land from which large rivers enter into the sea there is a continuous

and abundant supply of calcium carbonate. Sluggish rivers which have

meandered through limestone regions furnish an especially abundant

supply. An essential condition for abundant animal life in the sea is a

warm climate, and hence the limestones are likely to be formed most

plentifully in the tropical or subtropical regions. Tropical and subtropical

regions are favorable for limestone building for the further reason that

evaporation is great and concentration of calcium carbonate is thus pro-

duced. This is of great importance in shallow, nearly inclosed seas, and

lagoons. The areas which combine the two conditions—abundance of

material and abundance of life—are those in which the ffreat limestone

building of the present time is going on. Such regions are illustrated by
Florida and the Bahamas, the sea adjacent to which is constantly fed by
the currents from the Gulf of Mexico, which receives the great contri-

butions of calcium carbonate of the Mississippi and many other rivers; and

by the regions adjacent to the Yellow Sea, which receives the contributions

of the Yangtze, Hoangho, and many other important rivers. But the

immediate contributions of great rivers are not necessary for extensive

limestone formations, for the ocean currents distribute material throuffhout

the seas, and the water contains a sufficient amount of calcium carbonate,

so that where other conditions are favorable extensive limestone formations

may be built. This is illustrated by the Grreat Barrier Reef of Australia

and the numerous coral reefs about the tropical islands of the Pacific.
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The material deposited by animals may be amorphous or crystalline

aragouite or calcite. The material deposited by corals and crinoids is

crystaUine, and is in the form of aragonite; the material deposited by the

mollusks is in the form of calcite, and to a less extent of aragonite. The

continuous precipitation of calcium carbonate of the sea by organisms, and

the building up of organic deposits through geological periods, combined

with mechanical rearrangement and with recrystallization (see pp. 795-797),

result in the great limestone formations.

CHEMICAL PRECIPITATES.

Chemical precipitates of calcium carbonate include the deposits of

springs and streams; inland seas with no outlets, like the Dead Sea, Great

Salt Lake, etc.; and possibly chemical precipitates in the ocean or in seas

connected with the ocean.

Springs and streams.—Tufa deposits arc frequcutlj formed by streams just

after issuing from underground, and they are formed from water in caves

as it issues from the confined passages into the open caverns. In both

these cases the causes of the supersaturation and precipitation are the

same—release of pressure, with escape of carbon dioxide, and evaporation.

Spring and stream deposits of tufa are usually small and unimportant.

Inland seas with no outlets.—lu iulaud seas with uo outlcts the calcium car-

bonate contributed by the streams steadily accumulates. On the average,

evaporation balances the additions of water. Concentration of the calcium

carbonate is the result, until supersaturation follows, and finally precipita-

tion. These deposits have generally been called tufa, and they are finely

illustrated by the deposits of the ancient lakes Lahontau and Bonneville.

Such deposits are forming at the present time in Salt Lake, Pyramid Lake,

Walker Lake, and Winnemucca Lake.'' The tufa forming in lakes and

inclosed seas is hkely to be rather impure in consequence of the simul-

taneous precipitation of other compounds, especially sodium chloride and

gypsum.

Possible chemical precipitates in the ocean or in seas connected with the ocean. WllllS fioldS it

to be extremely probable that extensive limestone formations have been

chemically precipitated in the sea." At the present time the ocean and the

aRussell, I. C, The geological history of Lake Lahontan: Men. U. S. Geol. Survey, vol. 11, 1885,

pp. 188-223. Gilbert, G. K., Lake Bonneville: Mon. TJ. S. Geol. Survey, vol. 1, 1890, pp. 167-169.

6 Willis, Bailey, Condition of sedimentary deposition: Jour. Geol., vol. 1, 1893, pp. 519-520.
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connected seas are not saturated with calcium, or even approxiinately so.

According to Mendel^efiP," 1 kg. of water saturated witli carbon dioxide will

dissolve 3 grams of calcium carbonate. The amount of calcium carbonate

in the ocean at the present time, per kilogram of water, is .11869 gram, or

3.956 per cent of the above amount;* but since sea water is not saturated

with CO2, the amount of calcium carbonate which could be held is less

than 3 grams per kilogram. It is certain that under present conditions the

precipitation of calcium carbonate from the ocean is mainly accomplished

by organisms, as explained on pages 792-793. But in early geological

periods, before life was abundant and great quantities of calcium carbonate

were extracted from the sea by animals, it is barely possible that super-

saturation occurred and chemical precipitation resulted. Supersaturation

could have been brought about by two factors: First, steady additions of

calcium carbonate from the land in connection with evaporation from the

sea produced concentration. Second, it is possible that the amount of

carbon dioxide in the atmosphere, and therefore in the ocean, was greater

then than at present. As the carbon dioxide in the atmosphere was used

up by the processes of carbonation, carbon dioxide would pass from the

ocean to the atmosphere, and a decrease in the amount of this compound

in solution would result in chemical jirecipitation of the calcium carbonate.''

The two causes for precipitation considered apply to the entire body

of the ocean. Precipitation caused by them alone would be very wide-

spread, if not universal. The theory of chemical precipitation in the ocean

has greater plausibility if there be combined with the two previous causes

the existence of partly inclosed tropical mediterranean seas, which received

great contributions of materials from large rivers and lost great quantities of

water by evaporation. Under these circumstances chemical precipitation

might occur without premising saturation of the entire ocean. It is therefore

theoretically possible that extensive limestone deposits were produced by
chemical precipitation in early geological ages. But if the ocean as a whole

did at any time contain enough calcium carbonate to saturate it, or even

enough to nearly saturate it, the subsequent process of limestone building by

«MendeMef£, D., The principles of chemistry, trans, by Geo. Kamensky, Longmans, Green & Co.,

London, 1897, vol. 1, p. 592.

i'Dittmar, William, The composition of ocean water: Report of the Scientific Results of the

Exploring Voyage of H. M. S. Challenger, 1873-76; vol. 1, Physics and Chemistry, 1884, pp. 2, 204.

-^Mendeleeff, cit., vol. 1, p. .592.
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organic precipitation must have more than equaled the additions of calcium

carbonate from the land, and thus have reduced the total amount in solution.

In the present state of knowledge it must be said that the precipitation

by chemical means of great limestone formations in the ocean, or in medi-

terranean seas connected with the ocean, is a speculation based upon the

premised inadequacy of life in early times to precipitate such amounts of

materials, and is required to explain only the limestones of pre-Paleozoic

times, the rocks of which contain very scanty fossils. But even these lime-

stones may have been precipitated by organisms and the fossils destroyed

by the processes of recrystallization and metamorphism subsequently

described, just as they have been in many later formations.

METAMORPHISM OF ORGANIC AND CHEMICAL CALCIUM CARBONATE DEPOSITS.

During the time that the vai'ious forces and agents are absti'acting the

calcium carbonate from the sea the mechanical and chemical forces are at

work. No sooner is a deposit formed than the waves may break it into

detritus. All the organic and chemical deposits within the reach of the

waves and currents are handled by them. Thus the material may be

widely distributed according to the laws of the distribution of mechanical

deposits. (See Chapter VI, pp. 555-560.) To illustrate: The debris of

the coral reefs is carried seaward until the water reaches such a depth that

the undertow has lost its power. Tlius conglomerate, sand, and silt com-

posed of limestone may be deposited in concentric belts. (PI. IV, A.)

Any of the shore deposits described by Gilbert may be built up." But

the mechanical work does not go on alone. The moment an animal dies the

calcium carbonate is subjected to the action of solution and deposition by
the sea. When the material is exposed to the open sea, or when there are

continuous currents, the water is not saturated with calcium carbonate, and

there is continual solution of the material at the rock surface. Within the

body of the rock the particles may be cemented by deposition. (PI. IV, B.)

In inclosed or nearly inclosed areas, as, for instance, locally between the

islands and reefs encircling Australia, the evaporation maymore than compen-

sate for the influx of fresh water, and thus the tendency, on the \vhole, be to

precipitate additional material from the sea, rather than to dissolve material.

At the same time limestone is forming there may be a substitution of

magnesium for calcium. The processes of solution and redeposition and of

"Gilbert, G. K., Lake Bonneville: Mon. U. S. Geol. Survey, vol. 1, 1890, pp. 23-89.
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substitution are fully considered below, in treating of "Recrystallization"

and " Dolomitization." The amount and speed of the recrystallization

depend, of course, upon many factors. Rather ancient limestones may

have been only partially recrystallized. On the other hand, the limestones

now forming may locally be coarsely crystalline.

Commonly the mechanical and chemical forces work together in the

rearrangement of the rock. This is finely illustrated among the lagoons of

Florida and Australia. In these regions abundant life is building iip calcium-

carbonate deposits. The deposits are being broken up by the waves; they

are being taken into solution by the sea; evaporation is going on; and

redeposition is occurring within the deposits. Thus in these regions, while

the first precipitation takes place as a consequence of the action of the

animals, the mechanical and chemical forces immediately begin to rearrange

the calcium carbonate into a detrital rock cemented by calcite, or into

coarsely crystalline rocks entirely dissolved and redeposited by means of

the chemical forces, or into a combination of these.

Saville-Kent describes the main mass of the material upon which the

Australian corals are at present building their deposits as limestone con-

glomerates, largely built up of the cemented de'bris of corals and mollusks."

(PL IV, A.) The breaking of the Barrier Reef is due to the waves; the

cementing of the material he attributes to eva23oration during the low_ tide,

when the surface is above water, at which times the sun evaporates a large

amount of tlie interstitial water, and thus deposits material. It may be

supposed that this process is continuous, material being added to the solu-

tions at each time of high water and deposited at each time of low water.

But it may be doiibted whether it is necessary for the reefs to be exposed

in order that consolidation shall occur. It seems highly probable that in

the ocean menstruum the limestone debris are consolidated by the chemical

processes of solution and deposition, even if the material remains continually

below the surface of the water.

The process of recrvstallization does not cease when the limestone

formations are raised above the sea. When these formations constitute

land, recrystallization continues under both mass-static and mass-mechanical

conditions. This is accomplished by the action of the underground waters

It has been fully explained that in its movement water is continually taking

material into solution and is continually depositing material from solution.

"Saville-Kent, W., The Great Barrier Reef of Australia, London, 189.3, pp. .52-.54.
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Further, it has been explained that in the belt of weathering solution

is the rule, and that in the belt of cementation solution does not so far surpass

deposition but that cementation is the rule. No other rock so well illus-

trates these principles as limestone, for it is the most readily soluble of the

extensive formations. Under the law of dominant solution in the belt of

weathering the openings are enlarged, and thus the very numerous cracks,

crevices, and caves, great and small, so characteristic of limestone, are

formed. But while solution dominates in the belt of weathering, as shown

by these openings, deposition is, as explained on page 487, an invariably

accompanying process. Thus are made the stalactites, stalagmites, and

travertine deposits. These deposits may be either aragonite or calcite.

In the belt of cementation below the level of ground water in lime-

stones the openings formed in various ways are as generally decreased in

size by deposition as they are enlarged in the belt of weathering. The

material here deposited is generally in the stable form of calcite.

But the process of solution and deposition in the belt of weathering

and the belt of cementation does not afPect the walls of the openings only.

Solution and deposition are going on continuously throughout the entire

mass of limestone formations in the zone of katamorphism. As a conse-

quence of this the rock is continuously recrystallized. This process, even

under mass-static conditions, may advance so far as to transform a limestone

into a uniformly crystalline rock, to which the term marble is applicable.

However, where the recrystallization goes so far as to transform the rock

to a marble, there has usually been more or less mechanical action. But

the consideration of the marbles is deferred. (See pp. 808-816.)

In modern limestones fossils are likely to be abundant; in ancient

limestones they are comparatively sparse. In general it may be said that

they are less abundant as the rocks are old. Also, in proportion as the

rocks are old they are likely to be well crystallized. 'The increased sparse-

ness of fossil remains and the crystalline character of the linaestone may both

be regarded as evidence that recrystallization has taken place. Also they

]night be interpreted as evidence that life was not so abundant in the past

and that the material had been deposited as a chemical precipitate. But cer-

tainly the latter argument does not apply to rocks later than the Algonkian.

Since fossils so commonly constitute but a small fraction of the present

mass of limestones, it is concluded that recrystallization has extensively

occiu-red in Paleozoic and post-Paleozoic limestones. (See PI. VI, A.)
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DOLOMITE.

ORIGIN OF DOLOMITE.

Dolomite is calcium-magnesium carbonate (CaCOg.MgCOg). In consid-

ering the origin of dolomite the questions immediately arise: Are magnesian

limestones and dolomites originally deposited as such, or are they the results

of replacement of calcium by magnesium? and, if the latter, how and when

did the process take place?

Dolomite due to replacement of calcium by magnesium. That thc magUesium CarboUatCS

are due to replacement of magnesium for calcium, and therefore to dolo-

mitization, seems to be conclusively shown by the following considerations:

(1) The first of the various lines of evidence in favor of dolomitization

is the composition of the hard parts of sea animals. We do not know any

sea animals which deposit more than a small amount of magnesium car-

bonate in their hard parts. Forchhammer analyzed a large number of

corals and shells of marine animals. In bivalves he found the amount of

magnesium to vary from 0.5 to 1 per cent; in cephalopods he found it to

be less than 0.5 per cent. In most corals the amount of magnesium is less

than 0.5 per cent, although in one species it is 2 per cent and in another

species 6.4 per cent." Sharpies analyzed seven species of corals,' and does

not report magnesium carbonate, although it is to be supposed that a small

amount of that compound is present. Forchhannner found'' in a number of

late deposits, which are mainly composed of the remains of animals, that

the amount of magnesium is less than 1 per cent. From these results,

if it be supposed that formations now dolomitic limestone were originally

organic precipitates, it must be concluded either that the magnesium is

mainly introduced by a secondary process or that sea animals in early

periods used a larg-er proportion of magnesium for their hard, parts than rlo

the present animals. , The lattei' conclusion would be a pure unverified

assumption.

(2) Some of those who hold that dolomites are original deposits, in

order to escape the difiiculty involved in the supposition that animals have

« Forchhammer, Georg, Bidrag til Dolomitens-dannelshistorie: Oversigt over det Kongelige Danske

Videnskab. Forhandlingar, Copenhagen, 1849, p. 89. See also Bischof, Gustav, Chemical and physical

geology, London, 1855, vol. 2, pp. 48-49.

6 Sharpies, S. P., On some rocks and other dredgings from the Gulf Stream: Am. Jour. Sci., 3d

ser., vol. 1, 1871, p. 169.

c Forchhammer, cit., p. 89. Also, Bischof, cit., p. 48.
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at some past time secreted magnesium in greater quantities than at present,

have held that magnesium limestones and dolomites as such are original

chemical precipitates. While the sea is not now saturated with calcium

and magnesium salts, it is held that this might have been the case before

life became abundant, and that consequently magnesium limestone and

dolomite formed directly. This is again a pure, unverified assumption,

which seems to be negatived by the following considerations: (a) Since the

living animals extract so little magnesium, on this hypothesis it is difficult

to explain why the sea is not now saturated or nearly saturated with

magnesium salts; (b) Bischof" found by experiment that when solutions

become saturated with carbonates of magnesium and calcium the calcium

carbonate is largely precipitated before the magnesium carbf)iiate begins to

be thrown down in a]:)preciable quantity. Hence, by chemical precipitation,

there would be produced separate layers composed mainly of carbonate of

calcium and carbonate of magnesium, rather tlian calcium-magnesium

carbonate. According with Bischof's experiment, the alkaline earth car-

bonates precipitated in Lakes Lahontau and Bonneville are essentially

calcium carbonate, containing not more than 2.14 per cent of magnesium.''

The deposits of inland lakes in whicli the salts accumulate until precipita-

tion occurs should be analogous to those of the ocean in ancient times, on

the supposition that before life existed abundantly chemical percipitates

formed. The fact that tufas deposited in sucli lakes contain so little

magnesia seems to bear against the hypothesis that the dolomites are

original chemical ]3recipitates.

(3) But perhaps the most decisive of the various lines of evidence in

favor of secondary dolomitization are observed facts of occurrence which

seem to be explicable only upon the basis of replacement. While, as

already noted, coral is nearly pure calcium carbonate, Dana found that the

limestone of the elevated coral island Metia is heavil}* magnesian, one

specimen containing as much as 38 per cent of magnesium carbonate."

Prestwich states that in the Carboniferous limestones of Kilkenny and Cork

the upper surface and parts of the rock along the bedding and joint planes

«Bischof, Gustav, Elements of chemical and physical geology, trans, by B. H. Paul: Cavendish

Society, London, vol. 3, 1859, pp. 169-170.

6 Russell. I. C, Geojogical history of Lake Lahontan: Mon. U. S. Geol. Survey, vol. 11, 1885,

p. 203. Gilbert, G. K., Lake Bonneville: Mon. U. S. Geol. Survey, vol. 1, 1890, p. 168.

cDana, Jas. D., Corals and Coral Islands, 3d ed., Dodd, Mead & Co., New York, 1890, pp. 393-394.



800 A TREATISE ON METAMORPHISM.

are often dolomite. Where the rock is dolomite the fossils and the stratifi-

cation are obscured or destroyed. The deeper lying rock, as well as the

rock remote from the joints, is ordinary limestone." Geikie says that

essentially the same facts are true on a large scale in the Carboniferous

limestone in the north of England.*

Spurr describes the limestone of Aspen Mountain, Colorado, as dolomite

near the faults. The magnesium becomes less and less plentiful as the

distance from the fractures increases. He further states that dolomite

almost invariably accompanies the ore." Bain describes precisely similar

phenomena in the limestone carrying lead and zinc ore in Iowa.'' Spurr

further finds in the limestone of Glenwood Springs, Colo., old water

channels and zones of fracture; and adjacent to these he finds the rock

to approach dolomite. Adjacent to the fractures and the underground

water channels there is a gradation of the dolomite to the ordinary lime-

stone.^ Bain states that the Carboniferous limestones of Missouri bearing

lead and zinc ore are dolomite in the vicinity of the ore deposits, and

elsewhere are largely limestone. He further finds that dolomite is a most

important gangue mineral in the openings of the rocks. The fissures con-

nect with the magnesium-bearing Cambro-Silurian limestones below, and he

infers that rising waters have transported the magnesium and dolomitized

the Carboniferous limestone adjacent to the water channels.-'' Other

instances of rapid gradation in the amount of dolomite are furnished by

limestones where cut by intrusives. Finally, there are gradual variations

in the amount of magnesium in great limestone formations ; as, for instance,

the great Cambro-Silurian limestone of North America. The Appalachian

Valley Cambro-Silurian limestone is a true dolomite, while at various places

in the Mississippi Valley the limestone contains so little magnesium as to be

merely a magnesian limestone.

The diff'erent cases of occurrence of magnesian limestone above given

f'Prestwich, Joseph, Geology—chemical, physical, and stratigraphical, Oxford, 1886, vol., 1, pp.

113-U4.

6 Geikie, Archibald, Textbook of Geology, 3d ed., Macmillan & Co., London, 1893, p. 321.

«^ Spurr, J. E., Geology of the Aspen mining district, Colorado: Mon. U. S. Geol. Survey, vol. 31,

1898, pp. 210-211.

(« Calvin, Samuel, and Bain, H. F., Geology of Dubuque County: Iowa Geol. Survey, vol. 10, 1900,

pp. 492^98, 572-575.

<- Spurr, cit., pp. 212-216.

.f'Bain, H. F., with Van Hise, C. B., and Adams, G. I., Preliminary report on the lead and zinc

deposits of the Ozark region; Twenty-second Ann. Kept. U. S. Geol. Survey, pt. 2, 1901, pp. 208-210.
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may be gathered together under a general principle, viz : On the average,

limestones in regions of strong erogenic movements, and consequent frac-

turing, are more strongly magnesian than limestones of equivalent age in

less disturbed regions. To illustrate, tlie Tertiary limestones of the Coast

Range of California and of the Alps are more strongly magnesian than

the undisturbed limestones of the same age. When the cases of variable

magnesium are brought together under this rule, the reason for the

variation is plain. Limestones are likely to be magnesian in proportion as

there were favorable conditions for the entrance of solutions bearing

magnesium, and these conditions are of course furnished by orogenic

movements and fractures causing openings. The variations in magnesium

content, rapid and slow, above cited, and other similar instances, can

apparently be explained only on the theory of secondary replacement.

(4) Taking the world as a whole, the older a limestone formation is

the further advanced is dolomitization. Thus the ancient limestones,

especially those of Cambrian and Silurian age, are" very generallj- strongly

magnesian, and the pre-Cambrian limestones are usually completely

dolomitized. This is partly a direct consequence of (3). For in propor-

tion as formations are old they are likely to have been subjected to orogenic

movement and to fracture. Also in proportion as they are old sufficient

time has elapsed for the other favorable conditions to have occurred. But

the principle of increase in dolomitization with age must be broadly applied,

for, as already seen, a young formation may be strongly dolomitic in one

region, and a much older formation be only slightly dolomitized in another

region; also, in various districts heavily magnesian formations occur above

limestones containing little magnesium.

(5) It has been shown on page 239 that the change of calcite to

dolomite involves a conti-action of 12.30 per cent. It is a well-known

fact that dolomites which have not been subjected to strong orogenic

movement, deep below the surface, are very porous. This is beautifully

illustrated by the dolomites of the Mississippi Valley, especially the

so-called magnesian limestone series. In this respect the dolomites contrast

strongly with the pure limestones. The natural explanation is that the

porosity is due to the contraction of the volume as a result of dolomitization.

Where the change has taken place in the zone of anamorphism, or where

the dolomite has been in the lower zone since the change, mashing and

recrystallization have closed the openings.

MON XL^II—04 51
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Conclusion.—Fi'om tliG foregoiug facts it is concluded that the major part

of the magnesium in dolomitic limestones and dolomites is due to replace-

ment. In the instances of ra]jid local variation in the amount of magnesium

in the limestones of coral islands and in the limestones of England, Ireland,

and America, where the amount of magnesium is greatest near the surface

or adjacent to fractures, there seems to be no other conclusion. And there

is no reason to doubt that the magnesian character of the great dolomite

formations is due to replacement. '

HOW AXD WHY DOLOMITIZATIOX OCOUKS.

The magnesium for dolomitization is primarily derived from magnesium-

bearing minerals of the original igneous rocks. The more important of

these are the micas, pyroxenes, amphiboles, and olivines. But at the

present time a large part of the magnesium for dolomitization is derived from

secondary minerals, such as garnet, staurolite, tourmaline, chondrodite,

chlorite, the zeolites, and even from previously formed dolomite. Indeed,

the magnesium concentrated in earlier dolomite is one of the most impor-

tant sources for present dolomitization. From these various sources the

processes of alteration of the zone of katamorphism, and especially of

the belt of weathering, produce soluble magnesium compounds, such as

carbonate, hydrate, sulphate, etc. The magnesium compounds formed or

dissolved in the belt of weathering are transported in part to the belt of

cementation and in part to the sea, either before or after an undei'ground

journey. This process has been continuous since the continents were

divided from the seas, consequently the amount of magnesium in the sea has

probably continuously increased since early geological times, for it can not

be supposed that, on the average, more magnesium has been precipitated

from the sea than has been added to it during any geological period. It is

seen in Chapter X that the amount of magnesium now in the sea is more

than three times as great as the amount of calcium.

The process of dolomitization may take place while the limestone is

still in the sea or after it has been raised above the sea and constitutes a

part of the land.

Dolomitization before limestone emerges from the sea. TllC CarboUate Originally dcpOS-

ited by animals is almost wholly calcium carbonate. The sea contains

abundant magnesium salts. Thus we have in the sea a heterogeneous
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system (see Cliapter III, pp. 90-91), the sea not being saturated with

either magnesium or calcium salts, but containing more than three times as

much magnesium as calcium, and having below it in various regions solid

calcium carbonate. Under these circumstances there is a tendency for some

of the calcium of the solid carbonate to change places with the magnesium

in solution, and thus dolomitization may take place beneath the sea.

If the sea were saturated with magnesium salts it is probable that the

replacement would go on rapidly. Since, however, the sea is far from sat-

urated with such compounds, and since, as already shown (pp. 798-799), it

can not be supposed that the sea has ever been richer in magnesium salts

than at present, the change has taken place slowly. But the substitution

is continuous; for, in consequence of the currents, the water depleted in

magnesium is replaced by water containing a normal amount of that

element. But the solutions of the ocean also contain calcium. Therefore

the conditions are approximately as if one ran magnesium-calcium solutions

like those of the ocean through solid calcium carbonate until equilibrium

under the laws of chemistry (see Chapter III, p. 90) had been reached.

But in the ocean equilibrium is probably but rarely reached on an extensive

scale because of the slow and imperfect manner in which the solutions make

their way through the calcium-carbonate deposits at the bottom of the sea.

Occasionally in the arms or shut-oif portions of the sea, where the conditions

are favorable for unusual concentration, the amount of magnesium in the

water may be even greater-than that in the normal waters, and under these

circumstances the reaction would go on more rapidly; This is illustrated

by the coral reefs of Metia, which are heavily magnesian. This case

furnishes positive evidence that dol'^mitization may locally, undei" favorable

circumstances, go very far while a limestone is below the sea. Dana's

explanation of the unusual amount of magnesium is that "the sand or mud
may have been that of a contracting and evaporating lagoon, in which

magnesian and other salts of the ocean were in a concentrated state.""

Dana compares concentration of magnesium in lagoons mainly shut off

from the sea to concentration in salt pans.**

While it is clear that dolomitization below the sea may locally go

far, the usual facts of observation correspond with the conclusion above

«Dana, Jas. D,, Corals and coral islands, New York, Dodd, Mead & Co., .3d ed., 1890, p. 394.

6 Dana, Jas. D., Manual of geology, American Book Company, 4th ed., 1895, p. 133.
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given, that dolomitization below the sea is usually very partial, and that

the Metia instance is exceptional. It has already been seen that Forch-

hammer foixnd that late limestone deposits mainly composed of the remains

of animals usually contain less than 1 per cent of magnesium,'' and that

a small content of magnesium is the ordinary thing for late limestones

which have not been greatly disturbed by orogenic movements. In view

of these facts the question naturally arises as to the time when the dolomiti-

zation mainly took place in those extensive dolomite formations in which the

magnesium is moderately uniform for a given district, although slowly vary-

ing as a whole. The typical formations of this kind in America are the great

Cambro-Silurian limestones of the United States, which in the Appalachian

region, where deformation is g-reat, are nearly pure dolomites, and which in

the Mississippi Valley are often heavily magnesian but rarely dolomite,

and show, moreover, rather sharp variations in the amount of magnesium.

The Iwpothesis which one naturally favors, because of its simplicity, is that

such formations as these wei-e mainly dolomitized below the sea. But the

more closely the facts are examined the less certain does the conclusion

appear to be. It is entirely possible that locally the Cambro-Silurian lime-

stone was dolomitized more extensively below the sea than is the case, on the

average, for the later limestone formations. Indeed, it has been supposed

that this limestone was deposited in a mediterranean sea, and this entire sea

may have had to some extent the concentrated conditions at Metia described

by Dana. But it appears certain to me, even if the dolomitization was

further advanced in the case of some of these formations while below the

sea than can be paralleled by recent extensive formations, that they have

subsequently been much further dolomitized and the magnesium extensively

rearranged since the limestones emerged from the sea.

Dolomitization after limestone emerges from the sea. Whilc it Is clcar that tlie prOCCSS

of dolomitization may take place below the sea, often it is there only

initiated. Frequently dolomitization takes place in the main after the lime-

stone becomes a part of the land area and is subject to the forces of meta-

morphism beneath the air. It is believed that dolomitization in land areas

largely occurs in the zone of katamorphism rather than in the zone of

anamorphism. The basis of this belief is furnished b}^ the conclusion, fully

nForchhammer, Georg, Bidrag til Dolomitens-dannelshistorie: Oversigt over der Kongelige Danske

Videnskab., Forhandlingar, Copenhagen, 1849, p. 89. See also, Bischof, Guatav, Chemical and physi-

cal geology, London, 1855, vol. 2, pp. 48-49.
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explained on pages 655-656, 764-766, that transfer of material and change

in chemical composition are extensive and great in the zone of katamor-

phism and are trivial and small in the zone of anamorphism. Further, in

the zone of katamorphism it is believed that dolomitization mainly occurs

in the belt of cementation rather than in the belt of weathering, although

the process undoubtedly takes place in both belts.

We have seen that rocks contain magnesium mainly as a silicate or

carbonate. If above the level of ground water the magnesium be as sihcate,

the process of carbonation changes it to a carbonate or other compound,

and as such it is taken into solution and carried downward to the sea of

ground waters. If the magnesium be as carbonate, the process of carbona-

tion is not necessary. In any case the waters of the belt of weathering

steadily parry downward magnesium and calcium carbonate and other salts

to the belt of cementation. These solutions pass into limestones and other

formations.

When the solutions pass into limestones which contain little magnesium,

the process of replacement begins. The substitution of magnesium for cal-

cium is controlled by various factors, among which time, the absolute and

relative amounts of calcium and magnesium in the solutions and in the

rocks, the change in volume in consequence of the reactions, and the

direction of the movement of the solutions are important.

It is certain that time is an iinportant factor. The underground

solutions are continually circulating, and there are ever-renewed suppHes

of magnesium to carry on the process in the solutions which join the belt

of cementation. At the outset calcium is greatly predominant in the

limestone ; but as the substitution goes on, magnesium becomes more and

more important, and may tinally become molecularly equivalent to cal-

cium. But to accomplish this must require much time, for the solutions

at any moment occupy but a small percentage of the volume of the rock,

and they contain but a very small amount of magnesium. Therefore the

magnesium held at any one time by the solutions is but an inappreciable

fraction of the total amount which is finally introduced into the rock.

The absolute and relative amounts of calcium and magnesium in the

solutions and the limestones is a matter of the greatest consequence in

dolomitization. The law of mass action requires that where solid calcium

carbonate is in contact with magnesium- and calcium-bearing solutions a
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part of the calcium of the solid be replaced by the magnesium. In a

limestone which has been slightly dolomitized the conditions are particularh^

favorable for dolomitization, for under such circumstances mider chemical

laws substitution goes on rapidly. But the further the process continues

and the nearer equilibrium is appi'oached the slower it becomes. Since, on

the whole, calcium is a more abundant base in the sedimentar}^ formations,

and also in the ground solutions, than magnesium, and since it is a more

energetic base, it follows that at low pressure one could not expect that

one-half of the calcium would be replaced by the magnesium, for when the

substitution had gone to a certain stage calcium would replace the deposited

magnesium as fast as the magnesium replaced the calcium. This stage

would usually be reached before the magnesium was molecularly equal

to the calcium. In the foreg'oing we have the explanation of the fact that

but very rarely is the magnesium so abundant in extensive formations as to

have the precise composition of dolomite.

In determining the stage at which the static condition of affairs is

reached pressure is very important. It has been seen that as a result of

the substitution of magnesium for one-half the calcium in calcium car-

bonate there is a contraction in volume of 12.30 per cent; hence pressure

tends to promote the change. But pressure increases with depth; therefore

the deeper a rock is, the greater is the tendency for mag'nesium to replace

the calcium. Hence in the deeper buried rock, there is a sti'ong force which

tends to substitute magnesium for calcium. But the complete substitution

is resisted, under the law of mass action, by the greater abundance of

calcium, and by the more energetic character of that base. Further, as

already jiointed out, where the pressure is very great, as in the zone of

anamorphism, circulation is very slow, and it is not possible for the solu-

tions to supph^ sufficient magnesium to accomplish tliis, and jJi'obably in

most cases not even enough to change the rock to dolomite. Usually these

factors prevent the substitution from going so far as to produce equimo-

lecular quantities of the two elements; but in the case of the pure dolomites

this occurs. In such instances it may be that pressure is an important

factor. Since few carbonates contain more than an equiniolecular amount

of magnesium as compared with the calcium, it may be supposed that this

compound gives the limiting effect of such pressures as liave obtained in the

rocks which are within the zone of observation. As a corollary from the
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foregoing, one would expect to find dolomites among those rocks which

have been deeplv buried and strongly deformed, but at the time of dolo-

mitization not so deepl}' buried as to prevent deformation from producing

fractures for circulation, for there, if anywhere, the process of doloraitiza-

tion would have been nearly completed. With this expectation the facts of

occurrence of dolomite as given on pages 798-802 fully correspond.

As to whether doloraitization takes place more rapidly while the solu-

tions are descending or ascending no definite answer can be given without

experimental work. It is lielieved that the process probably occurs

throughout the journey of the underground water, as explained on pages

636-639. Doubtless in many cases where there is locnl doloraitizatitm

adjacent to the main underground circulation channels, the process has

taken place while the waters were ascending, for, as shown on page 583,

the trunk channels of underground waters are more often ascending than

descending. Excellent illustrations of local dolomitization by ascending

waters are those already referred to at Glenwood Springs, Colo.,

described by Spurr," and in the Carboniferous limestones of Missouri,

adjacent to the lead and zinc areas described by Bain.'' But in many cases

of dolomitization along joints and other fractures the water was doubtless

descending. The process max have been accomplished by waters which

were ascending at one time and descending at another time. For instance,

when the rock was somewhat deeply buried, a channel may have been

occupied by ascending waters, and when brought nearer to the surface 1)}"

erosion this same channel may have been occupied by descending waters,

and dolomitization continued throughout the process.

Various regions could be mentioned which illustrate the above-

mentioned conditions for dolomitization. One of the best of these is that

portion of the limestones of the Mississippi Valley which is in the belt of

cementation. It is well known that these limestones have been broken at

various times so as to produce joint fractures and local faults, and thus

furnish channels for ready circulation. In the belt of weathering the gre^it

Cambro-Silurian limestone, which contains magnesium, and the magnesium

of the other rocks is continuously being dissolved and carried downward

«Spurr, J. E., Geology of the Aspen mining district, Colorado: Men. U. S. Geol. Survey, vol. 31,

1898, pp. 212-216.

'' Bain, H. F., Van Hise, C. R., and Adauit*, G. I., Preliminary report on the lead and zinc deposits

of the Ozark region: Twenty-second Ann. Rept. U. S. Geol. Survey, pt. 2, 1901, pp. 208-210.
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into the openings of the belt of cementation. After a given period of

deformation the process of dolomitization continues until the openings are

closed and circulation is checked, to begin again as soon as new openings

are forjiied by earth movements. The process goes on with intermittent

speed until a state of equilibrium is approximately reached between the

calcium-magnesium solutions and the adjacent rock.

Other excellent illustrations of areas in which the conditions are

favorable for dolomitization are furnished by various districts in the

Cordilleras. Here in many areas recent orogenic movements and intrusion

and extrusion of magma have taken place. The movements open new

cracks and crevices in the limestones. The volcanic rocks, intruded or

extruded, raise the temperature of the rocks and promote the activity of

the solutions. Furthermore, the increase in temperature promotes the

process of carbonation in the belt of weathering. In areas where there are

limestones, recent volcanism, and orogenic movement, the conditions are

especially favorable for the transfer of magnesium from the belt of

weathering to the belt of cementation, with resultant dolomitization.

9UIiBLE.

In describing the processes of recrystallization and dolomitization in

limestones, marbles have been accounted for in the main. Marble is the

term which is applied to evenly granular, finely or coarsely interlocking

calcite, dolomite, or intermediate minerals. (PI. IV, C.) In the process of

recrystallization it is common for a change to take place in the color of the

rocks, as a result of which marbles are ordinarily white or pinkish white,

rather than blue or gra}^, although marbles may, of course, have various

other colors.

As already mentioned, marble results mainly from limestone in conse-

quence of recrystallization or dolomitization, or the two combined. The

absolutely conclusive evidence on this point is the increase of size of the

mineral particles in marbles as compared with limestones. (See PI. VI, A
and B.) The formation of one mineral particle of marble of average size

required a multitude of particjes of the limestones, probably thousands;

and in those cases where the grains of marble are coarse and the original

limestone was fine perhaps many thousands were required. There is no

mechanical process which alone can merge a great number of mineral
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jDarticles into a single mineral. This can be done only by solution and

deposition, or recrystallization. It is notable in this connection, as explained

below, that in proportion as the rocks were deep seated and as orogenic

movements were severe the marbles are likely to be coarse grained,

and were therefore thoroughly recrystallized. If the deformation were

mechanical, the greater the severity of the movement the greater would be

the strain effects mentioned below.

The development of marble is frequently assisted by the intrusion of

igneous rocks. If tlie masses be large they may furnish the conditions

of heat necessary for the solutions to be able to recrystallize the limestone

for a considerable distance about the intrusive. Of course, in many regions

orographic movements and volcanism are synchronous, and in such cases

the conditions furnished by the movements and those furnished by the

intrusive combined are particularly favorable to the process of recrystalli-

zation. Recrystallization may have been completed in regions of com-

paratively little disturbance, and thus occasionally in unfolded regions

calcareous rocks are locally found to which the term marble is applicable.

But the great belts of marble occur in regions in which orographic move-

ments have taken place, and especially in rocks which have been so deeply

buried as to be in the zone of anamorphism. This is shown by the asso-

ciation of the marbles with slates, schists, aiid gneisses—rocks which have

been metamorphosed in the lower zone. Where the forces and agents

were sufficiently potent to recrystallize the more refractory minerals, the

recrystallization of the calcite and dolomite is probable, even if the marbles

do not give such clear evidence of the fact as does slate, schist, or gneiss.

Calcite and dolomite are most ready to respond to stresses by solution

and deposition, and therefore to recrystallize, and also mechanically by
development of twinning structures, by movement along gliding and
cleavage planes, and by granulation.'' (See PL VI, C and B.) Indeed,

they are the most mobile of all the minerals which make up large masses

of rocks. The minerals, halite, niter, etc., are even more mobile, but their

rock masses are relatively small.

In consequence of the great mobility of calcite and dolomite, marbles

generally differ in structure from the associated metamorphosed slaty,

oSee Adams, F. D., and Nicolson, J, T., An experimental investigation into the flow of marble:
Philos. Trans. Royal Soc, London, ser. a, vol. 195, 1901, p\x 363-101.
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schistose, or gneissose rocks, in that they are massive and evenly granular,

although the mineral particles commonly show other strain effects men-

tioned below. The explanation of the general lack of slaty and schistose

structures is believed to lie largely in the fact that the process of recrys-

tallization under favorable conditions goes on almost pari passu with the

deformation, and thus at any given moment the minerals lack but little of

adjustment to their environment. In so far as the calcite and dolomite are

left with residual strain there is a tendency to recrystallize. Their mobility

is such that this tendency often prevails, and the minerals are largely

released from strain. But in many instances release from strain is not per-

fect, for when thin sections are examined in many of the apparently com-

pletely crystalline marbles strain effects remain. Cataclastic structures

occur in variable amounts; strain shadows are usual; twinning bands are

very abundant, often are exceedingly fine, and

frequently the lamellae are curved, in such in-

stances showing conclusively the existence of

residual strain effects. And nit is not always true

that during the development of marble the pro-

cess of crystallization so neaidy keeps pace with

movement as to prevent the formation of a sec-

Fie. 22.-Sketch f,f oval irregular grains ondarv structiire. In sucli cases the marbles
of calcite with longer diameters par- ^

aiiei. Prom schistose marble, Taiia- may liave a well-dcveloped cleavage. This is
degra Mountain, Alabama. After Leith. -^ i o

well illustrated in some of the pre-Cambrian

cleavable marbles of the Laurentian Mountains, by the cleavable Cambro-

Silurian marbles of western Massachusetts, described by Dale," and in the

marbles of Alabama at Talladega Mountain. (See fig. 22 and PI. V, A)
At this latter locality the marble cleaves as evenly and smoothly as a slate.

Where marbles have a cleavage it is found to conform to the cleavage of

the sun-ounding rock. The cleavage is found to be wholly due to a

dimensional arrangement of the mineral particles. (See Chapter VIII,

p. 760.) The fact that the cleavage of the mineral particles has nothing

to do with the cleaA^age of the rock is explained by the rhombohedral

cleavage of calcite resulting in fracture with equal ease in three directions.

In this respect calcite and dolomite contrast strongly with the minerals

fflPuinpelly, Raphael, Wolff, J. E., and Dale, T. Nelson, Geology of the Green Mountains in

Massachusetts: Mon. IT. S. Geol. Survey, vol. 23, 1894, pp. 181-182.
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A. Schistose mirble from Talladega Mountain, Alabama. B. Tremolitic marble from Canaan, Conn. After Hobbs.
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such as mica, the cleavage of which often controls the cleavage of rocks.

The rare existence of cleavable marbles in connection with marble foima-

tions, the larger parts of wliich lack cleavage, as in the case of the marbles of

the Appalachian regions jnst mentioned, seems to be conclusive evidence that

the granular character of ordinary marbles is due mainly to the processes

of ready solution and deposition, or recrystaUization, as above explained.

Adams and Nicolson have experimentally deformed Carrara marble."

Among the various reasons for selecting this marble was its evenly granular

character and absence of strain effects. The deformation was accomplished

under the conditions of pressure of the zone of anamorphism. Cylinders

of marble confined on their sides by strong steel bands were shortened

by pressure, and under these circumstances the shape of the marble was

changed without perceptible cracks being produced. The process was

carried on under various conditions.

First, the dry marble was deformed at ordinary temperatures. The

rock thus deformed was found fo be weaker than the original rock, but

sufficiently strong to show that the particles were partially welded. The

thin sections of the marble showed a cataclastic structure "identical with

that seen in the feldspars and many gneisses.'"' Many of the grains were

flattened, and these grains showed strain shadows and fibrous structures

due to minute polysynthetic twinning.

Second, the dry marble was very slowly deformed during a period of

about four months at a temperature of 300° C. The deformed marble was

found to be strong, but not quite so strong as the original rock, showing a

nearer approach to perfect welding than in the case of the marble deformed

at ordinary temperatures. The thin sections showed a tendency toward

rock cleavage. "Cataclastic structure is absent, but almost every grain

shows an exceedingl)- fine fibrous structure. When examined under a

high power this fibrous structure resolves itself into an extremely narrow

polys^nthetic twinning—the whole grain consisting of slightly sinuous

twin lamellae, extinguishing in alternate sets. Each indi^^dual is usually

t^^-inned throughout, the lamella passing from end to end, although a

single lamella often varies somewhat in width from place to place. The

"Adams, F. D. and Nicolson, J. T., An experimental investigation into the flow of marbles:

Philos. Trans. Royal Soc. London, ser. a. vol. 19.5, 1901, pp. 363-401.

''Adams and Nicolson, cit., p. 375.
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calcite grains, which in the original rock are practically eqnidimensional,

are now often distinctly flattened, some of them being tln-ee or, even four

times as long as they are wide. Some grains can be seen to have been

bent around others adjacent to them, the twin lamellae and the extinction

curving with the twisted grain. In other twisted individuals the twin

lamellae only extend in to a certain distance from the margin of the grain,

leaving a clear untwinned portion in the center: and other crystals again

show not only the fibrous structure due to twinning in one direction, but

broader lamellae crossing this obliquely. As the twinning in all cases is

probably parallel to—iR— , this is due to the appearance of a set of twin

lines parallel to a second face of the rhombohedron." " "There

has been no breaking—the rock has not been crushed in the ordinary

sense of the term. The movement has been brought about partly by
twinning, but chiefly by a deformation of the grains due to a slipping on

their gliding jDlanes."" (PL VI, C.)

Third, the dry marble was deformed during eight and one-fourth

hours—much more rapidly than in the second case—at a temperature of

400° C. The result in this case was very similar to that in the previous

case. From this experiment it was concluded that "quick deformation at a

high temperature shows therefore that calcite has freer movement in its

gliding planes at a high temperature and breaks less readily than when

cold." " (PL VI, i».)

Fourth, the marble was slowly deformed during a period of fifty-four

days, at a temperature of 300° C, in the presence of water gas. This

rock after deformation "is not weaker, but actually stronger, than the

original rock.""* The thin sections of the rock showed substantially the

same textures and structures as in the case of the dry marbles deformed at

300° or 400° C. The "granulated material is so trivial in amount that

the deformation may be said to be due exclusively to movements on the

gliding planes of the calcite, accompanied by polysynthetic twinning. It

is tlais identical in character with that seen in the case of the marble when

deformed while dry, either at 300° C. or 400° C." "There are

no signs of solution and redeposition of calcium carbonate even in this

iron-stained portion of the rock. The presence of water, therefore, did

not influence the character of the deformation. It is just possible, however,

«i.dams and Nicolson, cit., p. 379. b Op. cit., p. 380. « Op. cit., p. 382. d Op. cit., p. 385.
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PLATE VI.

PHOTOMICROGRAPHS OF LIMESTONE AND MARBLES.

A. Limestone from Wauwatosa, Wis., sliowing the evenly granular character of a compact lime-

stone. After Buckley.

B. Marble from Cockeysville, Md. After Diller.

C. Carrara marble after having been slowly deformed during 124 days at a temperature of 300° C.

The calcite has yielded by gliding. Aiter Adams.

D. Carrara marble deformed at 400° C. The slide shows a uniform mosaic of somewhat flattened

grains free from all fracturing or cataclastic structure. After Adams.
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that there may have been a deposition of inliuitesiraal amounts of calcium

carbonate along very minute cracks or fissures, thus contributing to

maintain the strength of the rock. No signs of such deposition, however,

are visible.""

It has been pointed out in another place (see pp. 747-748) that the

greater strength of this sample, as compared with those in which water

was not present, is almost conclusive proof that solution and deposition,

or recrystallization, did take place to some extent.

Adams and Nicolson compare the structures produced in the Carrara

marble artificially deformed with limestones and marbles in various regions

where the rocks have been metamorphosed under deep-seated conditions.

In 21 rocks from different regions, 10 of which are marble and 11 of wliicli

are limestones, they find all the structures which they have artificially pro-

duced to be paralleled.'' But an equal number of rocks from other regions,

only 3 of which are limestones, 2 dolomites, and 16 marbles," which, as

shown by the greater number of marbles, have undergone more profound

metamorphism, they say "do not present any undoubted evidence of

movement undei- pressure. Their structure is that of a mosaic, apparently

resulting in each case from the recrystallization of a j^reviously existing

finer-grained limestone. This process, as described by Lepsius in the Attic

marbles,** consists of the enlargement or growth of certain of the constit-

uent grains at the expense of others until finally a coarse-grained mosaic is

produced."" In these instances it is apparent that recrystallization is the

dominant process, for only by this process can large individuals be produced

by the merging of small ones. (See Chapter VIII, pp. 690-696.) Adams
and Nicolson conclude: "While, therefore, recrystallization undoubtedlv

plays an important, and in many cases probably a chief part, in tlie great

movements which are observed to have taken place in the limestones of

contorted districts, this process is by no means the only one hj which such

movements are brought about. Many limestones under pressure in the

earth's crust flow precisely as metals do, by deformation of the com-

« Adams and Nicolson, cit,, p. 385.

6 Op. fit., pp. 387-390.

cOp. cit., pp. 389-390; Nos. 22-42.

f' Lepsius, R. , Geologie von Attika; ein Beitrage zur Lehre vom Metamorphismus der Gesteine.

Dietrich Riemer, Berlin, 1896, p. 186.

« Adams and Nicolson, cit., pi. 897.
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pressed grains, and witliout the intervention of water or any other solvent.""

If this last sentence were written with the word may before '^flotu" no

exception to the conclusion would be taken. While the process of flatten-

ing b}^ movement along gliding planes undoubtedly occurs in marbles, it

by no means follows, even in the 21 rocks in which the residual strain

effects are described, that this was the chief process in their metamorphism.

Indeed, in the production of the marbles from the original limestones,

in order that the rocks could change from the very fine-grained condition

of limestone to that of marble, recrystallization must have occurred, as

explained on pages 808-809. Therefore to explain the metamorphism of

the 21 rocks showing residual strain effects, we must place recrystallization

as the chief process. During or after this, mechanical deformation supple-

mented recrystallization and gave the various strain efi^ects described.

Indeed, the history of these 21 rocks is very nearlj- analogous to the com-

plete history of the Carrara marble experimentally deformed by Adams

and Nicolson. Nature, in producing the Carrara marble free from strain

effects, utilized recrystallization as the chief process. Later Adams sup-

plemented this process by mechanical deformation. This later artificial

deformation was an unimportant episode as compared with the recrystalli-

zation by nature.

Therefore, while I have no doubt that during the deformation of marble

all the mechanical movements which Adams and Nicolson have described

occurred, I hold that these, in the case of the production of marble from

limestone, are entirely subordinate to, although they assist, the dominant

process of solution and deposition, or recrystallization. And if this be true

for marbles it can not be doubted that for those rocks composed of minerals

which, are less mobile than calcite and dolomite, and which do not have

ready gliding planes in various directions, recrystallization was the process

of paramount importance. It is certainly yet to be proved that, in such

rocks as the slates, schists, and gneisses, movement along gliding planes is a

process of consequence in their metamorphism.

CHEETY LIMESTOAES, CHEKTT DOLOMITES, A»D CHEKTT MARBLES.

Chert is a term used to include all forms of finely crystalline nonfrag-

mental silica, including opaline, semicrystalline, and completely crystalline

varieties. It differs from quartzite and novaculite in being nonfragmental.

«Adams and Nicolson, oit., p. 398.
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It is well kuowu that in many limestones, dolomites, and marbles are

nodules and belts of opal, semicrystalline opal, chalcedony, finely crystal-

line quartz, or coarsely crystalline quartz, or various combinations of these

materials. Such rocks are called cherty limestones, cherty dolomites, and

cherty marbles. The siliceous material may constitute separate nodules.

The nodules may unite at their ends so as to form layers of varying thick-

ness within the limestone. The chert may be in bands with no evidence of

a nodular character. Bands of chert usually have a lenticular form. The

lateral extent of the lenses is likely to be in direct proportion to their

thickness. The layers, which are a few centimeters in thickness, are usually

only a few meters in lateral extent. The less numerous layers, which are

several meters in thickness, may have a lateral extent of a number of

kilometers. At the horizon at which one lens dies out others may appear,

and thus the larg-e lenticular bands at a definite horizon be analogous in

their relations to magnified nodules. Rarely the luasses of chert are )nany

meters thick and many kilometers in length, constituting considerable

formations. So far as such formations occur, they are treated on a subse-

quent page. The limestone or marble formations containing 'nodules or

thin layers or bands of chert as subordinate members, and usually having

no great lateral extent, are known as cherty limestones or cherty marbles.

The naajority of those who have worked on chert in the cherty lime-

stones, including Wallich, Sorby, SoUas, and Hinde, regard the silica of

the chert as having been deposited by organisms simultaneously with the

limestone. Of these organisms siliceous sponges appear to be the most

important, although radiolaria and diatoms are of much consequence. All

these animals live under essentially the same conditions as the limestone-

building animals. On the whole, in proportion as rocks are old, the evidence

of the organic origin of the silica becomes less and less. Oftentimes in the

Paleozoic and pre-Paleozoic cherty limestones no renniants of sponge,

diatom, or radiolarian can be found. But this does not show that org-anisms

were not as important in these formations as in the later foiunations, since

there has been a longer time for their obliteration throug'h recrvstalliza-

tion. On the whole,' I incline to the belief that the silica of the cherty

limestones and marbles is mainly due to organic precipitation, although

this source is supplemented by contributions furnished by ground waters,

as explained below.

MON XLVII—04 52
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The question now arises why the chert occurs so generally segregated

in nodules, thin layers, and bands in the limestone. The silica as deposited

by organisms is in the amorphous, and therefore readily soluble, form. It

has been explained on pages 120-123 that during the rearrangement of

minerals by solution and deposition there is a marked tendenc}^ for those of

the same kind to segregate, and this tendency is strong in proportion as the

minerals are readily soluble. At a point where there is more than an average

amount of silica, especially large grains of quartz, this silica draws to it

silica from the surrounding rocks through the solutions, under the principle

expounded on pages 74-76, that large masses and grains grow at the

expense of smaller ones. In this principle we have the explanation not

only of the segregation, but of the lenticular character which is so charac-

teristic of the masses. The principle under which larger masses or grains

grow at the expense of smaller ones is that the change tends to give the

total mass the smallest surface area. This would be ideally accomplished

by the spherical form of the masses; but since openings are numerous and

circulation is comparatively easy along the beds, the lenticular masses,

especially those which are more than a few centimeters in diameter, have a

greater lateral than vertical extent. But in proportion as the chert masses

are small they are likely to approach the spherical form, and this gives proof

of the correctness of the principle. It is therefore believed that the segre-

gation and form of nodules and thin lenticular layers of chert in limestones

are adequately explained by concentration through solution and deposition.

Where, however, there are bands of chert of considerable thickness,

so as to constitute definite members of a formation, and especially where

there are formations of chert, the above explanation is not adequate. It is

probable that many such deposits were originally dominantly siliceous.

The principle of the natural groupings of animals of like kind into a

colony is well known. Where there was a colony of silica-secreting

organisms a major band or formation of silica would form. Modern deposits

composed of nearly pure silica formed by siliceous organisms show how

lenticular bands of chert maj^ have originated. For instance, the well-

known diatom deposit of chert used as tripoli at Richmond, Va., is about

10 meters thick." Such deposits may have been enlarged by segregations

a Merrill, George P., The nonmetallic minerals of theU. S. National Museum: Kept. Smithsonian

Inst, for 1899, Washington, 1901, p. 219.
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from the suvrouiitliiig- limestone, for in regions in which there are local

colonies of silica- seci'eting- organisms there are sure to be similar organisms

among- the limestone-secreting organisms.

Therefore I hold that the nodules and minor bands of chert in the

limestones are mahily due to segregations by- solution and deposition, but

that many of the larger and more jjersistent bands of chert are at places

where the silica was originally deposited in large part by the siliceous organ-

isms, although the silica of such bands has usually been rearranged. Both

original and secondary masses of chert may occur in the same formation.

For instance, in the lead and zinc district of southwestern Missouri, in the

Carboniferous limestone are one or more large and continuous bands of

chert which can be mapped as separate members of a formation, and these

' are believed to be chiefly original. But in this limestone are innumerable

. minute bands and lentils, from a fraction of a centimeter to several centi-

meters in thickness, and extending from a few centimeters to a few meters,

to which the colonization theory can not be fully applied, and which were

doubtless largely segregated as above described. Bands of intermediate

width are doubtless due in varying degrees to original deposition and to sec-

ondary segregation. Where limestone containing chert reaches the surface, it

is well known that the amount of the cherty material in the belt of weather-

ing is relatively great This is largely due to the more ready solubility of

the limestone than of the chert, in consequence of which the percentage of

chert is increased. At or near the surface the removal of the limestone

may be almost or quite complete, and thus produce a partly coherent or

even incoherent belt of almost pure chert along the surface. In many
cherty limestone regions, where the soil is residual, one might think that

nearly the entire rock was chert, so prominent does this material appear in

the soil and in the rock near the surface.

The silica originally present in a given mass of limestone in consequence

of organic precipitation is not the only source of silica for nodules and bands

of chert. The silica of the limestone in the belt of cementation may be

greatly increased. This may be done in two ways. First, where the

limestones reach the surface, and the segregation above mentioned takes

place in the belt of weathering, a part of this silica is being continuously

dissolved and transported downward into the belt of cementation This

process is especially active where the silica has not become wholh-
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crystallized. Second, limestones in the belt of cementation may ^ecei^e

important additions of silica even where they do not reach the surface but

are overlain by other rocks. It has been explained that the process of

carbonation of the silicates liberates colloidal silicic acid. This is taken

into solution, and passes downward into the belt of cementation. The

material transported to this belt, either from another part of the limestone

or from the silicates, iis selectively precipitated as explained on pages

634-636, the limestone being- simultaneously dissolved, and thus silicifica-

tion takes place.

This process of segregation of silica, both within the belt of weathering

of the limestones and in the belt of cementation, is steadily cumulative.

Therefore it is possible for limestones which originally were not especially

siliceous to contain considei'able amounts of silica. However, it is supposed

that usually those limestones which are heavily siliceous contained originally

a considerable quantity of silica as an organic precipitate.

SIIICATED MAKBLES.

The silicated marbles are products intermediate between marbles

and the silicate rocks. The processes by which they are formed are a

combination of those producing- marble and those resulting in silication of

the carbonates. These processes will not be described in detail here, since

they are given under the immediately preceding and succeeding headings.

The conditions foi- their formation are intermediate between those ruling in

the pi-oduction of CA'enly granular pure marble and those ruling in the

complete replacement of the carbon dioxide by silica.

Like the marbles and the silicate rocks, the silicated marbles form in

the zone of anamorphism, and especiall}^ in connection with mechanical

action or igneous intrusion. The most abundant silicate minerals of the

marbles are pyroxene and amphibole, but many other silicates may form.

Of these, olivine, chondrodite, vesuvianite, tourmaline, and mica are the

most important. In any given case one or two silicates may be tlie

preponderant ones, and under such circumstances a more definite name

may be given to an individual rock or formation. For instance, if tremo-

lite is the dominant silicate it may be called a tremolitic marble (PI. V, B);

if diopside is the dominant silicate it may be called a diopsidic marble. If

two silicates occur together, as, for instance, diopside and olivine, the rock
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may be called a'diopsidic and oliviuitic marble. In a similar manner, other

appi'opriate names may be given to individual formations, more accm-ately

defining tlieir character than the general term silicated marbles.

Of the two most prevalent groups of minerals, pyroxene and amphi-

bole, calcium is more abundant in tlie former. Therefore from the nearly

pure calcium carbonate rocks the pyroxenes are likely to develop, rather

than the amphiboles. Thus from the rocks which have not been strongly

dolomitized wollastonite and diopside form, rather than tremolite, because

the latter mineral requires a larger proportion of magnesium. Where the

rocks have been dolomitized before silication the amphibole tremolite is

especially likely to develop.

In the calcareous rocks in which there is a considerable amount of

fragmental material mingled, and consequently aluminum is plentiful, the

aluminous pyroxenes and amphiboles are likely to form.

In so far as the process of silication takes place by the combination of

solid silica with the carbonate, and the liberated carbon dioxide escapes,

the volume of the rock is decreased. The decrease in volume varies from

a very small percentage to very considerable amounts as they approach

the silicated rocks, which have a decrease in volume varying from 20 to 40

per cent.

The silicated marbles grade into the pure marbles on the one hand and

into the silicate rocks on the other. The term silicated marble is properly

applied to rocks which range from those in which the silicate minerals are

unimportant to those in which the carbonates are subordinate. Those rocks

in which the silicates are not abundant should be classified with the

marbles, and those in which the carbonates are not abundant should be

classified with the silicate rocks Thus limited, the silicated marbles occur

at very numerous localities amoug the rocks profoundly metamorphosed

under deep-seated conditions. This state of affairs naturally exists to a

greater extent among the old than among the new formations, and therefore

this class of rocks is especially abundant among the Paleozoic and pre-

Paleozoic sedimentary rocks. Illustrative localities of the silicated marbles

occur in almost every country. The best representatives in this country

are found in the pre-Gambrian formations of Lake Superior and Canada

and in the Paleozoic formations of the Appalachian region.
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SILICATE KOCKS.

In certain localities the limestones and dolomites may be wholly

replaced by silicates. Of these silicates the most important are the pyrox-

enes and amphiboles. Of the pyroxenes the most common are wollastonite,

diopside, and sahlite. Of the amphiboles the most important are tremolite

and actinolite. Of course other pyroxenes and amphiboles may be present,

such as the augites and hornblende. Other silicates which rather frequently

replace limestones are olivine, mica (including muscovite, biotite, and

phlogopite), chondrodite, vesuvianite, and tourmaline. In fact, almost any

of the dense silicates may develop. The limestones are transformed to

silicate rocks only in the zone of anamorphism. The silicates are the

ultimate products of alteration under the conditions there obtaining. The

process is one of simple silication ; the silica originally present in the lime-

stone, or contributed to it by ground waters, replaces the carbon dioxide

and forms the silicate.

If the rock be pure limestone, wollastonite forms, according to the

following reaction:

OaC03+Si02+nH20=CaSi03+COj+nH20,

with a decrease in volume of 31 per cent, provided the silica is a solid

and the carbon dioxide escapes.

If the rock be magnesian, diopside or tremolite forms, according- to the

following reactions, respectivel}^

:

CaMg(C03)2+2Si02=CaMgSii,06+2C02,
3CaMg(C03)2+4Si02=CaMg3Si40ij+2CaC03+4C02,

with a decrease in volume of 40.11 and 25.20 per cent, respectively,

provided the silica is a solid, the calcium carbonate remains as a solid

when tremolite forms, and the liberated carbon dioxide escapes.

If the limestone be one which contains many bases in important

amounts, other more complex silicates develop, with variable decreases in

volume; and thus we have the explanation of subordinate amounts of

augite, hornblende, mica, chondrodite, vesuvianite, tourmaline, etc., which

are so common as replacement products of marble.

The localities in which the calcium-carbonate formations have been

completely changed to silicate formations are comparatively few, and at
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such localities the formations are usually not extensive. These deposits

are well illustrated by the kalk-silikat-hornfelse of the Harz Mountains,

described by Lossen and Rosenbusch."

GENERAL STATEMENTS.

The processes of crystallization, dolomitization, silicification, and silica-

tion of the Hmestones and the resultant rocks have been separately described

as if each occurred alone. As a matter of fact,- in the field all the processes

may occur together in various proportions, and hence we may have all

gradations' between hmestone and dolomite, between limestone and marble,

between pure limestones, dolomites, and marbles and siliceous limestones,

dolomites, and marbles, and between these rocks and those in which the

process of silicification is complete. Finally, we may have all gradations

between the various forms above mentioned and those in which the sili-

cates have developed in subordinate, important, or dominant amounts.

Therefore, within the limestone series there are complete gradations between

the various rocks of the series.

IRON-BEARING CARBONATE FAMILY AND METAMORPHOSED EQUIVALENTS.

The iron-bearing carbonate family and metamorphosed equivalents

comprise siderite, ankerite, andparankerite; ferruginous shales, ferruginous

cherts, and jaspilites; actinolitic and griineritic marbles; and actinolitic

quartz rocks and griineritic quartz rocks.

SIDEBITE, ANKEBITE, AND PAKANKEEITE.

The original forms of the iron-bearing carbonates include siderite,

ankerite, parankerite, and gradations between them. (PI. VII, A.) With

these carbonates, as with the less ferriferous carbonates, chert is an almost

universal associate. It varies in amount from a minute quantity to an

important amount, and occasionally to dominance. The alterations of the

above carbonate compounds as minerals have been considered on pages

242-245. As rock masses they may be considered under the terms siderite

and ferrodolomite, including under the latter term all gradations between

siderite on the one hand and dolomite on the other.

The iron-bearing carbonates occur mainly in layers in the stratified

rocks, and are therefore of sedimentary origin.

aRosenbusch, H., Physiographie der Mineralien, Stuttgart, 1896, vol. 2, p. 97.
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The bedded irou-beariug carbonates vary from nearly pure carbonate

material through siliceous and clayey iron-bearing carbonates to carbon-

aceous, siliceous, and argillaceous rocks. The most widespread of the iron-

bearing carbonates are of Carboniferous age. Other extensive deposits of

iron-bearing carbonates are those of Algonkian age in the Lake Superior

region. A subordinate amount of the iron-bearing carbonates occurs as

veins, but so far as this is true the material will not be hei'e considered.

OEIGIN OF SIDERITE, ANKBRITB, AND PARANKERITE.

So far as siderite, ankerite, and parankerite are composed of calcium,

magnesium, and carbonic acid, the sources of the materials are tlie same as

for the same materials in the calcium-magnesium cai'bonate famil}- just

considered. But we must account for the iron. As the iron-bearing car-

bonates are aqueous sedimentary rocks, the iron must have been deposited

fi-om water. The formations containing iron carbonate plentifully are gen-

erally local. Often they are associated with carbonaceous rocks. Many of

them are closely associated with the coals which are known to have formed

in lagoons and estuaries, some of which possibly were only imperfectly

connected with the sea. Dejiosits from which coal is derived are formed at

times of very luxuriant A^egetation near the level of the sea, where the soil

is very moist. It is believed that the physiographic conditions for the

deposition of iron-carbonate deposits are similar to those which obtain in

flat-lying areas near water level, where vegetation is very luxuriant. It

may be recalled that under such conditions carbonation of the silicates

goes on very ra2Didly. (See Chapter VI, pp. 476-477.) The iron silicates

are decomposed precisely as are the others. It has been fully explained on

pages 470-471 that where vegetation is very abundant, in very humid

areas, the oxygen of the soil is not sufficient for the oxidation of the

vegetation. It was seen that under such conditions ferric oxide oxidizes

some of the residual vegetation, and is thereby reduced to the ferrous oxide.

The oxidation of the organic compounds produced abundant carbon

dioxide. The ferrous oxide originally present and that formed by reduction

unites with the carbon dioxide and produces iron carbonate.

Where soluble ferrous compounds are formed abundantly, as above

described, it is probable that the rocks which are being destroyed in the
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belt of Aveathering' are rather rich in iron; for instance, intermediate or basic

igneons rocks. If rock of this favorable composition were scoriaceous

volcanic rocks, the conditions would be exceptionally favorable to the pro-

duction of such salts by the process of carbonation of the silicates, the

partial reduction of the ferric iron, and its union with carbonic or sulphuric

acids.

Such conditions are illustrated by the Lake Superior region, where the

iron for the iron-bearing formations was largely derived from basic volcanic

rocks. In that region in each of the important iron-bearing districts below

the iron-bearing series are found greenstones, often ellipsoidal, in many

places porous and amygdaloidal, in many places schistose, all rich in iron.

Below the Mesabi, Penokee, Marquette, and Menominee series are great

masses of basic volcanic rocks. In the Penokee and Crystal Falls districts

basic volcanic outflows were contemporaneous with or immediately preceded

the deposition of the iron-bearing formation. In the Vermilion district of

Minnesota and in various districts of Canada, including the Michipicoten

district, the iron-bearing formations immediately overlie enormous masses of

ellipsoidal and often amygdaloidal basic volcanic formations.

The ground waters take iron compounds abundantly into solution

wherever the rocks are of a composition and texture favorable to furnishing

iron. The waters take a longer or shorter journey before issuing at the

surface. The issuing waters, aside from the iron compounds, contain, among

other abundant compounds, the calcium and magnesium carbonates. Where

extensive iron-carbonate deposits have formed, it is probable that the sources

of supply were adjacent to shallow standing bodies of water, such as arms of

seas, lagoons, estuaries, etc. Under such circumstances the ground waters

usually issue at the lower places a short distance above or below the level

of the water. As has been explained, such bodies of water are generally

rich in vegetation. In these bodies the iron salts are precipitated.

As to the form in which the iron salts enter the seas, we can judge only

by analogy, but if the present be a guide to the past, the iron was chiefly as

a carbonate and to a subordinate extent as a sulphate, although it might

have been in part in the form of other salts. When the iron salts reai;h the

lagoon, they are precipitated under favorable conditions as ferric hydrate or
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possibly in part as basic ferric sulphate. Supposing the iron salt to be car-

bonate, it would be precipitated according to the following reaction:

Where this process goes on, on an extensive scale, limonite bodies (considered

on pages 842-843) are built up.

It was formerly supposed that this reaction took place as a result of

tlie work of oxygen and ' moisture alone, and this is true to some extent.

But recent observation has shown that where in lagoons iron carbonate is

abundant the oxidation is largely performed through the agency of a class

of bacteria called the iron bacteria. It has been found that these bacteria

are unable to exist without the presence of iron carbonate or manganese

carbonate, but the iron carVjonate is the chief compound used. This material

they absorb into their cells. There the iron carbonate is oxidized and the

limonite is precipitated. Says Lafar:

The decomposing power of these organisms is very great, the amount of fer-

rous oxide oxidized by the cells being a high multiple of their own weight. This

high chemical energjr on the one hand, and the inexacting demands in the sliape of

food on the other, secure to these bacteria an important part in the economj'^ of

Nature; the enormous deposits of ferruginous ochre and bog iron ore, and prob-

ably certain manganese ores as well, being the result of the activity of tlie iron

bacteria."

Evidence is furnished of the precipitation of the limonite of bog iron-

ore deposits in this manner by the discovery in some of them of large

numbers of the sheaths of the iron bacteria.'' Further evidence of the

importance and activity of these bacteria is furnished by their partly or

completely closing water pipes of cities where the water contains a consid-

erable amount of iron carbonate."

The iron part of the salts carried down to the sea as a.sulphate would

be likely to be thrown down as basic fen-ic sulphate,'' according to the

following reaction:

12FeS04+60+(x+9) H20=Fe2(SOj3.5FeA-xH20-f9H2SO<.

oLafar, F., Technical mycology, Lippincott & Co., 1898, vol. 1, p. 361.

6 Fischer, A., The structure and functions of bacteria, trans, by A. Coppen Jones, Clarendon

Press, Oxford, 1900, p. 69.

c Lafar, cit, p. 361.

f^ Pickering, S. P. U., On the constitution of molecular compounds; the molecular weight of basic

ferric sulphate: Jour. Chem. Soc. London, vol. 43, 1883, p. 182.
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Tha material thrown down as a hydrated ferric oxide and basic ferric

sulphate is mingled with more or less of organic material, and a deposit of

considerable thickness may thus be built up. This deposit is below the

level of ground water, and is therefore in the zone of incomplete oxidation, or

is under the conditions of the belt of cementation. The oxygen required

for the partial oxidation of the organic material is derived in part from the

ferric oxide, and the iron is reduced to the ferrous form; but probably this

reaction does not take place on an important scale at the surface. The

I'educing agent may be regarded as carbon, carbon monoxide, or some

of the carburetted hydrogens, such as methane. The result is the same in

any case. The oxygen and the carbon produce carbon dioxide, and thus

the conditions are reproduced for the production of iron carbonate. A
representative reaction may have been as follows:

2Fe203.3HjO+3C02+0=4FeC03+3H20.

In the Mesabi district of Minnesota Leith has shown that a compound,

which he has called greenalite, exists on an extensive scale as an important

original mineral of the iron-bearing formation." (PI. VII, J5.) The exact

composition of greenalite has not yet been determined, but according to

Clarke it appears to be either

Fe'"2Fe"3(Si04)3.3H20 or else FeSiOs.nHjO,

with the probability somewhat in favor of the latter composition.'' Where
silica in a colloidal form is especially abundant, with limonite produced as

explained above, and with organic matter to serve as a reducing agent, the

silica may unite with the ferrous oxide produced by the reduction of the

fen-ic oxide to ferrous oxide through the organic matter, and thus with

hydration produce hydrous ferrous silicate. The formation of the hydrous

silicate under such circumstances, rather than the carbonate, may have

been dependent upon the law of mass action.

The principles are illustrated by the conditions under which the oxidized

compounds of zinc occur in the Wisconsin and southwestern Missouri

districts. In the Wisconsin district silica is not especially abundant, and

where zinc sulphide is oxidized the zinc oxide unites with carbon dioxide

« Leith, C. K., The Mesabi iron-bearing district, of Minnesota: Mon. U. S. Geol. Survey, vol. 43,

1903, pp. 100-168.

6 Leith, cit., p. 246.
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and forms smithsonite (ZnCO;j). But in Missouri silica, partly in the

amorphous form, is very abundant; and there, when the zinc sulphide is

oxidized, the oxide of zinc largely unites with the silica, forming calamine

[(ZnOH)2Si03]. Both smithsonite and calamine occur in both districts, but

calamine occurs abundantly only where silica is abundant. Similarly,

where in lagoons the iron is reduced to the ferrous form, it would unite

with the silica on a large scale, provided that compound were abundantly

present in a form suitable for union. Hence the hydrated ferrous silicate

of the Mesabi district is regarded as a product of the chemical reactions of

the zone of katamorphism.

Another iron compound, besides ferrous silicate, which is associated

with iron-bearing carbonates is iron sulphide. It is believed that this

compound results from the reduction of the basic ferric sulphate. It has

been pointed out that, so far as the iron goes into lagoons as a sulphate, it

is thrown down as basic ferric sulphate [Fe2(S04)3.5Fe20g.xH20]. This

compound in the belt of cementation in the presence of organic matter

which strongly demands oxygen is reduced, the oxygen being abstracted

from the sulphur, and so far as possible from the iron, thus producing

bisulphide of iron. The excess of ferrous iron unites with the carbon

dioxide, or exceptionally in part with the silica, forming ferrous carbonate

or ferrous silicate. Supposing ferrous carbonate were formed, and the

reducing agent to be CO, the reaction may be written:

2[Fe2(S04)3.5Fe203.xH,0]+33CO=3FeS3+21FeC03+12C02+2xH20.

In an analogoiis manner the reaction may be written for ferrous

silicate as follows:

2[Fe2(S04)3.5Fe203.xH.,0]+33CO+21Si02=3FeSj+21FeSi03+33C02+2xH20.

So far as there is water in the silica or the ferrous silicate, this may be

added to both sides of the equation. The reducing agent may be supposed

to be C or H or some combination of the two. This would modify the

equation, but would not change the principle involved.

Perhaps the formation of the compounds, ferrous silicate and bisulphide

of iron, can not logically come iinder the caption "iron-bearing carbonates;"

but since they occur with the iron-beai'ing carbonates as subordinate con-

stituents, and only in a few districts in sufficient masses to be regarded as

independent formations, they are here considered.
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It is concluded from the foregoing that the main sources of the iron-

bearing carbonates are the iron-bearing sihcates of various rocks, and

especially intermediate and basic igneous rocks which are porous. From

these, iron carbonate and other soluble iron salts are produced by the

reactions of the belt of weathering. They are transported to inclosed or

partly inclosed bodies of standing water by the underground solutions.

The material is there thrown down, mainly as ferric hydrate. By the

action of the organic matter upon the ferric iron "it is reduced to ferrous

oxide and unites with the carbon dioxide simultaneously produced, or with

silicic acid, forming- iron carbonate or iron silicate. So far as the iron is a

sulphate it is reduced wholly or in part to sulphide.

In what manner the calcium and magnesium are thrown down with

the iron is uncertain. In the inclosed lagoons, which must have been of

exceptional character, as shown by the precipitation of the iron itself, it is

possible that calcimn and magnesium might so accumulate as to be precipi-

tated chemically, and thus the carbonate be originally an iron-bearing

calcium-magnesium carbonate, in which the iron varies from a subordinate

to a dominant constituent. This suggestion is the more plausible because

where iron is abundantly precipitated as hydroxide and remains in that

form life is usually somewhat sparse. While this may be a partial explana-

tion of the precipitation of the calcium and magnesium, the calcium may
have been mainly thrown down through the instrumentality of life, in the

same manner as were the ordinary limestones, and the substitution of

magnesium for calcium may have occurred subsequently, precisely as in

the case of the limestones, thus forming the ferrodolomite.

PEEKUGIIiOBS SHALES, FEKRl'GISOUS CHEKTS, AND JASPILITES.

In the zone of katamorphism ferruginous shales or ferruginous cherts

are produced from the iron-bearing carbonates, and by modifications of

these in the zone of anamorphism jaspilites are formed. By ferruginous

shales are meant rocks which have a bedded structure and are composed

mainly of oxide of iron, but which include a greater or less quantity of

finely disseminated quartz. By ferruginous cherts are meant those rocks

which consist of two sets of bauds, one of which is composed mainly of

iron oxide and the other mainly of chert.
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FEKRUQINOUS SHALES.

The ferruginous shales are produced from siliceous siderite, ankerite, or

paraukerite, by the decomposition of the iron carbonate and the partial or

complete oxidation and hydration of the ferrous oxide, combined with the

rearrangement of the particles, and frequently the introduction of silica.

In the zone of katamorphism the first alteration is the oxidation and partial

or complete hydration of the ferrous oxide, with the liberation of carbon

dioxide, thus producing- limonitic and hematitic slate and various gradations

between them. The reaction for hematite is as follows:

2FeC03+0=Fe203+2C02.

For limonite it is:

4FeC03+3H20+20=2Fe20s.3H204-4C02.

Where the constituents of the rock are not extensively rearranged the

original regular stratiforin arrangement of the siderite is preserved, and the

rock is called a ferruginous shale. Whei'e the iron oxide is mainly

hematite the rock may properly be called hematitic shale; where mainly

limonite, a limonitic shale; and where both are abundant, hematitic and

limonitic shale. Simultaneously with the oxidation of the iron carbonate,

calcium and magnesium carbonate, so far as they are present, may be

partially or completely dissolved.

FERRUGINOUS CHERTS.

At the same time the iron carbonate is altered the silica, which is

usually present in greater or less quantity, may become concentrated in

layers by exactly the same process as it becomes concentrated in layers in

limestones, and thus there may be produced a hematitic and limonitic chert.

The rock may be somewhat regularly banded, or the bands may be very

irregular and broken. As the rearrangement goes further, oxide of iron is

apt to become concentrated in bands, alternating with bands which are

predominantly chert. Also in this stage a concretionary nodular or geodal

character is apt to be developed, and then the material may be called

banded iron oxide and chert, or chert with bands and shots of iron oxide.

(PI. VII, C.) In the earlier stages frequently the silica, as in the original

rock, is partly opaline, and as the rearrangement becomes more nearly

complete the silica takes the form of finely crystalline, interlocking
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quartz. Each grain may become coated with a film of hematite, thus

giving it a red color. Some of the more irregularly banded rocks have been

called cherts with bands and shots of ore. In these rocks minute openings

exist between the particles, and minor geodal cavities are very common,

thus gi'^'ing the rock a porous character. This porosity results in part from

the diminution in volume in the change from iron carbonate to hematite or

limonite. Also it is partially caused by the solution of the calcium and

magnesium carbonates and silica more rapidly than iron oxide is substituted

for these materials. During the process the dissolved iron carbonate may

be transported a greater or less distance. In openings precipitation may

take place, and thus veins of hematite or limonite be produced. Under

favorable conditions, which are more fully discussed in Chapter XII, on

"Ore deposits," the excess of silica and other material may be dissolved

and nearly pure hematite or limonite bodies be formed. Thus from the

iron carbonate large iron-ore deposits are produced. The details of the

process of transformation I have fully discussed elsewhere."

In closing this part of the subject it may be noted that to the stage

where the ferruginous shales and ferruginous cherts are produced the iron

has been twice in the form of the carbonate, or once as a carbonate and

once as a silicate, and twice in the form of an iron oxide, and, therefore,

that at least four chemical transformations have occurred to that time.

These were: (1) When the material was first taken into solution as car-

bonate, (2) when it was precipitated in the sea as hydroxide, (3) when

it was transformed to an iron carbonate or hydrous iron silicate, and (4)

when by the underground waters it was again chemically changed to

limonite or hematite.

JASPILITES.

The jaspilites are banded rocks, the bands being composed of hematite

and chert in various proportions. The jaspilites difi"er from the ferruginous

cherts in that the siliceous bands have a bright-red color, due to the fact

that each granule of quartz is coated with and includes innumerable minute

flakes of blood-red hematite. The bands in which the iron oxide is pre-

dominant are composed chiefly of specular hematite.

"Irving, R. D., and Van Hise, C. R., The Penokee iron-bearing series of Michigan and Wisconsin:

Men. U. S. Geol. Survey, vol. 19, 1892, pp. 268-295. Van Hise, C. R., The iron-ore deposits of the

Lake Superior region: Twenty-first Ann. Rept. U. S. Geol. Survey, pt. 3, 1901, pp. 326-328.
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The hematitic and limonitic shales produced in the zone of katamor-

phism, and especially in the belt of weathering, are so unlike the original

rocks from which they were derived that one would not be inclined to

believe that they were derived from ferriferous carbonates if the actual

transitions had not been traced at many localities."

After the ferruginous shales and ferruginous cherts have developed

they may undergo still further alterations. For instance, the hematitic and

limonitic shales may, after having been formed, become deeply buried, and

thus pass into the zone of anamorphism. In this position they are in the

zone of dehydration, and this process will occur, especially if mass-

mechanical action takes place. Thus there are produced the banded

hematitic siliceous rocks known as jaspilites, which are merely banded

hematite and quartz rocks. In some of the bands the quartz is dominant,

in others the hematite is dominant, and in still others both are abundant.

In the quartz bands innumerable minute grains of quartz are stained by

still more numerous microscopic flakes of red oxide of iron. The iron oxide

bands usually include much quartz. In proportion as mass-mechanical

action is severe the -rocks take on a strong'ly developed schistose structure,

due to the similar dimensional arrangement of the hematite flakes. From

the nearly pure iron-oxide bands, bands of hematite-schist are produced, the

hematite being in brilliant parallel flakes resembling flakes of mica. These

bands of hematite are similar to the solid specular ore bodies.

Excellent illustrations of hematitic schists and jaspilites are furnished

by the upper horizon of the Lower Huronian of the Lake Superior region,

especially in tlie Marquette district. In this district, after the original iron

carbonate had formed, the upper part of the formation was subjected to

alteration in the belt of weathering on an extensive scale, and thus was

transformed to hematitic and limonitic sliales. It was afterwards buried

under the great mass of deposits of the Upper Huronian, and thus passed

into the zone of anamorphism. Later with that series the ferruginous

» Irving, R. D., and Van Hise, C. R., The Penokee iron-Bearing series of Michigan and Wisconsin:

Mon. U. S. Geol. Survey, vol. 19, 1892, pp. 193, 201-202, 205, 253, 294. Clements, J. Morgan, and

Smyth, H. L., with W. S. Bayley and 0. R. Van Hise, The Crystal Falls iron-bearing district of

Michigan: Mon. U. S. Geol. Survey, vol. 36, 1899, p. 62. Van Hise, C. R., with Bayley, W. S., and

Smyth, H. L., The Marquette iron-bearing district of Michigan: Mon. U. S. Geol. Survey, vol. 28,

1897, pp. 336-375. Bayley, W. S., The Menominee iron-bearing district of Michigan: Mon. U. S.

Geol. Survey, vol. 46, 1904, pp. 397, 466-468.
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shales were subjected to profound mass-mechanical action and then were

transformed to jaspilites. Simultaneously with the process of jaspilitization

of the upper part of the iron-bearing formation the basal conglomerate of

the Upper Marquette sei'ies, largely composed of the weathered material

of the iron-bearing formation, was transformed to a jasper-conglomerate.

It has been noted that the formation of the ferruginous shales and ferrugi-

nous cherts required four chemical transformations. Where jaspilites occur

a fifth chemical change has taken place—dehydration.

ACTINOLITIC AND GKUNEBITIC MABBIES.

In the zone of anamorphism the alterations of the iron-bearing carbon-

ates are entirely different in character from those in the zone of katamorphism.

In the lower zone the iron carbonates go through a set of transformations

which are analogous to those of limestones under similar conditions. Fur-

thermore, magnetite forms. Therefore the rocks which are first produced

are actinolitic or grlineritic magnetitic marbles. In these rocks the chief

constituents are dolomite, magnetite, and actinolite or griinerite, often also

quartz.

The development of the dolomite is the same as in the marbles. By
the silication of the carbonate either actinolite or griinerite is produced,

witb diminution of volume—the former in case the bases present are calcium,

magnesium, and iron, and the latter in case the carbonate was originally

siderite or the original rock was greenalite (hydrous silicate of iron).

Where some iron sulphide or oxygen is available a part of the ferrous

iron may change to magnetite; and rarely a very little hematite may form.

Very frequently there is greater or less rearrangement and concentration of

the silica, so that bands or nodules of this material are formed. If tlie

metamorphism takes place xuider mass-static conditions, there is little

tendency for parallel orientation of the actinolite and griinerite. In propor-

tion as the alteration occurs under mass-mechanical conditions there is a

tendency for parallel orientation of the developing amphibole. Since

actinolite-magnetite rocks or griinerite-magnetite rocks, the end products of

the alteration of the siderites, ferrodolomites, and greenalite rocks are much
more common than the intermediate rocks treated under this heading, the

reactions producing the silicates are more fully discussed under the next

heading.

MON XLVII—04 53
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ACTINOLITE-MAGIVETITE-(JUAETZ EOCKS AND GRCNEEITE-MAGNETITE-CJUAETZ ROCKS.

The actinolite-magnetite-quartz rocks consist of interlocking actiuolite,

magnetite, and quartz, with or without other iron oxides, and accessories of

various kinds. (PI. VII, i).) The grlinerite-magnetite-quartz rocks consist

of interlocking griinerite, magnetite, and quartz, with or without other iron

oxides, and accessories of various kinds. In a given case the magnetite or

actinolite or griinerite may drop out, or nearly so. Where the magnetite

becomes subordinate the rocks are actinolite-quartz rocks and griinerite-

quartz rocks; where the actinolite or griinerite drops out the rocks become

magnetite-quartz rocks.

The conditions under which these rocks form are those of the zone of

anamorphism. In many cases the actinolite and griinerite have a random

or radial fibrous arrangement to their bands, but in other cases they are

arranged with tlieir longer axes in a common direction, with a marked ten-

dency toward crystallographic orientation. Where the parallel arrange-

ment of the amphibole occurs the quai'tz and magnetite also have a tendency

to have their longer dimensions in the same direction as that of the actinolite

and magnetite. Where this arrangement is marked—and this is very com-

mon—the term gneiss is properly applicable to the rocks; and thus we may
have actinolite-quartz-gneiss, magnetite-quartz-gneiss, etc. The amount of

parallel arrangement of the particles is a measure of the amount of orogenic

movement during the process of recrystallization. Where there is little

tendency to parallelism the rocks were probably crystallized by metasoma-

tism under mass-static conditions. Where the arrangement is well devel-

oped the recrystallization occurred dui'ing powerful orogenic movement.

This relation is well illustrated by the Marquette district of Michigan.

In the central part of the district the folding is only moderately close, and

there the parallel arrangement of the mineral particles is very imperfect.

At the west end of the district the folding is of the closest and most intense

character, and there are beautiful coarse actinolitic and griineritic gneisses,

many of the mineral particles of which are arranged with almost perfect

parallelism.

The most important change of the iron carbonate is to a silicate.

Where the carbonate is nearly pure siderite, griinerite is produced, accord-

ing to the following reaction:

Fe003+Si02=FeSi03+C02,
^
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PLATE VII.

PHOTOMICROGRAPHS OF IRON-BEARING ROCKS.

A. Sideritic rock from Penokee-Gogebic district of Michigan and Wisconsin.

B. Greenalite or ferrous silicate rock from Mesabi district of Minnesota. After Leith.

C. Concretionary chert resulting from the alteration of iron carbonate. From Penokee-Gogebic

district of Michigan and Wisconsin.

J>. Actinolite-magnetite-quartz rock resulting from the alteration of iron carbonate. From Penokee-

Gogebic district of Michigan and Wisconsin.
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with a decrease of volume of 32 per cent, provided the sihca be a soUd

aud the carbou dioxide escape. Where the original material was hydrous

ferrous silicate, greenalite, simple dehydration only is necessar}^ to form

the griluerite.

Where the iron-bearing- carbonate bears calcium and magnesium in

considerable quantity, instead of griinerite being produced sahlite or

actinolite may be formed. Supposing the carbonate to be normal ankerite,

sahlite is produced, according to the following reaction:

CaFeC,06-CaM:g020e+4Si02=Ca.,MgFeSiiOi2+4002,

with a decrease in volume of 37 per cent, provided the silica be solid and

the carbon dioxide escape.

From ankerite actinolite may be produced, according- to the following

reaction

:

3(CaFeC206.CaMgC206)+8Si02=Ca,Mg3Fe3Si80244-8COj+4CaC03,

with a decrease in volume of 23 per cent, provided the silica be a solid, the

CaCOg formed remain as a solid, and the carbon dioxide escape.

If a more ferriferous and less calcareous iron-bearing carbonate be

taken, it would not be necessary to suppose any calcium carbonate to have

separated.

The iron-bearing carbonates may be very impure, just as limestones

may be impure; aud in this case there may develop various other minerals.

In proportion as impurities are mingled with the carbonates, other amphi-

boles and the pyroxenes, micas, garnets, and other heavj- minerals such as

olivine, may abundantly develop ; and thus there may be produced a great

variety of rocks, such as garnetiferous magnetite rocks, micaceous griinerite

rocks, etc. As the impurities become abundant and the silicates other than

griinerite, sahlite, and actinolite more prominent, the alterations become
nearly those of the fragmental rocks, considered on page 853 et seq.

Between the two there are of course all gradations.

But as a matter of fact, the two silicates which most extensively form

by the alterations of the iron-bearing carbonates in the zone of anamorphism

are actinolite and griinerite. Where these reactions are complete we may
have, in place of tlie iron-bearing carbonate, actinolite rocks, griinerite

rocks, and all gradations between them.
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With the griinerite, actinolite, sahlite, or other silicates, magnetite

usually develops to some extent, probably as follows:

2FeCOs+FeS2+2H20=Fe30t+2H2S+2C02.

The following reactions are also possible:

3FeC03=Fe304+CO+2C02;

or where there is sufficient oxygen:

3FeC0s+O=Fe304+3C02.

The first reaction produces a decrease in volume of 47 per cent, and the

second and third a decrease of 60 per cent, provided the hydrogen suljjliide,

oxygen, carbon monoxide, and carbon dioxide be ignored.

Observation in the field shows beyond question that the change from

iron carbonate to magnetite takes place on an extensive scale. Which of

the above reactions is the more important may be an open question. Since

the change takes place in the zone of anamorphism, where the conditions

are reducing instead of oxidizing, and since, as has already been explained

(p. 828), pyrite is a very common associate of iron carbonate, I think it

probable that the first of the three reactions written is the dominant one.

The reactions of the second and third equations are identical with those

which take place when iron carbonate is heated in a closed tube in the

laboratory where oxygen is absent or deficient in amount. It is explained

below that the development of magnetite from iron cai-bonate takes place

on the most extensive scale where igneous rocks have been intruded. This

siiggests at first that the reactions may be those of dry heat, but this idea

is probably not warranted, for the magnetite which forms from carbonate is

usually segregated into crystals or clusters of ciystals, and this leads me to

believe that the change is accomplished through the agency of water, with

heat as a promoting force and iron sulphide as one of the active agents.

In the group of rocks under consideration the relative proportions of

the silicates, of magnetite, and of quartz are very variable. In some

instances the actinolite or the griinerite is predominant, with quartz as a

subordinate constituent, and we have a quartzose actinolite or quartzose

griinerite rock. In other instances the predominant constituents are mag-

netite and quartz, and in still other cases quartz is subordinate in amount;

hence we may have a magnetite-quartz rock, or a quartzose magnetite
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rock. In still other instances all three classes of minerals are abundantly

present, and we have actinolite-magnetite-quartz rocks or g-riinerite-

mag-netite-quartz rocks. Each of these different combinations of minerals

may be of sufficient extent to constitute a member of a formation, or even

an entire formation.

Whicli of the above rocks develops at a given place depends not only

upon the original composition of the rocks, but upon the nature of the

alteration. For instance, where in the original rock silica is subordinate

and nearly pure siderite abundant, a quartzose-magnetite may develop, as

at variovis j^laces in the Lake Superior region. Where the conditions are

such that the silicates form, the development of the actinolite or griinerite

uses up both the iron carbonate and the silica, and an actinolite rock or a

griinerite rock may be produced. Where silica was originally an abundant

constituent both magnetite and the silicates are likely to develop. Thus

we have various ^proportions of all the minerals, producing the magnetite-

quartz rocks, the actinolite-magnetite-quartz rocks, the griinerite-magnetite-

quartz rocks, the actinolite-quartz rocks and the griinerite-quartz rocks.

Usually a given formation, or member, does not show a perfectly

homogeneous arrangement of the mineral particles. The original sedi-

mentary rock is banded, and the different bands have different compositions.

Naturally the transformation of these bands produces different combinations

of minerals. Moreover, during the recrystallization there is a tendency,

as explained in Chapter III (pp. 120-123), for minerals of the same kind to

segregate. Hence, in any of the above cases, where as a whole a certain

set of minerals are dominant within a rock, a single mineral, or two com-

bined, may be largely segregated in bands ; and in the alternate bands the

other minerals be largely segregated. Thus a banded rock, consisting

mainly of magnetite and quartz, may have a banded appearance as the

result either of the segregation of the quartz and magnetite in separate

bands or, niore commonly, the segregation of more quartz and less magnet-

ite in one band and less quartz and more magnetite in another band. In

a similar manner alternate bands may be made up of actinolite or griinerite

with quartz in various proportions, and of actinolite or griinerite with

magnetite in various proportions. In still other instances the banding may
be due to the combining of actinolite or griinerite, magnetite, and quartz

in various proportions. In general, therefore, the alterations of the rock do
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not destroy the original sedimentary banding, but, on the contrary, empha-

size it. The striking banded appearance of actinolitic and griineritic rocks

is one of their most characteristic features.

The develo^jment of the actinohtic and griineritic marbles and of the

actinolitic, griineritic, and magnetitic quartz-rocks is very greatly promoted

by the presence of igneous rocks. Indeed, in the Lake Superior region,

where iron silicates have been produced in large amounts from the iron-

bearing carbonates and hydrous iron silicates over extensive areas, intrusive

rocks, in large masses, seem to be invariably present. At the west end of

the Penokee range in Wisconsin, and at the east end of the Mesabi district

in Minnesota," the entire iron-bearing formations have been changed to

silicate-bearing rocks, and directly in contact with them—indeed, intrusive

in them in a complex manner—are great batholithic masses of the basal

gabbro of the Keweenawan. Also in the Mesabi district granite has been

intruded in great quantities. In the Marquette district of Michigan, east of

Negaunee, dolerite is a very abundant intrusive within the iron-bearing

formation, and there in the iron-bearing formation the silicate rocks are

again found, although not so abundantly as in the Mesabi and Penokee

districts.'' Not only do the great areas of the silicated rocks occur where

there are great masses of intrusives, but intrusives are sure to be found

where the silicated rocks appear locally abundant, as, for instance, adjacent

to Humboldt, Mich., in the Marquette district. Apparently in the Lake
Superior region the iron-bearing formations were not sufficiently deeply

buried, or subjected to sufficiently strong orogenic movements to cause the

silicatiou of the carbonates to take place on an extensive scale for those

reasons alone; but where these metamorphic conditions were reenforced

and intensified b}^ intrusive rocks, there the transformation took place. If

any case of metamorphism ought to be called contact metamorphism, the

development of tlie silicated rocks from the iron-bearing carbonates should

aVan Hise, C. E., and Irving, E. D., The Penokee iron-bearing series of Michigan and Wisconsin:
Mon. U. S. Geol. Survey, vol. 19, 1892, pp. 257-260. Grant, U. S., Sketch of the geology of the east-

ern end of the Mesabi iron range in Minnesota: Eng. Year Book, Univ. of Minnesota, 1898, p. 58.

Van Hise, C. E., and Leith, C. K., The iron-ore deposits of the Lake Superior region; section on the

Mesabi district: Twenty-first Ann. Eept., IT. S. Geol. Survey, pt. 3, 1901, pp. 359-360.' Leith, C. K.,

The Mesabi iron-bearinj district of Minnesota: Mon. TJ. S. Geol. Survey, vol. 43, 1903, pp. 159-164,

182-188.

''Van Hise, C. E., and Bayley, W. S., The Marquette iron-bearing district of Michigan: Mon.
U. S. Geol. Survey, vol. 28, 1897, pp. 380-381.
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be so designated, since in the Lake Superior region the presence of the

igneous rocks seems to have "been an essential condition for the process to

take place on an extensive scale.

After the griineritio or actinolitic rocks have developed in the zone of

anamorphism, in consequence of denudation they may pass into the zone

of katamorphisin, or even into the belt of weathering. Then there will

begin the processes of oxidation, hydration, and carbonation, as a result of

which the magnetite is changed to hematite or limonite, and the actinolite

and griinerite decompose into carbonate. However, since magnetite and

the iron-bearing amphiboles are very refractory, this process is exceedingly

slow, and usually has affected only comparatively thin layers of material

adjacent to the surface or adjacent to openings in the rock. Indeed, the

reagents of the belt of weathering and the iipper part of the belt of cemen-

tation, which, as pointed out (pp. 830-831), may produce large iron -ore

bodies where they have the original iron-bearing carbonates or the hydrous

ferrous silicates to work upon, have nowhere in the Lake Superior region

formed large ore bodies where they are working upon the grtineritic and

actinolitic rocks. This follows directly from their refractory character,

since the average amount of iron of the iron-bearing formation is essen-

tially the saiue in both cases. In the refractory character of these rocks

we have the explanation of the absence of rich workable iron-ore deposits

for extensive areas in each of the iron-bearing districts of the Lake Superior

region where the alterations of the original rocks in the zone of anamor-

phism developed actinolitic or grtineritic magnetite rocks.

GENERAL STATEMENTS.

From the foregoing pages it is apparent that the iron-bearing carbon-

ates and the hydrous iron silicates are metamoi-phosed along two main

lines, depending upon whether they are in the zone of katamorphism

or the zone of anamorphism. Where they are altered in the zone of

katamorphism, and especially in the belt of weathering, the ferruginous

shales, ferruginous cherts, and oi'es result. Where they are altered in the

zone of anamorpliism the actinolitic and griineritio marbles, or the actin-

olitic rocks and griineritic rocks, are produced. Further, where the

metamorphosed rocks produced, from the iron-bearing carbonates and

hydrous iron silicates change from one zone to another they are further
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altered. The ferruginous shales and ferruginous cherts, products of the

zone of katamorphism, when transferred to the zone of anamorphism are

transformed to jaspilites. The actinolitic and griineritic rocks transferred

to the zone of katamorphism are altered to ferruginous shales and ferrugir

nous cherts, but this change takes place so very slowly that these products

have not been thus produced on a very large scale.

OXIDE OHDEK.

IRON-OXIDE FAMILY.

The iron-oxide family comprises a number of oxides—anhydrous and

hydi'ous. Of these limonite, hematite, and magnetite occur in sufficient

masses .to entitle them to consideration as rocks. Limonite is hydrated

ferric oxide (2Fe203.3H20). Hematite is ferric oxide (FejOj). Magnetite

is ferrosoferric oxide (Fe304). Many of the larger formations are inter-

mediate between limonite and hematite. Some are partly hematite and

partly magnetite. Usually subordinate minerals are associated with the

iron oxides. Of these, quartz is almost imiversal. But all the carbonates,

many of the hydroxides and silicates, and some of the sulphides are often

associated. The carbonates and hydroxides other than of iron are apt to be

associated with the limonites, and less connnonly with the hematites. The

silicates and sulphides are usually associated with the magnetites, and often

with the specular hematites.

LIMONITE.

Limonite may compose considerable rock deposits. Ordinarily such

deposits are not very thick, although they may have considerable extent.

The dejoosits are commonly of very irregular thickness, or bunchy, being

locally perhaps 3, 6, or 10 meters thick, and within a short distance almost

disappearing.

Recent deposits of limonite are extensive. These occur in marshes

and bogs. They have been worked to a greater or less extent as iron ores

throughout the civilized world. Probably the most extensive deposits of

limonite known are those of the Lower Silurian, which have been worked

for ore in many countries.

The Silurian limonites and the limonites of many other horizons are

largely replacement and concentration products of limestones, being there-

fore a result of metamorphism. In some districts the limestones originally
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comained a small a^unt of h-ou carbonate. This carbonate h- a "s^vy

identical with that of the iron of the iron-beavmg carbonates, discnssed on

^.1824-829. Locally the iron ca,-bonate of the hmestones has been

Sked r p by the percobting wate>-s. At various places these waters have

Cn converged at localities favorably si.nated. At snch locahttes the tron

is precipitated from the carbonate according to the reaction:

4FeCO,+20+3H,O=2Pe,0,SH,O+«0,

Often simultaneously with this process calcium carbonate has been dis-

solved. Thus, at the surface of a limestone formation tee may be pro-

duced a layer of limonite which passes downward into the hmestone.

In still other cases the iron of limonites associated w.th hmestones

has been in large part derived from adjacent formations. In such cases

the association is, il part at least, a consequence of the -dy -lut.cn. o

the limestone, which makes it easy for the substitution to take place. Such

substitution is likely to occur where underground waters from cMe. en

som-ces unite, as, for instance, where the limestones are fractured, so as to

be open and porous; where there are impervious basements, etc.

HEMATITE.

Hematite occurs in much larger masses than limonite. The hematite

is not wholly anhydrous, but contains a variable amount of water. 1 or

instance, in the Mesabi hematite, the most extensive deposits of his oxide

known, the combined water varies from 2.09 to 8.23 per cent.»
_

Thus, tee

are all gradations between limonite and hematite, and the majority of the

^eat soft iron-ore deposits contain limonite, hematite, the intermediate

oxides, and various combinations of them. The more extensive iron-ore

deposits of the United States, which are largely hematite are those of the

Algonkian and Archean of the Lake Superior region and the Clinton ore

horizon of the Silurian. These masses of limonite and hematite were partly

deposited in place as original sediments, but to a larger extent are due to

subsequent segregations.

The hmonitic hematites which occur as original sediments m place aie

identical in their development with the oxides of iron which are the original

source of the ironcarbonates^_(Se^PP^^2^^

~^^^;^iiir^5^The. Mesabi iron-bearing district of Minnesota: Mon. V. S. Geol. Survey, vol. 43,

1903, pp. 214-217.
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as iron carbonate mainly, but subordinately iron sulphate and otber com-

pounds, are brought b}'' underground solutions to shallow bodies of water,

such as lagoons. By oxidation and hydration the material is thrown down as

hydrated hematite or limonite, with a greater or less amount of basic ferric

sulphate. But the larger masses of limonite and hematite are usually mainly

produced b}^ segregation subsequent to the formation of the original

sediments. These, like the limonites, are largely replacement deposits of

limestone or of some other carbonate rock. The Clinton hematite ore

deposits are partly replacements of limestone which may have contained a

small amount of iron carbonate, but according to various authors the hema-

tites, as such, in large measure were deposited with the associated lime-

stones. But the most extensive deposits of hematite known, those of the

Lake Superior region, are segregations in formations which were originally

in large measiire iron-bearing carbonate or hydrous ferrous silicate. For

these deposits the iron as carbonate has been transported to the places of

deposition; there it meets other solutions bearing oxygen, and in conse-

quence of the mingling of such solutions the iron is thrown down as a

partially hydrated hematite, the reaction being:

2FeC03-f-0+nH20=Fe203+iiH,0+2C02.

It may be said, therefore, that limonitic hematite is either a direct

chemical precipitate in tlie zone of katamorphism or is due to aqueous

concentration in that zone.

Ordinarily, so long as limonite and limonitic hematite remain in the

horizon in which they form, they are not further altered, since they are end

products of metamorphism for the zone of katamorphism. But at or near

the surface in arid regions, or in times of drought in humid regions, the

more hydrous forms of the oxide may be dehydrated and thus pass into

hematite.

The more important alterations of limonite and hydrated hematite take

place when these ores pass into the zone of anamorphism. In that zone

dehydration occurs. The limonites and more hydrated hematites are grad-

iially decreased in amount, and where dehydration is complete hematite is

formed. Where the change is from pure limonite to ^iure hematite a

deci-ease in volume of 38 per cent is involved.

Where the rock is subjected to strong orogenic movements, not only

does dehydration occur, but the iron becomes specular, and a- laminated
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texture is produced. Thus are formed the specular hematites. Where the

movemeuts are of extreme intensity the little flakelets of hematite maj'

become flat and parallel, and thus resemble mica. Such a rock is a

hematite-schist. Where more or less of a reducing- agent is present at the

time of the dehydration, magnetite may form and be associated with the

hematite.

MAGNETITE.

Magnetite, with quartz and various silicates as subordinate constitu-

ents, may compose considerable rock bodies. Such material occurs as

important members of the iron-bearing formations of the Lake Superior

region, and in the gneisses of the eastern metaniorphic region of the United

States—in the Adirondacks, in the highlands of New York and New Jerse}',

and in the southern Appalachians, notably at Cranberry, N. C. But the

greatest of the eastern magnetite deposits is that of Cornwall, Pa., in lime-

stone of Lower Silurian age, underlain by Triassic intrusive trap. It is

uncertain whether or not the gneisses with which many of these magnetitic

rocks are associated are of sedimentary origin, but presumably many of

them are. If these rocks be sedimentary it is more than probable that the

magnetite members are also sedimentary. The most natural hypothesis as

to the origin of these rocks is that they were iron-bearing carbonates meta-

morphosed as described on pages 834-841. The deep-seated metamorphism

changed the original iron-bearing carbonates to magnetite, with the simul-

taneous development of quartz and silicates.

The production of magnetite from siderite may be supposed to be that

of imperfect oxidation, the reaction being:

3 FeCOs+ O = FesOi + SCO^.

But it has been seen (p. 828) that where iron carbonate is produced

iron sulphide also is often found. Magnetite and pyrite, also, are often

associated. In the deep-seated zone of anamorphism it can not be supposed

that oxygen is usuallj^ present. It therefore appears to me that the more

frequent reaction is that producing magnetite from siderite and pyrite.

The change may be written thus:

aFeCOs+ FeSj+ 2H.fi = Fefi^ -;-2H2S+ 200^.

These changes would result in a decrease of volume of 50.32 per cent

for siderite to magnetite, or of 46.67 per cent for siderite and pyrite.
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This dimunition of volume furnishes an entirely adequate cause for the

transformation.

Also magnetite may be produced under conditions of partial oxidation

of iron sulphide, such as pyrite and pyrrhotite, according to the following

reactions

:

3FeS2+4HjO+40=Fe304+4H2S+2S02.
3Fe„S,2+36H20+80=llFe304+36H2S.

Le Coute describes the formation of magnetite by the imperfect

oxidation of iron sulphide at Sulphur Bank, California/

Some magnetites are undoubtedly formed by the alterations of limonite

or hematite or intermediate compounds. The change of these oxides of iron

into magnetite is likely to take place in the deep-seated zone where organic

or other material is present which can take away the oxygen. At the same

time dehydration occurs. The reaction ma}^ be written as follows

:

3(Fe203).nH20-0=2FeA+3nH20.

The oxygen abstracted unites with the carbon to form carbon dioxide,

or with hydrogen to form water. Where the limonite or hematite is asso-

ciated with iron sulphide it is not necessary that organic matter be present

in order that the change shall take place; the sulphide may serve as the

reducing agent. In this case the reaction may be written:

22(FeA-nH,,0)+FeS2+2H.,0=15FeA+2H,S04-t-22nH20.

Supposing the original oxide were hematite, the volume of the

magnetite is 3.58 per cent less than that of the hematite and pyrite. So far

as water was present dehydration took place and the percentage of decrease

in volume is greater than given. Where the amount of the reducing agent

is not sufficient to change all of the limonite or hydrated hematite to

magnetite, dehydration only takes place for the remainder of the material,

and consequently with the magnetite a variable amount of hematite is often

associated. The segregation of iron oxide into rich deposits is further

considered in Chapter XII, on "Ore deposits."

oLe Conte, Joseph, and Rising, W. B., The phenomena of metalliferous vein formation now in

progress at Sulphur Bank, California: Am. Jour. Sci., 3d ser., vol. 24, 1882, p. 33.
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SILICA FAMILY.

CHEKT.

The silica deposits are all included nnder the general term chert.

This term, as here applied to siliceous layers and formations, mcludes

amorphous, partly amorphous, and crystallized siUca. Often m the same

mass may be seen very minutely spotted quartz grants separated by paitly

amorphous material, cryptocrystalline silica of vanous kmds, such as

chalcedony, and completely crystalline quartz. In almost every extenswe

chert formation all these varieties are mingled in the most complex manner.

Chert comprises both organic and chemical deposits. ....
The most extensive deposits of chert are those of orgamc origm, the

silica being taken by certain animals and built into their hard parts

precisely as is calcium carbonate by other animals. The ammals which

absorb the greatest amount of sihca are sponges of a certain class. Other

than the sponges, radiolaria and diatoms appear to be the more important

These and other animals may build up considerable deposits of chert

As illustrations of chert formations of organic origin may be mentioned

the Cretaceous flints described by WaUich,» the flints of the Trimmmgham

chalks described by Sollas,^ and extensive deposits of chert in Ireland,

England, Wales, Spitzbergen, and Axels Island, described by Hmde.

Hinde says that the chert beds in Yorkshire have an estimated thickness

of about 30 meters, and in North Wales of ^0 meters, and these, he says,

can be proved to be due to sponge remains.'*

But probably the most extensive formation of chert which is known to

be of organic origin is that of Axels Island, where the beds of cherty

material, according to Hinde, aggregate 260 meters in thickness.^ This is

not a continuous mass of chert, but consists of a number of beds mter-

stratified with limestone.

;rw^;ii^;^;^C., A contribution to the phy^M^^^^i^^^^C^^ons flints: Quart. Jour. Geol.

'°"-

.^nn::; ;tg.'Srmst rir., vol. 6, 1860, p. 438. See also Walcott, C. D., Fo.il n.edus.:

''°'^;Lt''?/7nThetg!l'origiroUhe chert in the Carboniferous limestone series of Ireland,

dJ^SiStJfi.tAe«.^^.^^^^^^^

which have been described by Dr. E. von Dunikowski: Ibid., vol. 5, pp. 241--ol.

<« Hinde, cit., vol. 4, pp. 435-446.

f Hinde, cit., vol. 5, p. 243.
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The source of the Fihca for organisms is probably in part that dissolved

in sea water. Since, however, when filtered the pure sea water contains

only one part in 250,000, Muri-ay and Renard "consider the probability of

the pelagic organisms which secrete silica obtaining it from the hydrated

silicate of alumina or clay held in suspension as well as the silica held in

solution. This might explain the fact that these organisms abound in

brackish waters, and waters of low salinity and low temperature, where the

clay is more abundant than in the warmest and saltest waters of the ocean.

In the case of siliceous sponges, which are rooted for the most part in the

oozes and clays, Messrs. Murray and Renard think that tlie silica of their

skeletons mav be derived from the silica in solution in sea water, or from

the colloid silica set free during the decomposition of the feldspathic rock

fragments and minerals in the deposits.""

Chemical deposits of silica may be foi'med when underground solutions,

especially hot solutions, reach the surface. The silica, in consequence of

the decrease in pressure and temperature, is precipitated. Such deposits

are known as siliceous sinter. The best known examples are the geyserite

formations of the Yellowstone Park.

The silica for chemical deposits is believed to be mainly derived from

that contributed to the underground waters by the process of carbonation

in the zone of katamorphism, and especially in the belt of weathering, as

fully explained in Chapter VI (pp. 475-480). But it is certain that a por-

tion of the silica of the underground waters is directly derived by solution of

amorphous and semicrystalline silica of organic deposits and by the solution

of quartz itself. It is frequently supposed that crystallized quartz is not

dissolved by the ground waters, but, as shown by Hayes,'' quartz crystals

at the surface are dissolved and corroded, and observations in many mines

show that the solutions have dissolved quartz in large quantities from the

wall rocks. This is illustrated by the granite of the Portland mine, at

Cripple Creek, Colo., where the quartz and mica are dissolved and the

feldspar is comparatively untouched. While, therefore, silica for chemical

precipitation is derived directly from the solution of quartz, a vastly

greater amount is the colloidal silicic acid liberated by the process of

ffl Walcott, C. D., Fossil medusEe: Mon. TJ. S. Geol. Survey, vol. 30, 1898, p. 20.

''Hayes, C. W., Solution of silica under atmospheric conditions: Bull. Geol. Soc. America, vol. 8,

1897, pp. 213-220.
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carbonation of the silicates and that furnished by the sokition of amorphous

and semicrystalhne quartz.

Rearrangement of chert.—Chert, as deposited hj organlsms or chemically,

may be hydrous and amorphous, semicrystalline, or completely crystalline.

In proportion as it is amorphous or semicrystalline, it is likel}' to be easily

and extensively dissolved and rearranged. Usually the opaline, semi-

crystalline, and completely crystalline materials, are mingled in an intricate

manner. Very often a single thin section shows all varieties of material.

In many sections the opaline or amorphous silica constitutes a background

in.which there are innumerable polarizing spots of chalcedony and quartz.

The process of rearrangement may go on until the material, whether of

organic or chemical origin, becomes wholly crystalline quartz.

If crystallization be comjjlete, there may be produced a finely

crystalline rock composed of closely fitting, minute particles of quartz,

many of them with crystal outlines, which average only a small fraction

of a millimeter in diameter. Such rocks may be called finely crystalline

quartz rocks. Representatives of them are the whetstones of Arkansas and

the quartz rock of the Penokee district of Wisconsin. In many cases such

rocks are stained by oxide of iron, and these are often called jasper.

The crystallization may go further, so as to produce coarsely crystal-

line quartz rock. This process of crystallization of the amorphous

material so as to produce first, chert ; next, finely crystalline quartz ; and

next, coarsely crystalline quartz, occurs under the laws of physical

chemistry. In so far as the silica passes from a hydrous to an anhydrous

condition the volume is lessened. In so far as it passes from an amorphous

to a crystalline condition the volvime is lessened. The change in volume
in the passage of one of the ordinary opals to quartz has been calculated

on page 221 to be 22.81 per cent. All these processes may occur at any
depth, precisely the same as the process of dolomitization. But they are

promoted by depth of burying and by high temperature, and therefore the

finely crystalline and coarsely crystalline quartz rocks derived from organic

silica or siliceous sinter have usually been buried to a very considerable

depth.

If in addition to depth of burying there be profound orogenic move-
ment, the rock may be further recrystallized and mechanically sliced, and

MON XLVII—04 54
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thus the quartz particles be so rearranged that their maximum and mean

diameters are in a common plane, producing quartz-schist.

It has already been explained (pp. 818-819) that where silica is

rearranged it is sure to be segregated, because any area of chert attracts

materials of like kind to itself, and large masses grow at the expense of small

ones. Even in the cases where the cherts are undoubted replacements the

source of the silica may largely have been sponge spicules, diatoms, etc.,

which were disseminated through the limestones. This material can not be

discriminated from that furnished by the ground waters coming from some

other formation. The essential fact is that such a deposit is a replacement

deposit, whether the silica be derived from the decomposition of silicate, by

the solution of sponge spicules, or in some other manner.

In order that the silica may be concentrated, it is of course necessary

that the material previously occupying the place shall be dissolved. Such

concentration and solution are especially likely to occur in those formations

which originally contained a considerable amount of cherty material, and

which were readily soluble. The best representatives of rocks of this class

are the carbonates—calcareous, magnesian, and ferruginous. At the time

the chert is segregated the carbonate is dissolved. It therefore follows that

in the calcium-magnesium carbonate family and the iron-bearing carbonate

family the most extensive deposits of chert should be expected; and with

this the facts correspond.

Observation shows that many carbonate formations have been exten-

sively silicified. Positive evidence of the replacement of carbonates by

chert is furnished by formations which contain numerous silicified fossils

which were originally calcareous, such as the mollusks and corals. Where

fossils of this kind, now chert, are contained in a mass of chert, it is natural

to suppose that the formation was in the main originally calcareous. A
good illustration of extensive replacement of calcareous formation by silica

is that of the Tampa Bay chalcedony pseudomorphous after coral.

Where replacement has been extensive, the average compositions of

considerable masses of rocks have been greatly changed—indeed, where

pure limestone is replaced by chert, entirely changed. There is no means

by which one can estimate the amount of silica that has been introduced

from an outside source in the silicification of great carbonate formations.

Doubtless the amount of such material is great, but probably in most
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instances the process of silicification of the carbonate formations is largel}"

that of segregation of the originall}" dispersed siUca of the Hmestone

formations tlieinseh^es.

No better ilkistrations of extensive cherts are known to me tlian those

furnislied by the iron-bearing formations of the Lake Superior region.

Here siUca in its various lurms and iron oxide constitute almost the entire

weathered belt of the cherty iron-carbonate formations. Locally in this

region the chert is segregated almost entirely free from iron oxide. Such

occurrences are illustrated by the chert near Amasa, in the Crystal Falls

district of Michigan." Within the limestones extensive chert beds are also

found at many localities. Some of the best known in this country are those

of the Boone chert formation, of Lower Carboniferous age, in the lower

Mississippi Valley, and the thick bed of chert in the Carboniferous limestone

of southwestern Missouri.''

In none of these formations are organic remains found from which

the chert is derived. Where the rearrangement has gone so far that the

siliceous organisms, if they once existed, would have been destroyed, it

becomes difficult or impossible to certainly discriminate between chert

deposits which are mainly organic and those which are mainl}^ chemical.

It is natural to suppose that where chert beds are somewhat persistent they

are largely organic, although doubtless they may have been extensively

rearranged and have had great additions of silica. On the other hand,

where the chert masses are small, nodular, and bunchy, and especially

where they are exceedingly irregular, it may be supposed that they are

mainly substitution products. But reasoning along either of these lines is

of very doubtful value.

For instance, the rather persistent nature of the chert formations above

mentioned in the Lake Superior region might be taken as evidence that

they were mainly organic deposits in their 23resent position. However, a

close study of this district leads to the conclusion that these formations by
substitution for carbonate now occupy the jDlace of cherty iron-bearing

carbonates and silicates, and that they are mainly explained by segregation

"Clements, J. Morgan, and Smyth, H. L., with Bayley, W. S., and Van Hise, C. R., TheCrystal
Falls iron-bearing district of Michigan: Mon. U. S. Geol. Surxey, vol. 36, 1899, pp. 62, 177.

6 Bain, H. F., Van Hise, C. R., and Adams, Geo. I., Preliminary report on the lead and zinc

deposits of the Ozark region: Twenty-second Ann. Kept. U. S. Geol. Survey, pt. 2, 1901, pp. 86-87, 129.
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from the parts of the formation once above the plane of denudation. The

cherty formations of the Lake Superior region are usually steeply inclined,

and therefore descending water rapidly and easily segregates silica on a

large scale from material widely disseminated. Where such substitution

occurs throughout the outcrop of a tilted formation it does not at all follow

that it has taken place throughoiit the formation. Indeed, iu the majority

of the districts of the Lake Superior region it is probable that the segrega-

tion of chert extends to onl)^ a very limited depth. Where the chert is

thus segregated by descending waters the source of the material may still

be maiidy chert of organic origin originally disseminated through the

carbonate.

Where there are rather extensive formations of chert in a horizontal

position, or nearly so, interstratified with beds of limestone or shale, the

transportation of silica from material once above the plane of denudation by

descending waters is not so likely to have been important. This is espe-

cially true of those cherts which are interstratified with shales, and therefore

are protected from the surface waters by impervious formations. Hence

such formations are more likely to be in large part the direct pi-oducts of

organic precipitation. While bunchy deposits of chert having- no great

lateral extent may often be produced by chemical precipitation, it is certain

that such deposits niay also be produced b}^ direct oi'ganic precipitation.

This is illustrated by the chert deposits of the Franciscan series of

California. These are regularly bedded deposits, locally of considerable

thickness. They are lenticular and have an extremely narrow lateral

extent. Often a deposit having considerable thickness disappears within a

short distance. If a bunchy character be regarded as evidence of chemical

orig-iu it would be concluded that the Franciscan cherts are chemical

deposits, nnd this was Lawson's conclusion." Yet Lawson states that these

cherts contain very numei'ous radiolaria; but this fact does not prevent

him from suggesting that they are mainlj^ due to local precipitation, in the

bed of the ocean, of silica from silica-bearing springs. Lawson explains the

abundant radiolaria as a coincidence. He says, in these deposits "radio-

laria remains became embedded as they dropped to the bottom.'"' It

a Lawson, A. C, Sketch of the geology of the San Francisco Peninsula: Fifteenth Ann. Kept.

U. S. Geol. Survey, 1895, pp. 420-426.

6 Lawson, cit., p. 426.
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seems to me that this is hardly a satisfactory explanation of the very

abnndant radiolaria which compose a considerable P-P^^-^
^^^

deposits. If Hinde's argument as to the orgamc ongm of h d.e

which contain sponge spicules be correct, it probably follows that the

.adiolarian cherts of the Franciscan series of Califorma are also organic

"''"Inother very interesting occurrence of chert is that of the whetstones

of Arkansas. These are associated with clay shales" rather han hme-

tones. They were regarded by Oriswold as fragmentaV -^
^

^^^^^^

not belonging to the class of cherts at all, but to the novacuhtes. Bu

Rutley has shown that these rocks contain no evidence of elastic ongm, and

have all the characteristics of cherts.^ He regards them as replacement

deposits of dolomite or dolomitic hmestones. As this chert formation is

somewhat persistent, and is between shale beds which are rather impervious,

1 am inclined to believe that it may be largely an orgamc precipitate,

although now completely recrystaUized, so as to be composed of perfectly

fitting granules of quartz.

a

FRAGMENTAL CLASS.

PSEPHITE OEDEE.

The psephite order includes pebble, gravel, and bowlder deposits,

conglomerates, schist-conglomerates, and gneiss-psephites. (PL Viil.)

PEBBLE. GRAVEL, AND BOWLDER DEPOSITS.

The psephites form below bodies of water and also on the land.

The chief body of water which deposits psephites is, of course, the ocean,

although lakes and inland seas are by no means unimportant. The

psephite^ in standing bodies of water are mainly formed along shores,

where the wave action is vigorous, but to some extent they occur at the

mouths of streams which are rapid until they reach the standmg-^bodies of

•

water The psephites formed on the land are the till deposits of glaciers,

especially the extensive^f^^_-——
^^^^^

Arkansas

for 1890, vol. 3, 1892, pp. 205-206.

:SS::! F:i^n'^^in ^ cerum novaculites and .nartzites: Quart. Jour. Geol. See. Lon-

don, vol. 50, 1894, pp. 377-392,
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deposits of streams. These stream deposits are especially well illustrated

in semiarid reg-ions. For instance, at the present time large masses of

psephites are found at the mouths of canyons adjacent to the mountains of

the Great Basin, southern California, etc.; and Davis, Emmons, and Cross

regard it as probable that other extensive psephite foi'iuatious of the

Cordilleras are fluviate."

The material composing the psephites is not at all, or but roughly,

assorted. Consequently, with the coarse material, there is a considerable

amount of rather fine material to which the term psammite is applicable, and

of still finer clayey material belonging to the pelite order. Commonly,

however, the major part of the pelitic material is abstracted from the

psephitic material by the water. This takes place to a greater degree in

those deposits laid down under water than in those laid down under air.

The material of the psephites is but poorly sorted mineralogically.

This is a necessary consequence of the large size of the fragments. The

majority of the larger fragments are composed of two or more minerals.

If the rock against which the waves are beating is granite, the pebbles

contain all the minerals of the granite. The same statement is true in

reference to all other classes of igneous and sedimentary rocks which are

not readil}^ broken into fine ddbris. But in some instances the majority of

the pebbles may be composed of a single mineral. The most frequent

illustration of this is furnished by quartz. Finally, any of the original

igneous or sedimentary rocks may be in any stage of alteration, and such

comjalex mineral material constitute the pebbles, provided the alteration is

not of such kind that the material breaks down into its individual mineral

particles.

It follows from the foregoing that the psephites have the greatest pos-

sible variation in mineral and chemical composition. An organic or chem-

ical precipitate or an indurated clastic rock may be a. chief constituent,

quartz may he a chief constituent, any igneous rock may be a chief con-

stituent, any metamorphic rock may be a chief constituent, or any of these

various materials may be united in any proportion.

As rock masses, individual deposits of psephites are very common.

Ordinarily these masses are not extensive in area,.although sometimes they

"Davis, W. M. (with discussion by S. F. Emmons and Whitman Cross), Continental deposits of

the Rocky Mountain region: Bull. Geol. Hoc. America, vol. 11, 1900, pp. 596-604.
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are G enerally they are of but moderate tliickuess. The psephite deposits

naade by standing bodies of water are usually in narrow bands adjacent to

the shore, and, moreover; occur only locally along the shoi-e. Where,

however, a body of water steadily transgresses over the land, as, for nastance,

the ocean, a continuous formation of psephite over an extensive area may

bo deposited. Such a formation, while continuous, is not of the same age

throughout. The earlier portion of a formation is usually buried under

other sediments by the time the later part of the formation is deposited

Usually such psephites are not very thick formations-that is, hundreds of

meters-for, as the land subsides and the sea transgresses, the waves can

not transport the coarse material back to the areas where earlier psephites

were deposited; consequently they are buried under finer material. The

psephite deposits of continental glaciers may be very extensive and of

considerable thickness. But psephite deposits of this class found among

the older rocks are not very numerous. This may be partly due to then-

destruction by later geological action. The psephite deposits of Auv-te

oric^in while usually of rather local extent, may be of considerable thick-

nesl often from one hundred to several hundred meters. How far deposits

of this origin are represented among the older formations which have been

buried by later deposits it is difficult to say.

CONGLOMERATES.

Pebble, gravel, and bowlder deposits, by eonsohdation, cementation,

and metasomatism, are transformed to conglomerates. (PL VHI, A.) These

processes take place hi the belt of cementation. The rocks here considered

are so coarse that consolidation due to pressure in the belt of cementation

produces comparatively httle effect, since the coarse fragments have com-

paratively few points of contact. The process of cementation is identical

with that of the psammites, described below. Since the psammites are

more important than the psephites, the process of cementation is more

fully discussed under that head. Because of the very great variety of

material composing the psephites upon which the ground waters are acting,

there may be a great variety of minerals deposited in the mterstices. But

the most abundant cement is usually quartz. Next in importance to quartz

are iron oxide and the carbonates. In some cases hornblende, feldspar,

etc., may be of consequence.
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The amount of material required to cement the psephites is usually

not nearly so great as that required to transform pure quartzose sands to

quartzite. The reason for this is that the material is of such varying sizes

that the spaces between the larger blocks are largely filled by finer

materials. Also the fine material varies greatly in size. Consequently the

amount of original pore space is frequently but a fraction of that of the

even-grained sandstones. But in some instance^ the amount of fine material

is not great, and the pore space is correspondingly large. Such deposits

are illustrated by the psephites at the mouths of canj'-ons of the West, Avhich

are so porous as to permit the absorption and transmission of vast quantities

of water.

During- the process of cementation metasomatism may take place. As

already noted, there is great variety in the composition of the psephites,

and any rock-making mineral inay be present. From these there may be

produced a great variety of secondary minerals—in fact, anj'^ of the minerals

mentioned as characteristic of the belt of cementation. fSee p-p. 621-627).

These minerals may be mingled with secondary minerals formed before

the material was built into a psephite. It is frequentl}^ difficult or

impossible to discriminate the alterations which occurred while the minerals

were in the primary rock from those which took place after the minerals

were in the secondary rock.

The question now arises as to where the processes of transformation of

pebble, sand, and bowlder deposits to conglomerates take place. May a

considerable part of the work be done for those rocks which are deposited

below water before they emerge from it, or is the work in all cases mainly

accomplished when the rocks are below land areas.? It is, of course,

possible, and indeed probable, that cementation and metasomatism, the

important processes in induration, take jDlace to some extent below the sea.

However, it is not thought that these processes are there important. One

reason for this belief is the certainty that circulation of* the waters of tlie

ocean must be comparatively slow through the sediments at the bottom; and

it has been explained on pages 671-572, 866-868, that to dissolve and trans-

port a large quantity of mineral material requires a vigorous circulation.

A second reason for this belief is that while psephite deposits are still below

the sea they have above them no belt in which weathering is taking place,

and therefore no belt from which solutions steadily supply material for



METAMORPHOSED PSEPHITES. 857

cementation. But it should be stated that the psephites are the most

favorable of all mechanical deposits for alteration below the water. This

follows, first, from their coarseness, which is ordinarily such as to furnish

openings of supercapillary size in which the resistance to water circulation

is comparatively small; and, second, from the great variety of readily

alterable minerals which they contain. The alteration of these minerals by

oxidation, hydration, and carbonation, resulting in increase of volume,

might supply considerable quantities of material to cement the interstices

of the rocks' without additions of any material from an outside source, and

therefore not require vigorous circulation for its accomplishment. But, as

already stated, it is believed that the main work of induration is accom-

plished after the rocks have emerged from the sea and erosion has begun.

After arising from the sea, with differences of elevation, a vigorous under-

ground circulation is set up; material is steadily contributed from the belt

of weathering; consequently the processes of cementation and metasomatism

take place with comparative rapidity, and thus transform the unconsolidated

pebbles, gravels, and bowlders to conglomerates.

Where indurated conglomerates pass into the zone of anamorphism

they may be further altered by the reactions of that zone. Where the

conditions are mass-static the alterations do not obliterate previous textures

and structures, and therefore the rocks remain conglomerates. But recrys-

talllzation of matrix and pebbles alike may take place on an extensive scale

by silication and dehydration, with the production of the heavy anhydrous

minerals characteristic of the zone of anamorphism.

SCHIST-CONGLOMERATE AND GNEISS-PSEPHITE, OR CONGLOMERATE-SCHIST AND PSEPHITE-GNEISS.

Where any of the previously described psephites—i. e., pebble, gravel,

and bowlder deposits, or conglomerates—pass into the zone of anamor-

phism and are there subjected to mass-mechanical action, recrystallization

and granulation, and the development of a schistose structure, take place

under the principles described in Chapter VIII. (See pp. 685-696.) Because

of the great variety of minerals which may be present in the psephites, all

the minerals which develop in the lower zone under mass-dynamic action

mav form, and they may be most intimately intermingled. In general, the

process of recrystallization and granulation is complete for the matrix at a

stage when the pebbles are still very distinct, although, of course, in such
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cases they are usually flattened and more or less grantilated and recrystal-

lized. At the same time a schistose structure develops in the matrix, and a

schist-conglomerate or conglomerate-schist is thus produced. (PI. VIII, i?.)

Where the mass-mechanical movement is ^'ery severe the pebbles may

be flattened into lamina3. Since material does not readily migrate in the

zone of rock flowage, each pebble passes into minerals which may be

derived from it. If there are different kinds of pebbles, it follows that

there are various layers composed of different combinations, or at least

different proportions, of the same minerals. Large bowlders may be

observed in different stages, from oval forms, through greatly elongated

and widened fragments, to forms in which the greatest diameters are several

times the normal. (PL VIII, A and B.) Such a rock, when broken par-

allel to the direction of greatest flattening, appears to be a perfect schist

or gneiss, but at right angles to this direction still plainly shows its con-

glomeratic character. As the process goes on the pebbles and bowlders are

flattened more and more, until they become thin, lenticular masses, perhaps

scarcely thicker than cardboard, or even like sheets of paper of great size.

Wherever there was a quartz pebble there is apt to be a lamina composed

of a quartz aggregate. Wherever there was a granite pebble there is

usually a lamina in which mica has abundantly developed, and therefore

one composed of mica, quartz, and ffeldspar. In many cases in which the

process of transformation is nearly complete one may fail altogether to

recognize the laminae as pebbles in masses split parallel to the direction of

g'reatest elongatioiT; but when a specimen is cut in a direction transverse to

this the pebbles distinctly appear. When the process has gone as far as this

the material of the jjebbles becomes so mingled with that of the matrix that

it is difficult to exactly define the outlines of the fragments. Finally, as

the process continues, no evidence of the pebbles and bowlders is left. In

their places are thin laminae of material of a mineralogical character differ-

ent from that of the adjacent laminae.

At. the same time the bowlders are being transformed the matrix is also

being recrystallized. At various steps of the process the matrix may be, in

turn, slate', schist, and foliated schist. Before the pebbles are destroyed

the folise of the matrix wind in and out, remaining approximately parallel

to the nearest pebble, which acts as a transmitter of force. In proportion;

as the process continues, and the pebbles and boMdders approach oblitera-
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lion, the iniueral particles more nearly approach a parallel orientation,

instead of a part of them winding in and out about the more refractoiy

particles. (See pp. 760-762.) Thus, by the granulation and recrystalliza-

tion of the pebbles and matrix alike, with the consequent development of

schistose and banded structures, a rock is produced to which the term

gneiss-psephite or psephite-gneiss is apphcable. (See pp. 782-7<S3.)

Such a rock may be composed in various proportions of any of the

minerals which form in the zonfe of anamorphism, as listed in Chapter V

(pp. 363-364). This follows from the fact that the matrix and the pebbles of

the psephites may be derived from all kinds of rocks, from the most basic

to the most acid, from the volcanics and the plutonics, and from all varieties

of metamorphic rocks. Therefore the rocks may have chemical composi-

tions which vary from those of the original igneous rocks to those of mud,

in which certain elements, and especially alkalies and alkahne earths, have

been depleted. From the great variety of chemical compositions of the

psephites it follows that any of the minerals may develop in them which

are subsequently spoken of as forming in the schists and gneisses which

belong to the psammite and pelite orders. While there is a very great

variety of secondary minerals in the schists and gneisses of the psephites,

in any given case two or three of these minerals are apt to be preponderant

;

and a given psephite-gneiss may be exactly designated by prefixing the

names of the chief mineral constituents, as explained on page 783.

A very characteristic feature of the gneiss-psephites is the parallel

orientation of the mineral particles, which gives the rocks cleavage. This

characteristic is almost, if not quite, universal with the schists and gneisses

which are derived by the metamorphism of sedimentary rocks, ^nd tlius

serves in many cases as a criterion by which one may separate the original

gneisses of igneous origin from those produced by metamorphism.

Some of the best known illustrations of schist-conglomerates and

gneiss-psephites are those described by Hitchcock" many years ago, those

of the Hastings district of Canada," those of various places in the Lake

a Hitchcock, Edward, Hitchcock, Edward, jr., Hager, A. D., and Hitchcock, Charles H., Report on

the geology o£ Vermont, vol. 1, 1861, pp.. 28-45. Whittle, C. L., The occurrence of Algonkian rocks

in Vermont, and the evidence for their subdivision: .Tour. Geol., vol. 2, 1894, pp. 422^29. :

''Adams, F. D., and Barlow, A. E., On the origin and relations of the Grenville and Hasting,s

series in the Canadian Laurentian, with remarks by R. W. Ells: Am. Jour. Sci., 4th ser., vol. 3, 1897,

pp. 173-180.
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Superior region," and those of Hoosac Mountain, Avestern Massachusetts.*

In each of these localities, where the mashing was not so severe as the

average for the formation, the rocks are not metamorphosed beyond the

stage of schist-conglomerate, and thus give evidence that the gneiss-

psephite continuations of these rocks have been produced from sediments.

One of the very best illustrative localities is that of the Vermont

formation of Hoosac Mountain, described by Wolff." In this formation

every stage of gradation from a distinct and tinmistakable schist-conglom-

erate to gneiss may be seen. Another excellent illustration which shows

intermediate stages between the conglomerate and the gneiss is that of

the Sturgeon River tongue of the Crystal Falls iron-bearing district of

Michigan.'' Here the matrix is completely recr3^stallized, and if it were

not for the pebbles would be unhesitatingly called a gneiss. But the

pebbles are in an intermediate stage of destruction, being considerably

flattened, though still very distinct. The upward continuation of this for-

mation, in which the fragments were small, shows no evidence whatever,

by texture or structure, of its original clastic character, either in the field

or under the microscope. It is a completely recrystallized quartz-feldspar

sand which has become a psammite-gneiss. (See jjp. 875-876.)

PSAMMITE ORDEE.

I
QUARTZ-SAND FAMILY.

The quartz-sand family (PL IX) includes quartz-sand rock, sandstone,

quartzite, and schist-quartzite.

QUAETZ-SAND KOCK.

Quartz-sand rock is an unconsolidated deposit or formation composed

mainly of grains of quartz. Quartzose sands are one of the most common
and widespread of the mechanical .sediments. The origin of such sands is

so well understood that little need be stated as to this part of tlie subject.

«VanHise, C. R., and Bayley, W. S., The Marquette iron-bearing district of Michigan, with a

chapter on the Republic Trough, by H. L. Smyth: Mon. U. S. Geol. Survey, vol. 28, 1897, pp. 294-298,

434-437, 477-479. Clements, J. Morgan, and Smyth, H. L., with Bayley, W. S., and Van Hise,

C. R., The Crystal Falls iron-bearing district o£ Michigan: Mon. U. S. Geol. Survey, vol. 36, 1899,

pp. 474-176.

sPumpelly, Raphael, Wolff, J. E., and Dale, T. Nelson, Geology of the Green Mountains in Mas-

sachusetts: Mon. U. S. Geol. Survey, vol. 23, 1894, pp. 48-59.

c Wolff, cit., pp. 48-59.

<2Mon. U. S. Geol. Survey, vol. 36, cit., pp. 474-476.
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Wherever coarse mechanical sedimeuts are contributed to the sea by streams,

T
• nv. nvP^Pnt Wherever the sea is at work upon the shore,

Z:i of a l»ge enough ».e to produce waves of

^^^^^f^^^^^
tlrU is iu lav« bays and along the bordci- of the open ocean-the p.ooess

that IS IU '»'=<= y
„f „,,i<,U the quaite-sand grams

"::^1ro7o*t -Let*' This follows front the diffeteuee in

ec fi ™ y, -e. -1 »We between the grains of qua* and those of

olTe "nhterals No only are the qnart.-.and grains sorted from teldspar,

h
'

S, 2, and similar nLerals, l,ut the quart, sands are sorted aceordmg

t, ^e as a result of which in one place the grains of saud ar-e ra her la ge,

™rapslvera<.ing 1 to 5 udUimeter-s in diameter, while in other places they

^: X small: a^raging as low as 0.1 to 0.05 millimeter. Of course there

a 1 grad-'ti^ns bet'we^u deposits of different coarseness and also between

pure qt:art.ose sarrd deposits and those in which other nrmerals are nnpor-

''"'

Hote":^:! frequent almost perfect sorting of the qttart. grains from

other material and the arranging of the quart, grains of nearly nmform s.e

lether, is a matter of constatrt surprise. Great formafons of sand rock

X du-d which have rrot more than 2 or 3 per cent of other mmerals

besides quartz, and some which have ttot so much as 1 per cent of any othe

nhW Moreover, in some formations, the ratios of the d,ame..rs of bu

few of the grains is as great a. 1 to 2, and the majorhy of the grams do not

var-y by as much as a third of a diameter. Both the advanced conditmn o

the sorting and the nnifornrity of the size of the grains are well dlustrated

by the Sl Peter sarrdstone of Wisconsin. Specimerrs of tlrrs sandstone

show but few particles of any other mineral than quart..

Mr Sydney H. Ball made for me a considerable number of measure-

ments of tire grains of this sandstone from two ditferent localities. Fronr

„,re locJity 25 g.-air>s were measured, which gave as the average greates

diameter 0^388 mm., and as the average least ^^"^^""^ "^^J^
these grains 21 have major diamete,-s ranging between 0.20 and 0.50 mm

of which 14 are between 0.25 and 0.45 mm. Of the grains measured 21

have miuinrmn di.ameters between 0.20 and 0.50 mm, arrd of these 14 are

between 0.25 and 0.45 mm. The maximum and mmununr leng hs and

breadths for individual grains are 0.54 and 0.16 mm., and 0.60 and 0.14 nun.,
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respectively. From another locality 11 measurements of sandstone grains

gave an average greatest diameter of 0.2009 mm., and an average least

diameter of 0.1463 mm. At this locality all but 2 of the major diameters

are between 0.15 and 0.37 mm., and all but 2 of the minor dian:ieters are

between 0.16 and 0.23 mm. The maximum and minimum lengths and

breadths of anv individual gTain are 0.37 and 0.10 mm., and 0.32 and 0.08

mm. The above measurements for each of these rocks show a remarkable

approximation to a spherical form for most of the grains, and an almost

astonishing uniformity of size for the great majority of the grains, although

an occasional grain varies considerably from the average in size.

Besides sand formations which are deposited below the water, sand

formations are built up below the air. The most important of these are

dunes, the material of Avhich is derived from the sands sorted by the water

along the shore. The wind picks up this sand, carries it inland, and thus

builds up along large bodies of water, especially such bodies as the Great

Lakes and the ocean, very considerable deposits which are similar in mate-

rial and arrangement to the sands deposited by water. Such sand forma-

tions are, however, more variable in thickness and more limited in extent

than sands deposited under the water. In the interior, especially in desert

regions, formations of quartz sands may occasionally be built up independ-

ently of water, but, in general, interior wind-deposited sands are not well

sorted, and consequently contain as abundant constituents other materials

than quartz. Therefore such deposits ordinarilj^ do not belong in the quartz-

sand family, and they are considered on pages 877-878.

Since quartz is second in abundance only to feldspar as a constituent'

of the original igneous rocks, since it is extensively manufactured from the

silicates by the processes of metamorphism, and since, unlike many other

minerals, it does not readily dissolve or unite as a solid with other minerals,

one would expect that very extensive formations of quartz sand would be

produced; and to such expectajtion the facts correspond. Almost every

inland lake is building up a belt of quartz sand of greater or less width along

the shore. The width of this belt is, of course, dependent upon the size of

the lake and upon the depth of the water. The greater the lake the wider

is the sand belt, the coarser sands being near the shore and the finer

ones farther from the shore. Gradual deepening of the water also is
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favorable to a broad belt, for in that case the undertow is effective farther

from shore than where the waters are deep. The rule as to gradual increase'

in depth applies to the ocean where the shore is swept by the full force of

the waves. In bays the building up of quartzose sands is largely dependent

upon the amount of material contributed to it. If, for instance, a great

river flows into a bay of moderate size, the amount of material of all kinds

is so great that the wave action is not sufficiently vigorous to sort the

material, and pure quartz-sand deposits are not formed. It appears proba-

ble that in the past the most extensive quartz-sand formations have been the

deposits of moderately shallow waters in great mediterranean seas, as, for

instance, the Cambrian sands of the interior basins of the United States.

These sands constituted thick deposits in the Appalachian Mountain system,

the southern part of Canada, and throughout the entire northern part of the

United States. In the western part of the United States almost equally

extensive sand formations have been produced In order that thick sand

formations shall be built up below the water, it is, of course, necessary that

subsidence shall take place concurrently with the deposition. In this respect

one rock formation does not differ from another.

If the sand grains be supposed to be of uniform size and spherical, and

to be arranged in the most compact system geometrically possible, the

space occupied by the sand grains is 74 per cent, and the space between

the grains is 26 per cent, of the entire space occupied by the formation.

(See Chapter III, p. 125.) As shown by Buckley," in the Dunnville sand

rocks, which have been partially indurated, the space is found to be as

great as 28 per cent. The explanation of this lies in the fact, discovered

by Professor Slichter, that under natural conditions sand grains are never

arranged in the most compact manner possible. Ordinarily this fact more

than comi^ensates for the varying size of the grains and their imperfect

spherical shape (see ]). 126); and it may be regarded as certain that the,

quartz grains of well-sorted pure-sand formations, such as the St. Peter

sandstone of Wisconsin (see p. 861), occupy not more than two-thirds

to three-fourths of the space.

« Buckley, E. R., Building and ornamental stones of Wisconsin: Bull. Wisconsin Geol. and Nat
Hist. Surv. No. 4, 1898, p. 225.
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SANDSTONE.

Sandstone is indurated quartz-sand rock. The induration is sufficient

to make the grains of sand rather strongly coherent, but not so great that

the grains Ijreak across when the rock is fractured; on the contrary, the

fractm'es follow the cement around the grains. The change of a sand

formation to a sandstone is due to consolidation and cementation. These

processes are characteristic of the belt of cementation. The process of con-

solidation by pressure is of relatively little importance in sandstones. Slich-

ter has shown that sands as naturally deposited by water are likely to have

a tolerably compact aiTangement," and that mechanical disturbance of such

sands is likely to result in a less compact arrangement. Sand grains, while

having' many more points of contact than psephites, have few as compared

with the finer grained sediments. Doubtless the superincumbent pressure

does bring these grains into juxtaposition, and may possibly weld them to

some extent at the points of contact, but sands in which this process alone

has occurred are sure to be very weak.

The main process of induration is that of cementation. (See PL IX,

A.) Silica is dissolved in the belt of weathering, either by the decomposi-

tion of silicates or by the solution of silica, either amorphous or crystal-

lized. The solutions join the sea of ground waters, and there the silica

is deposited upon the sand grains, usually in optical orientation with

them. The restilt of this process is to partially fill the spaces between the

sand grains. These filling materials after a time interfere and thus cement

the sand grains together. In so far as they do not interfere, tlie added

material is likely to develop crystal faces, and thus there are produced

crystal-faceted sand grains, which together make up the sandstone. Sand-

stones the world over are mainly thus indurated, and ordinarily show

innumerable crystal faces when a specimen is held so that the light of the

sun may be reflected. While quartz is the dominant cement, iron oxide and

calcite are often important cements, and many other minerals are unimpor-

tant supplementary cements. Rocks indurated by cementation are usually

called sandstones from the time the cementation is sufficient to make the

grains weakly cohere to the stage in which the cementation is far enough

advanced to cause the rock to break across the sand grains rather than

around them. At this later stage they become quartzite.

«Slichter, C. S., Theoretical investigation of the motion of ground waters: Nineteenth Ann. Eept.

U. S. Geol. Survey, pt. 2, 1899, p. 305.
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The question as to where the process of cementation from sand to

sandstone takes place is discussed under the next heading, "Quartzite,"

since the problem is precisely the same with both, and it can be better

understood after the facts i-elating to the cementation of quartzites have

been considered.

QUARTZITE.

One of the most i.nportant rocks produced by "the cementation process

is quartzite. (PL IX.) The term "quartzite" is here restricted to quartzose

sand rocks which have been so firmly indurated by the cementing processes

that when broken the fractures pass through the original grains and not

around them. The process of cementation continues, until the enlarged

sand grains or the independent quartz deposited interfere and interlock so

as to nearly or quite fill the interspaces. (PI. IX, B?) In the production

of indurated sandstone and quartzite the quartz may be deposited either as

enlargements of old grains or as independent interstitial material. In either

case the induration may be so nearly perfect that a vitreous quartzite is

produced. If composed of very fine grains of sand, so that the indurated

rock may serve as a whetstone, the rock has been Called novaculite. Novac-

ulite is therefore no more than an even- and fine-grained quartzite. In

general, there is a strong tendency for the quartz to deposit upon the old

grains rather than as independent mineral particles. The reason for the

deposition of the quartz from the solutions and the optical orientation of

this quartz with the original sand grains has been discussed on pages 75-76,

121-123. It may here be said in summary that the explanation lies in

the power of a mineral to abstract from solutions material like itself, for

large particles to grow rather than new ones to develop, and to the fact

that silica is one of the most abundant of the materials which are transported

by ground waters. Man}^ of the cemented quartzites show little or no

evidence of strain, which proves that mechanical action has not been

potent in the induration. Neither is there any evidence that a high degree

of heat is requisite to dissolve the silica or to deposit it as quartz upon or

between the old grains. The sands from which quartzites develop contain

various impurities. During the transformation of the sands to quartzite

these impurities are rearranged to a greater or less extent by metasomatic

changes and new minerals develop, as described in the cases of the minerals

in the feldspathic sands and the grits. (See p. 870 et seq.) As with sand-
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stones, so in quartzites, iron oxides and calcite are subordinate cements, and

frequently other minerals to some extent perform a similar function. In

many parts of the continents the process of cementation has transformed

sandstone to quartzite for extensive areas, many such formations of widely

differing geological ages covering hundreds of thousands of square kilo-

meters. These quartzite formations vary in thickness in different places

from a few meters to as much as 3 or 4 kilometers.

It has been seen under "Quartz-sand rock" (p. 863) that ordinarily the

material of well-sorted, pure sand formations does not occupy more than

two-thirds to three-fourths of the space. This requires that in the cementa-

tion of a sand to a quartzite from one-fourth to one-third of the formation be

added by the ground waters. It is therefore certain that the amount of

secondary silica required to indurate such great quartzite formations as

occur in the Paleozoic alid pre-Paleozoic of the continent is enormous.

That required for vein fillings, while vast, is probably inconsiderable as

compared with this.

For instance, if a quartzite formation were supposed to have a volume

of 100 cubic kilometers, to change this rock from a sand to a quartzite would

require the addition of from 25 to 33 or more cubic kilometers of quartz.

It would be very interesting to make an estimate as to the amount of quartz

which has been added by the ground circulation to the quartzites which

are now known to exist, but the descriptions of quartzite formations are

not sufficiently accurate to admit of even an approximate estimate of their

volume. However, certainl}^ many thousands, and probably hundreds of

thousands, of cubic kilometers of quartz must have been added by the

ground solutions in order to indurate these formations. It has been fully

explained on pages 480, 516-517 that the silica liberated from the

silicates by the process of carbonation in the belt of weathering is entirely

adequate to account for much or all of the silica supplied by the ground

waters.

There remains to be considered the question where the process of

cementation of sand to sandstone and quartzite takes place. If the argu-

ment given on pages 856-857 in reference to the minor importance of the

cementation of psephites below the sea be correct, it is still more applicable

to the cementation of sands. Murray and Renard have estimated that sea

water contains in solution, on the average, only one part of silica in 250,000
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parts of water." The openings between sand grains are of capillary size.

The circulation of the sea water through sandstone formations below the

sea where there is hydrostatic equilibrium must be exceedingly slow;

indeed, is probably negligible. In the case of sandstones there is no way

by which recrystallization may cement the material, as with the psephites,

which contain minerals capable of expansion reactions. The sand grains

are composed of quartz, and quartz is required for cementation. There is

no belt of weathering, the material of which is being continuously dissolved

and transported to the belt of cementation below. For the above reasons

it is thought that the cementation of sandstones, while still below the waters

in which they were deposited, is negligible. If this be true, the cementation

of sands must take place after they have been raised above the sea and an

underground circulation has been established. Even after these conditions

exist, and the conditions are favorable to a vigorous underground circula-

tion which steadily derives from the belt of weathering large quantities of

silica, cementation is still very slow.

It has been seen that the amount of silica required to indurate the

great quartzite formations is enormous. The vastness of the geological

woi-k of this kind probably gives us the best measure of the extent to which

ground waters have circulated and the enormous amount of water Avhich

must have passed through these formations before the cementation is

coinplete. ,

The numerous analyses of mineral spring waters, more than ordinarily

rich in soluble compounds, show that such waters do not contain, on the

average, more than one part by weight of silica in 100,000 to one part in

10,000. This latter amount is exceeded by only a few wells or springs,

such as the Humboldt salt well.'' Supposing that the underground water

which passes into the belt of cementation steadily carries one part in 50,000

of silica by weight, and that all of it is deposited, the filling of a pore space

amounting to one cubic kilometer would require the circulation of 50,000

times 2.6, or 130,000, cubic kilometers of water.

Even for the cementation of a single formation, such as that of the

quartzite of the Penokee-Gogebic iron-bearing district of Michigan and

"Murray, John, and Renard, A. F., Deep-sea deposits: Report on the scientific results of the

voyage of H. M. S. Challenger, 1873-1876, London, 1891, pp. 286-288.

^Peale, A. C, Lists and analyses of the mineral springs of the United States: Bull. U. S. Geol.

Survey, No. 32, 1886, p. 159.
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Wisconsin, where there is a quartzite formation 130 kilometers long and 120

metejs wide, the amount would be enormous. Supposing the induration

to have extended only to the depth of 2 kilometers along the dip, the

amount of water which must have passed through this formation in order

to have cemented it would be 4,056,000 cubic kilometers. Thus the

cementation of this single formation required the circulation of almost

incredible quantities of ground water; and the addition of the almost indefi-

nitely greater quantity of quartz cementing the quartzite formations now

existing would require a correspondingh^ greater amoimt of water.

Even this point of view does not give a conception of the amount of

ground circulation required to cement the quartzites; for during geological

history probably a great many more quartzite formations than now exist

have been produced and destroyed by the processes of erosion. And in

the quartzites we have but a single phase of the work of ground water.

It therefore follows that the amount of ground water required to cement a

single formation is infinitesimal as compared with the amount which has

circulated through the rocks during geological ages. Indeed, it is probably

not too much to say that the same water has circulated through the

ground more than once, for it is doubtful whether the entire volume of the

water of the ocean is sufficient to have done the work of cementation and

metasomatism by use a single time.

SCHIST-QUARTZITB OR QUAKTZITE-SCHIST.

A schist-quartzite or quartzite-schist is a quartzose rock derived from a

sandstone or quartzite which has a more or less well-developed schistose

structure. These rocks are produced in the zone of anamorphism under

mass-mechanical coiiditions. Granulation or recrystallization, or both, are

the dominant processes, but with these, welding and cementation are at

work. In order to produce a schist-quartzite it is not necessary to suppose

that cementation has filled the entire spaces between the sand grains; for

mashing, resulting in granulation, recrystallization, and welding may so

rearrange the material as to close the openings and lessen the volume of

the rock, with no added material from an outside source. Therefore it

can not be assumed that any consiflerable amount of material has been

added to schist-quartzites, unless evidence remains in the enlargements of

the quartz grains. Not infrequently in the schist-quartzites such evidence

may be seen. In the least mashed phases of schistose quartzites the quartz
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grains may be but slightly fractured. In passing to more mashed varieties

regular lines of fracture occasionally appear at right angles to each other.

As the mashing becomes more advanced, granulation begins. This first

affects the exteriors of the grains, but as the process continues the grains

may be granulated throughout. (PL IX, D.) Generally, however, before

granulation is far advanced recrystallizatiou begins. As a result of this, in

the interstices new quartz and mica develop (the latter from the impurities)

and the recrystallizatiou of the old grains of quartz occurs, as described on

page 865. Recrystalhzation checks, and finally reverses, the tendency of

granulation to produce finer and finer particles. Where recrystallizatiou

becomes important, and especially where it becomes dominant, the mineral

particles may grow to a relatively large size. In proportion as a mass is

deep seated and the mashing is extreme there is a marked tendency to a

parallel dimensional arrangement of the newly crystallized particles (see

pp. 688-689, 760), and the final process is a schist-quartzite or quartzite-

schist which shows no sign of fragmental origin. In many instances the

coarser quartzite-schists have particles averaging 7 mm. in length and
4 mm. in breadth. The common ratio between minor and major diameters,

as ascertained by Leith, varies from 20:100 to 100:100, with an average of

perhaps 50:100." ^|

The schist-quartzites and quartzite-schists which are largely readjusted
by recrystallizatiou beautifully illustrate the principle that this process
lags behind mechanical deformation. (See Chapter VIII, pp. 696-698.)
Residual strain effects, as shown by strain shadows, are very general.
Occasionally, however, the entire rock has largely recrystallized under
static conditions after mashing ceased, and there has been produced an
interlocking granular quartz rock in which the quartz particles have no
similar dimensional orientation and in which there is little residual strain
effect. This peculiar variety is beautifully illustrated by the quartz rocks
of Rib and Mosinee hills, near Wausau, Wis. (PL IX, G.) After complete
recrystallizatiou has taken place, producing a granular quartz rock, when
the rock is again deformed granulation may occur. This further change
has locally taken place at Rib Hill. (See pl IX, D.)

In proportion as the sands, sandstones, and quartzites are impure the
schist-quartzites and quartzite-schists forming from them will be impure.

« Leith, C. K., Rock cleavage.
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From the impurities are apt to develop some of the heavy minerals of the

zone of anamorphism. Of these minerals mica is by far of the greatest

consequence, and of the micas muscovite is the most abundant. The

secondary mica always shows a well-developed parallel arrangement, with

its greater dimensions and readiest cleavage parallel to the greater dimen-

sions of the quartz. These mica-bearing rocks are schistose, micaceous

quartzites and micaceous quartzite-schists. While mica is the most frequent

of the minerals which form in connection with the schist-quartzites, othei'

minerals, such as tourmaline, actinolite, etc., may form, and if they become

important they may give mineralogical qualifiers to the names schist-

quartzite and quartzite-schist.

In some districts all stages of gradation from quartzites, through schist-

quartzites and quartzite-schists, may be seen. These stages may be best

observed in a region not too strongly folded on the crests and in the troughs

of the folds. At such places there is comparatively little readjustment, while

on the limbs of the folds, especially between the beds, the differential

movements are much more marked. Therefore on the crests and in the

troughs of the folds and in the center of the beds the less changed rocks

are found, while at the outer parts of the beds and on the limbs of the folds

schists may be formed.

QUAETZ-FELBSPAR-SAND FAMILY.

The quartz-feldspar-sand family includes quartz-feldspar sands, arkose,

and schist-arkose or gneiss-arkose.

QUAKTZ-FELDSPAR SAND.

Some fragmental formations are composed mainly of feldspar and

quartz, and such deposits may be called quartz-feldspar sands. The most

favorable conditions for their formation are those of disintegration of acid

feldspathic rocks, with comparatively little decomposition, and contiguity

to the sea. (See Chapter VI, pp. 496-501.) The more prominent rocks

furnishing material for the quartz-feldspar sands are the granite and syenite

families among the igneous rocks, and the acid gneisses and schists among

the metamorphic rocks. The volume of these rocks is very considerable,

and the acid feldspars, which are among their essential constituents, ai'e

slow to decompose. It follows that the qiiartz-feldspar saiids occur in

considerable volume. Feldspars from interinediate and basic rocks are in
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PLATE IX.

PHOTOMICROGRAPHS OF SANDSTONE AND QUARTZITES.

A. Sandstone from Arlington, Columbia County, Wis., showing enlargement of quartz grains in

optical continuity, and crystal facets so common in sandstones which have been partly cemented.

B. Quartzite from Penokee-Gogebic district of Michigan and Wisconsin. The grains have been

thoroughly cemented by enlargement, having grown by adding new quartz material to them-

selves in optical continuity until they met adjacent grains growing out in a similar manner.

The rock is a thoroughly crystalline quartzite.

G Completely recrystallized quartzite in which all trace of rounded grains is lost. From Rib Hill,

Wis. The rock' has been so thoroughly recrystallized that the quartz grains form an irregular

mosaic, like vein quartz or recrystallized chert.

D. The same, granulated. In the field, in hand specimens, and under the microscope all stages of

the mashmg of the rock are to be observed. Each of the granules is a minute part of the quartz

individual from which it was derived.
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some instances important supplementary sources of material. Quartz and

acid feldspars have very nearly the same specific gravity, and unless such

material be gradually contributed to the water, so that it can be handled by

strong waves and currents for a long time before final deposition, quartz

and acid feldspar will not be separated. The basic feldspar is more apt to

be separated. These conditions for imperfect separation especially prevail

in bays and gulfs where the full power of the ocean is not felt. The only

other important constituent of ordinary granite and of many of the acid

schists and gneisses, beside quartz and feldspar, is mica. This mineral,

because in flakes, is carried farther than,the quartz and feldspar, and thus is

easily and rapidly separated from them and transported to deeper water.

Consequently, in the comparatively shallow waters along the shore many

nearly pure quartz-feldspar sands may be built up.

One of the best illustrations of the deposition of quartz-feldspar sands

at the present time is that in the Gulf of California, described by McGee."

The rocks of this region consist largely of granites and granitoid schists and

gneisses, although mingled with them are various igneous rocks and tuffs.

The region is one of great aridity and rapidly varying temperature. The

small amount of rainfall is concentrated in thunder storms, in some cases of

exceptional violence. The result is that the rocks which are disintegrated

but not decomposed are transported by the process which McGee has

called sheet-flood erosion. (See Chapter VI, p. 497.) The undecomposed

material is piled up in the ravines of the mountains or is transported to the

gulf by storms of exceptional violence. The waves of the gulf are at work

upon such disintegrated material and the salients of the solid rock. Thus

a large amount of material is furnished by the waves and streams, to be

distributed by the shore currents and undertow. The final result is that

the quartz and feldspar, with some mica, are deposited as a quai-tz-feldspar-

sand formation. McGee notes that where there are prominent salients the

quartz-feldspar sand is coarsest and cleanest, and that where there are

reentrants there is mingled with the coarse quartz and feldspar a considerable

proportion of finely comminiited materials.*

Doubtless this case of the formation of quartz-feldspar sands in the

Gulf of California points to the conditions under which similar sands were

«McGee, W J, The formation of arkose: Science, new ser., vol. 4, 1896, pp. 962-963.

6McGee, cit, pp. 962-963.
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deposited in the past, althoiigh other combhiations of conditions may have

produced similar results. For instance, where the sea has rapidly trans-

gressed over a region of granitic rocks the material may be broken down

by wave action and incompletely assorted, thus producing quartz-feldspar

sands. Or great deposits formed in an interior basin ma}^ be overridden.

Thus if by subsidence the sea should advance over the Great Basin of

western United States (see Chapter VI, p. 659) at various places stratified

feldspathic sands similar in character to those of the Gulf of California

would be buried, since in this region there are various granitic and acid

schistic, gneissic, and granitic moujitain ranges about which the fieldspar

and quartz d(ibris of the mountains is being built up as stratified I'ocks by
the streams and ephemeral lakes and by sheet flood erosion. But from

such deposits neither mica nor any other mineral is more than imperfectly

separated. Therefore, unless the original rocks were enormously rich in

quartz and feldspar, such deposits are likely to contain witli the quartz-

feldspar sands considerable quantities of ferromagnesian sands, considered

on pages 877-879.

ARKOSE.

Arkose is cemented quartz-feldspar sands. The arkoses are formed in

the belt of cementation. The cementing material is largely quartz, just as

with the quartz sands. Other cementing- materials are calcite, ferrite, etc.,

and in some cases the cementing material is largely feldspar. This is well

illustrated by the arkoses of the Keweenawan of the Lake Superior region.

The rocks from which these arkoses were derived were the volcanic rocks

of the Lower Keweenawan. In the Keweenawan arkoses the cementing

material is mainly quartz, but this is occasionally supplemented by feldspar,

and in some instances where the arkose is a nearly pure feldspar rock the

feldspar interstitial material is the main cement. This feldspar is largely

added to the feldspar grains in optical continuity, precisely as is the quartz

to the quartz grains, thus enlarging them. Where the feldspars are twinned

plagioclases, the enlargements are twinned in similar fashion." (See fig. 14,

p. 626.) These arkoses give one of the best illustrations of the capacity of

minei'al particles tq, abstract from the solutions material like themselves and

add it to themselves. (See pp. 121-123.)

« Irving, E. D., and Van Hise, C. E., On secondary enlargements of mineral fragments: Bull.

U. S. Geol. Survey, No. 8, 1884, p. 46.
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The process of cementation may be partial, as with the sandstones, or

may continue until the material has practically filled^ all the interspaces, as

with quartzites, when the rock becomes completely indurated arkose.

Where cementation is very partial, the rock fractures around the grains

rather than across them, just as in a sandstone. Where cementation is

complete or nearly so, the fractures are aci'oss the grains rather than

around them, just as in quartzite, to which the rock is then analogous.

During cementation the feldspars in the arkoses may undergo raeta-

somatic changes. The dominant feldspars are orthoclase, microcline, and

the acid plagioclases. Any of the alteration products of these minerals

characteristic of the belt of cementation may form, but the most abundant

products of their alteration are quartz, chlorite, the zeolites, and the

epidotes.

Where by deep burying the arkoses pass into the zone of anamorphism,

the original feldspars or their alteration products are likely to recr3^stallize,

producing heavy anhydrous minerals. Under such circumstances the acid

feldspars are most likely to pass into quartz and mica. The alteration

products of the feldspars produced in the belt of cementation may
reproduce feldspar or may unite to form quartz and mica. In proportion

as the quartz-feldspar sands were impure, the heavy minerals are likely to

form. So long as the conditions are mass-static the original textures and

structures of the rock are likely to be preserved; but if in the deep-seated

zone the conditions are mass-mechanical, schist-arkoses or gneiss-arkoses,

considered under the next heading, are likely to form.

The induration of the arkoses is believed to be mainly accomplished

while the deposits are land areas. The reasons for this belief are the same

as in the case of the sandstones. (See pp. 866-867.)

SCHIST-ARKOSE AND GNEISS-AKKOSE, OR ARKOSE-SCHIST AND AKKOSE-GNEISS.

After the arkoses are formed and have become buried deep enough to be

in the zone of anamorphism, mass-mechanical action may take place. In

conseqxience of this a schistose or gneissose structure is developed, and the

rocks become schist-arkose and gneiss- arkose, or arkose-schist and arkose-

gueiss. There are, of course, all gradations between the rocks here con-

sidered and the arkoses. Where the mechanical action is rather weak,

a schistose structure is not marked. Where mass-mechanical action is-
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profound, a schistose structure is strongly developed. Where the original

sands were of the same general character, schists are likely to be produced
;

where the sands were in alternate bands, some of which were mainly

quartzose and others strongly feldspathic, a gneiss is likely to form.

Such a gneiss is beautifully illustrated in the Sturgeon River tongue of the

Crystal Falls district of Michigan, adjacent to the conglomerate-gneiss

already mentioned." (See p. 860.)

During the transformation the quartz is granulated and recrystallized,

precisely as in the schistose quartzites. Since the feldspars of the arkoses

dominantly belong to the acid end of the series, they usually break up into

mica and quartz. So far as the feldspar is orthoclase or microcline, musco-

vite and quartz form. Where the arkose is impure, and magnesium and

iron are present in considerable quantity, biotite is likely to develop. At

the stage ii which the alteration of the feldspar is partial there is an inter-

locking fixture of quartz, feldspar, and mica. In other words, at this

stage the rocks have a composition which, under the German usage of the

term, would be called mica-gneiss. Where among the feldspars interme

diate varieties, such as labradorite and bytownite, are present, simultane-

ously with the development of the other minerals, albite, oligoclase, and

andesine may form, but of these albite is by far the most prevalent. Thus

out of the old feldspar a great deal of new and usually acid feldspar is

produced. The development of new feldspar is particularly likely to take

place when adjacent igneous intrusions have occurred, especially granitic

intrusions. Doubtless the hot mass of granite promotes the formation of

solutions which carry abundant feldspathic material, and out of this, in part

at least, the new feldspar develops. (See pp. 713-716.) In the schist-arkoses

the raicas have well-developed parallel orientation, with their longer axes

and cleavages in a common plane. The new feldspars may also have a

siriilar orientation. Such an arrangement is beautifully illustrated in the

Hoosac schist, described by Wolff." In this rock, mainly composed of

quartz, mica, and feldspar, the latter mineral, mainly albite, is wholly

recrystallized and locally shows a very marked parallel orientation.

a Clements, J. Morgan, and Smyth, H. L., with Bayley, W. S., and "Van Hiss, C. R., The Crystal

Falls iron-bearing district of Michigan: Men. U. S. Geol. Survey, vol. 36, 1899, pp. 463-464.

''Pumpelly, Raphael, Wolff, J. E., and Dale, T. Nelson, Geology of the Green Mountains in

MassE-chusetts: Mon. U. S. Geol. Survey, vol. 23, 1894, pp. 59-63.
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FEllR03IAaNESIAl\'-SAND FAMILY.

The fervomagnesian-sand iamily includes the ferromagnesian sands,

grits, graywacke, and slate-graywacke, schist-graywacke, or gneiss-

graywacke.

FERROMAGNESIAN SANDS.

At many locahties ferromagnesian sands are built up which are

mainly composed of quartz, the feldspars, and the ferromagnesian minerals.

With these dominant minerals there are subordinate quantities of various

other minerals—in fact, any of the minerals which are important as rock

constituents, with the possible exception of such readily decomposable

soda-bearing minerals as sodalite, nephelite, etc.

The conditions for the deposition of the ferromagnesian sands are those

of disintegration, with little decomposition. These conditions are fully

discussed on pages 496-501. It is here only necessary to say that

the conditions are substantially the same as those for the formation of the

feldspar-quartz sands, except that the rocks from which the minerals a,re

derived contain the ferromagnesian minerals abundantly. In proportion as

the climate is arid, in proportion as the material has to be transported only

a short distance, in proportion as it is coarse, in proportion as there is great

change of temperature h\ insolation in the warm regions and freezing and

thawing in the cold regions, the various igneous rocks are broken down.

Thus, sands composed of individual grains or aggregates of grains of the

same or unlike mineral composition are formed. The rocks from which

the ferromagnesian sands are derived must contain abundantly the ferro-

magnesian minerals. Tliese ferromagnesian sands are deposited under

physical conditions very similar to those under which the quartz-feldspar

sands are deposited.

The formations may be biiilt up on land or below water. Where built

on land in arid regions, thick deposits are likely to result, especially where

there is no drainage to the sea. Such deposits are illustrated in the Sahara

and in the Great Basin of western United States. The conditions for the

foi-mation of sands in such districts have been fully discussed by Walther,"

a Walther, Johannes, Die Denudation in der AViiste und ihre geologische Bedeutung, S. Hirzel,

Leipzig, 1891, pp. 448-461. Walther, Johannes, Das Gesetz der Wtistenbildung in Gegenwart und

A''orzeit, Dietrich Riemer, Berlin, 1900, pp. 31-52.
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and have been alluded to in this treatise. (See Chapter VI, pp. 496-497.)

Nothing further will be said upon their manner of formation. The essential

point in this connection is that such sands are likely to be not at all, or

very slightly, sorted; therefore they contain practically all the minerals

of the original rocks from whicli they are derived, and hence include

the ferromagnesian minerals. While such formations are of very great

thickness in various parts of the world, and doubtless are now being

indurated in their lower parts, as described below, it is difficult to ascertain

how far the ferromagnesian sands, and their altered equivalents thus

formed, have been preserved among the rocks of past geological ages.

Ferromagnesian sands are being extensively deposited below the waters

of inland seas and of the ocean, where the sorting is very imperfect. This

is likely to be the case in the estuaries or near the mouths of strong rivers

which are rapid to their mouths. All these conditions are well illustrated

by some of the rivers which flow into the estuaries of the Atlantic, such as

the Susquehanna. The conditions for the deposit of ferromagnesian sands

are still more nearly perfect along the Pacific coast. The rapid streams of

the Coast Range carry the extremely varied material of the mountains to

the bays, such as San Diego, San Francisco^ and Puget Sound, or to the

ocean. But in the open ocean the ferromagnesian sands are likely to be

sorted into their constituent minerals. '

While the perfect conditions for the formation of the ferromagnesian

sands are those of disintegration with no decomposition, of course decompo-

sition does everywhere occur to a greater or Iqss degree. In the case of the

rivers of the Piedmont plateau, which are emptying into estuaries, the

decomposition of the sands is considerably advanced. But the decomposi-

tion of the sands of the Coast Range is not nearly so far advanced.

Since decomposition everywhere occurs to some extent, the ferromag-

nesian minerals and the feldspars have been changed more or less to

minerals into which they commonly alter in the belts of weathering and

cementation. The feldspars may have, been changed in part to kaolin, mica,

quartz, zeolites, etc. The pyroxenes, amphiboles, and biotite may have

been changed to a greater or less extent to chlorite, epidote, serpentine,

talc, etc. Thus in the sands under consideration there may be present not

only original minerals, but any of their alteration products in various

proportions. In so far as alterations have taken place the proportion of the
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elements in the secondary rocks as compared witli the original rocks is

likely to be changed. For instance, alumina may be relatively increased

in amount, and sodium greatly depleted, as compared with the potassium,

etc., as explained on page 507 et seq. This process of alteration is hkely

to have proceeded far, in proportion as the material is fine grained. By

increase in amount of decomposition and decrease in size of grains, the

group of sands under consideration passes by gradation into the muds or

pelites. By decrease of the ferromagnesian minerals they pass into the

arkose sands. By decrease of the ferromagnesian and feldspathic minerals

they pass into the quartz sands. Therefore there are all gradations between

the ferromagnesian sands and the pelites, the quartz-feldspar sands, and the

quartz sands.
GKITS.

In the belt of cementation, by consolidation, cementation, and meta-

somatism the fen-omagnesian sands pass into grits. The grits occupy the

same place in the family that sandstone and arkose bear in the quartz-

sand and quartz-feldspar-sand famihes, respectively. In the induration of

the grits consolidation by pressure and welding is comparatively unimpor-

tant. The principles of cementation applicable are identical with those of

the sandstones and arkoses. A much greater number of cementing minerals

are important in the grits than in either the sandstones or the arkoses.

Where a ferromagnesian sand formation extends to the surface in the belt

of weathering there may be contributed to the underground waters all the

important elements which make up the great ma,sses of the rocks. Also

in the belt of cementation like diversified material may be added to the

solutions by alteration of the minerals. Therefore, from the waters per-

colating through the ferromagnesian sands almost any of the common

rock-making minerals which develop in the belt of cementation may be

deposited. While this is true, the fact remains that the most abundant

cement is quartz. Next in importance to this, in all probabihty, is calcite,

and occupying a third place are the iron oxides. However, feldspar, horn-

blende, and other silicate minerals may be enlarged by each mineral

selecting from the solutions appropriate materials for this purpose, precisely

as with quartz. Also there may be deposited in the interstices such

minerals as the zeolites, epidote, and chlorite, precisely as in the vacuoles

of lavas, which have an equal variety of materials.
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During cementation of the grits, metasomatism in the feldspars, ferro-

magnesian minerals, and constituents other tlian quartz is taking place.

This jjrocess is precisely the same as in the metasomatism of the gray-

wackes, next taken up; and since in these rocks the process is of greater

consequence, it will not be here considered further than to remark that the

expansion reactions which take place contribute material to the solutions

for cementation.

It is believed that the change of the ferromagnesian sands to grits is

mainly accomplished on the land areas. The argument is the same as with

the graywackes. Since it can better be given after these rocks have been

considered, the statement on this point is deferred. (See p. 882.)

Grits of Carboniferous age are rather extensive formations in various

parts of the world. This is natural, since coal is known to have formed in

lagoons and partly inclosed seas, and it has already been noted that such

places, where the sorting power of the waves is small, are favorable ones

for the building up of the ferromagnesiaKii sands. But the grits are not by

anv means confined to the Carboniferous system; they occur extensively

in the Cretaceous, Tertiary, and other systems.

GKAYWACKE.

Grraywackes are produced from grits in the belt of cementation.

Where the cementation is advanced so far that the rock when fractured

breaks across the original grains rather than around them the rock is a

graywacke. (PI. X, ^4.) Graywacke, therefore, occupies the same posi-

tion in the family under consideration that quartzite and completely indu-

rated arkose occupy in the quartz-sand and quartz-feldspar-sand families.

Nolhing further need.be said of the process of cementation, since it is mainly

the comjsletion of the work which cements a ferromagnesian sand into a

grit. While the process of cementation is going on metasomatic changes

may also be occurring in the body of the rock. (See Chapter VII, pp.

540-646.) The clastic particles may alter in many ways. To desci-ibe

them in detail would be to give a treatment of tlie alteration of minerals.

The final result of the alteration is a consolidated rock which may have a

very great variety of mineral constituents. One of the most characteristic

features of the graywackes is, however (as indicated bj^- the name), their

gray color. While the new minerals may have something of a tendency
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to similar orientation, they usually do not become regularly parallel. The

slio-ht tendency toward a parallel arrangement usually accords with bed-

ding, but in some cases it may not do so. The banded character of the

orio-inal rock is ordinarily preserved, even if all of the decomposable detrital

minerals are altered into new ones. Each mineral may change into any of

the products which form in the belt of cementation, as listed. (See pp.

621-627.) To illustrate, the feldspars may alter into quartz, chlorite, the

zeolites, and the epidotes; the pyroxenes and amphiboles may alter into

qiiartz, serpentine, calcite, dolomite, magnesite, magnetite, and the epidotes;

the micas may alter into serpentine, chlorite, and quartz. These secondary

minerals vary from a subordinate to a dominant amount, and in some

instances but little if any of the original feldspars, pyroxenes, amphiboles,

and micas remain. But in general it is difficult to discriminate the meta-

somatic changes which take place in grits and graywackes from the partial

alterations of the minerals before the material was deposited as a ferro-

mao-nesian sand. Where a ferromagnesian mineral of a certain kind is very

abundant the alteration products from such a mineral are correspondingly

plentiful.

Secondary minerals which form from several important primary min-

erals are likely to be especially abundant; as, for instance, serpentine.

This mineral very often develops on a considerable scale in the graywackes.

Indeed, it sometimes becomes so prominent that the metamorphism of gray-

wackes has been called serpentinization. The secondary serpentine acts in

a manner similar to that of silica. It may occupy the crevices and cracks,

the spaces between the constituent minerals, and, finally, the place once

taken by other minerals. Exactly as in the case of silica, material for the

serpentine may be furnished in part or in whole by the minerals present, or

the material of the serpentine may come from an extraneous source, espe-

cially from the belt of weathering. Widespread formations may be exten-

sively serpentinized, so as to give for considerable areas almost solid masses

of serpentine. The serpentinized graywackes are especially well illustrated

in the Coast Range of California. " (Fig. 23.)

Excellent illustrations of the graywackes may be found in the Huronian

of the Lake Superior region, and perhaps the best illustrations of all are

a Becker, G. F., Geology of the quicksilver deposits of the Pacific Slope: Mon. U. S. Geol. Survey,

vol. 13, 1888, pp. 120-128.

MON XLVII—O-i 56
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the so-called slate-conglomerates of Logan in the Original Huronian area

on the north shore of Lake Huron. " Here there are extensive formations

the matrix of which is typical graywacke, and in which are scattered frag-

ments, great and small, of the various rocks from which the finer ddbris

was derived. By an increase in the amount and size of the coarse material,

the graywackes pass into psephite-conglomerates. Almost equally good

illustrations of graywackes are locally found in the great slate formation of

the Penokee and Animikie series, although they are here not nearly so

extensive as north of Lake Huron. Greikie describes graywacke as a

rather common rock in Great Britain.
''

The change from ferromagnesian sands to grits and graywackes is

beheved to take place in an important degree only when the deposits are

below land areas. The argument in this connection is essentially the same

as that applicable to the tra,nsformation of sands to sandstone and quartzite.

The openings of the rocks are capillary, and it can

not be presumed that in the rocks while below the

water there is any rapid circulation by which material

may be introduced. Lideed, there is no belt of

weathering available which can furnish such material.

But there is one difference between quartzose sand and
Fig. 23.—Graywacke undergo-

ing serpentinization along -^j^g ferromaguesiau sauds. lu the latter expansion
cracks Aft6r Bccksr.

reactions may occur while the rocks are below the

water. So far as metasomatism there takes place, the processes of hydra-

tion, carbonation, and oxidation, all producing increase of volume, would

provide material which could be deposited between the grains and thus

cement the rocks. To what extent this process has actually taken place

below the water must, for the present at least, be a matter of conjecture.

But, as first stated, it is believed that the major part of the cementation

and metasomatism of the graywackes occurred while the rocks were parts

of land areas, for there the conditions are favorable for cementation, viz,

vigorous circulation of the ground water and steady contribution of mate-

rial to the belt of cementation from the belt of weathering.

After the graywackes have become cemented by deep burying

they may pass into the zone of anamorphism. There metasomatic

changes may take place in the rocks, in consequence of which the heavy

« Logan, W. E., Geology of Canada, 1863: Montreal, 1863, pp. 50-54.

("Geikie, Archibald, Text-book of geology: Macmillan & Co., London, 1893, p. 132.



METAMORPHOSED GRAYWACKES. 883

minerals characteristic of that zone are formed. These minerals and their

manner of development are, however, identical with those of the graywacke-

schists and graywacke-gneisses next to be considered, and they will there-

fore not be here discussed.

SLATE-GRAYWACKE, SCHIST-GRAYWACKE, AND GNEISS-GRAYWACKE; OR GRAYWACKE-SLATE, GRAYWACKE-

SCHIST, AND GKAYWACKE-GNEIKS.

Where graywackes are buried deep enough to be in the zone of ana-

morphism and are subjected to mass-mechanical action, a schistose or

banded rock is produced, to which the terms slate-graywacke, schist-

graywacke, and gneiss-graywacke, or graywacke-slate, graywacke-schist,

and graywacke-gneiss, are applicable. Where the movement is moderate

the slate-graywackes or graywacke-slates are likely to form, but where the

mass-mechanical movements are severe schists and gneisses develop.

The rearrangement of the minerals under mass-mechanical conditions

combines the processes of recrystallization and granulation fully described

in Chapter VIII (pp. 673-675, 690-696). The minerals which form are of

course the heavy anhydrous minerals characteristic of the zone of anamor-

phism. The average composition of the minei-als in a given case approxi-

mates that of the chemical composition of the original ferromagnesian

sands, except so far as they have been changed in composition in the belt

of anamorphism by dehydration and decarbonation or by injection.

Since one of the essential conditions for the formation of the ferro-

magnesian sands is disintegration with but little decomjaosition, within these

rocks the various elements, including the alkalies and alkaline earths and

iron, are likely to approximate the average original proportions of the

rocks from which the sands were derived. It therefore follows that the

ferromagnesian sands are likely to be richer in alkalies, alkaline earths, and

ii'on than the quartz sands or even the quartz-feldspar sands. Since the

rocks may contain nearly a full quota of all the elements, almost any of

the minerals may form which are characteristic of the deep-seated zone,

with tlie exception of the minerals rich in soda, such as sodalite, nephelite,

etc., and the heavy aluminum silicate minerals. Apparently there has

always been sufficient depletion in soda to prevent the development of the

former. As pointed out on page 900, the latter are likel}'' to develop

only where there is an excess of aluminum beyond that required for the

formation of the minerals containing the alkalies fttid alkaline earths.
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The original quartz is granulated and recrj^stallized, as in tlie other

varieties of sands. As the feldspars recrystallize, the micas are likely to

form abundantly, especially biotite, since iron and magnesium are ^jlentiful.

(PI. X, B.) But while the feldspar may in part pass into other minerals,

it in large part recrystallizes as feldspar, with perhaps a change in species.

Such new feldspar is apt to be an abundant constituent in the recrystallized

rocks. Frequently the ferromagnesian minerals are so plentiful that the

amphiboles develop extensively. In the abundance of amphibole these

rocks differ from the schists and gneisses of the quartz-sand and quartz-

feldspar-sand families. The particular amphibole which develops in a given

formation depends, of course, upon the composition of the rock, but actino-

lite and common hornblende are very abundant. (PL X, C and D.) Rarely,

where the metamorphism is of a very extreme nature, the pyroxenes may
also develop to some extent, but any considerable quantity of these min-

erals is rather unusual. It is probable that the greater abundance of

amphibole is due, in part at least, to the fact that in this grou]? of min-

erals the ratio between the calcium and the magnesium is 1:1, whereas

in the pyroxenes it is 3 : 1. So far as decomposition has taken place in

the original sands, the calcium is likely to have been extracted in greater

proportion than the magnesium (see pp. 515-516); therefore many of the

ferromagnesian sands may have been so depleted in calcium that pyroxenes

can not readily form. Associated with the more abundant minerals, the

heavy metamorphic minerals, such as garnet, staurolite, and tourmaline,

may appear. However, these minerals are not likely to form so abundantly

as in the pelite family, and tlie aluminum-silicate group of minerals, so com-

mon in the pelites, is rarely found. So far as hydrous minerals have been

produced in the belt of cementation, they are decomposed. The material

of the chlorites may largely go into the micas, amphiboles, garnets, stauro-

lite, and other minerals. The zeolites may pass into the feldspars, especially

into albite or oligoclase. In shoi't, any of the combinations of hydrous

minerals which have been formed by the alteration of a heavy original min-

eral may recombine to reproduce the original heavy mineral; for instance,

serpentine, gibbsite, and kaolin may unite to produce biotite; kaolin and

quartz, or gibbsite and quartz, with sodium-bearing minerals, may unite to

produce albite; serpentine and quartz to produce enstatite, etc.
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The newly developed minerals show a marked tendency to similar

dimensional arrangement. This tendency is very strongly marked with the

micas, is important with the hornblendes, and applies to a considerable extent

to quartz and the feldspars. Corresponding with the dimensional arrange-

ment of the mica there is an eminent cleavage. There may be a cleavage

corresponding to the dimensional arrangement of the hornblendes and the

feldspars. This dimensional arrangement and mineral cleavage combined

give the rocks a slaty or schistose structure, depending upon the coarseness

of the mineral particles. (See pp. 778-779.)

Where the original ferromagnesiaia sands were banded in consequence

of alternation of coarse and fine material, or of alternation of different

combinations of the mineral constituents, this banding may be preserved

and thus a gneissic structure be produced in the recrystallized rocks.

Where there was a band in which quartz was very abundant, the laminae

are composed largely of quartz; where there was a quartz-feldspar band

there is likely to be a lamina composed of qiiartz, feldspar, and mica;

where there was a band in which were abundant ferromagnesian minerals

there are likely to be laminae in which hornblende, feldspar, mica, and

quartz are all plentiful. Of course, the bands are not sharply sejjarated

from one another, and there is likely to be subordinate amounts of all the

minerals which occur in the rock in each of the bands. The preservation

of the banded structure is due to the fact, fully explained in Chapter VIII

(pp. 764-766), that during the alterations which take place in the zone of

anamorphism migration of large quantities of material does not take place

for more than exceedingly short distances.

It will be seen later that the gneisses of igneous origin usually contain

hornblende. The sedimentary gneisses belonging to the family under

consideration usually contain hornblende, and therefore are more likely to

be confused with the gneisses of igneous origin than with the gneisses of

the quartz-sand or quartz-feldspar-sand families. (PL X, C.) However,

in many cases the average chemical composition of the rocks and the

arrangement and structures of minerals enable one to discriminate gneisses

of the family here considered from those derived from the igneous rocks.

But, apparently, where the sedimentary rocks are adjacent to great

intrusive igneous masses of hornblende-granite the sedimentary rocks may
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gain hornblende in consequence of tlie exomorphic effect, and in that way
produce a graywacke-schist containing much hornblende and very similar

to hornblendic-schists of igneous origin. (See PI. X, D.)

The graywacke-slates, graywacke-schists, and graywacke-gneisses, of

course, grade into the graywackes from which they are derived. Further,

they grade on the one hand into the arkose- schists and arkose-gneisses, and

on the other hand into the pelite-schists and pelite-gneisses.

PELITE ORDEK.

MUD FAMILY.

Mud is the finest of the mechanical sediments. The greatest deposits

of mud form at the mouths of large rivers. "Where very great rivers empty

into the sea deltas of immense thickness and size are built up of mud, as,

for instance, the delta of the Mississippi. Great deposits of muds are also

forming in the estuaries into which the rivers enter, such as the estuaries of

the Atlantic. These delta and estuary deposits, besides being extensive, are

of immense thickness. In mediterranean seas great deposits of mud may
be built up as the products of many rivers. Thus Willis explains the Ham-
ilton shale of the Devonian of the Appalachian region, a formation extending

from New York to Mar3dand, and having a thickness of from 350 to 420

meters." Also in the open sea, as a result of the process of sorting, the

muds are carried beyond the psammites, and so extensive formations of

mud of moderate thickness are built up.

Muds deposited in mediterranean seas or in the open ocean very fre-

quently are interstratified with or grade into the psammites toward the

shore. Seaward they frequently are interstratified, intermingled, or grade

into the calcareous deposits. To a less extent similar transitions are found

associated with delta and estuary deposits. Consequently we have deposits

intermediate between muds and sandstones, and between muds and lime-

stones. From the foregoing it follows that muds vary in composition from

that of the various psammites to that of the carbonates. The rocks inter-

mediate between the muds and the carbonates usually contain a large

percentage of calcium, magnesium, and carbon dioxide.

On the average the material of which mud is composed has been

3 Willis, Bailey, Paleozoic Appalachia, or the history of Maryland during Paleozoic time: Mary-
land Geol. Survey, vol. 4, pt. 1, 1900, pp. 57-61.
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PLATE X.

PHOTOMICEOGRAPHS OF GRAYWACKES.

A. Graywacke from Penokee-Gogebic district of Michigan and Wisconsin. The orthoclase is in most
cases separable from the quartz, in that it lacks the perfect clearness and uniformity of color

which each grain of that mineral shows. The striated feldspars are nicely shown.
B. Biotite-graywacke from Mesabi district of Minnesota. This is the normal phase of Lower Huronian

graywacke, consisting of quartz and feldspar grains, mainly the former, very imperfectly rounded,
and a considerable amount of secondary biotite and muscovite or sericite. All the constituents

have a dimensional parallelism, and the micas have also a crystallographic parallelism. After

Leith.

C. The same, showing development of new hornblende near contact with intrusive granite. After

Leith.

D. The same, showing development of new hornblende to the practical exclusion of mica at contact

with intrusive granite. After Leith.
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exposed to the weathering' processes under more favorable circumstances

than any other mechanical deposit. Consequently mud is material in

which decomposition is farther advanced than in any of the previously

considered classes of mechanical sediments. It follows from this that

muds are likely to be deficient in the more readily soluble compounds.

Of these the alkalies stand first, and of the alkalies sodium is more largely

dissolved, since a large proportion of sodium in the original igneous rocks

occurs in minerals which are more readily decomposed than the minerals

which bear potassium—that is, sodium occurs largely in the nephelites,

sodalites, and basic feldspars, which, as shown on pages 252, 260, 292,

295-299, are readily soluble; whereas the great sources of potassium are

orthoclase and microcline, difficultly decomposable minerals. The mate-

rials are also apt to be depleted in calcium aiid magnesium, since the

alkaline earths are so readily soluble. (See analyses A, B, C, of shales in

Chapter XI, under "Composite analyses of * sedimentary rocks." The

depletion in calcium usually lias gone farther than the depletion in mag-

nesium, since in the belt of weathering much of the magnesia is retained

in the serpentines and talcs. The material may or may not be depleted

in iron. While aluminum and silica also have been dissolved in the belt

of weathering, the solution of these substances is less rapid than of the

others, and thus there is usually an increase in the relative amoimts of

these elements. The relative rate of solution of the elements is more fully

considered on pages 507-518.

The processes which lead to the solution are those of carbonation,

hydration, and oxidation, so frequently mentioned. From the muds the

carbonates are mainly rempved in solution, the hydroxides are removed

to some extent, and the highly oxidized iron largely remains. All the

foregoing facts clearly appear when the analyses of original ig-neous rocks

are compared with those of muds. I reproduce from Clarke the first

column of a table giving the average of analyses of igneous and crystalline

rocks, made up from 830 analyses from various parts of the world, which

may be regarded as closely approximating the composition of the original

material from which the muds must have been derived, except that a con-

siderable number of the 830 analyses are from metamorphic rocks, a portion

of which may be metamorphic sedimentary rocks. So far as there was
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depletion in any of the elements of such metamorphic sedimentary rocks,

this would somewhat reduce the amount of these elements and correspond-

ingly increase the amounts of the other elements.

Average of analyses of 830 igneous and crystalline rocks."
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Probably the chief respect iu which these shales differ in composition

from muds is that water is less abundant in them. To compare the above

analyses with the analyses of the original rocks, the water ought to be

omitted. Omitting the water, and increasing the other elements in propor-

tion, the analysis of shales would be as follows

:

Analysis of shales on hasis of 100 ])ei' cent excluding the water.
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The secondary minerals are important constituents oi the muds. Of
these the most abundant are those which especially form in the belt of

weathering, as given on pag-es 518-521. With these there are, of course,

almost all the minerals which form in the belt of cementation, as given on

pages 621-627, and finally with both of these classes are residual unaltered

minerals, especially refractory ones, such as quartz, orthoclase and micro-

cline, albite, etc., and the heavy refractory minerals. Not infrequently

the quartz and feldspar constitute the major portion of the material. From
the foregoing it is clear that in proportion as alteration is advanced the

minerals forming the muds tend toward the very end products of alteration

—

quartz, kaolin, talc, ferric oxide, and gibbsite. (See p. 520.) Some of the

clayey muds are composed almost wholly of quartz and kaolin, with some

talc and ferric oxide. It therefore appears that the muds have a wide

variety of composition, both chemical and mineral.

SHALE FAMILY.

By consolidation, metasomatism, and cementation in the belt of

cementation the muds pass into shales. Shale stands, in the pelite order, in

the same place in which sandstone, arkose, and grit stand in the psammite

order. The processes of alteration are the same in all, but their relative

importance is very different in the pelites and psammites. In ,the induration

of the j)sammites consolidation is of
'
subordinate importance, and cementa-

tion by material derived from an outside source is of the first importance.

In induration of the muds consolidation due to pressure is of the first impor-

tance. The particles are very small. According to Whitney, the finer

soils, which in reference to subdivision may be taken as approximately the

same as mud, contain from 10,000,000,000 to 20,000,000,000 particles per

gram." In a fine sand, such as the St. Peter sandstone of Wisconsin, the

number of particles per gram, as determined by Mr. S. H. Ball, are about

115,000, and in a somewhat fine grained and better sorted beach sand about

167,000 particles per gram. Therefore in a mud, after the steady pressure

has squeezed out the water so as to bring the particles in contact with one

another, the number of points of contact are from 87,000 to 174,000 times

as great as in such a sandstone as the St. Peter, and from 60,000 to 120,000

« Whitney, Milton, Some physical jiroperties of soils in their relation to moisture and crop

distribution: U. S. Dept. Agric, Weather Bureau Bull. No. 4, 1892, pp. 73-74.
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times as great as in tlie beacli sand. Consequently, where the pressure is

sufficient to bring the particles, or a fair proportion of them, so close together

that they are within the limits of molecular attraction, welding is an

important factor in the coherence of the rock. It is well known that when

mud is subjected to very moderate pressure and the water can escape, this

is sufficient to make the particles cohere. There is therefore every reason

to believe that the weight of the superincumbent material accomplishes the

same thing for nmd formations.

Metasomatic processes are important in the induration of the muds.

The mechanical water within the interstices of the muds and that liberated

by dehydration are agents through which changes may be made within the

mineral particles and between the adjacent mineral particles. That dehy-

dration occvirs is shown by comparison of the analyses of slates and

shales with those of muds. It has been seen on pages 742-744 that the

water of the slates and shales is, on the average, about 50 per cent of that

of the muds.

Where rocks are so strongly hydrated as are the shales, some of the

water is combined with the hydrous minerals which most readily part with

it, such as the zeolites. Under such conditions the moderate pressures

and temperatures which produce the shales are sufficient forces to begin

dehydration.

Where organic matter is present in muds—and this is very common

—

the process of deoxidation is likely to begin. This is shown by the relative

proportions of the ferric and ferrous oxides in the muds and shales, as

exhibited in the analyses given on pages 890-891. It is seen that the ferric

oxide in the clays and soils averages 6.25 per cent, and in the shales is

reduced to 4.03 per cent; whereas the ferrous oxide in the clays and soils is

0.77 per cent and in the shales is increased to 2.46 per cent. These facts

accoi'd with the statement in Chapter IV (p. 165; also see Chapter VII,

pp. 607-608) that deoxidation, while especially characteristic of the zone of

anamorphism, takes place in the belt of cementation where the conditions

are favorable. It thus appears that in the change from muds to shales we

have the beginning of reactions which for most rocks are not important

until they are deeply buried. Of the thi-ee reactions, hydration, oxidation,

and carbonation, which are characteristic of the zone of katamorphism for

the majority of rocks, two begin to be reversed for the pelites in tlie belt of
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cementation. This simply means that the pelites begin to pass into the

zone of anamorphism at less depth than do other rocks.

Cementation is of consequence for the pelites, but not of such dominant

importance as in the psammites. The muds are practically impervious to

percolating waters, because the openings between the particles are sub-

capillary. (See ChajDter III, p. 143.) Hence very little material can be

brought in from an outside source to fill the minute interspaces of the

particles of mud; but by the metasomatic processes within the minute

mineral particles the solutions obtain material which may be deposited

between the grains. As the water is squeezed out by pressure, not only

are the particles brought closer together, but as the water moves toward

the place of escape the pressure lessens and material from solution is

precipitated, and thus cements the particles. (See p. 114.)^

The change of mud to shale is therefore largely a mechanical process

of consolidation, resulting in welding; but the chernical processes of meta-

somatism and cementation also are important.

Where the shales pass into the zone of anamorphism and the conditions

are mass-static, the processes of that zone are inaugurated. Dehydration

may be carried far. The silicatiou of the subordiiiate amounts of carbo-

nates which are so generally present in the shales may take place. In the

shales there is very frequently organic material, and this results in deoxida-

tion. By metasomatism the heavy minerals develop. The rocks thus

altered may become compact, st:rong rocks, composed of anhydrous minerals.

The reactions for shales in the zone of anamorphism are those which pro-

duce the rocks next to be considered.

SLATE-PELITE, SCHIST-PELITE, AND GNBISS-PELITE; OR PELITE-SLATE, PELITE-SCHIST, AND PELITE-GNEISS.

Where shales are buried so deep as to pass into the zone of anamor-

phism and mass-mechanical action takes place, slate-pelites, schist-pelites,

and gneiss-pelites, or pelite-slates, pelite-schists, and pelite-gneisses are

produced. Where the depth is not great and the mass-mechanical action is

not very severe slates are likely to form. Where the depth is greater and

the mass-mechanical action is severe schists or gneisses are likely to

develop. As the shales are very weak rocks, the depth at which the

reactions of the zone of anamorphism are inaugurated is not great. It is

certainly less, on the average, than for any of the previous families.



ANALYSES OF SLATES. 895

The rearrangement of the mineral particles under mass-mechanical

conditions is mainly that of recrystallization. The process of granulation,

which is so important in connection with recrystallization of the psephites

and psammites, is of relatively less consequence in the deep-seated metamor-

phism of slate, although by no means unimportant. The particles of the

original rocks are so small that they can readily slip over one another with-

out being broken finer, so that granulation is mainly restricted to the large

particles. The dominance of recrystallization is shown by the fact that

the moment the change from shale to slate, schist, or gneiss commenced

the small particles begin to merge and a coavser-grained rock is produced.

(PI. XI.)

The alterations which take place of course come under the general

classes so frequently mentioned as characteristic of the zone of anamor-

phism—dehydration, silication, and deoxidation.

In order to get a better idea of the chemical change from mud to

shale and then to slate and schist, analyses of slates and schists are here

inserted. The average of 12 analyses of clays and soils is given on page

89L The average of composite analyses of 78 shales is given on page 890-

The following is an average of the analyses of 9 slates from Vermont:

Average of analyses of 9 slates from Vermont."
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the United States Geological Survey. Analyses were taken only from

specimens which were clearly of pelitic origin.

Average of analyses ofM pelite-slates.
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By comparing the analyses of the shales, slates, and schists it is seen

that the chief chemical changes are those of loss of water and of carbon

dioxide, and transformation of the ferric iron to the ferrous form. The

first of these changes is evidence of the process of dehydration, so char-

acteristic of the zone of anamorphism. It is notable, as pointed out in

Chapter VIII (p. 744), that in the change from clays and soils, which

certainly do not contain more water than muds, to shales and slates the

combined water is reduced by one-half, and that in the further transforma-

tion to schists the combined water is again reduced by one-half or one-third.

The disappearance of the carbon dioxide of the carbonates is due, of course,

to the process of silication, the silica uniting with the bases of the carbonates

and forming silicates, and the carbon dioxide slowly escaping with the

squeezed-out water. It has already been noted that deoxidation begins

in the change from muds to shales. The average amount of ferric iron

is further decreased as the process of metamorphism goes on, as shown

by the fact that in the shales the ferric oxide is 4.03 per cent, in the

slates is 2.726 per cent, and in the schists is 1.896 per cent. Correlative

with this process is increase of ferrous oxide from 2.46 per cent in the

shales to 3.634 per cent in the slates and 3.348 per cent in the schists. (See

pp. 890, 896.) In the analyses of shales from eight different States, given in

the publications of the United States Geological Survey, carbon is reported

in six of them. The carbon in the shales is an adequate reducing agent for

this work. While the amount of carbon in the shales is not great, it is per-

sistently present. The average amount of carbon in 78 shales is 0.81 per

cent." (See p. 890.) It is to be remembered that this amount of carbon

is much more than sufficient to reduce all of the ferric iron to the ferrous

state, as is shown by the following equation

:

2 Fe203+C=4 FeO+COj,.

Since the molecular weight of two molecules of FcaOg is 320, and the atomic

weight of carbon is 12, this equation means that 12 jjarts of carbon is

theoretically sufficient to reduce 320 parts of the ferric oxide to ferrous

oxide. It follows, therefore, that 0.81 per cent of carbon would theoret-

ically reduce 20 per cent of ferric iron to the ferrous state. Since the total

"Clarke, F. W., Analyses of rocks, laboratory of the U. S. Geol. Survey, 1880-1899; Bull. U. S.

Geol. Survey No. 168, 1900, p. 17, col. C.

MON XLVII—Oi 57



898 A TREATISE ON METAMORPHISM.

amount of ferric oxide is 6.25 per cent iu clays and soils and 4.03 per cent

in the shales," it is clear that the small amount of carbon in the shales

furnishes, by its reducing action, an entirely adequate cause for the partial

change of the ferric to ferrous iron as metamoi'phism of the pelites con-

tinues from muds to shales, slates, schists, and gneisses.

The fact that, with the exceptions of the chemical changes mentioned,

the compositions of the pelitic gneisses, schists, and slates, where unmodified

by igneous intrusions, correspond with those of the shales and muds is

positive evidence of the general conclusion given on pages 145, 764-766,

that circulating ground waters are unable to transport material from an

outside source through rocks the particles of which are so small as to

furnish only subcapillary openings. Of this principle the pelite family

affords the best illustration.

The development of the minerals will first be considered at the stage

where the rocks are slates, and second where they have been transformed

to schists or gneisses.

Development of minerals of slates. Out of tllC COUStitUeUtS wllicll are prCSCUt in

the irresolvable background of the shales, innumerable flakes of mica and

small particles of quartz develop. The feldspar, with the addition of other

constituents, also largely alters into quartz and mica. (PI. XI, A.) From

a single fragmental grain of feldspar are produced many individuals of

interlocking quartz and mica. (PL XI, B.) The minerals formed in the

interstices interlock with one another and with those produced from the

feldspar grains, so that an approximately uniform interlocking grouudmass

of quartz and mica is produced. If fragmental grains of quartz are not

present to indicate the clastic character of the rock, the secondary inter-

locking quartz and mica do not betray this. The most abundant mica is

usually biotite. Frequently muscovite accompanies the biotite. The

sources of the material for the micas of the slates are the same as for the

micas of the schists and giieisses. (See pp. 899-900.)

While in the ordinary slates the process of recrystallization as above

described is inaugurated, it is far from complete, and many of the oi-iginal

mineral particles of the mud usually remain partly changed or wholly

unchanged.

' a Clarke, cit., Bull. 168, p. 17, col. C.
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Development of minerals of schists and gneisses. TllG pi'OCeSSGS wllicll reSlllt ill tllB

formation of pelite-slate from shale when carried to completion produce

pelite-schist (PL XI, C) or pelite-gneiss. All stages of the change may

be seen. We see, besides the replacement of the feldspar by quartz and

mica, the granulation and recrystallization of the quartz and the feldspar.

The process is essentially the same as the development of slate, except that

the destruction of the clastic quartz and feldspar grains is greatly promoted

by mashing. The process takes place in perfection in proportion as the

rock is fine grained. Thus a shale may completely change to pelite-schist,

while an interbedded coarse-grained grit may still reveal evidence of its

fragmental origin. In the same way a conglomerate may have its matrix

completely changed to a schist and the resistant pebbles be merely

deformed; but in the case of extreme alteration the most resistant and

largest pebbles and bowlders are entirely destroyed. (See pp. 858-859.)

In the typical schist-pelites and gneiss-pelites the chief minerals present

are quartz, muscovite, and biotite. (PI. XI, C.) This is a natural con-

sequence of the composition of the shales. The orthoclase and microoline

feldspars, with the probable addition of alumina from the background,

in most cases recombine into quartz and muscovite. (See pp. 254-255.)

This uses up much of the potassa, alumina, and silica. Where magnesium

and iron are also available biotite is formed. (See p. 255.) Usually some

residual feldspar remains or is produced by recrystallization, and the

amount of this material is likely to be great in proportion as sQda was

present in undecomposed plagioclase.

Since silica and alumina are abundant, an acid plagioclase is most

likely to form. Consequently albite is the most frequent plagioclase of

the schist-pelites and gneiss-pelites. If the amount of soda be considerable,

the albite may be so abundant as to be a chief constituent. Such an albite-

pelite- gneiss is beautifully illustrated by the Hoosac formation of Hoosac
Mountain, Massachusetts, described by Wolff." (PI. XI, T)) In some
cases where the soda is unusually plentiful, a part of the soda with alumina

may pass into the soda-mica paragonite. Indeed, soda may more frequently

go into paragonite in the schist-pelites and gneiss-pelites than has been
supposed, for the close microscopical and chemical examinations of recent

«Pumpelly, Eaphael, AVolft, J. E., and Dale, T. Nelson, Geology of the Green Mountains in
-Massachusetts: Men. U. S. Geol. Survey, vol. 23, 1894, pp. 59-64.
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years have shown that the sericite of many of the so-called sericite-schists

is probably paragonite rather than muscovite; but the paragonite-schists

in many cases are not pelite-schists, but are derived from the alteration of

igneous rocks. As already seen, analyses of original muds show that, on

the average, the potassa is several times more abundant than soda, and this

fact explains why muscovite is so much more common in the slate-pelites,

schist-pelites, and gneiss-pelites than is paragonite.

While the greater part of the potassium probably passes into muscovite,

where the potassa is abundant a portion of it in many cases undoubtedly

passes into felds^jar, producing orthociase and microcline, since these

minerals are rather abundant in many of the schist-pelites and gneiss-

pelites. All the important elements which go to make up the muds are

fully accounted for in the minerals quartz, biotite, muscovite, paragonite,

albite, orthociase, and microcline.

Where there is an excess of alumina beyond that required for the

formation of the minerals already mentioned, since silica is always in excess,

aluminum-silicate minerals form, and thus is produced the andalusite-

sillimanite-cyanite series. The development of these minerals accounts for

a part of the material of the kaolin, which by dehydration and separation

of silica may pass directly into any of the aluminum-silicate minerals,

according to the reaction:

with a decrease in volume of the quartz and aluminum-silicate mineral of

from 25.40 to 26.28 to 31.61 per cent, depending tipon whether andalusite,

sillimanite, or cyanite, respectively, be formed. Ordinarily the andalusite,

having the lowest sjjecific gravity, forms when the metamorphism is

moderate, as in the slates. Sillimanite, having a higher specific gravity, is

likely to form where the metamorphism is more intense; and where the

metamorphism is most intense the heaviest of the aluminum-silicate minerals,

cyanite, may develoji. This fully conforms to the principle explained on

pages 363-365, 683-685, that in proportion as a rock is deeply buried and

metamorphism is profound, minerals of high specific gravity form. These

three minerals in the inverse order mentioned are described by Emerson

as occurring peripherally to great batholiths of granite in western Massa-

chusetts. (See pp. 717-718.)
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PLATE XT.

PHOTOMIOEOGRAPHS OF PELITES.

^4. Slate from Mesabi disti-ict of Minnesota. This is the normal, fine-grained Virginia slate, consisting

of quartz and feldspar, chlorite, muscovite, biotite, and iron oxide, all the constituents arranged

with their longer diameters roughly parallel, though the chlorite and iron oxide are arranged to

a less extent than the other constituents. After Leith.

B. Biotite-slate from Penokee-Gogebie district of Michigan and Wisconsin. Shows the alteration of

the feldspars to the micas. The crystalline character of the developing rock is well shown.

There remain, however, areas of feldspar which act as a unit, although they are cut in every

direction by the alteration products, quartz and mica.

C Muscovite-biotite-quartz-schist, showing uniformity of texture. Black Hills, South Dakota.

D. Albite-gneiss from Hoosac Mountain, Massachusetts. Shows no trace of clastic origin. After

Wolff.
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Simultaneously with the development of the aluminum-silicate series,

garnets and staurolites may be produced. The garnet usually marks a

stage of alteration less advanced than the staurolite, and thus it is that very

often schist-pelites and gneiss-pelites are garnetiferous and not staurolitic,

but in almost every case staurolitic schists and gneisses are garnetiferous.

The development of the garnets may use parts of any of the constituents,

calcium, magnesium, aluminum, iron, depending on the kind of garnet.

Common garnet, as explained in Chapter Y (p. 302), is usually an isomor-

phous mixture of grossularite, pyrope, and almandite, and occasionally

melanite. The particular garnet which develops in a given case largely

depends upon the elements which are present in the original rock. In case

iron is rather plentiful and the metamorphism is intense, staurolite is also

likely to form. The development of these minerals disposes of a large

amouiit of iron and alumina, iron being derived from the oxide, and alumina

in many cases being derived from the kaolin or from gibbsite or diaspore.

If exceptional elements are present, as, for instance, boracic acid, tourmaline

and other exceptional minerals may form.

While in the majority of the schist-pelites and gneiss-pelites feldspar

is rather subordinate, in certain of them, as already noted, it is plentiful.

In proportion as the feldspar becomes abundant, the material from which

the rock was derived grades toward the quartz-feldspar-sand family of the

psammite order.

During the metamorphism of the shales to slates, schists, and gneisses

the new mineral particles which develop have a very strong tendency to

dimensional arrangement. Indeed, the pelite order is the one which shows

this dimensional arrangement to the best advantage. The rocks here

belonging are the types of rocks of this class. The mineral of most

fundamental importance showing the dimensional arrangement is, of

course, mica, although some of the other minerals which develop show a

marked dimensional arrangement. That the eminent cleavage of mica

corresponds with its dimensional arrangement has been frequently men-

tioned heretofore, and is dealt with in detail by Leith." Consequent upon

the correspondence of the dimensional arrangement and cleavage of the

newly crystallized mica, the eminent cleavage of the slates, schists, and

oLeith, C. K., Rock cleavage.



904 A TREATISE ON METAMORPHISM.

gneisses of the pelite order results, thus affording the best examples of

rock cleavage.

Where the shales are rather homogeneous in texture, slates and schists

form. Where, however, the original muds had alternations of coarse and

fine material, or alternations of bands of material of different chemical

compositions, these differences are apt to be maintained, to some extent at

least, in the metamorphosed rocks, and thus a banded gneissic structure

be produced. Each band of such a gneiss corresponds approximately in

chemical composition to that of the original rock, and is mainly composed

of the particular minerals, in the approximate proportions, which may be

produced from the band of mud.

Since the muds are the most extensive of mechanical sediments, it

naturally follows that there are great formations composed of their meta-

morphosed equivalents—slate-pelites, schist-pelites, and gneiss-pelites. As

illustrations of coarse pelite-schists having a very widespread occurrence

may be mentioned the Hudson schists of New England and New York, of

Silurian age." Other equally good illustrations of very extensive schist-

pelite formations are those of the Upper Huronian formation of the Lake

Superior region.' Many other illusti'ations might be mentioned, but it is

hardly necessary to take the space to do this.

IGNEOUS ROCKS.

As yet we have no classification of the igneous rocks to which there is

general agreement. In this respect the igneous rocks stand on a basis

different from that of the sediments. As no classification of the igneous

rocks is agreed upon, since petrographers themselves have not decided as to

which rocks shall have specific names, and as it is agreed that there are

f'Merrill, F. J. H., Metamorphic crystalline rocks in New York City district: Geologic Atlas U. S.,

folio 83, U. S. Geol. Survey, 1902, p. 4.

''Irving, K. D., and Van Hise, C B., The Penokee iron-bearing series of Michigan and Wisconsin:

Mon. U. S. Geol. Survey, vol. 19, 1892, pp. 296-34.5. Van Hise, C. B., and Bayley, W. S., with

H. L. Smyth, The Marquette iron-bearing district of Michigan: Mon-. U. S. Geol. Survey, vol. 28,

1897, pp. 444-459. Clements, J. Morgan, and Smyth, H. L., with W. S. Bayley and C. B. Van Hise,

The Crystal Falls iron-bearing district of Michigan: Mon. U. S. Geol. Survey, vol. 36, 1899, pp. 164-174.

Baylej', W. S., The Menominee iron-bearing district of Michigan: Mon. U. S. Geol. Survey, vol. 46,

1903, pp. 320-321, 462-488. Leith, C. K., The Mesabi iron-bearing district of Minnesota: Mon. U. S.

Geol. Survey, vol. 43, 1903, pp. 168-177. Clements, J. Morgan, The Vermilion iron-bearing district of

Minnesota: Mon. U. S. Geol. Survey, vol. 45, 1903, pp. 391-396.
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gradations between many kinds of rocks to which names have been assigned,

it is e-sddent that it is impossible at the present time to trace out the stages

of alteration of the various rock species. All that is now possible is to indi-

cate how metamorphic igneous rocks may be handled in order to lead at

some future time to a systematic treatment similar to that applied in the

present treatise to the sedimentary rocks.

A series of names has been proposed (pp. 776-784) to designate the

different kinds of alterations to which rocks are subjected, and their usage

pointed out. But it seems desirable here to apply these usages to the igneous

rocks, even at the risk of repetition. If it is desirable only to express the

general fact of alteration, without indicating its character, the term "meto"

is prefixed. If the alterations have taken place under mass-static conditions,

so that textures and structures are preserved, the term "fflpo"is prefixed. If

the alterations have taken -place under mass-mechanical conditions, so that

a slaty, schistose, or gneissose structure is produced, the terms schistic

or gneissic may be prefixed. If it is desired to emphasize the structure

rather than the kind of rock, the name of the rock may be placed before

the structural name, as gabbro-schist. Finally, the dominant metamorphic

minerals not implied by the name of the rock may be prefixed, as, for

instance, chlorite meta-dolerite. Another illustration is hornblende-dolerite.

This is the proper name for rocks which were originally dolerite but in

which the pyroLsene has chang-ed to amphibole. Such rocks occur exten-

sively in the Lake Superior region, where they have been generally called

diorite. But they do not ordinarily have the same chemical composition

as the diorites, in which the hornblende is original, nor is the feldspar

usually the same. If accompanying the alteration a secondary structure

is produced, the altered dolerite may become hornblende-schist-dolerite or

hornblende-dolerite-schist.

Each of the igneous rocks has a certain range in chemical composition

and is composed of certain important minerals. The alterations to which

the constituent minerals of rocks are subject in the zones of katamorphism

and anamorphism and in the belts of weathering and cementation of the

former zone have been fully given (see Chapter V), and the variations in

the alterations in each of these zones and belts have been fully discussed.

(Chapters IV, VI, VII, and VIII.) Supposing the zone and conditions to
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be definite for a given rock, one can specify what alterations are likely to

occur, so far as each mineral is concerned, and also the alterations which

are likely to take place from a particular combination of minerals. It is

believed that this information will be of great service in a future systematic

study of the metamorphism of the various igneous rocks in the different

belts and zones of metamorphism, for it is a great advantage to have definite

suggestions as to what may occur. Such suggestions in effect ask the

question, when one is making observations, whether or not the facts of

alteration for each rock in the different zones and belts correspond to the

expectation. If they do the suggestions are confirmed, if not, advance has

still been made upon the problem as to the physical conditions under which

the alterations observed actually took place.

Once a fair degree of agreement is reached as to the orders, families,"

and species of the original igneous rocks, it will be possible to trace out

their alterations in the various zones and belts in a manner somewhat similar

to that in which the alterations of the sedimentary rocks have been

imperfectly traced out. This, however, is plainly a work which will not

be accomplished for many years. In the meantime this chapter fm-nishes

guideboards telling how a great territory of petrography, only peered into

from the borders, may be occupied.



CHAPTER X. .

THE RELATIONS OF METAMORPHISM TO STRATIGRAPHY.

INTRODUCTOEY.

It is sufficiently evident from the previous chapter that rocks which

have very similar lithological characters may have had very different

origins. This point can probably best be appreciated with the aid of a few

illustrations.

(a) It is well known that often it is difficult or impossible to discrim-

inate limestones of organic and chemical origin.

(b) Sometimes true water-deposited cong'lomerates and volcanic tuffs

closely resemble each other, and often they grade into each other. This

last occurs wherever volcanoes ai-e adjacent to the sea and the fragmental

material falls partly upon tlie land and partly in the water.

(c) A disintegrated and partly decomposed granite or other massive

rock in situ is often very similar to an arkose which is formed from it. For

instance, it has been pointed out that the arkoses whicli ai-e forming in the

Grulf of California are ]3ractically identical in mineral and chemical char-

acter with the rocks from which they are formed. In western United

States at various places, even where there is very little alteration, in the

field it is difficult to delimit sharply the massive rocks, such as granite,

from the arkoses built up from and resting upon them.

(d) It is frequently difficult to determine whether igneous rocks are

tuffs or are lavas broken during flowage. Gradations between these two

classes of rocks occur where tuffaceous material falls upon unconsolidated

lavas.

If rocks comparatively little modified and of different origin may so

closely resemble one another that they are difficult to discriminate, it is

plain that after profound metamorphism they may be still nearer alike. In

907
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fact, in many cases rocks of diverse origins have become so similar that as

yet no criteria have been devised by which they can be discriminated from

one another.

It has been fully explained that many of the minerals produced by

metamoi'phic processes are the same as those produced by crystallization

from a magma and have identical characters. It has further been seen that

during metamorphism secondary textures and structures are formed in

rocks of all kinds. Some of the secondary textures are enlargement, cata-

clastic, laminated, porphyritic. Some of the secondary structures are joint-

ing, faulting, bedding- partings, cleavage, fissility, schistosity, gneissosity.

At the time these textures and structures are produced the original textures

and structures are usually obscured, and they are not infrequently obliter-

ated. And even if the original textures and structures are not greatly

modified they are often overlooked because of the prominence of the

secondary textures and structures.

Finally, where rocks of different origin but similar chemical composi-

tion are strongly metamorphosed with the production of secondary textures

and structures, it is scarcely possible to discriminate them, for, as has been

fully shown, upon the original chemical composition of the rocks and upon

the conditions of their alterations depends the character of the resultant

product. Two metamorphosed rocks of different origin but similar chemical

composition may have practically identical mineralogical, textural, and

structural characters.

DISCEIMII^ATIOJ^ BETWEElSr METAMORPHOSED SEDIMENTARY AND
METAMORPHOSED IGNEOUS ROCKS.

For the purposes of stratigraphy, it is very desirable that, so far as

possible, the criteria be given by which metamorphosed sedimentary rocks

may be discriminated from metamorphosed igneous rocks. So long as the

sedimentary rocks retain little modified clastic textures, either macroscopical

or microscopical, they can be discriminated as such. So long as the igneous

rocks retain the igneous textures, these may readily be recognized in thin sec-

tions. Also, it has been fulh^ explained on pages 644-645, 689-690, that,

in so far as the alterations are those of mass-static conditions, the textures and

structures are not rapidly destroyed, so that it is ordinarily easy to recognize

with the microscope the original textures of such rocks, even if complete
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recrystallizatiou lias taken place. A very good illustration of this is the

ready recognition of the aporhyolites as volcanic rocks by the presence of

spherulitie and other igneous textures. Further, it has been pointed out

that where the conditions are mass-mechanical for rocks in the zone of frac-

ture, they are merely broken up into blocks or slices and that the textures

in the integral masses are preserved. Therefore, the origin of rocks altered

under mass-mechanical conditions in the zone of fracture may usually be

determined. Stated in another way, one may say that when the alterations

are of a kind to which the prefix apo is applicable, under the significance

given to it on pages 776-777, it is easy to discriminate between altered

igneous and altered sedimentary rocks.

In contrast with the above, it has been explained that where the rocks

are mashed in the zone of anamorphism previous textures and structures

are rapidly destroyed. This may go so far as to obliterate not only the

textures and minor structures, but even the major structures of the sedi-

mentary and igneous rocks, such as bedding and differentiation. Nat-

urally there are all grades of this process of destruction. It is only when
the mashing has gone so far as to have granulated and recrystallized the

rocks in the zone of anamorphism, and has thereby transformed them

to schists or gneisses, that original textures and structures are wholly

destroyed.

CASES OF CONFUSION.

The following are some of the classes of igneous and sedimentary

rocks which are most likely to be confused:

(i) The schistose and gneissic sedimentary rocks are jjarticularly

likely to be confused with the schistose and gneissic tuffs. Both classes of

these rocks in their original form may haA^e a lamination or banding which

is roughly similar; and if the alterations go far enough to destroy the

textures, the rocks frequently assume a very similar aspect.

(2) Metamorphosed sedimentary rocks derived from arkoses and gray-

wackes—i. e., derived from material in which the original minerals have

been but little sorted—are likely to be with difficulty discriminated from

metamorphosed igneous rocks. This follows, first, from the fact that the

chemical composition of such rocks does not necessarily vary from that of

some igneous rocks; and, second, from the fact that arkoses and gray-

wackes are frequently very coarsely banded or even massive, so that the
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sediments have somewhat the same homogeueity of structure that igneous

rocks possess. Where there is any considerable sorting of the sedimentary

materials, so that they are arranged in layers of different composition, this

fact tends to prevent their change to forms which appear similar or identical

with metan:iorphosed igneous rocks.

(3) A third case which has occasioned difficulty is that of an igneous

rock which has been intruded by another igneous rock in a very compli-

cated fashion, so that the intrusive contains very many fragments of the

intruded rock. These fragments are oftentimes partly absorbed, and thus

take on a pseudo-conglomeratic aspect. While it is comparatively easy in

most cases to separate such a rock from a true conglomerate when in the

unalterated condition, the difficulty of the discrimination increases in

proportion as the metamorphism is advanced. The difficulty may be

appreciated from the fact that cases are known where uumetamorphosed

pseudo-conglomerates of intrusion and true conglomerates which happen to

be side by side have been confused by geologists. In various cases included

blocks in gneissoid granites have been taken as evidence of the sedimentary

character of these rocks. This mistake has been made in reference to the

Cottonwood granite of the Wasatch, which contains rounded f!-agments, or

else segregations in situ, which have distinctly the aspects of bowlders.

Similar phenomena have led to like conclusions in the Lake Superior

region. In some instances the intruded rock and included blocks are

schist. In such cases parallel injections are also likely to occur. Thus we

have a pseudo-conglomerate, below which are alternating layers of different

kinds. These phenomena in the Lake Superior region have led certain

geologists to the conclusion that the explanation of the phenomena is

downward progressive metamorphism ; but it has been shown that the

phenomena are due to intrusion. These difficulties are greatly increased

wliere the rocks have been mashed subsequent to the intrusions.

(4) Another case in which it may be difficult to determine the origin

of the metamorphosed rocks is that of the porphyritic schists. By the

mashing of a porphyritic igneous rock the matrix may become schistose.

The phenocrysts may become rounded by the interior movement, and

closely resemble residual fragmental material. In many cases the porphy-

ritic schists of sedimentary origin are derived from material which contains

large grains or crystals in a fine-grained matrix. The matrix may be
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reciystallized aud the lai'ger particles, being more resistant, only flattened.

Thus schists derived from porphyritic igneous rocks and from sediments

containing materials of varying coarseness may closely resemble each other.

Another way in which close resemblance between porphyritic schists

of sedimentary and of igneous origin may arise is the development of

porphyritic constituents during metamorphism. The new porphyritic

minerals may show random orientation if formed under mass-static condi-

tions, or parallel orientation if formed under conditions of mashing. The

augen-gneisses are cases of this kind. For instance, the augen of one

gneiss may be the partly mashed original porphyritic feldspars of an

igneous rock, while those of another gneiss may be neAvly developed

porphyritic constituents in a metamorphosed sediment. In such cases it is

difficult or impossible to determine from the appearance of the rock whether

an augen-gneiss is of igneous or of sedimentary origin.

(5) After igneous rocks have been deformed in the zone of fracture

the opening's may be filled by cementation. Subsequent mashing maj'

break the fillings into fragments, and shearing may give them roundish

forms which very closely simulate pebbles. This liappens in more instances

with quartz veins than with other minerals. Such metamorphosed schists

bear numerous apparent pebbles of Q^^artz, and are very difficult indeed to

discriminate from metamorphosed sedimentary rocks which contain true

waterworn pebbles of quartz.

(6) A final class of cases in which it is very difficult to determine what

part of a rock mass is igneous and what part is sedimentary is that in Avhich

a sedimentary rock has been injected in a complicated fashion by one or

more igneous rocks, and later the combined mass is metamorjDhosed. Such

a schist is derived partlj^ from a sedimentary and partly "from an igneous

rock. Some cases are as follows:

A metamorphosed fissile sedimentary rock, such as mica-schist or mica-

gneiss, may be injected in a complicated way parallel to tlie schistosity, and

thus produce a banded gneiss, part of which is igneous and part sedimentary.

The rock may be predominantly of either one of these materials. If the

injected sedimentary rock be subsequently folded, this will produce differ-

ential movements parallel to the banding, and the igneous and aqueous

bands may be merg-ed into one another and have structures so similar that

it is impossible to determine what part of the rock is igneous and what part
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aqueous. The Hudson schists and gneisses of southeastern New York,

especially near Long' Island Sound, are a perfect illustration of rocks

produced by the extreme metaraorjDhism of a pelite and the subsequent

parallel and cross injection of granitic material.

Another case is that in which an intrusive rock enters a fractured

sedimentary rock in such a manner as to give the intrusive masses roundish

forms. When later metamorphosed the roundish forms are dissevered, and

they may resemble bowlders. The frequent inference is that the rock is a

metamorphosed conglomerate, whereas it is a metamorphosed sediment in

which the pseudo-bowlders are introduced igneous material.

From the foregoing it is clear that an inseparable schist or gneiss

formation may be produced from altered intrusive rocks, from altered lavas,

from altered tuffs, from altered sediments, and from any jjossible com-

bination of two or more of these. Doubtless in many regions in which the

schists and gneisses are of a very complex character a number of the

processes mentioned in the previous pages, and possibly others unknown,

must be united in order to explain all of the phenomena.

While similar schists or gneisses may be derived from sedimentary

rocks or from igneous rocks, or partly from each, one who has had much

experience in the field is apt to have a bias toward the one or the other

origin in a particular instance. But if a given schist or gneiss formation

can at no place be traced into a form characteristic either of a sedimentary

rock or of an igneous j-ock, it is extremely hazardous to make positive

assertions as to its origin.

CRITERIA FOR DISCRIMINATION.

While the schistose igneous rocks may have foliations, bandings, and

lithological characters which very closely simulate those of metamorphosed

sedimentary rocks, it is still true of tl^e rocks belonging to the Algonkian

and later periods that in many districts the majority of the metamorphosed

igneous rocks can be discriminated from the metamorphosed sedimentary

rocks.

The more important criteria for discrimination between the metaiuor-

phosed sedimentary and igneous rocks are as follows:

(1) The much-mashed igneous rocks are apt to have a very regular,

fine foliation and great uniformity of lithological character. If an igneous
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mass gradually varies in composition in its different parts, as is so often the

case witli differentiated magmas, the mashed varieties grade into one

another. The complete absence of minor plications, indicating the absence-

of a parallel structure before the schistosity was produced, is most striking.

It is therefore concluded that the finely, regularly laminated, homogeneous

schists are usually of igneous origin. It should perhaps be remarked that

this is a reversal of the interpretation frequently made at the present time,

and which was almost universally made a few years ago.

The converse proposition, that the banded and heterogeneous schists

and gneisses are of sedimentary origin, can not be made; for the igneous

rocks, intrusive and extrusive, in a given area may have had an original

banded character, or may have had great complexity in their parts, as a

result of which their mashed equivalents show a banding. This is particu-

larly likely to be true of lavas and tuffs, and may be true even for intrusive

masses. Further, it has been seen that the mashed, originall}^ homo-

geneous, igneoiis rocks may have become cleaved or fissile, and that along

the secondary structure impregnations or injections may occur and the rock

thus become banded. If a new mashing now takes place which develops a

tertiary structure cutting the secondary one, the minor plications of the

secondary structure may simulate similar plications of sedimentary strata.

(2) The metamorphosed sedimentary rocks are not usually so changed

as to obliterate all evidence of their original condition. This is true even

of the metamorphosed pelites. Minute variations in the coarseness of the

laminae are usually sufficient to produce minor plications which somewhere

will be found to intersect the secondary structure. MoreoA^er, in a larger

way, thick pelite formations are apt to contain some beds of grit, sandstone,

or limestone. These give schists of different kinds, and each of these is

different from the metamorphosed mudstone.

Variations in original lithological character are still more prominent

when great formations are considered. It has been seen that a sandstone

formation may be transformed into a quartz-schist or a micaceous quartz-

schist. Limestone may be transformed into marble, bearing greater or

less quantities of silicates, depending largely upon its original purity.

The arkoses and shales may be transformed into schists and gneisses.

Widely disseminated graphite and the presence of ferruginous beds have

_
been regarded as indicating a sedimentary origin. There is no evidence

MON XLVII—04 58
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that any transformations through which sedimentary rocks go are sufficient

to obliterate the original differences in thick formations of greatly varying

lithological character.

These principles are well illustrated by the Paleozoic metamorphosed

sedimentary rocks of the Green Mountains of New England. In this area

the Paleozoic I'ocks have almost completely lost all interior evidence of

clastic characters. It is only very rai'ely, where the rocks were conglom-

eratic, that any particles can be I'ecognized as fragmental. However, the

shales and grits are transformed to mica-schists and mica-gneisses, the

sandstones to quartz-schists, and the limestones to marbles. The schists

are not evenly homogeneous and regularly schistose with a secondary

structure in a single direction, as is so characteristic of metamorphosed

igneous rocks. Each formation is composed of minor beds, these beds of

minor laminae. Notwithstanding the metamorphism, these retain to a

greater or less degree their integrity. At many places the bedded struc-

tures intersect the secondary schistose structures. In a larger way the rela-

tions of the formations to one another are those of sedimentary rather than

igneous rocks. No one skilled in work in the metamorphic rocks would

fail to recognize this Paleozoic series as of sedimentary origin. For the

most part these formations can be discriminated from the pre-Paleozoic

gneissoid granites.

In regions of extreme metamorphism, where both igneous and aqueous

rocks have had long and complex histories, including the development of

secondary and perhaps tertiary structures, and sometimes impregnations

and injections, no criterion as to texture or minor plication or regular band-

ing is sufficient to discriminate the two. Even in regions in which the great

formations may indicate with a high degree of probability that a consider-

able portion of the material is of sedimentary origin, it may be true that

another considerable portion is igneous and can not be discriminated from

the aqueous part of the series.

(3) A third criterion of great importance in the discrimination of meta-

morphosed sedimentary and igneous rocks is chemical composition. It has

been shown on pages 655-558 that the materials for sedimentary rocks

are sorted, that in general there is depletion in certain of the elements as

compared with the igneous rocks, and that the proportions of the elements

in the sedimentary rocks are therefore different from those in the igneous
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rocks. Furthermore, it lias been shown that in the zone of anamorphism

the chemical composition of rocks is not greatly changed during the process

of metamorphism, and it has ah'eady been seen that this is the only zone in

which metamorphism is likely to result in the confusion of the two classes

of rocks. Therefore the metamorphosed sedimentary and igneous rocks

which are likely to be confused have the compositions which are charac-

teristic of their class: the metamorphosed sedimentary rocks, with minor

modifications, have the chemical composition of muds, grits, sandstones, etc.;

the metamorphosed igneous rocks have the compositions of granites, diorites,

etc. For both sedimentary and igneous rocks there are v/ide variations in

chemical composition, but in general the proportions of the elements are

markedly different, in the two classes, as may be seen by comparison of the

composition of the metamorphosed sedimentary rocks and that of the meta-

morphosed igneous rocks. The criterion has great value in some cases

where the criterion of banding fails, for instance, in discriminating between

metamorphosed sedimentary rocks and metamorphosed tuffs. The meta-

morphosed sediments have their characteristic 'compositions, while the

metamorphosed tuffs, notwithstanding the fact that they may show banding,

and thus closely resemble metamorphosed sediments, have the composition

of igneous rocks. This criterion has been successfully used by Adams in

discriminating between the Grrenville gneisses of the Original Laurentian

area and the lower granitoid gneiss. The former have the composition, as

he has shown, of pelites, whereas the lower gneisses have the composition

of granites.

While this criterion of chemical composition is one of the most impor-

tant and has a wide application, it is not infallible. It has already been

seen on pages 497, 870-874 that in such places as the Gulf of California,

and certain other localities, the sediments are little decomposed or sorted, and

thus tlrere is produced a sedimentary rock which has essentially the same

composition as the original igneous rocks from whicli it was derived.

(4) Closely connected with (3), in fact dependent upon it, is a fourth

criterion, that of mineral composition. On account of the difference in

chemical composition which has already been mentioned, when the rocks

are metamorphosed there results different mineral compositions. It has

been seen that the depletion of certain elements in the sediments and

the sorting of the material produce comparatively few kinds of original
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mecliaiiicar sediments. The alterations of these sediments have ah-eady

been traced out, and it has been seen that from them the common cliarac-

teristic rocks jDroduced are quartzites, quartz-schists, mica-schists, and mica-

gneisses, which are occasionally more or less pyroxenic or amphibolitic,

but with these latter materials there is apt to be a considerable quantity

of calcareous material. Also, staurolite and andalusite, sillimanite and

cyanite are very characteristic minerals. Therefore, where certain single

minerals are dominant in the schists and gneisses it seems to be a fairly

safe conclusion that the rocks are sedimentary in origin. Thus, where

great rock formations are composed chiefly of quartz, chiefly of calcite or

other carbonate, or, with these, silicates which may readily develop by the

process of silication, it is comparatively safe to assume that the materials

from which the schists are derived are of sedimentary origin. Also, schists

composed almost wholly of mica and quartz are likely to be of sedimen-

taiy origin.

Just as there are mineral combinations which are generally charac-

teristic of sedimentary rocks, so there are others which are generally

characteristic of the igneous rocks. From the tufl^s and other rocks which

develop structures similar to those in the metamorphosed sediments, and

are therefore likely to be mistaken for metamorphosed sedimentary rocks,

hornblende is likely to develop instead of biotite and muscovite, and thus

hornblende-schists and hornblende-gneisses are produced from the metamor-

phism of the tuff's instead of mica-schists and mica-gneisses. In the igneous

rocks with the hornblende, feldspar is apt to be abundantly present, and

frequently this feldspar may be near the orthosilicate end of the series.

In such rocks, also, there is likely to be present a considerable quantity of

tit8,nium, which passes into menaccauite, leucoxene, or titanite. In the

igneous schists and gneisses there is likely also to be formed large amounts

of epidote and zoisite. The prominence of the various minerals mentioned

is due to the fact that the igneous rocks have not been depleted in alkalies

and alkaline earths.

But it can not be positively asserted that a metamorphic I'ock containing

metamorphic minerals es^oecially characteristic of igneous rocks may not

be of sedimentary origin, for, as already noted, sediments exceptionally

contain the unsorted constituents of the original igneous rocks.

In discriminating between the metamorphosed sedimentary and meta-
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morphosed igneous rocks it is plain that all the criteria above mentioned

should be applied. But where there are intricate mixtures of metamorphosed

igneous and sedimentary rocks, as a result of injection, all these criteria

may fail to a greater or less extent, for the rocks are not wholly sedimentary

or igneous, but a combination of the two.

It is therefore clear that there is frequently very great difficulty in

determining tlie origin of the schists and gneisses, and that the criteria

which are at present available are inadequate. However, it is believed

that a close study of the character of the changes in each of the well-

recognized igneous and sedimentary rocks will in the future furnish other

important guides which may be used to discriminate between the two great

classes of metamorphosed rocks.

EEIjATIONS of MBTAMOEPHIC SEDIMEISTTAEY ROCKS TO STRATIG-
RAPHY.

VARIATION IN METAMORPHISM.

In working out the stratigraphy of a metamorphosed region the fact

that the metamorphism varies in degree under different conditions is of the

utmost importance.

UPON WHAT VARIATIONS ARE DEPENDENT.

The variation in the amount and kind of metamorphism is dependent

upon many factors (see pp. 39-44), but from the point of view of structure

it is necessary to consider only variations depending ujion the amount of

erogenic movement, upon the character of the rock, and upon the depth

of burying.

That the degree of metamorphism is largely dependent upon orogenic

movement has been sufficiently shown on jDrevious pages.

It has been seen on pages 760-762 that where rocks consist of alternate

layers of different character, these are slow to be obliterated, and especially

is this so if the formations be 'thick. To illustrate, it may be said that it is

very difficult, and perhaps impossible, to completely destroy a great lime-

stone or quartzite formation by metamorphism. Also, coarse and strong

sedimentary formations are likely to retain their original features to a

recognizable degree unless the metamorphism be extreme. The existence

of such formations enables one to determine the sedimentary character of
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the rocks and often the true strike and dip. In a metamorphosed series the

contacts between formations of different cliaracter are the most reliable

criteria for correct structural observations.

It has been explained (Chapter IV, p. 187) that a formation in the zone

of katamorphism is merely fractured, instead of being mashed throughout,

and therefore if rocks are deformed under conditions of moderate burying

it is usually easy to determine the origin of the rocks with which one is

dealing. However, where rocks are deformed at a small depth, faulting is

likely to occur, and thus while the jjroblem of stratigraphy is made easier,

in that the formations are not so greatly altered, it is made more difficult in

that faulting is always a possibility which lias to be taken into account.

Rocks which were deeply buried when deformed are mashed, and

therefore under these conditions the profoundest kind of metamorphism

occurs and all the difficulties which result from extreme metamorphism are

introduced. On the other hand, where mashing is the typical kind of

deformation faulting is not likely to occur. But it is to be remembered

that a series which is mashed before it reaches the surface must pass through

the upper zone, and during this passage may again be subjected to dynamic

movements and thus be broken and faulted. Consequently, combined with

extreme metamorphism we may have also displacement, and in such cases

the difficulties of stratigraphy are at a maximum.

RESULTING VARIATIONS.

In handling the various difficulties in stratigraphy which result from

metamorphism the variations in amount and kind are of great assistance.

Such changes in the nature of metamorphism are to be considered both (1)

along the strike, and (2) across the strike.

(1) A series or formation which is profoundly metamorphosed in one part

of a district or region may be but slightly metamorphosed in another part.

The change in metamorphism is likely to be gradual along the strike. Con-

sequently^, by following a formation along the strike, one naay solve the

problem of the origin of completely metamorphosed formations, for some-

where he may find a locality where it is so little metamorphosed that its

original character may be determined. In the less altered area the true

succession may be made out, and thus it may be possible to interpret an
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extremely metamorpliosed district or area by connecting it with areas whicli

are less metamorpliosed.

These principles are well illustrated at various places. The Penokee

series of the Lake Superior region is very little metamo:phosed in the east-

ern part, but is much more metamorphosed in the ^vestern part. A still more

striking illustration is found in the Marquette district. In the eastern and

central part of the district the rocks are so little metamorpliosed that there

is no difficulty whatever in determining the origin of the formations. But in

the western part of the district, especially in the closely mashed Republic

tongue, the three unconformable series there existing—the Archean, the

Lower Huronian, and the Upper Huronian—are so mashed and metamor-

phosed as to appear completely conformable, and one might conclude that

here is an inseparable series. However, by tracing the formations along

the strike until they connect with the less metamorphosed portions in the

central and eastern parts of the district, one is certain that in this tongue

there exist three unconformable series.

A third excellent illustration of the change of metamorphism along,

the strike is furnished by the Ocoee series, which in its northeastern part, in

east Tennessee, is but sernimetamorphosed, and there it is easy to recognize

the original character of the formations. As these formations are traced to

the southwest they become more and more metamorphosed, until they are

scliists and gneisses, and then it is difficult to discriminate between the

sedimentary and igneous parts of the series and to separate the Ocoee

series from the older series unconformably below.

(2) Rapid change in metamorphism across the strike is frequently as

characteristic as is gradual change along the strike. Of course in some

cases the change across the strike is gradual, but in many cases it is very

abrupt. Thus the rocks on the crown of an arch or at the bottom of a

trough may be only partly metamorphosed, while the same formations on

the limbs of the folds may be profoundly metamorphosed. This is due to

difference in the amount of shearing in different pai'ts of the folds." In

other cases the abrupt change in amount of metamorphism is due to the

fact that erogenic movement may die out rapidly across the strike or

change in its character. As a consequence, rocks on a hill may be folded

«Van Hise, C. E., Principles of North American pre-Cambrian geology: Sixteenth Ann. Eept.

U. S. Geol. Survey, pt. 1, 1896, pp. 598-600.
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and in the next valley be unfolded. Thej'^ may be very closely folded in

a valley and on the mountain beyond be in a horizontal position. The

rocks exposed may be strongly metamorphosed by mashing in a mountain

mass, because deeply buried dui'ing the movement, and along the adjacent

area merely be fractured, because in the zone of katamorphism during the

movement. Since the amount and kind of metamorphism are so directly

a function of the deformation and the depth, the rocks where greatly

deformed or deeply buried may be profoundly metamorphosed, and those

which are little deformed or near the surface may be comparatively little

altered. Failure to understand these principles has led to many mistakes

in stratigraphy. Some illustrations of the rapid change across the strike,

and of the mistakes in stratigraphy which have resulted, are as follows:

(a) The Taconic Mountains are immediately adjacent, across the

strike, to the Hudson River series of New York and Connecticut. The

latter formations are little metamorphosed. The rocks in the Taconic

Mountains are schists and gneisses. It was therefore concluded by

Emmons and by others that the rocks of the Taconic Mountains were

metamoi'phosed before the Hudson River rocks were deposited, and are

therefore much older. Hence Emmons gave the Taconic rocks the name

Taconic series. The entire Taconic controversy, which has cut such a

figure in America, arose from this mistake. It was only when Dana,

followed by Pumpelly and those who worked with him, appreciated that

there might be very rapid changes in metamorphism across the strike that

it was ascertained that the unmetamorphosed Hudson River rocks

immediately to the west of the completely metamoi'phosed schists and

gneisses of Greylock and the other Taconic Mountains are parts of the

same sedimentary formations.

(b) Another region which very well illustrates the rapid change in

metamorphism across the strike is that of the Great Valley and the Unaka

Mountains, in the southern Appalachians. The Unaka Mountains are

largely composed of the Ocoee series, which is of lower Paleozoic age, and

which in the southern part of the region is completely metamorphosed.

The metamorphism is much greater than in the rocks of the Great Valley

immediately adjacent, also Paleozoic. In the southern part of the region

the much metamorphosed Ocoee is thrust over the little altered rocks of the

Great Valley.
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It is plain from the foregoing that a series of rocks may be profoundly

metamorphosed locally and that its metamorphism in au adjacent area

may be unimportant. Not only is this so, but different parts of the same

fold are often metamorphosed differently, depending upon their positions

within the fold. Still further, one set of beds may be more readily

metamorphosed than another, so that one formation may be a perfect schist

while the adjacent formation may still be plainly fragmental; for instance,

a shale may be changed to a mica-schist and au interbedded quartzite be

but little affected by any process except cementation. As pegmatization

is so frequently dependent upon the presence of an intrusive rock, an

extreme phase of metamorphism engendered by volcanism, combined

with other processes, may have a very local character.

Notwithstanding the variations of metamorphism, the amount and char-

acter of the metamorphism of a series of formations may be an important

guide in structural work. It may serve to separate one series from another

and assist in determining the structure within a series. The criterion has

limitations, which are readily deducible from the facts as to the variation

in metamoi'phism just considered. But if a set of formations be superim-

posed upon another set and the lower has become schistose throughout, while

the upper shows little or no change, it is probable that the lower series

underwent a period of metamorphism before the upper series was deposited.

In order to make this conclusion at all certain, however, the superior for-

mations should be of kinds which are equally likely to be metamorphosed,

further faulting must be excluded, and it must be certain that it is a case of

superposition, for laterally the metamorphosing forces may die out rapidly

and the altered rocks pass quickly into those but little changed. Still fur-

ther, if the metamorphism be due to pegmatization as a consequence of the

intrusion of great batholiths, the process may die out rapidly in a vertical

direction, so that the extremely metamorphosed lower formations gradually

pass into the unmetamorphosed beds higher up, with no structural break.

Also, it has been seen that metamorphism is a direct function of depth of

burying. But probably the change in metamorphism as a result of varying

depth of burial is so slow that it ordinarily involves no practical difficulty

in separating series.
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RBliATIONS OF IGKEOUS KOCKS TO STRATIGRAPHY.

Before cousidering the relations of igneous rocks to stratigraphy it is

necessary to recall the forms which they usually take and the manner in

which they may be expected to die out. The intrusives are ordinarily

known as batholiths, bosses, laccoliths, sills, and dikes. The extrusives

are either lavas or tuffs. Frequently dikes radiate from a batholithic or

laccolithic mass, become less and less abundant in passing away from the

igneous mass, and finally disappear. Not infrequently the intrusives and

extrusives are closely associated, intrusives being in one part of a region

or district and equivalent extrusives in another part. But whether the

rocks are intrusive or extrusive, if the quantity of igneous material be

large and in various forms the igneous rocks usually do not die out at

once, but gradually. Ordinarily the distance required for their disappear-

ance is considerable, but in certain cases there are exceptions to this.

For the most part the ordinary masses of volcanic rocks do not

profoundly affect the beds with which they are associated. On the other

hand, large intrusive masses may metamorphose surrounding sediments

for miles.

As a consequence of the gradual disappearance of eruptives under

ordinary circumstances, the abundance of eruptives in one horizon and

their absence in an adjacent horizon indicate that a structural break

probably exists between the two, or that a fault has displaced the strata.

The absence of phenomena which indicate faulting renders the first

alternative probable. The sudden disappearance of eruptives is a particu-

larly valuable criterion in separating' adjacent series in cases in which

parallel secondary structures have been induced in both. These secondary

structures may have obliterated or nearly obliterated the original bedding,

so that there may be none of the ordinary evidences of structural breaks;

but if a set of dikes passes to a certain horizon and is suddenly cut off,

this is very suggestive of an erosion interval between the two series. In

cases of this kind the eruptives themselves are likely to have been

extensively altered by the forces which produced the secondary structures

in the sedimentary rocks; they may have been changed from their original

condition to schists, and then may be shown to be dikes or intrusives by
their structural behavior, by microscopical examination, or by chemical

analysis.



RELATIONS OF IGNEOUS ROCKS TO STRATIGRAPHY. 923

When a series is cut by intrusives it sometimes happens that there is a

difference in the erodibihtj of the dike and of the containing rock. In case

the dike be more resistant, and the two were subjected to eroding agencies,

it protrudes from the underlying formation, while in the opposite case there

is a hollow. The latter is the condition of affairs described by Pumpelly

at Hoosac Mountain, where an ancient dike cuts through the gneissoid

granite. After a hollow of differential erosion was formed a sedimentary

series was deposited. In approaching the dike the members of the sedi-

ments thicken somewhat and pass into the depression. The greater thick-

ness of the lower beds at the hollow finally compensates for it, and the

thickened beds gradually pass up into ordinary regularly stratiform beds.

(Fig. 24.) In this case later orogenic movements produced consonant

secondary structures both in the granite and in the overlying formations,

and this relation of the dike to the two sei'ies was the first evidence found

//-/ ^\--> .'.
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Fig. 24.—Conglomerate deposited in depression produced by erosion of basic diiie through gneiss. After Pumpelly.
C, conglomerate; c, lower layers of conglomerate rendered schistose by admixture of material from the altered dike; d,

diabase of the dike rendered schistose by metamorphism; e, altered dike material; </, pre-Cambrian granitoid gneiss.

of a structural break between them. They had hitherto been considered

as conformable, although a very close study had been made of them.

Later other evidence confirmed this inferred unconformity.

In a different case the contacts between two unconformable series

may not be found, but one series maybe cut through and through by dikes

and contain bosses of igneous material and interstratified intrusives oj-

extrusives, with perhaps also volcanic fragmentals, while the adjacent set of

formations may be wholly free from igneous rocks. Relations of this kind

have force in proportion to the extensiveness of the phenomena. If one

series is rich in igneous rocks for many miles, while another contiguous

series is entii-ely free from them, and the irregular distribution of the two is

such as not to be explained by faulting, the evidence of a structural break

between the series is very "strong.

In any of the above cases the time break between tlie two series must
have been long enough for a full cycle of igneous activity.
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In proportion as the igneous rocks are metamorphosed it is difficult to

apply the above criteria. Where they are no longer distinguishable from

the sedimentary rocks the criteria given for determining structural relations

are not available.

RELATIOlSrS OF ROCK FliOAVAGE TO MOUIS^TAI^ST MAKING.

The principles of metamorphism worked out in the previous chapters

have an important bearing upon theories of mountain making. Various

authors have advocated expansion theories ofmountain making. Probably

the most notable of these is Reade. His explanation of the rise of moun-
tains is that the volume of the thick deposits of sediments increases in

consequence of the rise of the isogeotherms. " It is perfectly clear from

the previous chapters that the alterations of the zone of anamorphism

result in very important contraction. Not only is this true of the deep-

seated zone, but in the zone of katamorphism the volume of one great

class of sediments, the pelites, is certainly decreased both by consolidation

and by dehydration. It may perhaps be conceded that the reactions of

metamorphism, if all of geological time be taken into account, have

somewhat expanded the volume of a very superficial belt of the earth.

But in the deep-seated zone, where pressm-e is dominant, the reactions are

taking place in a reverse sense, and as these have prevailed throughout

geological time and to unknown depths, it can hardly be doubted that

the contraction due to these deep-seated reactions is of vastly greater

importance than the sum total of expansion due to superficial causes.

Perhaps it will be well to recall the facts bearing on the amount of

contraction which takes place in consequence of the reactions of the zone

of anamorphism.

It has been seen on page 364 that the average specific gravity of the

minerals formed in the zone of anamorphism is about 18 per cent greater

than that of those whicli develop in the zone of katamorphism ; but for

the rocks of the zone of anamorphism not all the minerals have passed to

the products characteristic of that zone. Therefore, one can not pren:iise

that in the metamorphism of sedimentary rocks there is a dimhiution of

volume as great as this. However, it is probable that the average of the

chemical reactions of dehydration and silication and mechanical consolida-

«Eeade, T. Mellard, Origin of mountain ranges: London, 1886, pp. 1-3-59.
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tiou give a decrease in volume of at least 10 to 15 per cent for the majority

of the sediments. This is not believed to be an overestimate for the

average of the pelites, psephites, and limestones, but the decrease in

volume for the sandstones is probably not so great as this. It is therefore

certain that the decrease in volume in consequence of reactions controlled

by compression in the deep-seated zone is vastly greater than any expan-

sion which can result from rise in temperature. And it is certain that

from the top of the zone of anamorphism to the greatest depth to which

observation extends the reactions of metamorphism tend to produce min-

erals of higher specific gravity. However, the entire zone of observation

is very narrow as compared with the distance to the center of the earth.

If the law observed continues to great depth, it would follow that deeper

within the earth than observation extends minerals of specific gravity higher

than any known are produced. There is every reason to believe that the

density of the most densely crystallized minerals with which we are familiar

is far from the maximum possible density. Hence, as pointed out on pages

364-365, deep Avithin the earth, where the pressures are vastly greater

than any with which we are familiar, it is certainl}^ possible, and perhaps

probable, that there exists a class of heavy minerals of complex molecules

with which we are entirely unfamiliar.

But whether this speculation be well founded or not, there is every

reason to believe that during geological time there has been steady conden-

sation of the volume of the earth as a result of crystallization and recrj^s-

tallizatioTL. For eras at least the earth has steadily lost heat, and magma
has changed to crystallized rock, which has less volume. Probably also

the pressures within the earth have increased in amount in consequence of

decreasing rotation period, and increasing pressure promotes recrystalliza-

tion, with the formation of heavj^ minerals. It seems to me highly j^robable

that the decrease in volume due to the crystallization and recrystallization

of rocks, with the production of minerals of high specific gravity, is prob-

ably one of the most potent of the processes which have resulted in dirain-

i§lied volume." If this be so, it appears that the sum total of metamorphic

processes is subordinate to the general law of graAdty which steadily demands

decreasing volume for the earth. Recognizing this law, I have elsewhere

held that it can not be maintained that masses of the earth locally rise

"Van Hise, C. E., Estimates and causes of crustal shortening: Jour. Geol., vol. 6, 1898, pp. 59-60.
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unless an equal or a larger ixiass elsewhere subsides— in short, that the

center of gravity of the moved mass is nearer the center of the earth after

the movement than before." The expansion theory of mountain making is

wholly controverted by the facts of metamorphism.

But mountain systems have been formed in some way, and during their

building the material of the mountains has been uplifted even if material

elsewhere has subsided. The uplifted areas are local. Indeed, it is be-

cause of localization that uplift can be recognized. As the geoid responds

to the stresses within it; at least near the surface, the folding and faulting

is largely concentrated in certain belts. It follows that the outer crust of the

earth must have moved in some way over the interior. This fact of the

localization of mountain masses and the resultant necessity that the crust

should shear over the interior is one of the reasons which led the early

geologists to adhere strongly to the existence of a liquid substratum.

However, the physicists who have studied the earth with reference to tidal

deformation insist that its interior is rigid; that if it were a liquid the

attraction of the moon and sun would result in tides which would be shown

in the crust of the earth.

It appears to me that the explanation of rock flowage offered on

pages 748-759 shows how mountain masses may be segregated, the upper

crust of the earth shearing over the deeper seated material for a long

way without a liquid substratum. It has been explained that in the zone

of anamorphism, under the deforming stresses of the earth, rocks flow

by recrystallization. They are solid at the beginning of the process,

throughout the process, and at the end of the process; and yet they have

accommodated themselves to the form demanded by continuous solution

and redeposition. It has further been somewhat fully explained (pp.

769-774) that the energy required for such deformation in the zone of

flowage is not nearly so great as that required for deformation of an equal

mass producing a similar form in the zone of fracture. In other words, the

outer shell of the earth, the zone of fracture, is more rigid under slow

deforming stresses than is a deeper seated zone which may be deformed

by recrystallization. If this be so, we are able to see how the outer part

of the lithosphere may shear over the zone below, as if it were a plastic

aVan Hise, C. R., Earth movements: Trans. Wisconsin Acad. Sci., Arts, and Letters, vol. 11, 1898,

pp. 512-514.
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stratum, and thus the necessary crustal shortening- demanded for a large

segment of the earth may be concentrated in a single mountain mass.

This theory of the deformation of the zone of flowage by recrystallization

meets the needs of the geologist who demands a substratum sufficiently

plastic to be deformed imder long-contlniied moderate stresses, and at the

same time meets the demands of the physicist for a material so strong as to

resist sudden stresses.

But it may be said that this hypothesis is a mere speculation,

unsupported by any observation and with no possibility of support by

observation. This is true if we consider the existing mountains, the last

uplift of many and perhaps the majority of which occurred in Tertiary

time. But before these mountains existed more ancient mountains existed,

and denudation since early geological time has exposed many parts of the

lithosphere over vast regions which were once thousands of meters below

the svn-face. For instance, the Appalachian system of the United States,

from Maine to Georgia, including the New England and Piedmont

plateaus, has undergone deep erosion since Paleozoic time. Vast regions

in Canada and in northern Europe have been subject to enormous, although

23erhaps interrupted, erosion since Cambrian time. In such regions obser-

vations show that there now exist at the surface extensive areas of rock

which were deformed in the zone of rock flow.

Is there any evidence in such regions, from the character of the

deformation and the structures which have been produced, that shearing

has taken place in the same direction for considerable areas? Such

evidence would support the view that equivalent shearing may have taken

place in the present zone of rock flow, and thus have segregated the

existing mountains. In another place I have shown that monoclinal

cleavage may result from shearing motion in rocks parallel to the surface

of the earth, there being no elongation or shortening in consequence of it."

This is illustrated by fig. 25, where a mass represented by abed in the

diagram at the left is sheared into the form shown in the diagram at the

right, the lines ffl-5, c-d in both diagrams being supposed to be parallel to

the surface of the earth. The position of the cleavage is indicated by the

longer diameters of the flattened ellipsoids. If this sort of deformation

should take place over an extensive area in the zone of flow, it might

« Van Hise, C. E., Estimates and causes, of crustal shortening: Jour. Geol., vol. 6. 1898, pp. 29-31.
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transport the superjacent material of the zone of fracture with it, and thus

carry forward the upper crust of the earth toward the mountain mass and

allow the segregation of all of the superficial deformation in one belt.

It is to be noted that in the theoretical case illustrated b}^ the diagram

there is no crustal shortening of the belt in the zone of fracture or of the

material of the zone of flowage. The material has merely changed its

position with reference to the surface of the earth

From the foregoing' it is not to be supposed that monoclinal cleavage

has generally been produced without any plications or crustal shortenings.

Indeed, in areas in wliich monoclinal cleavages are prevalent there may
be numerous folds, as, for instance, in the New England region and in the

Blue Ridsre area. No doubt in cases where the deformation is consider-

Fracture
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Where mouutain systems exist with monoolinal folds or with thrust

faults the segreg'ations may be explained by shearing motion in the zone of

flow over an extensive adjacent area to the east of the mountain mass in

case the monoclinal folds have eastward-dipping axial planes, and to the

west of the mountain mass in case the monoclinal folds have westward-

dipping axial planes. (Fig. 25.) Where the folds of a mountain system are

symmetrical it would be necessary to suppose that the shearing motion

toward the mountain mass occurred on both sides of it.

To illustrate, we may consider one of the large, simple anticlinoria,

such as those of the Park Ranges. We may suppose that such an anti-

clinorium was raised mainly in consequence of deep-seated flow toward the

mountain mass from either side. In this case the cleavage on either side

of the mountain would dip away from it. It is well known that the present

Park Ranges are comparatively recent uplifts along- axes of old uplifts.

Some of the recent uplifts are joartly or wholly covered by Paleozoic and

later strata. In the cases of these simple anticlinoria of the West the

cleavages of the old rocks on both sides of the anticlinal masses dip away

from the cores. Indeed, because of this fact, in the days when cleavage

was not discriminated from j)rimary structures the cleavage was supposed

to be bedding, and upon the basis of this structure the mountains were

described as anticlinal. The present mountains we may properly describe

as anticlinal with reference to the Paleozoic and post-Paleozoic rocks which

rest upon their flanks. But since we know that mountains rise again and

again along the old belts, the cleavage, dipping away from the cores of

these mountain masses, is very suggestive that when the ancient higher

mountains were developed the material was segregated in consequence of

deep-seated flow by recrystallization toward the mountain masses, there

being produced at this time the divergent cleavage existing in the pre-

Cambrian rocks which are now at the surface, but which were well below

the surface when the cleavage was produced.

The cores now exposed were covered by rocks deformed in the zone

of fracture and showed the deformation of joints, joint folds, faults, etc.,

characteristic of the superficial zone. The deep-seated flowage extended

for an unknown distance on either side of the mountains, and thus brought

to the place of uplift the necessary material. The covering rocks belonging

to the zone of fracture on either side of the mountain range may be

MON XLVII—04 59
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conceived as riding quietly forward toward the uplift without marked

deformation.

Applying this theory, we may imagine that the Kaibab Plateati, for

instance, on either side flanked by a monocline, represents an uplift which

is produced by deep-seated shear from either side toward the plateau,

producing simultaneously a cleavage or a tendency toward a cleavage in

the zone of flowage. Such cleavage would dip away from the plateau on

each side of it. The joint and fault deformations exhibited by the mono-

clines in the zone of fracture represent the equivalent necessary superficial

deformation.

Where the folds of a mountain range are symmetrical and upright it

would be necessary to suppose that there was an equal amount of deep-

seated shearins: on each side toward the mountain mass. Where the axial

planes of the structures of the mountain masses tend to dip in one direc-

tion more than in another it is to be supposed that the preponderant

movement came from the direction in which the axial planes dip.

Possibly the suggestion of recrystallization shearing in the zone of rock

flowage also has a bearing upon the importance of the tidal forces in

producing deformation. It has been noted that in America the eastward-

dipping monoclinal cleavage tends to preponderate over the westward-

dipping cleavage. The same is true for monoclinal folding. This is

especially marked for the eastern United States and Canada. How far it

is Irue over the extensive areas of pre-Cambrian rocks of central Canada

is uncertain. Whether in other continents there is a preponderance of

eastward-dipping cleavage over westward, and of monoclinah folding with

eastward-dipping axial planes over the reverse, I do not know and have

been unable to ascertain ; but it is interesting to note that if these easterly

structures are preponderant they are in the right direction to be genetic-

ally connected with tidal Iriction. The earth in its rotation upon its axis

from west to east produces a westward-moving tide. The same force which

acts upon the water acts upon the rocks below, or, in other words, tends

to slip the outer shell of the earth over the deeper shells. Such slipping,

if it takes place through the processes of recrystallization in the zone of

rock flowage, would produce an eastward-dipping monoclinal cleavage and

monoclinal folds with eastward-dipping axial planes.
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If Dai'win and Peirce are correct in thinking that the moon was once

very close to the earth, and that at this early time the earth had a much
briefer rotation ])eriucl than at present, the tidal force tending to produce

such monoclinal structures in the zone of flow would be vastly greater than

at present. It is worthy of note that the preponderant easterly structures

which have been noted are among the Paleozoic and jDre-Paleozoic rocks

which in post-Paleozoic time have been brought to the surface in conse-

quence of denudation. If more extended and closer geological studies of

cleavage and monoclinal folding lead to the conclusion that easterly

structures do preponderate over westerly structures for the earth as a whole,

it may be plausibly argued that these phenomena in the old rocks are

geological evidence of the correctness of Darwin's general theory in refer-

ence to the earth-moon couple, and that the tidal forces in the past were

vastly greater than those which now exist."

I am aware that the foregoing pages upon the relations of rock flowage

to mountain making are speculative, but the speculations accord, so far

as I know, with the facts of the field. They are here jjublished in the

hope that they may lead to more accurate observations of the relations

of primary and secondary structures to each other, and of the positions of

secondary structures in various mountain regions. Concerning these points

I have found the published literature upon the metamorphic rocks woefully

lacking.

a Darwin, G. H., On the precession of a viscous spheroid and on the remote history of the earth:

Philos. Trans. Royal Soc, vol. 170, pt. 2, 1879, pp. .530-538.



CHAPTER XI.

RELATIONS OF METAMORPHISM TO THE DISTRIBUTION OF
THE CHEMICAL ELEMENTS.

In consequence of metamorpliism the chemical elements are redis-

tributed on the face of the earth. This redistribution concerns many large

questions of geological theory. At the 2jresent time our knowledge of

metamorpliism is not sufficiently advanced to treat the redistribution of the

elements except in a very imperfect manner. In the following pages an

attempt is made to consider the original source of each of the important

chemical elements composing the outer part of the earth, and the effect which

the metamorphic processes have had on its redistribution and on the character

of the secondary rocks. So far as practicable redistribution is dealt Avith in a

quantitative way, but a quantitative treatment is necessarily subject to the

very imperfect hypotheses upon which it is based. Indeed, for the most

part the quantitative estimates are the roughest sort of approximations, made

more with a view of stating the various problems which in the future will

undoubtedly be satisfactorily treated quantitatively rather than with the

belief that the calculations given even approach accuracy. They are all

purely provisional, and it is hoped that they will be considered from this

point of view. Indeed, this chapter is no more than an attempt to blaze a

trail in the wilderness. It will require the work of many men for many

years to conquer the wilderness.

C0MP0SITI03S' OF THE lilTHOSPHERE.

The term lithosphere as used in this chapter is rigidly restricted to that

part of the solid crust of the earth of which we have observational knowl-

edge, and which, following Clarke, is assumed to extend to a depth of only

10 miles (16.1 kilometers) below the level of the sea. According to R. S.

Woodward, the volume of the part of the earth that is above the sea and

that extends to a depth of 10 miles (16.1 kilometers) below the level of the

932
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sea is 1,935,000,000 cubic miles (8,075,000,000 cubic kilometers). Of this

amount 302,000,000 cubic miles (1,260,000,000 cubic kilometers) are ocean

and 1,633,000,000 (6,815,000,000 cubic kilometers) are solid matter. The

mass of the atmosphere is equivalent to that of 1,268,000 cubic miles

(5,292,000 cubic kilometers) of water, the unit of density. "To sea water

we may assign a density of 1.03, which is a trifle too high, and to the solid

rocks a specific gravity not lower in average than 2.5, nor much higher

than 2.7. With these values we can get the following expression for the

percentage composition of the known matter of the globe

:

Relative masses of air, sea, and eartKs crust.

Per cent.
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compiled these and other analyses, with the purpose of obtaining an

approximate idea of the composition of the lithosphere. In his computa-

tions Clarke has considered only the "igneous and ciystalline rocks." As

these terras are used there are excluded from consideration the uumeta-

morphosed sediments and the metamorphosed sediments so far as they are

r-ecognized as sediments. In the following table are found the analyses of

Tarious groups of 880 igfleous and crystalline rocks, and the mean of the

whole

:

Analyses of igneous and crystalline rocks."-
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A. The mean of 82 analyses of volcanic rocks from the Western Territories of the United States,

published in Clarence King's Survey of the Fortieth Parallel.

B. 64 analyses of rocks from tlie Yellowstone Park, taken from the laboratory records of the

United States Geological Survey.

C. 54 analyses of volcanic rocks collected in northern California; also from the Survey records.

D. 39 analyses of eruptive rocks from various localities in the Western United States, taken from

the Survey records.

E. 80 crystalline and Archean rocks from all parts of the United States. Of these analyses 50

were taken from the Survey records, 23 from the Fortieth Parallel Eeport, and 7 from the report of

the New Hampshire Survey, vol. 3.

F. 75 analyses of Eurojjean volcanic and crystalline rocks, taken at random from five recent

volumes of the Neues Jahrbuch.

G. 486 miscellaneous plutonic rocks, analyzed between 1879 and 1883, and collected by Roth in

his "Beitrjige zur Petrographie der plutonischen Gesteine."

H. The mean of the foregoing 880 analyses.

Clarke remarks that the columns A to F are remarkably accordant, and

further says: "The thesis that the crust of the earth is fairly homogeneous

in composition is thus sustained by positive evidence. The variations in the

foregoing table are as small as could reasonably be expected.""

Clarke, in 1891, made an estimate of the composition of the lithosphere,

of the ocean, and of the mean of the lithosphere, ocean, and air, but many of

the analyses upon which this first estimate of the composition of the litho-

sphere was based were "incomplete regarded from a modern point of view."

In 1900 Clarke therefore reestimated the composition of the lithosphere,

basing the estimate upon 830 complete analyses of rocks and 400 partial

analyses. Also, he computed the ten most important elements as oxides both

for his first and second estimates of the lithosphere. His results are given

in the following tables.

"Clarke, cit., p. 37.
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Symbols, atomic weights, " andj)roportions of the Imenty-three most ahundant elements

in the outer 10 miles of the earthJ'

Name.
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Amounts of the eleven most important oxides of the Uthosphere, as estimated in 1891

and 1900."
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sediinentaiy rocks, in whicli 1,545 rocks were taken into consideration.

The table below gives liis results.

Gom^yosite analyses ofsedimentary rocks. "
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Various estimates, which are httle more than guesses, have been made

of the thickness of the sedimentary rocks upon the earth. Dana in 1875

stated that the mean thickness of the sediments for the continental areas

will not exceed 5 miles (8.05 kilometers).'' T. Mellard Reade states that an

estimate of 10 miles (16.1 kilometers) is a moderate one for the thickness

of the sedimentary crust of the earth throughout.'' Later he greatly reduces

this estimate, saying: "I think we may with safety provisionally assume

that the actual average thickness of the sedimentary crust of the globe is

not less than 1 mile (1.61 kilometers)."" This average is for the globe as

a whole, and not for the continental areas, and therefore is not, greatly

below Dana's estimate of 8 kilometers for the continents alone. It appears

to me that even Reade's revised estimate is much too great. At only a

very few localities can it be shown that the thickness of the sediments

approximates 8 kilometers. For the great plains and plateau areas where

there are deep borings or deep gorges, as, for instance, in the Grand Canyon,

the sediments frequently do not exceed 1 kilometer, and in general are less

than 2 kilometers. For great areas of the continents, such as extensive

Archean areas of Canada, there are no known sediments. For the greater

' part of the ocean, aside from the continental shelves, all the evidence avail-

able points toward very slow deposition, and over such areas, composing

about two-thirds of the surface of the globe, the sediments are probably of

inconsiderable thickness.

The area of the globe is approximately 500,000,000 square kilometers,

of which somewhat more than one-fourth belongs to the continents and

continental shelves. If it were supposed that the sediments which have

not been within the zone of anamorphism, but have always remained in

the zone of katamorphism, are upon an average 2 kilometers thick for the

continents, this would give 250,000,000 cubic kilometers of sediments.

This estimate is, of course, little more than a guess, made in order that a

number of problems in the distribution of the elements may be quantita-

tively stated. In comjDaring this estimate with that of Dana or Reade it

should also be noted that mine includes only sediments of the zone of

katamorphism—not those which have been metamorphosed in the zone

of anamorphism—while Reade's estimate includes both.

«Dana, James D., Manual of Geology, second edition, 1875, p. 657.

* Reade, T. Mellard, Chemical denudation in relation to geological time, p. 29.

«Loc. cit., p. 52.
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On the supposition that the sediments of the zone of katauiorphism

are 2 kilometers thick, they compose about 3.668 per cent of the volume

of the lithosphere to a depth of 16.1 kilometers (10 miles) below the level

of the sea (6,815,000,000 cubic kilometers). With a specific gravity of 2.7

the weight of the sediments would be 675,000,000,000,000,000 metric tons.

In suggesting the above figures the aim has been to underestimate

rather than to overestimate the total amount of the sediments. It is thought

better to have the calculated amount of elements required for certain

changes smaller than the real amounts rather than larger. For instance,

it will be explained on the following pages that the change of ferrous to

ferric oxide in the sediments has required a vast amount of oxygen—indeed,

an amount so great as to be a large percentage of the total oxygen now
present in the atmosphere. If an overestimate of the total mass of

sediments were made, this would lead to an overestimate of the amount of

oxygen required for this change. But the purpose is to make the estimate

of the amount of oxygen and of the other elements required for this and

for other changes less than the real amounts rather than more.

In making the first rough approximation of the weight of the sediments,

they will all be supposed to have a specific gravity of 2.7. While the

specific gravity of sediments varies, and doubtless upon the average is

somewhat less than 2.7 (the average of the igneous and crystalline rocks),

the error in placing it at 2.7 is small comjjared with the errors in the

estimates of the amount of sediments and their relative proportion. Tiiere-

fore, for convenience in the present provisional calculations, a uniform

specific gravity for the rocks of the lithosphere is assumed. If the sediments

of the zone of katamorphism were supposed to be 0.65 shales and other

rocks largely composed of silicates (pelites and psephites), 0.30 sandstones,

and 0.05 limestones, this would give 162,500,000 cubic kilometers of shales,

weighing 438,750,000,000,000,000 metric tons, 75,000,000 cubic kilometers

of sandstones, weighing 202,500,000,000,000,000 metric tons, and 12,500,000

cubic kilometers of limestones, weighing 33,750,000,000,000,000 metric

tons. In the following pages the term shale will be understood to include

all the clastic sedimentary rocks rich in silicates.

So far as I know there has been no attemjot to estimate accurately the

relative quantities of shales, sandstones, and limestones. The above parti-

tion of the sediments is the roughest sort of a guess. The only computation
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which I am aware of on the subject is in reference to hmestone. T. Mellard

Reade, by comparing the amount of calcium carbonate and calcium sulphate

in solution in rivers with the sediments mechanically carried by rivers,

concluded that one-eighth to one-ninth of the transported material is com- ^

posed of the carbonate and sulphate of calcium. Using his estimate of a

thickness of 1 mile for the sedimentary rocks, and supposing that the mass

of limestone is one-tenth of the whole mass of the rock, he says: "This

gives us the equivalent of a zone of hmestone rock 628 feet (160.9 meters)

thick, enveloping the globe, as a very rude approximation to the absolute

quantity of carbonate and sulphate of lime in the sedimentary crust of the

earth."" Of the two compounds calcium carbonate so dominates over

calcium sulphate that the latter will be neglected and the whole will be

considered as calcium carbonate.
^

If the amount of calcium carbonate carried by the streams at present

is not an accurate measure of the average carried by streams through geo-

loo-ical time, the error is hkely to be an overestimate rather than an under-

estimate, since early in geological times, before the calcareous sediments

had accumulated, it can not be supposed that the streams carried as much

calcium carbonate as at present. Further, the method of computation used

by Reade for estimating the volume of the limestones is rather unsatisfac-

tory, since it is certain that a considerable portion of the calcium carbonate

-passes into shales and sandstones, as is shown by the analyses (p. 938).

The shales contain 2.64 per cent of carbon dioxide and the sandstones

3.03 per cent. If most of this carbon dioxide is united with calcium, oxide,

as is probable, this would give about 5 per cent, or one-twentieth, of calcium

carbonate in the shales and sandstones. Therefore, if the shales and sand-

stones were supposed to be nineteen times as abundant as the limestones,

these rocks would require one-half of the calcium carbonate, and the propor-

tion of limestone instead of being one-tenth, as estimated by Reade, would

be one-twentieth of the total mass of the sediments. This ratio of 19:1

between the sandstones and shales together and the limestones is accovdcait

with the relative amounts of the rocks as calculated upon the basis .of

depletion of calcium oxide in the sandstones and shales as compared with

the original rocks (see pp. 990-991). It thus appears that the estimate of

one-twentieth, or 0.05, of the mass of sediments for Hmestone, is probably

as near the truth as can be made from data at the present time.

"Reade, T. Mellard, Chemical denudation in relation to geological time, p. 53.
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As a result of the work of the Challenger expedition, the ocean is esti-

mated to have a volume of 1,283,840,000 cubic kilometers." This estimate,

equivalent to 307,000,000 cubic miles, is somewhat in excess of "Woodward's

estimate of 302,000,000 cubic miles, given on page 933. The weight of

1,283,840,000 cubic kilometers of the ocean, with a specific gravit}^ of 1.03

(see p. 933), is 1,322,355,000,000,000,000 metric tons. Of this 85.79 per

cent, or 1,134,448,354,500,000,000 metric tons, is oxygen, and 10.67 per

cent, or 141,095,278,500,000,000 metric tons, is hydrogen. Taking the

maximum salinity of sea water as given by Dittmar, '' 37.37 grams of salts

per kilogram of water, sea water is 96.263 per cent water and 3.737 per cent

salts. The 3.737 per cent salts is made up of the following compounds:

Composition of salts in sea water.''
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Combining acids and bases, we have the following average composition

of sea salt:"

Percentages of salts in sea water.

Chloride of sodium

Chloride of magnesium

Sulphate of magnesium

Sulphate of lime

- Sulphate of potash

Bromide of magnesium

Carbonate of lime

Total

Per cent.

77. 758

10. 878

4.737

3.600

2. 465

.217

.345

100. 000

From the above table the percentages of the different elements in the

ocean salts are calculated as follows:

Percentages of elements in sea salt.
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Taking the above estimates, the amounts of the different elements of

the ocean salts are given in the following table:

[Uiiit=10^" metric tons.]

CI 25,557

Na 14,180

2,445

Mg _ 1,743

S 1,187

Ca 553

K..

Br.

C.

512

87

19

Total 46,283

Clarke, using the above results of Dittmar, computes the elemental

composition of the ocean, as already given (p. 936); but for convenience his

results are here repeated :

"

Oomfposition of ocean.

0..
H .

CI

Na.

Mg
Ca.

85. 79

10.67

2.07

1.14

.14

.05

K
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The above data give tlie approximate composition of the lithosphere as

now constituted; but not of the earth as a whole. As pointed out by Far-

rington," we can probably get a rough approximation to the composition of

the earth by considering the nature of meteoric falls, as they are supposed to

furnish the best basis for estimating the composition of the material out of

which the world has segregated. Meteoric falls rather than meteoric finds

are chosen because "the iron meteorites are much more likely to be known

and preserved than the stony.'"' The average specific gravity of meteoric

falls, as determined by Farrington, is 3.69." No attempt has been made to

estimate quantitatively the proportions of the elements which compose such

meteorites, taking- into account both their masses and compositions. How-

ever, Farrington'^ recently considered the mineral and chemical compositions

of various classes of meteorites, including both falls and finds, a,nd in some

cases gave the relative proportions of a few of the elements in these, and

the percentages of a few of the minerals in some of the meteorites con-

sidered. From his article the following table is made:

Constituents of meteorites.

Name.
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Constituents of meteorites—Continued.

Composition. Relative proportions.
Percentage of total of
definite meteorites.

Included gases:

H
CO ,

CO2

N
CH^

Iron sulphide:

Troilite

Pyrrhotite (?)

Schreibersite

Graphite

Cohenite

Glass.

Chromite

Amorphous carbon.

Diamond

DaubrMite

Tridymite : - -

Lawrencite

Magnetite

Oldhamite

Hydro-carbons;

(a)CandH
(b) C, H, andS.

ACCESSOEY.
Iron.

03. 09

20.70

8.12

7.52

0.57

Stone.

17.65

4.15

71.66

2. 20

4.17

(c) C, H, and O CoHgOo

FeS.

FeS.

(FeNiCo)3P .

C.

(FeNiCoJaC

FeO. Cr.Oa

C.

C.

feS. CroSa

SiO,

FeClo

FeA
CaSa

CHo„

CiHi.S;

100. 00 99. 73

Most widely distrib-

uted constituent of

iron meteorites
next to nickel iron.

4.57 (one meteorite)

.

{Less than 1 in major-
ity of meteorites in
which present.

The list of elements in meteorites given by Farrington " includes all

those, except fluorine, which compose as much as 0.01 per cent of the outer

part of the earth and a number of others. Farrington has given also a list

of the eight chief elements in meteorites, including both falls and finds, in

order of their abundance (column 1).'' For comparative purposes there

are placed opposite these, in order of abundance, the eight elements

which, according to Clarke, are most plentiful in the outer part of the

earth (column 2).

a Farrington, cit., pp. 393, 394. * Farrington, cit., p. 394.
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Order of ahundance of elements in meteorites and in the outer rocks of the earth.
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deposits, as for instance in the case of iron. The development of the greater

number of ore deposits involves the segregation of the rarer elements, and

this aspect of the subject is especially considered in the following chapter.

OXYGEN.

Oxygen is the most abundant of the elements, both in the lithosphere

and in the hydrosphere. According to Clarke's estimate of 1891 oxygen

composes 49.98 per cent of the lithosphere, hydrosphere, and atmosphere

together, or only 0.04 per cent short of the total amount of all the other

elements. According to Clarke's estimate of 1891 it composes 47.29 per

cent of the lithosphere, and according to his estimate of 1900, 47.02 per

cenf Of the hydrosphere it composes 85.79 per cent, and of the atmos-

phere 23.12 per cent. While the percentage of oxygen in the hydrosphere

is greater than in the lithosphere, b}?- far the greater proportion of the

oxygen is in the lithosphere, on account of its enormous mass, although an

immense quantity is in the hydrosphere. The oxygen of the lithosphere

and hydrosphere is combined, while that of the atmosphere is free.

Oxygen differs from all of the other abundant elements in that a large

quantity of it is in the free state. The only other abundant element which

occurs partly in the free state is iron, and the amount of free iron in the

lithosphere is exceedingly small. One other element, nitrogen, near the

bottom of the list of the 23 more plentiful elements, also occurs in the free

state and in even greater quantity than oxygen. Oxygen is the element

second in abundance in the meteorites. Among the gases of the meteorites

free oxygen is not included in the list given by Farrington, but Wright

reports oxygen as occluded. '' Even if oxygen exists as a gas in meteorites,

this is not evidence that this oxygen was brought from the outer space_

It may have been absorbed there or while the meteors were passing through

the atmosphere, or partly in both' ways.

The source of oxygen for the atmosphere is a matter of great conse-

quence, since in the pi-ocess of oxidation, one of the fundamental processes

of the zone of katamorphism, the oxygen is derived directly or indirectly

from the atmosphere. So far as known, the vast quantity of free oxygen

a Clarke, cit., Bull. 78, p. 39: Bull. 168, p. 15.

6 Wright, A. W., Spectroscopic examination of gases from meteorites: Am. Jour. Sci., 3d sen, vol.

9, 1875, p. 301.



SOURCE OF OXYGEN FOR THE ATMOSPHERE. 949

within the hthosphere is conibiued, and there is no evidence that this is not

true of the centrosphere also.

It might be supposed, as has been suggested by various men in

reference to carbon dioxide, that oxygen has been attracted to the earth by

the force of gravity from the interplanetary spaces. To what extent tliis

has occurred, if at all, must long-, and perhaps forever, be a matter of

conjecture.

The chief certain source of oxygen for the atmosphere is the reducing

action of organic material upon carbon dioxide. As plants ^row they

decompose carbon dioxide of the atmosphere, thereby liberating oxygen,

and build the carbon into their bodies. Animals take their carbon com-

poinids directly or indirectly from plants. So far as the plants and animals

decompose, the carbon is again oxidized to carbon dioxide by the oxygen

of the atmosphere, thus consuming an amount of oxygen equivalent to that

originally liberated. Therefore, so far as life products decompose there is

no permanent gain of oxygen to the atmosphere by the cycle. But a portion

of the organic compounds do not completely decompose, and in so far as

this is true and they remain in the rocks in carbonaceous shale, graphitic

slates, schists, or gneisses, in peat, in coal, and other rocks, the oxj^-gen

liberated by the reduction of the carbon dioxide is a permanent gain to the

atmosphere. It will be seen under carbon, pp. 962-974, that the quantity of

carbon which is thus locked up in the earth is enormous. Since no quanti-

tative estimate has ever been made of the amount of such carbon, there is

no way in which one can ascertain to what extent the air has gained in

oxygen in consequence of the reduction of carbon dioxide. But it is

suspected that a considerable percentage of the oxygen now in the atmos-

phere could be thus accounted for. Indeed the reduction of carbon dioxide

by plants and the liberation of oxygen to the atmosphere in consequence of

the formation of the rock coals, peats, etc., has so impressed Koene and

Phipson as to make them think that originally the relations of carbon dioxide

and oxygen in the atmosphere were probably reversed, but that as a result

of the continuous reducing action of vegetation and the decay of only a part

of it the atmosphere has become one in which carbon dioxide is very subor-

dinate and oxygen one of the chief constituents.

"

"Chemical News, vol. 67, 1893, p. 135; vol. 68, 1893, pp. 45, 75, and 259; vol. 70, 1894, p. 223.
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But the oxidation of carbon and deoxidation through hfe take into

account only one aspect of the question. The inorganic carbon compounds

of the original earth stuff fehould also be considered, and Koene and Phipson

ignore this side of the question. It will be seen, under carbon, that this

element in various forms is a constitueM of the original igneous rocks, and it

has been seen that carbon componds are also constituents of meteorites. So

far as elemental carbon, carbon monoxide, carbureted hydrogen, or other

carbon compounds are present in the original igneous rocks and have

been oxidized to carbon dioxide, demands have been made upon the oxygen

of the atmosphere. These demands have certainly been large. No data

are at hand to make even an approximate estimate as to how large a

quantity of oxygen has thus been abstracted from the atmosphere during

geological ages. But, as explained under carbon, the oxidation of carbon

compounds of the original igneous rocks is believed to be one of the chief

sources of carbon dioxide. In. so far as this reaction has taken place it

is a reversal of that of vegetation. Which of these opposing processes is

-preponderant is a question of great importance, but one upon which not

even a qualitative guess is warranted. Therefore no statement can be

made as to whether the atmosphere has permanentlv gained or lost oxygen

as a consequence of the oxidation and deoxidation of carbon compounds

throughoTit geological time.

A second very important reaction which depletes the atmosphere in

oxygen is the oxidation of the ferrous' iron of the original rocks. It has

been pointed out (Chapters VI and VIII) that oxidation of the ferrous

oxide to the ferric oxide is characteristic of the belt of weathering and

that the reduction of the ferric oxide to the ferrous oxide may occur in

the belt of cementation and is characteristic of the zone of anamorphism.

But the oxidation of ferrous iron to the ferric form clearly preponderates

over the reduction of ferric oxide to ferrous oxide, and hence oxygen is

consumed. This is shown by the following facts:

In 78 shales the percentage ratio between the ferrous oxide and the

ferric oxide is 2.46 : 4.03; in 624 sandstones the ratio is 0.57 : 1.24; in 843

limestones the ferrous oxide is so small that it is undetermined, but the

ferric oxide is 0.66. Griving these sets of numbers the respective weights of

0.65, 0.30, and 0.05 (the estimated proportions of these different kinds of

sediments), the ratio between the ferrous oxide and ferric oxide in the
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sediments as a whole is 1.77 : 3.025. The amount of ferrous oxide is

about one-half of that of the original igneous rocks, 3.52 per cent. The

amount of ferric oxide somewhat exceeds that in the original rocks, 2.63 per

cent, but this excess falls far short of the amount required to compensate

for the deficiency of ferrous iron in the secondary rocks, for the total

amount of iron in 1.77 per cent of ferrous oxide and 3.025 per cent of

ferric oxide is 3.49, whereas the total amount of metallic iron existing

in the oxidized form in the original rocks is 4.58, the remainder of the

4.64 total iron, as given by Clarke, probably being largely accounted

for by the iron united with sulphur. It therefore appears that a large

amount of the iron of the original rocks is not accounted for in the

sediments which are ordinarily analyzed, and this difference amounts

to one-fourth of the total amount of iron in the original rocks. This vast

deficiency in iron oxide is probably largely accounted for by the segre-

gation of iron in the iron-bearing formations and in the iron-ore deposits

such as those in the Lake Superior region. The iron in these formations is

dominantly in the ferric form. Certainly the ratio of ferric oxide to ferrous

oxide in them is as great as among the sediments.

Supposing, therefore, that the ratio of ferrous oxide and ferric oxide in

the iron-bearing formations is the same as in the sediments analyzed, and

increasing the amounts of ferrous oxide and ferric oxide in the shales, sand-

stones, and limestones together in the same ratio, so that they contain an

amount of iron equivalent to that in the original igneous rocks, thereby

including the iron-bearing formations, this would give 2.35 per cent of

ferrous oxide and 4.02 per cent of ferric oxide. Upon this hypothesis

the difference between the amount of ferrous oxide present in the original

rocks, 2.35 per cent, and that now found upon the average in the secondarj^

rocks, 1.77 per cent, is 0.58 per cent. To change this percentage of fer-

rous oxide to ferric oxide for the 675,000,000,000,000,000 metric tons of

sediments of the zone of katamorphism would require 435,000,000,000,000

metric tons of oxygen, or 35.55 per cent of the oxygen now in the

atmosphere. (See p. 944.) This shows how enormous has been the draft

of oxygen from the atmosphere in consequence of the oxidation of ferrous

oxide alone. (See p. 1003.)

Another very large demand upon oxygen is made by the oxidation of

the metals and the sulphur united as sulphides in the original rocks. Of the
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metals uuited with sulphur, iron of course dominates over all others com-

bined. We may therefore use FeSo, the most common sulphide, to illustrate

the process. If the iron were changed to the ferric oxide and the sulphur

to sulphuric acid, the reaction may be represented by the equation

—

2FeS2-|-150+4H20=Fe,,03-|-4H2S04.

Since sulphates are not known in the original igneous rocks, nor in

meteorites, it is to be presumed that practically all the sulphates which now

exist are a result of the oxidation of the sulphur of the sulpliides by oxygen.

The total amount of sulphates in the ocean is vast. The amount of

sulphur present as sulphates in the ocean is estimated by Dittmar to be

1,187,000,000,000,000 metric tons. The oxygen derived from the atmos-

phere to unite with this sulphur in order to produce sulphuric acid is

1,777,200,000,000,000 metric tons, or 145.25 per cent of that now in the

atmosphere. If the sulphur in the sulphate deposits be estimated as equal

to one-tenth that in the ocean, the amount of oxygen required for the

production of all the sulphates would be 159.77 per cent of that now in

the atmosphere. As shown by the above equation, to oxidize the iron of

sulphides to the ferric oxide requires one-fourth as much oxygen as the

oxidation of the sulphur to sulphuric acid. Thus for this part of the

process 39.94 per cent of the amount of oxygen in the atmosphere would

be required. Summing all these amounts we find that for the oxidation of

the sulphides 2,443,473,000,000,000 metric tons of oxygen, or 199.91 per

cent (i. e., twice), that now in the atmosphere, has been consumed. (See

p. 1003 for possible modification.)

It is shown elsewhere that sulphates produced by oxidation of the

sulphides ai'e extensively i-educed to sulphides by carbonaceous material,

and this cycle of reproduction of sulphates and sulphides for some of the

material doubtless has been repeated many times. The above is a first

attempt to roughly estimate the amount of oxygen required to produce the

present existing sulphates, not the total amount of oxygen which has been

consumed in the oxidation of the sulphides to sulphates through geological

time. So far as the sulphides have been changed to stilphates and reduced

again to sulphides by organic matter, a consideration of the amount of

oxygen which is drawn from the atmosphere by this process has already

been accounted for in considering the relations of oxygen and carbon.
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Metallic iron is known as a rare constituent of certain very basic

igneous rocks. When sucli material reaches the zone of katamorj^hism the

iron is oxidized to ferrous oxide or ferric oxide, and thus oxyg-en is con-

sumed. At the present time the consumption of oxygen by metallic iron

is so small as to be insignificant, but it is possible that earlier in the history

of the earth, before the segregation of the oxidized products at the surface,

not only iron, but possibly other metals, may have been oxidized in great

quantity, and thus enormous quantities of oxygen abstracted from the

atmosphere. The quantity of oxygen which has thus been consumed must,

so far as one can see, ever be a matter of conjecture.

The source of the water of the hydi'osphere is uncertain. It may be

supposed that early in the history of the earth a large part of the elements

comjjosing' water was in a free state, although doubtless a part was also

combined. If any considerable proportion of the water of the hydrosphere

was produced by the oxidation of hydrogen during the time the sedimentary

rocks were deposited, the amount of oxygen thus consumed would have

been enormously greater than that required for the processes which have

heretofore been considered, indeed, many times greater than the amount of

oxygen now in the atmosphere. However, it is useless to speculate as to

the extent to which the oxidation of hydi-ogen took place in early geological

time. It is probable that during the deposition of the sedimentary rocks, and

even at the preseilt time, hydrogen is being oxidized on a small scale. It is

seen (pp. 945-946) that hydrogen and carbureted hydrogen are constituents

of meteorites, and further that hydrogen occurs occluded in various rocks.

Hydrogen is met also in connection with fumarolic and solfataric action.

As already explained (p. 492), this hydrogen is supposed to be produced

by the reaction of the feri'ous oxide upon water, according to the equation

H20+2FeO=2H+Fe203.

So far as water is produced by the oxidation of hydrogen free or com-

bined oxygen is abstracted from the atmosphere. This abstraction certainly

occurs to some extent in volcanic districts. Phipson also holds that hydro-

gen, so far as it is present in the atmosphere, may be oxidized by the nascent

oxygen freed by plants. He grew certain plants in an atmosphere of

hydrogen and was thus able, as he claims, to completely oxidize all of it."

a Phipson, T. L., Vegetation in hydrogen: Chemical News, vol. 67, 1893, p. 303.
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It might be supposed tliat in counting the oxyg-en consumed in the

oxidation of hydrogen to produce water, that formed by the decomposition

of water through the agency of ferrous oxide should be disregarded, since

the amount of oxj^geu required for the change of ferrous oxide to ferric

oxide in the change from the original to the altered sediments has already

been estimated. But the lavas are original igneous rocks and the ferric

oxide which they contain may be in part produced by the oxidation of

ferrous oxide through water in accordance with the equation above given,

and therefore the oxygen required to oxidize the ferrous oxide to the ferric

oxide as calculated (p. 951) does not include that required by the reaction

above.

Since there is so little hydrogen in the air, it might be argued that the

oxidation of hydrogen has taken place upon the earth on a great scale,

and therefore that large quantities of oxygen have been thus consumed.

But Chamberlin has shown that it is doubtful if hydrogen can be per-

manently held in the atmosphere by the attraction of the earth." If free

hydrogen can escape from the earth it can not be assumed that the amount

of oxygen required to oxidize hydrogen is important, at least during later

geological time.

Another way in which oxygen has been consumed by metamorphism

is in the oxidation of nitrogen. It has been explained (pp. 465-466)

that in various ways, but chiefly by means of the bacteria and leguminose

plants, free nitrogen is oxidized to nitric acid, and in consequeiice the

nitrates are formed. Since the nitrates are not known in the original

igneous rocks, nor in meteorites, it is to be presumed that all of the

nitrogen compounds upon the earth have been produced by the oxidation

of nitrogen. At the present time it is wholly impracticable to make any

estimate of the amount of nitrates upon the earth. In arid regions, as is

well known, there are large deposits of nitrates. (See p. 787.) In some

humid regions, as for instance at places in the Orinoco Basin of South

America, the nitrates compose a large percentage of the soil. As explained

(pp. 505-506), nitrates are essential constituents of all fertile soils. Hence,

while no quantitative statement can be made, the quantity of oxygen which

must have been consumed in the oxidation of nitrogen must have been

very large.

« Chamberlin, T. C, A group of hj'potheses bearing on climatic changes: Jour. Oeol., vol. 5,

1897, pp. 666-667.
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Besides the compounds already considered there are various rarer

substances which have been oxidized, such as manganous oxide. Doubt-

less, however, the consumption of oxygen by the rarer compounds is incon-

siderable.

The above calculations may be only roughly a]jproximate, but they

seem to show that the amount of oxygen which has been abstracted from

the atmosphere during geological time in the oxidation of iron and sulphur

is enormous—apparently about twice that now free in the atmosphere.

If these results be correct, omitting- any consideration of the amount which

has been required for the oxidation of hj'drogen, nitrogen, and other sub-

stances, the original atmosphere must have been much more voluminous

than at present, or else during geological time there has been some source

of oxygen from which the atmosphere has been replenished.

In the previous pages only the sediments of the zone of katamorjihism

are considered. While in the zone of kata.morphism oxygen has been added

to the lithosphere and abstracted from the atmosphere, it is equally certain

that in the zone of anamorphism and in the belt of cementation deoxidation

takes place to some extent. Reduction is usually accomplished through

vegetation, carbon being oxidized at the same time and largely returned

to the atmosphere as carbon dioxide. So far as this is the case it involves

no correction beyond that already considered, since the end result is the

sanie as if this carbon had been oxidized by the process of decomposition

at the surface of the earth, and thus to that extent balanced the process of

liberation of oxygen when the organic carbon compounds were originally

formed. On the whole there is no reason to believe that the sedimentary

rocks metamorphosed in the zone of anamorphism contain more ferric oxide

than the original rocks. Until the relative amounts of ferrous and ferric

oxides in the sedimentary rocks of the zone of anamorphism are compared

with the amounts of these compounds in the original rocks, it can not be

asserted whether the sum total of the reactions of the sedimentary rocks in

the zone of anamorphism is in the direction of the consumption or liberation

of oxygen.

The oxygen added to the zone of katamorphism is not uniformly

distributed, but is segregated to a very lai'ge extent. The most important

segregation is that occurring in connection with iron. There are vast

quantities of ferric oxide in the red sandstones, and the added oxygen is
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therefore distributed through these. A much greater concentration of the

added oxygen is, however, found in the rich and lean iron-ore formations,

from the Archean to the Pleistocene. Such segregation is well illustrated by
the Clinton iron ores, and is shown on a magnificent scale by the ferruginous

formations of the Lake Superior region. The gypsum and nitrate deposits,

aside from the iron, are those in which the oxygen abstracted from the

atmosphere is segregated to the greatest extent.

In summary it appears that the chief certain source of oxygen for

the atmosphere is the reduction of carbon dioxide by vegetation and the

burial of a part of this vegetation in the earth. This source is vast in

amount.

On the other hand, oxygen has been consumed by the oxidation of

the carbon compounds of various kinds in the original igneous rocks and in

the meteorites; by the oxidation of ferrous oxide to ferric oxide in the

zone of katamorphism ; by the oxidation of iron in the metallic form and

as a sulphide; by the oxidation of sulphur, nitrogen, and hydrogen; and

in some small measure by the oxidation of i-arer compounds, such as

manganous oxide. The sum of these gives the amounts of oxygen

consumed during geological time. Until estimates have been made of the

various amounts of the oxidized compounds, it is wholly out of the question

to make any quantitative estimate of the total amount of oxygen which has

been abstracted from the atmosphere by the process of oxidation since the

beginning of geological time, but it is certain that the amount of oxygen

thus consumed has been enormous. It probably vastly exceeds the amount

of oxygen which has been liberated to the atmosphere by the reduction of

carbonic acid through plants.

If this conclusion be correct such wild guesses as those of Koene and

Phipson (see p. 949), that the carbon dioxide of the original atmosphere

greatly exceeded the oxygen and that the proportions of these elemental

have been reversed in consequence of the reduction of carbon dioxide by

organic matter, are wholly unwarranted. This case illustrates the danger

of drawing a conclusion from the consideration of only one factor of a

complex problem.
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SULPHUR.

According to Clarke's estimate of 1891 sulphur forms 0.04 per cent of

the outer 10 miles (16.1 kilometers) of the earth, including- the original rocks,

hydrosphere, and atmosphere, 0.09 per cent of the ocean, and 0.03 per cent

of the original rocks. However, in his estimate of 1 900 the amount in the

original rocks is increased to 0.07 per cent. Sulphur thus has fourteenth

place in the scale of abundance." If the sulphur were reckoned as con-

tained in SOg Clarke's estimates for 1891 and 1900 for the original rocks

would be 0.0749 and 0.1748, respectively.

It is well known that sulphides are constituents of the original igneous

rocks. Sulphur occurs in these rocks as pyrite and pyrrhotite certainly.

Sulphur is found also in the meteorites in the form of troilite (FeS), possibly

as pyrrhotite (Fe^Sn+i), as oldhamite (CaSn), and also in the hydrocarbon

(C4II12S5). It thus appears that there are various sources of sulphur in the

material of which the earth is formed.

Sulphur occurs in the shales, sandstones, and limestones as sulphates

and sulphides. The amount of SO3 reported by Clarke in 78 shales is 0.65

per cent ; in 624 sandstones, 0.08 per cent. No sulphur as sulphide is

reported, but Clarke writes that the above determinations include probably

both the sulplmr as sulphate and as sulphide. The amount of SO3 in 843

limestones is 0.06 per cent, and the amount of sulphur as sulphides in these

limestones is 0.08. The latter amount corresponds to 0.20 per cent SO3,

and thxis if all of the sulphur of the limestones were reckoned as SO3 the

amount would be 0.26 per cent.

It thus appears that, taking into account the molecular weights of

sulphur and SO3, sulphur is about four times as abundant in the shales as

in the original rocks, is re(iuced by about one-half in the sandstones, and

is increased by about one-half in the limestones. Since the volume of the

shales is so great, the amount of SO3 in the shales is much more than suffi-

cient to compensate for the deficiency in the sandstones even if the excess

in the limestones were ignored. If one were to combine amounts of sedi-

ments and percentage of SO3 in these rocks, and thus make an estimate of

the amount of the compound there should be in the original rocks, he would

have the following equation:

.65X.65+-.08X.30+.26X.05=.4595

aClarke, cit., Bull. 78, p. 39; Bull. 168, p. 15.
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Clarke's average for the original rocks is 0.1748. It thus appears as if

there were an excess of sulphur iu the secondary rocks amounting to 0.2847

per cent. To this excess, upon the theory that the salts of the ocean have

been derived from the original rocks, should be added the vast amount of

SO3 in the ocean. Reckoned as sulphur, from Dittmar's estimates this is

1,187,000,000,000,000 metric tons, which corresponds to 2,964,000,000,-

000,000 metric tons of SO3. But this is only .439 per cent of the total mass

of the sediments.

The above calculations as to the amount of SO3 in the sediments take

no account of gj-psum deposits. If these be supposed to contain one-tenth

as much SO3 as the ocean, namely, .0439 per cent of the total amount of

sediments, there is in the sediments and the ocean together an excess of

.7676 per cent beyond the amount calculated in the original rocks.

These facts show that there is a great discrepancy between Clarke's

estimate of 0.1748 per cent of SO3 in the oi'iginal igneous rocks and the

amount of sulphur in the secondary rocks. It is thought highly probable

that this discrepancy is largely explained by the actual escape of much

sulphur as a gas during periods of volcanism, as hydrogen sulphide, which

is oxidized during volcanic action, or by the direct oxidation of the sulphur

to SO2 or SO3. It is certain that the amount of sulphur may be greater in

the secondary than in the original rocks, as is shown by analyses, because

the original rocks contain only the residual sulphur which separated as a

sulphide when the magma crystallized. While the igneous rocks may lose

a considerable portion of their sulphur before crystallization, this may not

fully explain the discrepancy. It is possible of course that Clarke's estimate

of sulphur in the original igneous rocks may be somewhat too small, since

this element is in such subordinate amount, and .selections for analysis were

made upon the basis of other elements rather than to get an average sample

for sulphur.

As to the geological processes through wliich the redistribution of the

sulphur takes place, the following summary statement may be made: In the

alteration of the original rocks in the belt of weathering, the sulphides are

largely oxidized to sulphates, which are for the most part taken into solution

by the underground waters. Some of this dissolved material is carried

down into the belt of cementation, and a portion is there precipitated as

sulphate in the form of barite, celestite, and gypsum ; another part is again
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reduced to sulphide by organic matter and other reducing agents, and in

this form is precipitated. These precipitates are mainly those of the heavy

metals, especially of iron. A considerable portion of the sulphates which

form in the belt of weathering and are carried to the belt of cementation

is brought to the sarface by solutions which join the overground circulation.

By this circulation sulphates are ti'ansported to the sea. It has already

been noted that a large amount of sulphur is found in the sea as sulphate.

The amount now present in solution is not necessarily any measure of the

amount which has been contributed to the ocean. Indeed the relatively

large amount of sulphates in the shales suggests that where immense masses

of mud have become mingled with the sea water, as at the mouths of great

rivers, reactions take place which result in the precipitation of the sulphates,

and these salts thereby become mingled with the muds which later are

transformed to shales. While by far the larger portion of the sulphates

of the overground circulation are carried to the sea, in areas such as the

Great Basin calcium sulphate is thrown down in the lakes and gypsum

deposits are built up. Such deposits are of very considerable magnitude.

So far as these gypsum deposits formed in the zone of katamorphism pass

into the zone of anamorphism they may become dehydrated and anhydrite

be formed.

Gypsum and barite are of very considerable economic importance in

various ways. In these products a very large amount of sulphur is concen-

trated. The segregated sulplun-, which, combined with the other elements,

makes these products of value, has been brought together in the condensed

form from the fraction of 1 per cent of the sulphur in the original rocks.

Thus we have another illustration of the manner in which processes of

metamorphism segregate elements, and result in the formation of deposits

which are of service to man.

SILICON.

Silicon stands second in abundance among the elements of the earth.

According to Clarke's estimate of 1891 silicon forms 25.30 per cent of the

lithosphere, liydrosphere, and atmosphere together, and of the lithosphere

alone 27.21 per cent, a little more than one-fourth of the total. According

.

to Clarke's estimate of 1900 silicon composes 28.06 per cent of the litho-

sphere." All of this silicon is combined. In analyses silicon is usually

o Clarke, cit., Bull. 78, p. 39; Bull. 168, p. 15.
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reported with its combined oxygen as silica. Stated as silica, Clarke's

estimates of 1891 and 1900 are 58.59 and 59.71 per cent, respectively."

This is the average, and in the original rocks the silica rarely falls below 50

per cent and rarely rises above 75. Of the elements present in meteorites

it has been seen that silicon is third in abundance. Much the larger portion

of the silicon in the original rocks occurs as silicates, although a large

amount occurs as silica in quartz.

The amount of silica in 78 shales is 58.38 per cent, in 624 sandstones

is 81.76 per cent, and in 843 limestones is 9.64 per cent. (See p. 938).

It is plain from the foregoing that within the lithosphere metamorphism,

denudation, and sedimentation have redistributed the silica to a very

imjDortant extent. In the shales the amount remains about the same as

the average for the original rocks. In the limestones the amount of silica

has been very greatly reduced; indeed, to less than one-sixth of that in the

original rocks. Comj^lementary to this depletion of silica in the limestones

is its segregation in the sandstones. In these rocks the silica is a little

more than one-third greater than the average for the original rocks. This

small difference is due to the fact that the silica in the sandstones is mainly

in the form of quartz ; while in the original rocks, as already noted, the

larger part is in the silicates, of which it composes about two-thirds.

Therefore, while the percentage of silica in the lithosphere as a whole is

two-thirds as great as in the sandstones, the amount of silica as quartz in

the lithosphere, 12 per cent (see p. 937), is only about one-sixth as great

as in the sandstones, for the majority of sandstones contain 75 per cent or

more of silica.

Considering the zone of katahaorpliism, there is constant solution of

silica in the belt of weathering and steady additions of silica in the belt of

cementation, already fully explained. (See pp. 473-480, 516-517, 621-

623, 634-636.) Carbonation in the belt of weathering destroys the silicates

and liberates silica as colloidal silicic acid. This is largely carried down-

ward into the belt of cementation and is there deposited in enormous quan-

tities. (Seep. 618.) Hence we have constant subtraction of silica from the

belt of weathering and its steady addition to the belt of cementation. In

the belt of weathering the propoi'tion of silica may be increased or decreased

according to the rate of solution of the other elements. (See pp. 507 et seq.).

'Clarke, cit., Bull. 168, p. 14.
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By erosion the belt of cementation, eniiched in silica, rises into the belt of

weathering- and the rocks rich in quartz are broken down. The larger

part of the quartz is not chemically modified, but mechanically disintegrated,

contributed to the streams, and by them carried to the sea. It there joins

the quartz liberated from the rocks of the shore by the action of the waves,

and the whole is segregated in sandstone formations. Many of the sand-

stone formations thus produced in early geological time later became land

areas. During later geological time streams running over sandstone areas

contributed to the sea more than an average amount of quartz. Thus the

combined processes of metamorphism and denudation have i-esulted in

segregating sufficient quantities of quartzose sands to produce the quartz-

sand formations and their metamorphosed equivalents, the quartzites and

quartz-schists.

In the deep-seated zone of anamorphism silica is neither added nor

subtracted in any considerable quantity, but the form of the compound is

often extensively changed. As fully explained (pp. 677-679), silica unites

with the bases, especially those of the carbonates, to produce silicates.

Whether at the present time the destruction of the silicates in the zone of

katamorphism, and especially in the belt of weathering, or the development

of the silicates and the destruction of the carbonates in the zone of

anamorphism is more important is considered under the heading "Carbon."

(See pp. 962-974.)

The proportion of silica in the different classes of sediments gives a

criterion by which the estimates of the relative amounts of the sediments

(see pp. 940-941) may be very roughly tested. If the shales, sandstones,

and limestones compose 0.65, 0.30, and 0.05 of the sediments, respectively,

and contain the percentages of silica above given, the-sum of the multiples

of the percentage of silica in each of the sediments by the quantities of

the sediments should equal the average percentage of silica in the original

rocks. Thus
58.38X.6.5+81.76X.30+9.64X.05=62.957.

But this equation shows an excess of 3.247 per cent of silica over that

determined by analysis, 59.71 25er cent.

Practically all of the silicon occurs in the lithosphere. If all classes of

sedimentary rocks were taken into account, including both their composition

and mass, an estimate of the percentage of silica based upon the sediments
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ought to correspond with the percentage found in the original igneous rocks.

Therefore the discrepancy above noted indicates that there are factors left

out of and eiTors in the above equation. In reference to the similar equations

of most of the other elements it will be seen that the determination of the

amount of the element as made from the sediments usually shows a defi-

ciency as compared with the original rock. It will be explained that one of

the reasons for this is that determinations of the average composition of

the sedimentary rocks based upon analyses of the shales, sandstones, and

limestones neglect the particular formations in which an element is segre-

gated to the largest extent. In the case of silica the reverse is the case.

The sandstones in which silica is concentrated are included; whereas other

excejDtional compounds in which there is depletion of silica are not included.

Consequently we should expect in the case of this compound that the esti-

mates made upon the basis of the sediments should be in excess of the

amount found in the original igneous rocks. While the discrepancy is thus

partly explained, I suspect that it is due more largely to an error in the

determination of the' amount of silica in the shales. Few analyses have

been made of this class of compounds. It will be seen on subsequent

pages (see pp. 984-986) that alumina shows a discrepancy just the reverse

of that of silica. It appears to me probable that when we have better rep-

resentative analyses of the shales, taking into account their composition

and masses, the silica will be lower and the alumina higher than in the

analyses given.

CARBON.

AMOUNT OF CARBON.

In 1891 Clarke estimated the carbon as 0.21 per cent of the lithosphere,

hydrosphere, and atmosphere together. This corresponds to 0.22 per cent

of the original rocks, 0.002 per cent of the hydrosphere, and only .0127

per cent by weight of the atmosphere. In 1900 his estimate for the

lithosphere was reduced to 0.12 per cent. Recently Letts and Blake," as a

result of careful consideration of all the data and new work, conclude that

carbon dioxide is present in the atmosphere to the amount of three volumes

in 10,000, which cori-esponds to about 0.045 per cent by weight.^

«Letts, E. A., and Blake, E. F., The carbonic anhydride of the atmosphere: Sci. Proc. Royal

Dublin Society, vol. 9, new series, pt. 2, 1900, p. 172.

^Mendeleeff, D., The principles of chemistry, translated by George Kamensky: Longmans, Green

& Co., London, 6th ed., 1897, vol. 1, p. 238.
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Reckoned as an oxide, 0.12 and 0.22 per cent of carbon would corre-

spond to 0.44 and 0.81 per cent of carbon dioxide, respectively. This

places carbon dioxide tenth among the oxides, and carbon eleventh in

abundance, making it less plentiful than either hydrogen or titanium. In

Clarke's estimate of 1900 the carbon in limestones is excluded from con-

sideration." In his estimate for 1891 is included the carbon in a layer of

limestone 528 feet thick enveloping the globe, the amount of limestone

estimated by Reade.'

When Clarke made his estimate in 1891 he thought the analyses of

volcanic and crystalline rocks probably showed too high a percentage of

carbon dioxide, since the rocks analyzed were not perfectly fresh. But he

regards this error as offset by the undeterminable amount of carbon in coals,

shales, and petroleums, which were not considered.'' He thinks liis resultant

estimate, 0.22 per cent for the lithosphere, can hardly be too low. However,

it is possible that this estimate is too small, since it is practically impossible

to make more than the roughest sort of a guess as to the amount of carbon

contained as graphite, anthracite, and hydrocarbons in the crust of the

earth. The quantity of carbon in the coal of the earth has never been esti-

mated, and doubtless the quantity present in workable beds is less than

that present in nonworkable, widely extended, small, and thin seams. Fui'-

thermore, in the carbonaceous shales associated with the coals there is a

vast amount of carbon, possibly more than in the coals. Shales as old as

the Algonkian in some places contain nearly 20 per cent carbon. Graphitic

gneisses have a widespread occurrence among the older metamorphosed

sediments. It 'seems to me that the carbon present in the above forms in

the lithosphere is likely to much more than com23ensate for the excess of

carbon dioxide due to alteration in the igneous and crystalline rocks

analyzed, since rocks -^rhich are as fresh as can be obtained are alwaj^s

selected for analysis. But, on the other hand, the estimated amount of

carbon in limestone is probably too high, for it is very probable that Reade's

estimate of the quantity of limestone is too great. While it is possible that

the amount of carbon in the lithosphere is somewhat greater than the larger

amount estimated by Clarke, even interpreting all doubtful points in favor

"Clarke, F. W., Bull. U. S. Geol. Survey, No. 168, p. 15.

6 Clarke, Bull. V. S. Geol. Survey, No. 78, p. 38.
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of carbon, the amount would still be small, certainly but a fraction of 1

per cent.

Farrington's" analyses of meteorites show that carbon is present in

these bodies in various forms. As a solid it occurs as amorphous carbon,

as graphite, and as diamond. As solid hydrocarbons it is found as CH2„,

as C4H1.2S5, and as CgHgOg. As gases included in the meteorites it occurs as

carbon monoxide (CO), carbon dioxide (CO3), and carbureted hydrogen

(CH4). The total quantity of all of these compounds in any one meteorite

is small, usually less than 1 per cent, and corresponds very well with the

amount in the outer 10 miles of the earth.

The importance of carbon compounds to the lithosphere is out of all

proportion to the abundance of this element. As is well known, the carbon

compounds are the basis of all forms of life, and it has been seen that life

is one of the most potent factors concerned in the decomposition of rocks.

Hence the small percentage of carbon in the lithosphere, hydrosphere, and

atmosphere is of first importance among the elements concerned in the

metamorphism of rocks.

' SEGREGATION OF CARBON.

It is evident from what has been said in considering the amount of

carbon in the lithosphere that this element has been segregated in various

ways. Carbon is segregated (1) by the process of carbonation, and (2) in

the carbonaceous deposits. It has been seen (pp. 473-474) that the carbon

now being segregated is directly derived from the carbon dioxide of the

atmosphere. The amount of CO2 in the atmosphere, calculated upon the

basis of 0.045 per cent by weight, is 2,381,400,000,000 metric tons. This

figure is very close to that of Dittmar, who estimates the amount to be

2,277,000,000,000 metric tons.'' Each of the processes of segregation and

the sources of supply of carbon dioxide to the atmosphere will be considered.

Segregation by carbonation.—Many years ago Huut" Stated "that the carbonic

acid absorbed in the process of rock-decay during the long geologic ages,

and now represented in the form of carbonates in the earth's crust, must

have equalled probably two hundred times the entire volume of the present

"Farrington, cit., pp. 395^08, 522-532.

6 Dittmar, AVilliam, Narrative of the cruise of H. M. S. Challenger, 1873-1876, vol. 1, pt. 2, 1885, pp.

954-955.

"Hunt, T. Sterry, The geological relations of the atmosphere: Kej^t. British Assoc. Adv. Science,

1878, p.. 544.
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atmosphere of our eaitli '' The data upon which this calculation is made
are not given, and it may be a great overestimate, but that any calculation

could have given such a result shows how trivial is the amount of carbon

dioxide at present in the atmosphere as compared with that which has been

abstracted by carbonation.

In 78 shales the amount of carbon dioxide is 2.64 per cent, in 624

sandstones it is 3.03 per cent, and in 843 limestones it is 38.58 per cent.

While segregation of the carbonates is therefore the rule for all the

rocks produced by the processes of denudation, this segregation takes

place to the least extent in the shales, to a greater extent in the sandstones,

and to the greatest extent in the limestones.

If carbon dioxide composes but 0.81 per cent^ of the original rocks, it

appears that as compared with the average of the original rocks about three

times as much carbon dioxide is concentrated in the shales where it is

lowest, and forty-seven times in the limestones. This shows how enor-

mously the carbon in the secondary rocks has been increased, as compared

with the original rocks, by the process of carbonation in the zone of kata-

morphism.

Combining the above figures with the masses of the sediments given

on page 940, it follows that the amount of carbon dioxide in the shales is

11,583,000,000,000,000 metric tons, in the sandstones is 6,135,750,000,-

000,000 metric tons, and in the hmestones is 13,020,750,000,000,000

metric tons; total, 30,739,500,000,000,000 metric tons. From the fore-

going figures it appears that the fixed CO2 in the shales, sandstones, and

limestones is 12,900 times the amount now in the atmosphere, and is 1,970

times the amount of free CO2 in both atmosphere and hydrosphere, upon

the basis of 0.001 per cent in the hydrosphere, and is 660 times the total

free carbon dioxide of the atmosphere and the hydrosphere together, upon

the basis of Dittmar's figures."

It appears from the foregoing that in the great limestone deposits

a large quantity of carbon dioxide, 38.58 per cent, has been segregated

from the exceedingly small amount of carbon in the original igneous rocks

and from the atmosphere and hydrosphere. As already seen there is 47

times as much carbon in the limestone formations as in the original igneous

rocks. The importance of this process of segregation, considered from an

economic point of view, is not generally appreciated. In order to realize

« Dittmar, Narrative of the cruise, etc., p. 955.
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this it is necessary to consider the relations of man to agriculture. The

limestone soils of the United States, and of many other parts of the world,

are of surprising fertility. The historian tells how settlement followed the

limestone soils of the Great Valley, of the Blue Grrass region of Kentucky

and Tennessee, and of the Upper Mississippi Valley. The world over,

liiuestone soils have unsurpassed fertility. Since the products of the soil

are the materials of most importance to man, the greatest geologic formation

from an economic point of view is limestone produced by the segregation

of carbon and calcium.

Segregation in carbonaceous deposits.—Bcsidcs the carbou wliicli is Segregated as

carbon dioxide in the lithosphere by carbonation, vast quantities liaA'e

been buried in the rocks in forms varying from nearly pure carbon, as

graphite and anthracite, to cellulose. Various estimates have been made

of the amount of carbon in the better-known coal beds, but so far as I know

no attempt has been made to estimate the amount of carbon in all the coals,

good and poor, in the carbonaceous shales associated with them, and in the

shales and other rocks not associated with coal beds. The fact that

carbon as hydrocarbons exists in shales has been usually oveidooked.

Carbon forms 0.81 per cent of 78 rocks analyzed. (See p. 938.) .This

quantity seems small, but when the enormous mass of the shales is con-

sidered, 438,750,000,000,000,000 metric tons, it is seen that this percentage

amounts to 3,553,875,000,000,000 metric tons. If this amount of carbon

were oxidized to GOo it would represent 5,470 times the amount of carbon

dioxide in the atmosphere, as calculated above. If it could be consumed at-

the rate of 1,000,000,000 metric tons per year, which is more rapid than

the present rate of combustion of coal, it would last over 3,600,000 ^^ears.

This great amount of carbon, in these, as well as in some other rocks, is

ordinarily overlooked. It is therefore certain that the total amount of car-

bon contained as hydrocarbons in rocks of all kinds, from the great coal

seams to the sediments containing but a very small percentage, is enormous.

Next to the limestones the economic product of vastly greater impor-

tance than any other is coal. Coal contains on an average 80 per cent

carbon, or 364 times the amount in the original igneous rocks, in which the

carbon amounts to only 0.22 per cent. The inestimable economic value of

coal is so fully appreciated that it need not be emphasized. The point to

be understood is that the forces and agents of geology have segregated

this immeasurably valuable material from a fraction of 1 per cent of
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carbon in the original rocks and from the atmosphere and hydrosphere.

Fui'thermore, the segregation of carbon from widely dispersed material is

essential to life, and life has profoundly modified many geological processes.

The segregation of carbon by the various geological processes in limestone,

in organisms, and in coal explains the great importance of this sparse

element in the genesis of the earth.

SOUEOES OF SEGBBGATED CARBON.

It has been seen that fixed carbon exists in the salts of the ocean and in

the lithosphere as a carbonate and as hydrocarbons. The important pro-

cesses now producing these various carbon compounds are those involved

in the interaction of the carbon dioxide of the atmosphere, of organic bodies,

and of the rocks. If we apply the fundamental hypothesis of geology that

the processes now at work explain past results, we must assume that the

carbon dioxide for carbonation and that for the carbonaceous deposits is

derived indirectly from the atmosphere. It has been seen that the amount

of carbon required for this work is many thousands of times the amount

of carbon dioxide now free in the atmosphere, and many hundred times

the amount free or potentially free in the hydrosphere. The amount of

carbon .dioxide in the atmosphere may have been originally vastly greater

than at present, but even if this were so the demands upon carbon have

been so great that it is probable that the atmosphere has been replenished

in that compound. There are several possible sources of carbon dioxide

for the replenishment of the atmosphere.

An important immediate source of carbon dioxide is the ocean. The
amount of carbon dioxide in the hydrosphere, computed on the basis of a

content of 0.002 per cent of carbon (Clarke's estimate), is 96,631,915,000,000

metric tons. Dittmar's estimate of the entire carbon dioxide of the ocean

is 70,350,160,000,000 metric tons, or considerably less than Clarke's. Of

Dittmar's total he estimates the loose carbon dioxide (i. e., the excess of

cai'bon dioxide of bicarbonates above that required for normal carbonates

and the free carbon dioxide together) of the ocean to lie between 35,200,-

000,000,000 and 52,800,000,000,000 metric tons. Supposing the true

amount to be the average of these, this would give 44,000,000,000,000

metric tons or 19.3 times the amount of carbon dioxide in the atmosphere

as calculated by Dittmar." According to Schloesing the carbon dioxide

"Dittmar, William, Report of voyage of H. M. S. Challenger, 1873-76; Narrative of the cruise,

vol. 1, pt. 2, 1885, pp. 954-955.
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in the bicarbonates of the ocean beyond that reqmrecl to balance the bases

as normal carbonates is about ten times the amount in the atmosphere.

It thus appears that the potentially free cai'bon dioxide of the ocean is in

much greater amount than the actual free carbon dioxide in the atmos-

phere. According to Schloesing" there is a very delicate adjustment

between the amount of carbon dioxide in the atmosphere and the hydi'o-

sphere. Great additions to the amount in the atmosphere would result in

absorption by the hydrosphere. Depletion in the amount in the atmos-

phere is compensated by additions from the hydrosphere. This idea of the

balance between the amount of carbon dioxide in the atmosphere and that

contained as bicarbonate in the ocean has been elaborated by Chamberlin

and Tolman.'' They note that under the laws of physical chemistry, when
the amounts of free carbon dioxide in the atmos|)here and in the ocean are

in equilibrium and this equilibrium is disturbed by a decrease of the carbon

dioxide of the amosphere, this compound will pass from the ocean to the

atmosphere until the equilibrium is restored. Chamberlin has also empha-

sized the fact that when the calcium bicarbonate of the ocean is precipitated

by organisms, one-half of the carbon dioxide is thereby liberated. Conse-

quently at periods of limestone building the amount of free carbon dioxide

in the ocean, and therefore the amount in the atmosphere, would be greatly

increased. These considerations lead to the conclusion that at various times

in the history of the world the atmosphere has been replenished in carbon

dioxide at the expense of the ocean.

Petrographic work of recent years shows that graphite and diamond

are original constituents of some of the igneous rocks, especially the

basalts. Further, Tilden,'' by chemical aiialyses, has shown that the

plutonic igneous rocks granite and gabbro, and also the volcanic igneous

rock basalt, at certain localities contain considerable quantities of carbon

monoxide and methane.

« Letts, E. A., and Blake, R. F., The carbonic anhydride of the atmosphere: Sci. Proc. Royal
Dublin Society, vol. 9, new series, pt. 2, 1900, pp. 160-161.

S Chamberlin, T. C, A group of hj'potheses bearing on climatic changes: Jour. Geol., vol. 5, 1897,

pp. 653-683. Chamberlin, T. C, The influence of great epochs of limestone formation upon the con-

stitution of the atmosphere: Jour. GeoL, vol. 6, 1898, pp. 609-621. Chamberlin, T. C, An attempt to

frame a working hypothesis of the cause of glacial periods on an atmospheric basis: Jour. GeoL, vol. 7,

1899, pp. 545-584. Tolman, 0. F., The carbon dioxide of the ocean and its relations to the carbon

dioxide of the atmosphere: Jour. GeoL, vol. 7, 1899, pp. .58.5-618.

"Tilden, W. A., On the gases inclosed in crystalline rocks and mmerals: The Chemical News,

vol. 75, 1897, pp. 169-170.
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The igneous rocks containing the carbon componuds may flow out in

the belt of weathering, or, if deep seated, may reach it by denudation.

In either case, under favorable conditions, oxygen may slowly oxidize the

amorphous carbon, graphite and diamond, carbon monoxide, and the carbon

of methane, to carbon dioxide. If the theory be correct which regards

higli temperature and volcanism as much more prevalent in the early stages

of the earth than at the present time, the oxidation of these compounds

may have gone on more rapidly than at present, but even now when lavas

containing carbon compounds are poured out over the surface their high

temperature in the belt of weathering affords conditions very favorable for

the oxidation of the carbon.

In this connection it should be recalled that carbon dioxide is given

off in great quantities by volcanoes. " Cotopaxi, according to Boussingault,

evolves more carbonic anhydride annually than a whole city like Paris."
"

Cotopaxi is, of course, only a single volcano, and many other volcanoes

are e-ivine off larg-e amounts. Moreover, at times of regional volcanism

it is to be presumed that vastly more carbon dioxide is given off than at

times of local volcanism like the present. It is probable that some, perhaps

much, or even a large part of the carbon dioxide extruded by volcanoes

is that resulting from the oxidation of the various carbon compounds

present in the original magmas, although a part of it may be occluded

carbon dioxide and some or much of it may be derived from carbonate

formations representing previous segregations.

It is to the oxidation of the carbon of the original rocks that we must

look for one important primal source of carbon dioxide.

Tilden found that in a number of rocks, including gneiss, granite,

gabbro, and basalt, the volume of occluded gases varied from one to

eighteen times the volume of the rock, and of these gases carbon dioxide

was the most abundant, varying in five cases from 23 to 78 per cent, but in

one case being as low as 5.5 per cent.'' Occlusions occur even to a greater

extent in the sedimentary rocks which have been metamorphosed imder

deep-seated conditions by the process of silication of the carbonates.

When the rocks occluding carbon dioxide are disintegrated and decom-

« Letts, E. A., and Blake, E. F., The carbonic anhydride of the atmosphere: Sci. Proc. Koyal

Dublin Society, vol. 9, new series, pt. 2, 1900, p. 159.

6 Tilden, W. A., On the gases inclosed in crystalline rocks and minerals: The Chemical News,

vol. 75, 1897, pp. 169-170.
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posed in the belt of weathering this cai'bon dioxide escapes. Since the

volume of the original and sedimentary rocks which have been broken up

into fine particles or decomposed so as to allow the major portion of the

gases to escape is very great, the amount of carbon dioxide given off to the

atmosphere from this source must be vast.

In order to obtain any idea of the net gain to the atmosphere from

carbon dioxide liberated from occlusion, much more work must be done.

First, an estimate must be made as to the mass of the original igneous rocks

which have been broken down, and it must be ascertained how much

occluded carbon dioxide there is upon an average in these rocks in order

to compute the amount of carbon dioxide liberated. In the second place it

must be ascertained how much occluded carbon dioxide is in the secondary

rocks. Locallj^ the sedimentary rocks are very rich in occluded carbon

dioxide in consequetice of the process of silication and of the partial escape

of the liberated carbon dioxide. This carbon dioxide is indirectly derived

from the atmosphere. Third, a part of the enormous quantity of carbon

dioxide given off by volcanoes may be that originally occluded in the

centrosphere. The quantity of carbon dioxide of this origin must appar-

ently long, if not forever, remain a matter of conjecture. The total gain

of the atmosphere in carbon dioxide from occlusions is the sum of that

liberated from the original igneous rocks and that derived from magma,

less that held in the secondary rocks.

It has been seen that A^arious forms of carbon are subordinate original

constituents of meteorites. (See pp. 945-946.) Hence, another source

of carbon dioxide may have been the oxidation of the carbon contained

in meteoi'ites and the exhalation from meteorities of carbon dioxide

originally contained in them in that form. However, the additions of

carbon dioxide derived from meteorites can hardly have been important

since the beginning of Algonkiau time. Consequently this means of

I'estoring carbon dioxide to the atmosphere is of little consequence for

the iDei'iod which we are considering, that in which the sedimentary rocks

were built up.

Another important source of carbon dioxide is the water ascending

from the zone of anamorphism. The amount of this carbon dioxide is

incalculable, but certainly it is very large. The gases included in hot

springs and in deep waters rising from mines are dominantly composed
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of carbon dioxide. Tliis fact has been noted again and again since tlie

days of Biscliof "Lecoq has calculated that of the mineral springs those

of Auvergne alone give off in the same time [one 5''ear] 7,000,000,000

cubic meters of the gas, an amount rather less than one-tenth of the volume

produced by the annual combustion of the coal employed throughout the

whole of Europe." " It is to be i-emembered that Auvergne is but a single

region,, and v^hile the amount of carbon dioxide emitted is exceptional, it

is approximated in other regions where there are hot carbonated springs.

The total amount of carbon dioxide emitted in the few areas where it is

exceptionally abundant is probably small as compared with the quantity

carried b}^ the vastly larger amount of water of the great mass of springs

of the world.

If the argument given on pages 176-177, 677-679 be correct, the

carbon dioxide furnished by deep-seated springs is largely that liberated

by the process of silication of carbonates, although some part of it may be

derived from the carbon dioxide originally occluded in the earth.

The segregation of carbon as carbonates in the sedimentary rocks is a

consequence of the reaction of carbonation, and chiefly of carbonation of the

silicates. These carbonates, as already seen, are mainly concentrated in the

carbonate formations, but to a considerable extent are found as accessory

minerals in the shales and in the sandstones. When the rocks of the zone of

katamorphism are buried so deeply as to pass into the zone of anamorphism

the silication of the carbonates occurs with the liberation of the carbon

dioxide. That this process has taken place almost completely in the pelites

thus buried is shown by the very small percentage of carbonates in the

schists, which are the metamorphosed equivalents of ancient muds. The
silication of the limestones which have passed into the zone of anamorphism

is in variovis stages, ranging from slight to complete. It is certain that

this process is going on at the present time on a very great scale.- Indeed,

it is not impossible that the process of silication in the zone of anamorphism

is taking place with a close approximation to the speed of the process of

carbonation in the belt of weathering.

In so far as the process of silication with decarbonation is taking place

in the deep-seated zone, and the liberated carbon dioxide is carried by the

ground water to the atmosphere or to the hydrosphere, the depletion of the

n Letts and Blake, cit., p. 159.
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atmosphere and the hydrosphere in carbon dioxide by carbonation is

compensated.

In the early eras of the deposition of the sedimentary rocks, before

carbonates existed in important quantity, it is certain that carbonation far

outclassed silication; for before the latter process became important,

carbonates were necessarily formed in large amounts and buried to a

considerable depth. The existence of the vast amounts of carbonates in

the sediments is evidence that carbonation has greatly exceeded silication.

The further carbonation advances the more abundant become the

carbonate formations, many of which in due time are buried to a great

depth, and thus the more important becomes silication. And finally, in the

natural course of events, the two processes will approacli each other in

quantitative value. The carbono- silicic cycle will approach a balance.

But that silication is now keeping' pace with carbonation is not asserted.

Only conjecture can be offered on that point. While silication of car-

bonates may not yet equal carbonation in amount, it is believed that the

former process directly or indirectly returns to the atmosphere a large

percentage of the carbon dioxide abstracted from it by carbonation.

Another obvious source of carbon dioxide for the atmosphere is the

oxidation of the carbonaceous materials of the earth. It has been pointed

out that nearly as fast as organisms are produced they are decomposed.

In so far as both processes occur there is neither loss nor gain of carbon

dioxide to the atmosphere. But continuously during a large part of geo-

logical time a residual portion of the organic material has not decomposed,

and thus the carbonaceous deposits have been built up, abstracting carbon

dioxide from the atmosphere. (See pp. 949, 966-967.) > In so far as the

processes of the belt of katamorphism result in the storing of carbon in

the various hydrocarbons within the earth there is continuous depletion of

the carbon dioxide of the atmos2)here, and during- much of geological time

this has been a steady, cumulative process. But recently man has begun

artificially to oxidize these carbonaceous materials. Until the last half of

the nineteenth century this was unimportant, but in recent years the oxida-

tion of carbonaceous material once buried within the earth has been carried

on on an enormous scale. As calculated on page 464, the combustion of

1,000,000,000 metric tons of coal turns into the atmosphere 2,933,333,000

metric tons of carbon dioxide. Thus, at this annual rate of combustion of
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coal, ill 812 years the amount of carbon dioxide added by this process

would be equal to the total carbon dioxide of the atmosphere.

Possibly carbon dioxide may be steadily gathered to the earth from the

interplanetary or interstellar spaces by the force of gravity. According

to Hunt, this idea Avas first suggested by Sir William Grove in 1843.°'

This source of carbon dioxide Hunt regards as the chief one. The pos-

sibility of segregation of carbon dioxide from the stellar spaces has been

recently brought forward again by Chamberlin.'

If we write an equation representing the amount of carbon dioxide in

the sedimentary rocks we have the following:

(2.64+ . 81 X 44/12) X.65+ (3.03X.30)+ (38.58X.05)= 6.4585.

In the above equation 2.64 is the C02in shales and 0.81 is the carbon

contained as carbonaceous material in shales, which must be multiplied by

44/12 in order to find the equivalent amount of CO2. The above equation

does not take into account coal and other especially carbonaceous deposits,

which would increase the quantity. Even omitting the coal deposits, the

average amount of carbon in the sedimentary rocks is 8 times greater than

Clarke's estimate of the amount of carbon dioxide in the original igneous

rocks, 0.81 per cent. As in the case of sulphur, it is not necessary to

suppose that these two amounts should balance, for there may have been

originally a large amount of carbon dioxide in the atmosphere and hydro-

sphereHot derived from the crystallized rocks. Also, as has been pointed

out, it is little short of certain that the cai-bon originally in magma, either as

carbon, hydrocarbons, or carbon dioxide, largely escapes as carbon dioxide

at the time of the crystallization of the rocks. At this time of escape the

hydrocarbons and carbon are largely oxidized to CO2. However, the

above equation shows it to be certain that the original crystallized igneous

rocks do not constitute the sole, or even the chief, source of the carbon

which has taken such an important part in the economy of the earth.

In summary it appears that the carbon of the lithosphere was originally

widely dispersed in small quantities. The operations of metamorphism

concentrate carbon in the carbonates and carbonaceous deposits, and to a

"Hunt, T. Stsrry, The geological relations of tlie atmosphere: Kept. Brit. Assn. Adv. Sci., 1878,

p. 544.

!* Ch^mberlin, T. C, A grouj) of hypotheses bearing on climatic changes: Jour. Geol., vol. 5,

1897, pp. 653-683.
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less extent in the carbonaceous shales. The direct source of the carbon

for this concentration is the atmosphere, which has been continuously

replenished in various ways.

The certain original sources of carbon dioxide for the replenishment

of the atmosphere were the magmas and meteorites. Silication, the

oxidation of organic material, and the ocean return to the atmosphere

carbon dioxide which has been taken from it. But all of the above

supplies of carbon dioxide are available to replenish the atmosphere. Con-

cluding, the chief processes which abstract carbon dioxide _from the

atmosphere are those of carbonation and the building up of carbonaceous

deposits. All of the replenishing processes, including the reversing

processes of silication and the oxidation of buried carbon compounds,

have been barely able to keep a minute portion of carbon dioxide

in the atmosphere—0.030 per cent by volume, or 0.045 per cent by

weight. It is probable, however, that the work of man, especially during

the last half century, has returned a great volume of carbon dioxide to the

atmosphere by the artificial oxidation of carbonaceous material, and thus

has reversed the average of the processes of nature, which plainly appear

to have caused depletion of the carbon dioxide in the atmosphere. In

consequence, at the present time the amount of carbon dioxide in the

atmosphere may be increasing rather than decreasing.

TITANIUM.

According to Clarke's estimate of 1891 titanium comprises 0.30 per

cent of the original rocks, the lithosphere, and the atmosphere together.

All of the titanium is in the original rocks, of which it composes 0.33 per

cent. In 1900 Clarke increased his estimate of titanium in the original

rocks to 0.41 per cent, thus giving it ninth place in the scale of abundance

next to potassium. In passing from sodium to titanium we go from the

elements which may be called abundant to those which are subordinate.

Reckoned as an oxide (TiOa) Clarke's estimate of the amount in the original

rocks for 1891 is 0.55 per cent and for 1900 is 0.60 per cent.

In the original rocks titanium occurs both as an oxide and as a titauite.

As an oxide it is found in ilmenite and in the rutile group. As a titanite

it is found in titanite and perovskite. The amount of these minerals

in the rocks is not usually large, but they are very widespread. The
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original magnetite of many rocks is strongly titaniferous, and because of

its abundance may be the chief home of titanium.

Titanium forms 0.65 per cent of 78 shales; 0.33 per cent of 624 sand-

stones, and 0.07 per cent of 843 limestones. It thus appears that as com-

pared with the original rocks the amount of titanium is somewhat increased

in the shales, is reduced to a little more than one-half in the sandstones',

and is less than one-eighth in the limestones. If one were to estimate the

amount of titanium in the original igneous rocks by the amount in the

sedimentary rocks we would have the following equation:

.65x.65+.33X.30+.07X.05=.525.

This accords very well with the actual amount as estimated by analyses

in the original igneous rocks, 0.56 to 0.60 per cent. The minerals produced

by metamorphism are the same as those of the original rocks. The details

of the transformations with reference to the different zones and belts of

metamorphism have not been worked out. Titanium minerals have been

especially observed in the metamorphosed pelites and psephites, and to this

observation the analyses above given correspond.

, PHOSPHORUS.

According to Clarke's estimate of 1891 phosphorus forms 0.09 per cent

of the outer 10 miles of the crust of the earth, including the original rocks,

hydrosphere, and atmosphere. All of it is in the lithosphere, of which it

composes 0.10 per cent. In his estimate of 1900 Clarke reduces this amount

to 0.09 per cent.

Phosphorus is thus twelfth in the scale of abundance, ranking next to

carbon, an element of vastly greater importance. Reckoned as an oxide

Clarke's estimates of 1891 and 1900 are both 0.22 per cent." This gives

phosphorus oxide eleventh place in the table of oxides. In the original

rocks phosphorus is known to occiir only in the mineral ajDatite, of which

it composes 18.47 per cent. This mineral, while usually subordinate in

amount, is very widespread. In the meteorites phosphorus is found in

schreibersite (FeNiCoIgP). (See p. 946.) The amount of P20g in 78 shales

is 0.17 per cent; in 624 sandstones 0.07 per cent; in 345 limestones not

used for building purposes is 0.04 per cent, while in 498 limestones used for

building purposes it is 0.42 per cent.''

« Clarke, cit., Ball. 78, p. 39; Bull. 168, p. 15. ^ Clarke, cit, Bull. 168, p. 14.
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The amount of P2O5 in the Hmestones used for building purposes rather

than the average of all limestones is taken, as probably more nearly repre-

senting the average amount of phosphorus in these rocks, since it is well

known that in the belt of weathering the phosphorus is leached out.

Therefore it appears that the amount of P2O5 in the shales is about

three-fourths of that present in the original rocks; in the sandstones is about

one-third; and in the limestones is nearly doubled. If one multiplies the

amount of P2O5 in each of the sediments by their estimated quantities, and

adds them together, we have the following equation:

.17X.65+.07X.30+-42X.05=.1525.

This shows a deficiency of about one-third of P2O5, as compared with

the original rocks. A portion of this deficiency is undoubtedly accounted

for by the phosphate rock deposits, such as those of South Carolina, Florida,

and Tennessee, and by the guano deposits. These represent the economic

products of segregating processes which have increased the proportional

amount of phosphorus many fold.

All agree that the first stage of the segregation of phosphates in the

sedimentary rocks is accomplished through the agency of animals. For the

guanos this first concentration is made by sea birds. For the more exten-

sive phosphate deposits the first concentration of phosphorus was by inver-

tebrate animals, such as brachiopods aud crustaceans, and by vertebrates,

such as sharks and saurians. Very commonl}^ this first concentration is in

limestones. The further concentration of the phosphorus of guanos and

that of phosphatic limestones and other rocks is by imderground water.

The circulations producing the concentration and the forms of the residtant

deposits are multifarious, but the general principle applicable to most cases

appears to be that the phosphates are dissolved by descending waters in

the belt of weathering and thrown down on reaching the belt of cementa-

tion." Usually the latter reaction takes place in the upper part of the belt

of cementation, so that the phosphates are segregated at or just below

the level of ground water. The precipitation of the phosphates is especially

a Penrose, E. A. F., jr., Nature and origin of deposits of phosphate of lime: Bull. U. S. Geol. Survey

No. 46, 1888, pp. 1-143. Dall, W. H., and Harris, G. D., Correlation papers—Neocene; phosphatic

deposits of Florida: Bull. U. S. Geol. Survey No. 84, 1892. pp. 134-140. Eldridge, Geo. H., A prelimi-

nary sketch of the phosphates of Florida: Trans. Am. Inst. Min. Eng., vol. 21, 1893, pp. 196-231.

Hayes, 0. AV., The Tennessee phosphates: Seventeenth Ann. Eept. U. S. Geol. Survey, 1895-96, pt. 2,

1896, pp. 513-550.
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likely to occur in limestone. Eldridge suggests that under such circum-

stances the precipitation is brought about "by the simple interchange of

bases between the phosphate and carbonate of lime thus brought together,

or by the lowering of the solvent power of the waters through loss of car-

bonic acid. The latter would happen whenever the acid was required for

the solution of additional carbonate of lime, or when, through aeration, it

should escape from the water. The zone of phosphate deposition was

apparently one of double concentration, resulting from the removal of the

soluble carbonate thus raising the percentage of the less soluble phosphate,

and from the acquirement of additional phosphates of lime from the over-

lying portions of the deposit."*

The precipitated phosphate is likely to be deposited in nodules. This

material is more resistant than the containing limestone. Through erosion

by streams or ocean there may be a further concentration of the phosphates

due to the greater resistance of the phosphate to both solution and

mechanical wear as compared with limestone.

. The bedded Devonian phosphates of Tennessee are in part, according

to Hayes, an important exception to the above, the phosphatic material of

the beds being regarded by him as largely concentrated when originally

laid down.''

Whether or not the sedimentary rocks rich in phosphates not considered

in the analyses of shales, sandstones, and limestones are sufficient to account

for the deficiency in these rocks in phosphorus is undetermined. In this

connection it should be remembered that the vein phosphates of Canada,

Norway, and similar phosphatic rocks, in which a large amount of phos-

2Dhorus is concentrated probably in consequence of original igneous or

pegmatitic processes, are also excluded from the original rocks, and in so

far as these deposits occur they offset the concentrations of the sedimentary

phosphatic deposits.

The redistribution of phosphorus by the ordinary metamorphic processes

has as yet been little studied. In the iron-ore deposits in which phosphorus

is a very important economic compound such studies have been begun, but

as yet no general conclusions have been reached.

aEldridge, Geo. H., cit., p. 216.

* Hayes, C. AV., and Ulrich, E. O., Description of the Columbia [Tennessee] quadrangle: Geologic

Atlas U. S., folio 95, U. S. Geol. Survey, 1903, pp. 4-6.
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CHLORINE.

According to Clarke's estimate of 1891 clilorine, including bromine,

forms 0.15 per cent of the original rocks, tlie hydrosphere, and the atmos-

phere. Of the ocean it composes 2.07 per cent. His estimate for the

original rocks in 1891 and 1900 is the same, 0.01 per cent.

As to the source of chlorine the only minerals of the original igneous

rocks in which it is found are apatite, sodalite, and the marialite molecule

of the wernerites. Chlor-apatite and marialite are very unimportant original

minerals, and therefore the chief mineral in which it is found is sodalite, of

which it constitutes 7.3 per cent."

It has already been explained (pp. 789-790) that clilorine is emitted

from volcanoes as hydrochloric acid and to a less extent as chlorine.

It has been further noted that a part of this chlorine may possibly have

been derived from sea water; but there is reason to suppose that much

of it is that of the original magmas. So far as this is true we have an

original source for chlorine. And when it is considered that at periods of

regional volcanism the amount of chlorine which probably issued from

volcanoes was vastly greater than at the present time of local volcanism,

it follows as a possibility that volcanism is the most important source of

that element.

In the meteorites chlorine occurs in lawrencite (FeClg). Lawrencite

is a volatile and readily decomposable mineral. If at the time the earth

stuff segregated chlorine was contributed as lawrencite, it is certain that the

action of water in the magmas upon this compound would produce hydro-

chloric acid; this suggests a source of a part of the hydrochloric acid of

volcanoes.

In the secondary rocks the amount of chlorine is very small. In the

mechanical sediments it is so small that it can not be estimated. It is not

mentioned in the analyses of the shales, and only a trace is reported in the

sandstones. In 843 limestones chlorine com230ses 0.01 per cent. The

sea water which was originally between the pores of the mechanical

sediments must have contained considerable chlorine. The absence of

chlorine from the mechanical sediments shows how thoroughly the sea

water has been squeezed or leached out in the transformations of the

rocks from their original forms to shales, sandstones, etc. The presence of

«Dana, E. S., A system of mineralog)', Wiley & Sons, New York, 6th ed., 1892, p. 429.
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an amount of chlorine in tlie limestones somewhat greater than the average

for the original rocks is not easy to iinderstand. The explanation may lie

in the fact that limestones are the home of the phosphates and that the

phosphate apatite is a chlorine-bearing mineral.

A large part of the chlorine which was present in the original igneous

rocks and which has escaped into the atmosphere through volcanoes has

passed into the hydrosphere. Under ordinary conditions, after the chlorine

is once taken into solution apparently very little of it is again redeposited.

It continues in the circulating waters until it reaches the sea, in which it

appears to have been segregating during geological time. Of all the

elements of the salts of the sea it is by far the most abundant. According

to Dittmar's estimates it composes 55.292 per cent of the total salts, or

more than half of all the compounds held in solution in the sea. This

would amount to 25,557,000,000,000,000 metric tons.

While a large part of the chlorine which has been subjected to

metamorphic processes has been carried to the sea, at places where there

are inclosed basins, as for instance the Grreat Basin, the Dead Sea, etc.,

chloride deposits have been built up. Locally these are of considerable

magnitude. Moreover, during geological ages chloride deposits, mainly of

sodium, have accumulated in abundance, so that considerable beds con-

taining variable percentages of chlorine have been buried below later

sediments. Such material furnishes the rock salt of the salt mines, for

instance, of Poland, and the brines of many salt-producing districts, such

as those of New York and Michigan.

As yet it is entirely impracticable to estimate the amount of chlorine

which is locked up in the rocks as sodium chloride. It has been the

common impression that the major portion of the sodium chloride is in the

sea rather than in such deposits. It is subsequently suggested that this

impression may be erroneous (see pp. 997-998), and that the great amount

of segregated sodium is in the salt deposits rather than in the sea. If this

be true for that element, it would also be true for chlorine.

The chlorine concentrated with sodium in the salt deposits and the sea

is the great economic product resulting from the segregation of this element

in large proportions from material originally very sparsely disseminated.

The great importance of sodium-chloride to man and to animal life in

general is so Avell known that it need not be emphasized.
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NITROGEN.

Nitrogen forms 0.02 per cent of the outer 10 miles of the crust of the earth

including the lithosj)here, hydrosphere, and atmosphere.'^ All but an inesti-

mably small quantity of this is in the atmosphere, of which it composes

76.88 per cent by weight. (See p. 944.) It stands sixteenth in the scale of

abundance. Nitrogen is among the gases which are occluded in meteorites

;

but what portion of this nitrogen is absorbed by the meteorites while passing

through the atmosphere and what portion has been brought in from the

interplanetary spaces is uncertain. The amount of nitrogen in the average

sedimentary rocks, such as shales, sandstones, and limestones, is so small

as to be inestimable.

It has been explained that in consequence of the action of bacteria and

leguminous plants nitrogen is fixed in the belt of weathering, and nitrates

are formed. These nitrates in arid regions are locally segregated in the

belt of weathering in considerable amounts, forming the nitrate deposits.

The bases with which the nitrogen is combined are almost exckisively

sodium and potassium. Since the nitrates are now forming in large quan-

tities (see pp. 452-463, 465-466) the total amount of the compounds which

have been produced through geological time must have been large. But the

nitrates readily break up into their original elements, and the liberated

nitrogen and oxygen rejoin the atmosphere. Thus there is a continuous

cycle by which nitrogen, oxygen, and carbon are united by means of the

leguminous plants and bacteria; and by decomposition reduced to the

original elements and carbon dioxide.

While the total quantity of nitrates is inconsiderable, as compared with

the majority of the other important elements concerned in metamorphism,

nitrogen is essential for the growth of plants and animals. Hence nitrogen

is one of the necessary elements in the sequence of events by which

carbon is abstracted from the atmosphere, passes into the plants, and

thence by oxidation is concentrated so as to carry on the process of car-

bonation. Therefore a chief importance of nitrogen in metamorphism is as

one of the aids in the chain of reactions in connection with carbon.

The nitrates in the soil and the nitrate deposits represent the economic

products resulting from the abstraction of nitrogen from the air and its

segregation in solids.

a Clarke, cit., Bull. 78, p. 39.
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HYDROGEN.

According to Clarke hydrogen composes 0.94 per cent of the outer 10

miles of the crust of the earth, including the lithosphere, hydrosphere, and

atmosphere. The larger part of the hydrogen is in the hydrosphere, of

which it composes 10.67 per cent. According to Clarke's estimates of 1891

and 1900 it constitutes, respectively, 0.21 and 0.17 per cent of the litho-

sphere." The hydrogen of the atmosphere is inappreciable. It thus appears

that 0.8 or more of the hydrogen is concentrated in the hydrosphere,

although the volume of the lithosphere is five times as great. Hydrogen has

the tenth place in the scale of abundance. Practically all of the hydrogen

is combined. In so far as hydrogen enters into the processes of meta-

morphism it is in conjunction with oxygen as water. The source of the

water is very largely conjectural. It may be supposed that hydrogen and

oxygen, united as water, at the time the earth segregated, were with

the other ingredients in great volume. As magma crystallized the water

separated. This process has continued to the pi-esent time. By it some

explain the ocean, and hold to its continuous growth in magnitude. It is

possible that a considerable amount of the hydrogen for the water was

originally in the free state or in the form of carbureted hydrogen. This

is suggested by the fact that hydrogen and carbureted hydrogen are both

occluded in meteorites. If the water of the hydrosphere was produced in

any large measure by the oxidation of hydrogen an enormous quantity of

hydrogen was thus consumed.

Probably the most characteristic reaction of the zone of katamorphism

is that of hj^dration". This process, while taking place most rapidly in the

belt of weathering, occurs continuously throughout the vast volume of the

belt of cementation. According to Clarke '' the combined water in the

igneous and crystalline rocks liberated at 110° C. is 0.40 ^^er cent, and above
110° C. 1.52 per cent; total, 1.92 per cent. In 78 shales the water liberated

at 110° C. is 1.34, and above 110° is 3.68 per cent; total, 5.02 per cent.

In 624 sandstones at 110° it is 0.29 per cent, and above 110° is 1.40 per cent;

total, 1.69 per cent. In 843 limestones at 110° it is 0.26 per cent, and above
110° is 0.72 per cent; total, 0.98 per cent. (See p. 938.) It therefore

appears that the amount of water in the shales is more than double and in

"Clarke, cit.. Bull. 78, p. 39; Bull. 168, p. 15. 6 Clarke, cit. Bull. 168, p. 14.
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the sandstones and limestones is less than the average for the original rocks.

The increase in the amount of combined water in hydrating the materials

of the shales, 0.66 of the sediments, 438,750,000,000,000,000 metric tons,

from 1.92 to 6.02 per cent, is 13,601,250,000,000,000 metric tons. The

decrease in the combined water in the sandstones, 0.30 of the sediments,

202,500,000,000,000,000 cubic kilometers, from 1.92 to 1.69 per cent, is

465,750,000,000,000 metric tons. The decrease of the water in the lime-

stones, 0.05 of the sediments, 33,750,000,000,000,000 metric tons, from 1.92

to 0.98 per cent, is 317,250,000,000,000 metric tons. The total decrease

hi the sandstones and limestones is 783,000,000,000,000 metric tons, which

sum, subtracted from the increase in the amount of water in the shales,

leaves a net increase in the water of hydration of the zone of katamorphism

of 12,818,250,000,000,000 metric tons, and an equivalent loss of water to

the hydrosphere.

This estimated amount is probably too small, for the following reasons:

Throughout the immense thickness of the zone of katamorphism,

hydration is the rule. A very large portion of this zone is composed of

igneous rocks, and the minerals of these rocks have been hydrated to a

varying extent. In the jihitonic rocks which have not been fractured in a

complex way the process has usually not- gone far, but in the volcanic

rocks, and especially the porous ones, such as basalts, hydration has taken

place upon a vast scale. For instance, in various j)arts of the world, such

as in the Lake Superior region and in the Deccan, hydration has gone so

far in the basic amygdaloidal lavas as in many cases to have completely

destroyed the original minerals. One of the results of such alterations is

the filling of the pores of the vesicular rocks with various minerals of which

hydi"Ous silicates, such as the chlorites, zeolites, etc., are especially abundant.

The process of hydration of the zone of katamorphism has continued during

geological time. So far as I can see there is no way to estimate the amount

of water thus absorbed, but I suspect that the amoiint abstracted from the

hydrosphere by the process is probably greater than that used in the hydra-

tion of the sedimentary rocks.

In consequence of the hydration of the original rocks of the zone of

katamorphism, it is certain that the amount of combined water in the

igneous and crystalline rocks analyzed in order to determine the compo-

sition of the lithosphere is greater than in the recent igneous rocks. The
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analyses of the freshest modern rocks usually show less than 1 per cent of

combined water. It follows that, in regarding fhe original rocks as contain-

ing 1.92 per cent of water, the calculated amount of water for the hydration

of the sediments is too small.

In the zone of anamorphism the dehydration of the rocks which have

been hydrated in the zone of katamorphism and passed into the zone of

anamorphism, is not complete. Even the coarsest schists and gneisses

ordinarily contain from 1 .5 to 2 per cent of water. In so far as the process

of dehydration of the rocks, which have passed into the zone of anamor-

phism is incomplete, water has been abstracted from the hydrosphere.

But even if the total of all the above could be estimated this would

give no idea of the amount of water which has been added temporarily to

the rocks by hydration during geological time. From the earliest time to

the present hydrated sedimentary rocks formed in the zone of katamor-

phism have passed continuously into the zone of anamorphism, and have

been steadily dehydrated. No data are available to estimate the amount

of water which has been added by hydration and liberated by dehydration.

The question naturally arises as to what extent at the present time the

process of dehj^dration is reversing that of hydration. It seems certain

that hydration is taking place more rapidly than dehydration. While an

estimate of the amount by which hydration exceeds dehydration would be

very desirable, I see no way in which a quantitative result on this point

can be even approximated.

While the amount of water abstracted from the hydrosphere by

hydration is large, it does not follow that the ocean is decreasing in magni-

tude; for the water continuously added to the hydrosphere b}^ the liberation

of occluded water through volcanism and the crystallization of magma may
more than compensate for the losses due to hydration.

ALUMINUM.

Aluminum is the most abundant of the metals of the lithosphere.

Clarke's original estimate in 1891 was that aluminum constituted 7.26 per

cent of the lithosphere, hydrosphere, and atmosphere, all of this being in

the rocks, of which it composed 7.81 per cent. Clarke's estimate of 1900

increases the amount in the original rocks to 8.16 per cent.'' It therefore

aClarke, cit.,Bull. 78, p. 39; Bull. 168, p. 15.
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appears that aluminum, the most abundant of metals, is only about one-

third as abundant as silicon, and only about one-sixth as abundant as

oxygen. The metal takes third place among the elements. Reckoned as

an oxide, in 1891 Clarke estimated the aluminum as 15.04, and in 1900

as 15.41 per cent. As an oxide it stands second only to silicon.

Aluminum has its chief source in the silicates, which occur very abun-

dantly in the oi'iginal rocks. The aluminous silicates occur also in the

meteorites. By far the most important of the silicates bearing aluminum

are the feldspars, which, as Clarke calculates, compose about 60 jjer cent

of the mass of the original rocks. A large part of the remainder of the

aluminum is in the pyroxenes and amphiboles, which, as Clarke estimates,

compose 18 per cent of the original rocks. A smaller amount of the

aluminum is in the micas, which, as Clarke calculates, compose 4 per cent

of the original rocks." Very subordinate amounts of alumina occur in other

silicates, the more important of which are nephelite, leucite, and sodalite.

Alumina occui's also in sufficient amount in corundum, gibbsite, and other

oxides to deserve mention.

In 78 shales the alumina amounts to 15.47 per cent,'' in 624 sandstones

to 5.37 per cent, and in 843 limestones to 1.28 per cent. From the analyses

given by Clarke it appears that as a result of the denuding and metamor-

phic processes alumina accumulates slightly in the shales, as compared with

the amount present in the original rocks, and .in the sandstones diminishes

to about one-third, and in the limestones to a small fraction. According to

Clarke's figures, the increase in the amount of alumina in the shales over

that in the original rocks is trivial. This increase in the shales is sufficient

to account for only a small part of the deficiency in the sandstones and

limestones. The equation

15.47X.65+5.37X.30+1. 28X.05=11. 7305

gives us the average of the alumina for the sediments. Therefore the

analyses give a deficiency of 3.68 per cent of alumina, or nearl}^ one-

fourth, as compared with the original rocks. When it is remembered that

aluminum is by far the most abundant of the metals, it will be appreciated

that this deficiency is enormous.

a Clarke, cH., Bull. 16S, p. 16. » Clarke, cit., Bull. 168, p. 17.
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To some extent this deficiency is accounted for by the. bauxite and

gibbsite deposits, which serve as ores of aluminum. Rather extensive

deposits of tliis kind are known in France and in the United States, in

Georgia, Alabama, and Arkansas. The French deposits are ascribed "by

Coquand and Augd to mineral springs or geysers, which brought the

material of which they are composed to the surface and supplied it to lakes,

where it was deposited along with other sediments.""

Hayes has discussed the Georgia-Alabama and the Arkansas deposits.

The source of the Georgia-Alabama bauxite he regards as shales which

underlie limestones. These shales contain pyrite.

It is beUeved that surface waters carr^dng ox^^gen in solution gained access to

these shales and by oxidizing the pyrites set free sulphuric acid. This, under the

conditions present, decomposed the aluminous shales, forming alum and sulphate of

aluminum. Ascending currents carried these salts in solution to the surface, and,

coming in contact with the limestone during their upward passage, they were decom-

posed, forming sulphate of lime and aluminum hydroxide, together with basic sulphate

of aluminum, which was subsequentl_y changed to aluminum hydroxide on exposure

to the air. The aluminum h3'di-oxide thus produced formed a gelatinous precipitate

which collected about vents of springs. It was kept in motion b}^ the ascending-

water and thus formed concentric structures.*

The Arkansas deposits are regarded as produced by an underground

circulation in a manner somewhat similar to those of Georgia and Alabama;

but the source from which the alumina is derived is syenite, and the springs,

instead of issuing on the land, issue under water, and thus the deposits

are somewhat more widely distributed. Many of the springs issue directly

above the syenite, and therefore the bauxite deposits overlie the undulating

syenite surface. Other springs issue through the adjacent Tertiary sediments,

which in such cases are overlain by the bauxite deposits."

Bauxite deposits of character somewhat similar to those of France and

the United States are known in other parts of the world, but probably the

total amount of alumina segregated in all the known bauxite deposits is but

an insignificant fraction of the deficiency above calculated for the ordinary

sediments.

oHayes, C. W., Bauxite: Sixteenth Ann. Kept. U. S. Geol. Survey, pt. 3, 189,5, p. 548.

!) Hayes, C. AV., The Arkansas bauxite deposits: Twenty-first Ann. Kept. U. S. Geol. Survey,

pt. 3, 1900, p. 461.

'^ Hayes, cit, pp. 464-466. '•
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It therefore appears to me that we must look somewhere else to explain

the greater part of the discrepancy. It is certain that when the shales (the

sedimentary rocks into which the aluminous minerals mainly pass) are meta-

morphosed in the zone ofanamorphism, the secondary minerals show an excess

of alumina. All of the chief original aluminous minerals, viz, feldspar,

pyroxene, amphibole, and mica, maybe reproduced; but there also develop

other aluminous minerals which are not known in the original rocks. Of

these, garnets, staurolite, and the aluminum-silicate minerals—andalusite,

sillimanite, and cyanite—are by far of the greatest consequence. The

latter minerals are especially characteiistic of rocks of the approximate

composition of the pelites metamorphosed in the zone of anamorphism.

They clearly mark an excess of aluminum and furnish almost conclusive

evidence of the segregation to a considerable extent of the aluminum in

the pelites beyond the amount which is present in the original rocks.

-This argument has such weight that I believe more careful analyses of

shales with reference to their mass and chemical composition will show that

the alumina ought to be considerably higher than in the analyses given. It

has already been noted (p. 962) that correlative with the deficiency of

alumina there is apparent excess of silica in the shales, and the deficiencies

and excesses are remarkably accordant. It has just been seen that the

apparent deficiency in alumina is 3.68 per cent. A small fraction of a per

cent can be accounted for by the bauxite deposits. The excess of silica as

shown by the calculations (p. 961) is 3.247 per cent. Consequently the

two nearly balance. I venture to predict that when moi'e satisfactory

average analyses are available the shales will be found to contain several

per cent more alumina and several per cent less silica than is given in the

average analyses of shales on page 938.

IRON.

According to Clarke's estimate of 1891 iron composes 5.08 per cent of

the outer 10 miles (16.1 kilometers) of the crust of the earth, including

the lithosphere, hydrosphere, and atmosphere, and 5.46 per cent of the

original rocks alone. In his estimate of 1900 Clarke estimates that the iron

forms only 4.64 per cent of the original rocks." This gives iron fourth

place among the elements, it being surpassed only by oxygen, silicon, and

aluminum. Reckoned as an oxide, according to Clarke's estimate of 1891,

a Clarke, cit, Bull. 78, p. 39; Bull. 168, p. 15.
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the amoimt of ferric oxide is 3.94 per cent and of ferrous oxide is 3.48 per

cent, and in his estimate of 1900 the ferric oxide is 2.63 per cent and the

ferrous oxide 3.52 per cent. Reckoned as an oxide, iron thus has the third

place in abundance, being surpassed only by siHca and alumina.

Iron occurs as an original constituent of the igneous rocks in perhaps

more numerous forms than any other element. It is found as a sulphide as

pyrite, pyrrhotite, etc.; and as an oxide as hematite, magnetite, and ilmenite.

It occurs in many silicates. Of these, the pyroxenes and amphiboles, the

olivines, and the micas are the more important. In the meteorites iron is

the most abundant constituent, occurring alloyed with nickel and cobalt,

and in sulphides, oxides, silicates, etc.

In 78 shales the ferric oxide is 4.03 per cent of the rock, the ferrous

oxide 2.46 per cent; in 624 sandstones the ferric oxide is 1.24 per cent, and

the ferrous oxide 0.57 per cent; in 843 limestones the ferricoxide is 0.66

per cent, the ferrous oxide being undetermined."

The 4.03 per cent of ferric oxide and the 2.46 per cent of ferrous oxide

in the shales is equivalent to 4.73 per cent metaUic iron. The 1.24 per

cent of ferric oxide and the 0.57 per cent of ferrous oxide in the sand-

stones is equivalent to 1.31 per cent metallic iron. The 0.66 per cent of

ferric oxide in the limestones is equivalent to 0.462 per cent metallic iron.

It thus appears that there is a shght increase, less than 0.1 per cent, in the

' amount of iron in the shales as compared with the original rocks. There is

great depletion of iron in the sandstones—which contain between one-third

and one-fourth of the amount in the original rocks. The depletion of the

iron in the limestones is very great—there being about one-tenth the

amount in the original rocks. The slight increase in the shales is by no

means sufBcient to account for the depletion of the sandstones and lime-

stones. If we multiply the percentage of iron present in the different kinds

of sediments by the estimated quantity of those sediments, and add the

three together, we have the following equation:

4.73 X .65 + 1.31 X .30 + .462 X .05 = 3.491 per cent.

Since the amount of iron present in the original rocks is 4.64 per cent,

this shows a deficiency of 1.149 per cent for the entu-e mass of sediments.

This difference seems small, but it amounts to 7,155,750,000,000,000

a Clarke, cit., Bull. 168, pp. 16, 17.



988 A TREATISE ON METAMORPHISM.

metric tons of metallic iron. The question naturally arises, What has

become of this enormous amount of iron 1 The processes of metamorphism

have segregated from 30 to 70 ^^er cent of iron in the various iron-bearing

formations and in the iron-ore deposits. (See pp. 842-846, 1193-1198.)

While the iron-ore deposits themselves contain much the larger per-

centage of iron, the main mass of the segregated iron is in the iron-bearing

formations rather than in the iron ores. Indeed, the amount in the iron

ores is probably insignificant as compared with the amount in the iron-

bearing formation. For instance, in the Mesabi district of Minnesota,

where the iron-ore deposits are larger than in any other region, Doctor

Leith has calculated that in the part of the iron-bearing formation which is

exposed at the surface, including no part which passes below the overlying

slate, the amount of disseminated iron is probably one hundred times as

great as that contained in the ore deposits. And the amount of this

formation below the slates, in which there are no known ore deposits, is

certainl};- many times, probably hundreds of times, that exposed. This

calculation in reference to the Mesabi range shows how trivial is the

amount of iron in the ore deposits as compared with the more widely

distributed lower-grade products of the iron-bearing formations Such

formations are illustrated by the great pre-Cambriau iron-bearing forma-

tions of various parts of the world, such as those occurring in the Lake

Superior region ; by the very extensive iron-bearing member and the ores

of the Clinton horizon of the Silurian; by the great iron-bearing horizons

of the Carboniferous, and by the bog deposits of the Pleistocene. It is

believed that if the iron-bearing formations and the iron ores associated

with them were represented in the above equation in proportion to their

mass and percentage of iron, the excess of iron in them beyond that of the

original rocks would be nearly or quite sufficient to account for the great

deficit of iron shown by the ordinary sediments. The segregation of the

iron in the iron-bearing formations and the ores is treated on pages

102-130, 823-846, 1193-1198.

In the zone of katamorphism many minerals are produced by the

alteration of the original iron-bearing minerals. Of these the hydrated

oxides of iron, especially limonite, and the silicates, such as the chlorites and

the epidotes, are important. Where the rocks pass into the deep-seated zone

any of the minerals in which the.iron originally occurred may be reproduced.
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Other iron-bearing minerals also are formed. Among them garnet and

staurolite are important; bnt varions other heavy iron-bearing silicates

develop, among which may be mentioned ilmenite, humite, clinohumite,

ottrelite, and chloritoid.

MANGANESE.

According to Clarke's estimate of 1891 manganese forms 0.07 per cent

of the outer 10 miles of the crust of the earth, including the lithosphere,

hydrosphere, and atmosphere. In the lithosphere alone the amouiit

estimated is 0.08 per cent. In his estimate of 1900 he redtices this amount

to 0.07 per cent." By this estimate manganese is thirteenth in the scale of

abundance. If these amounts of 0.08 and 0.07 per cent were reckoned as

MnOathey would be respectively 0.1265 and 0.1107 per cent.

Very small percentages of manganese are reported in the following

silicates: lavenite, arfvedsonite, spessartite, piedmontite, and astrophyllite.

The amount in no case is large enoiigh to make the element an essential one.

Manganese is reported among the subordinate constituents of the meteorites.

A trace of it is reported in the shales and sandstones, and in 843 limestones

manganese oxide composes 0.04 per cent of the rock. Since the mass of the

limestones is so small as compared with the shales and sandstones, manganese

in the limestones is trivial compared with that which is present in the

original rocks. The probable explanation of the deficiency of manganese in

the common Secondary rocks is that the manganese is segregated in

manganese ore deposits precisely as the iron, the reactions for segregation

being analogous throughout. (See pp. 1198-1199.) Thus the manganese

reported in the sedimentary rocks is found in limestones—that is, in car-

bonate rocks. Iron is, in a similar manner, to a large extent segregated

in connection with carbonate deposits.

The relative masses of the segregated manganese ore and iron ore

are interesting, since these two compounds go through analogous trans-

formations, producing ore bodies under similar conditions, and in very

numerous cases being associated in the same ore deposits. But subject to

the law of mass action the abundant element iron produces ore deposits of

enormously greater size than does the rarer element manganese. The
amounts of iron and manganese in the original rocks are 4.64 and 0.07

per cent respectively. Thus if the two elements were segregated in the

« Clarke, cit., Bull. 78, p. .39; Bull. 168, p. 15.
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same proportion hj the processes of metamorphism the iron-ore deposits

should be 66.3 times as great in magnitude as the manganese deposits, and

this ratio is certainly approximated by the facts. There can be no better

illustration of the importance of the chemical law of mass action in

geological processes.

CALCIUM.

According to Clarke's estimate of 1891 calcium composes 3.51 per cent

of the outer 10 miles of the crust of the earth, including the original rocks,

hydrosphere, and atmosphere; of the original rocks alone 3.77 per cent, and

of the ocean alone 0.05 per cent. According to his estimate of 1900 the

amount of calcium in the original rocks is 3.50 per cent." Calcium is fifth

in abundance among the elements. Reckoned as an oxide Clarke's estimate

of the amount in the original rocks was 5.29 per cent in 1891, and 4.90 per

cent in 1900. This gives lime fourth place in the table of oxides.

Calcium is an abundant constituent of many of the minerals of the

original rocks. It occurs in all of the feldspars except the acid end of the

series. It is an essential constituent of nearly all of the pyroxenes and

amphiboles, being, however, more abundant in the former than in the latter.

For instance in diopside the ratio between the calcium and magnesium is

1:1, whereas in tremolite the ratio is 1 : 3. It is an essential constituent of

the scapolites, meionite and wernerite, which, however, do not form an

especially important group of minerals in the igneous rocks. While

calcium occurs in fewer minerals than magnesium and is less abundant

than magnesium in the pyroxenes and amphiboles the fact that calcium is,

an essential constituent of so many feldspars which, according to Clarke's

estimate, compose 60 per cent of the minerals of the original rocks, makes

calcium a more abundant element than magnesium. In the meteorites

calcium occurs abundantly in the feldspars and pyroxenes, and as calcium

sulphide in the mineral oldhamite.

In 78 shales the calcium oxide amounts to 3.12 per cent of the rock;*

in 624 sandstones to 3.29 per cent, and in 843 limestones to 41.60 per cent.

(See p. 938.) These numbers show that the amount of calcium oxide, as

compared with the original rocks, is reduced by more than one-third in the

shales and about one-third in the sandstones, and is increased more than

aClarke, cit., Bull. 78, p. 39; Bull. 168, p. 15. » Clarke, cit.. Bull. 168, pp. 16-17.
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eiglitfold in the limestones. It therefore appears that the very considerable

deficiency of calcium in the abundant shales and sandstones is to be

accounted for by the great concentration of calcium in the limestones.

On the hypothesis that the sum of the deficiencies should equal the excess

in the limestones, we have another case by which we may test the correctness

of the estimates of the relative quantities of the sediments. For if the

above supposition be true, the percentage of CaO in each of the kinds of

sediments, multiplied by the mass of the sediments, should, added together,

equal the percentage in the original rocks. Putting this in the form of an

equation we have:

3.12X.65+3.29X. 30+41.60X.05=5.095.

The sum, 5.095 per cent, is about halfway between Clarke's estimate of

1891 of the amount of CaO in the original rocks and Ins estimate of 1900,

being slightly less than the former and slightly greater than the latter.

Therefore, so far as the criterion of analyses is applicable, the deter-

minations of calcium seem to furnish a confirmation of tlie estimates of the

relative masses of the shales, sandstones, and limestones.

In the above computation the amount of CaO in solution in the

ocean is not considered. According to Dittmar's estimates this amount is

653,000,000,000,000 metric tons of calcium, which would correspond to

774,200,000,000,000 metric tons of CaO. The total amount in the sedi-

ments on the basis of the above analyses and estimates of relative volumes

would be 34,391,250,000,000,000 metric tons. Therefore the amount in

the ocean is 2.25 per cent of the estimated amount in the sediments.

While the CaO in the ocean is to be regarded as derived from the destruc-

tion of the original rocks, this amount is so small as to be negligible in

comparing the amount of CaO in the original and the secondary rocks.

The segregation of the calcium, with the greater segregation of carbon,

in the limestones, is one of the most interesting and important results of

chemical, physical, and organic processes. (See pp. 964-966). It has been

pointed out that the process of carbonation in the zone of katamorphism is

made effective by the concentration of carbon dioxide by plants in the belt

of weathering. The carbonates produced are largely transported to the sea.

In the sea the carbonates are thrown down by animals, and thus the lime-
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stones are formed. While mTich of the CaCOg produced by carbonation is

transported to the sea, a considerable part of it is transported to the belt of

cementation, and enough of this is precipitated to make CaCOg a cementing

agent second in importance to silica. (See pp. 624-625.) A very subor-

dinate part of the CaCOg in the belt of cementation enters into combination

with silica, forming the zeolites and epidotes.

From the foregoing it appears that the calcium in the secondary

minerals of the zone of katamorphism is largely in the form of carbonate,

often not a simple carbonate, but a calcium-magnesium carbonate. In this

zone also are found other secondary calcium-bearing minerals, such as the

zeolites and epidotes.

When the rocks containing these secondary calcium-bearing minerals

pass into the zone of anamorphism, the minerals are decomposed, the carbo-

nates by silication and the zeolites and epidotes by dehydration. In the

nearly pure calcium-magnesium carbonate rocks the silicates which form

most plentifully are wollastonite, diopside, tremolite, and actinolite, Natur-

ally, where the limestones are nearly pure calcium carbonate, by silication

the pure calcium silicate, wollastonite, forms. If magnesium is not very

abundant, there is likely to be developed the pyroxene, diopside, in which

the calcium-magnesium ratio is 1:1. Where the carbonate rocks are

strongly magnesian, tremolite forms; and where they also bear iron,

actinolite develops. In the rocks in which there is a considerable number

of bases, such as the impure limestones, the shales, and the sandstones,

other silicates form. Any of the calcium-bearing silicates occurring in

the original rocks may be reproduced, and part of the calcium usually

passes into heavy minerals not commonly found in the original rocks,

such as garnets, melilite, the scapolites, etc.

MAGNESIUM.

According to Clarke's estimate of 1891, magnesium forms 2.50 per cent

of the outer 10 miles (16.1 kilometers) of the crust of the earth, including

the original rocks, the ocean, and the atmosphere. Of the ocean it

comprises 0.14 per cent, and of the original rocks 2.68 per cent. In his

estimate of 1900, Clarke reduces the amount for the original I'ocks to 2.62

per cent." Magnesium thus stands seventh in the scale of abundance. It

is about five-sevenths as abundant as calcium, the element with which it is

a Clarke, cit., Bull. 78, p. 39; Bull. 168, p. 15.
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most intimately associated and most closely allied. Reckoned as an oxide,

Clarke's estimate of 1891 is 4.49 per cent, and of 1900 is 4.3G per cent.

This gives magnesia fifth place among the oxides. Magnesium occurs as a

constituent of the original igneous rocks in a number of minerals. Of

these, the pyroxenes, araphiboles, micas, and olivines are the more

important. It is only rarely present in any considerable projjortion in the

feldspars, the most abundant group of minerals. Thus, while occurring in

more minerals than calcium, it is not so abundant as calcium, because of

the great role of the feldspars." In the secondary rocks magnesia composes

2.45 per cent of 78 shales, 0.85 per cent of 624 sandstones, and 6.20 per

cent of 843 limestones. It thus appears that as compared with the original

rocks the amount of magnesia in the shales is reduced to about three-fifths,

in the sandstones to about one-fifth, and in the limestones is increased by
more than one-third. The sum of the products of the percentage of each

class of sediments by their proportional amounts gives the average

percentage of magnesia in the sediments, thus:

2.45X. 65+. 85X.30-1-6.20X. 0.5=2.1575.

Subtracting this 2.1575 from 4.36, the amount in the original I'ocks, we have

a deficiency of 2.2025 per cent. The total amount of sediments multiplied

by this latter percentage gives 14,866,875,000,000,000 metric tons.

The question now arises as to the explanation of this apparent vast

deficiency of magnesia in the sedimentary rocks. The question is not easily

answered. Possibly some part of the calculated deficiency is only apparent.

Probably the composite analyses of 345 limestones, taken at random, in

which the magnesia is 7.90 (see p. 938) is nearer the average for the lime-

stones than this amount averaged with the quantity of magnesia, 4.49 in

the building stones (see p. 938), since it is well known that the raagnesian

limestones are likely to be porous and brecciated, and therefore not so

suitable for building purposes. If the average amount of magnesia in the

limestone were taken as 7.90 instead of 6.20, as given in the above

equation, we have:

7.90X.05-6.20X.05=.085.

But 0.085 per cent is only about one twenty-sixtli of the calculated

deficiency, and therefore we must look somewhere else for the explanation

« Clarke, cit., Bull. 168, p. 16.
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of the major part of it. The natural direction to which we first turn to

account for the deficiency is the ocean. According to Dittmar's estimates

the amount of magnesium in the ocean is 1,743,000,000,000,000 metric

tons, which corresponds to 2,887,800,000,000,000 metric tons of magnesia.

It is at once seen that the total amount in the ocean is vast, the magnesia

beiuff between three and four times as abundant as lime. But this enormous

amount accounts for only 19.45 per cent of the deficiency.

Another large portion of the deficiency is probably accounted for by

magnesium in classes of the sedimentary rocks not considered—that is, the

saline deposits. In all salt deposits magnesium salts are important impu-

rities. In the water of Great Salt Lake the magnesium varies from 0.3 to

2.6 per cent of the total solids in solution ;
" in the water of the Dead Sea

it is given as 14.41 per cent of the total solids.* In the salt deposits of

New York and Michigan the magnesium in the brines varies from .034 to

.454 per cent.'' In the rock salts of Louisiana the magnesium varies from

0.003 to 0.06 per cent.'' These figures may be taken as representative of

ordinary salt dejDOsits, but in certain exceptional salt deposits, as those of

Stassfurt, the magnesium salts are much more abundant. In such deposits

a great portion of the magnesium salts with the accompanying potassium

salts is likelv to be found in a more or less distinct bed above the rock salts.

As illustrating the abundance of these compounds Precht states that at

Stassfurt, from 1876 to 1880, there were mined 699,136 metric tons of car-

naUite (KMgCl3.6HoO), kieserite (MgSO.+H^O), andkainite (MgS04.KCl+

SHoO) and only 96,856 tons of rock salt. A considerable amount of

magnesium occurs also, in accompanying polyhalite.* It is plain that the

total quantity of the magnesium in saline deposits is great, but what portion

of the deficiency is thus accounted for can not be stated until very careful

studies have been made of the volumes and compositions of the salt deposits

of the world.

It is believed that the explanation of a larger part of the deficiency is to

be found in the concentration of magnesia in the zone of katamorphism in

consequence of the alterations of that belt, the magnesia as is explained

"Gilbert, G. K., Lake Bonneville: Mon. U. S. Geol. Survey, vol. 1, 1890, p. 253.

''Encyclopedia Britannica, 9th ed., 1877.

c Tenth Census, vol. 2, p. 1017.

A Mineral Resources, 1883-84, p. 841.

<^ Precht, H., Die Salz-Indudtrie von Stassfurt und Umgegend, 1889, p. 12.
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below, being much more largely retained in the belt of weathering and in

the belt of cementation than is calcium. But as yet no data are available

to enable us to make any statement as to the quantitative importance of

this concentration.

To what extent the magnesium in the ocean, in the saline deposits, and

segregated in the zone of katamorphism will explain the deficiency in the

ordinary sedimentary rocks can not be stated. This can be determined only

after a careful quantitative estimate has been made of these various sujjplies

of magnesium. The redistribution of magnesium by metamorphism, while

in many respects analogous to that of calcium, is in many respects also differ-

ent. It has been seen that by the process of carbonation of the silicates

by far the larger part of the calcium is released from silica and changed to

carbonates. The major part of the calcium carbonate and other carbonates,

such as sodium carbonate, find their way to the sea in solution. While the

process of carbonation also changes a considerable portion of the magnesium

of the silicates to magnesium carbonate, a very large part remains in the

silicates. The oliviiies change to serpentine. The nonaluminous pyroxenes

and amphiboles alter to talc on an extensive scale. The aluminous pyrox-

enes and amphiboles pass into chlorite, a magnesium aluminous silicate.

The pyroxenes extensively change to amphibole, and this involves a partial

substitution of magnesium for calcium, or else a subtraction of calcium and

partial carbonation, or both. Thus, the magnesium is concentrated in tl)e

zone of katamorphism, and especially in the belt of weathering. But this

concentration is largely due to the abstraction of other elements rather than

the addition of magnesia.

The magnesium of the original silicates, which is changed to carbonate

in the zone of katamorphism, goes through the same processes of distribu-

tion as the calcium carbonate. A part of it passes down into the belt of

cementation, and is there precipitated in dolomite, ankerite, parankerite,

and hydrous magnesium silicates. But a large part of the magnesium salts,

before or after an underground journey, join the surface streams and find

their,way to the ocean. Magnesium is there precipitated on a great scale

as carbonate, not by the reaction of organisms, but by the reaction of

magnesium salts in solution upon the calcium carbonate previously precipi-

tated by organisms. This jjrocess inaugurated in the sea is continued in

the carbonate formations on the land. This involves a substitution of mae-



996 A TREATISE ON METAMORPHISM.

nesium for calciuni, or else abstraction of much calciura, or both. It is

plain that the magnesium which occurs in the sedimentary rocks as mag-

nesium carbonate is largely introduced by the substitution of magnesium

for previously precipitated calciuiu.

When the sedimentary rocks and the altered original rocks of the zone

of katamorphisiTi containing the secondary magnesium minerals pass into

the zone of anamorphism the original magnesium minerals, viz, the pyrox-

enes, amphiboles, micas, and olivines, may be produced; but a part of

the magnesium goes into other mhierals. Of these the garnets appear

to be the most important, and some of the subordinate minerals are

chondrodite, humite, clinohumite, tourmaline, and melilite.

It is a well-known fact that in mechanical sedimentary rocks meta-

morphosed in the zone of anamorphism the amphiboles are developed upon

a much greater scale than the pyroxenes, and that the magnesium-bearing

mica, biotite, forms very abundantly. This is a natural consequence of the

depletion of the mechanical sediments in calcium as compared with the

original rocks. The amphiboles are much more heavily magnesian than

the pyroxenes. For instance, in tremolite the magnesium-calcium ratio is

3:1, whereas in diopside it is 1:1. Consequently from the mechanical

products in which the magnesium is somewhat concentrated and the calcium

depleted thera is a tendenc}^ to produce the magnesian minerals, amphi-

bole, and biotite. But in the development of amjahiboles and pyroxenes

the pressure and the specific gravities of these minerals are also con-

cerned. (See pp. 278-280.)

SODIUM.

Sodium, according to Clarke's estimate of 1891, composes 2.28 per

cent of the outer 10 miles (16.1 kilometers) of the crust of the earth,

including the original rocks, the hydrosphere, and the atmosphere. Accord-

ing to this estimate it composes 1.14 per cent of the hydrosphere and 2.36

per cent of the lithosphere. In his estimate of 1900 the amount of sodium

in the original rocks is increased to 2.63 per cent. Sodium thus has sixth

place among the elements. Reckoned as an oxide Clarke's estimate for

1891 is 3.20 per cent and for 1900 it is 3.55 per cent, and of oxides it

stands sixth."

« Clarke, cit, Bull. 78, p. 39; Bull. 168, p. 15.
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Sodium is a constituent of many of the minerals of the original

igneous rocks. These minerals comprise the feldspars, the nephelites,

cancrinite, sodalite, haiiynite, noselite, and niarialite. In the meteorites

sodium is reported only in the feldspars. Because of the dominating

importance of the feldspars" the larger part of the sodium occurs in them,

although the sodalite and nephelite grou.ps of minerals are important

sources of the element. Sodium is so abundant in the acid plagioclases as

to give them the name of soda feldspars.

In 78 shales soda composes 1.31 per cent; in 624 sandstones, 0.61 per

cent, and in 843 limestones, 0.34 per cent. It thus appears that in the

shales the amount of soda is reduced to only about one-third of that in

the original rocks, in the sandstones to about one-sixth, in 345 limestones

not used for building purposes' to a miimte fraction, but in 498 lime-

stones used for building purposes to about one-sixth. (See p. 938.)

Multiplying the percentages of soda in each of the classes of sediments

by their masses and taking their sums we have the average percentage of

soda in the sediments, thus

:

1.31X.65+.61X.30+.34X.0.5=1.0515.

Since the soda in the original rocks is 3.55 per cent, the deficiency in the

sediments is 2.4985 per cent. It thus appears that the deficiency in tlie

sediments considered is about 70.38 per cent of the total amount of soda in

the original rocks. For the entire weight of the sediments this gives a

deficiency of 475,065,000,000,000,000 metric tons.

It is possible that when more analyses have been made of sedi-

mentary rocks the estimates of soda in them may be somewhat increased,

bvit since the analyses show the amount of potassitim to accord fairly well

with tliat of the original rocks (see p. 1000), it does not seem probable that

much of the deficiency in soda can be explained by insufficient analyses.

The natural source to which one immediately turns to account for this

vast deficiency is the ocean. The actual amount of sodium in the ocean, as

determined from Dittmar's estimates, is 14,180,000,000,000,000 metric tons,

which, reckoned as an oxide, would be 19,101,000,000,000,000 metric tons.

While sodium is the most abundant element in the ocean with the exception

of chlorine, and is inore than five times as abundant as tlie magnesium,

"Clarke, cit., Bull. 168, p. 16. » Clarke, cit., Bull. 163, pp. I--



998 A TREATISE ON METAMORPHISM.

potassium, and calcium together, it is seen that this amount is trivial as

compared with the total deficiency in the sedimentary rocks, being indeed

only 4.02 per cent of this amount. It is therefore plain that, as in the case

of magnesium, we must turn to some other direction to account for the

great deficiency of sodium in the ordinary sedimentary rocks. The natiiral

direction to which to turn is to the salt deposits of the world. Many great

salt deposits have been discovered in the United States, Europe, and other

parts of the world; such deposits are illustrated by those of Poland, New
York, and Louisiana. Doubtless manj^ other salt deposits exist which have

not been discovered. Moreover it is known that there are extensive salt

deposits below lakes such as Grreat Salt Lake and the Dead Sea. No
attempt has been made to quantitatively determine the mass of the salt

deposits. Until tliis is done no statement can l^e made as to the proportion

of the deficiency of sodium in the ordinary sedimentary rocks which such

sediments will account for.

Finally, as is shown on pages 541-543, in arid regions sodium salts

are largely retained in the deposits of the belt of weathering. Since

sodium-bearing deposits are knowu to be very thick in various arid regions,

such, for instance, as those in the western part of the United States, the

amount of sodium thus accounted for is very great, but as yet our

knowledge is not sufficientl}' advanced to make any quantitative estimate

of it.

From the foregoing it appears highly probable that we must look to

the salt deposits and to the alkaline deposits of arid regions to explain the

great deficiency of sodium in the ordinary sediments rather than to the

ocean. If this conclusion be correct, calculations upon the age of the earth

have no value which are based upon the derivation of salt from the land

through weatliering processes and its accumulation in the sea, and which

ignore or place as relatively unimportant the salt deposits of the land.

Such calculations furnish but another illustration of the danger of consid-

ering a single factor in a series of complex geological processes, and

neglecting to ask the question whether there are other equally or more

important factors concerned.

When the original rocks containing sodium-bearing minerals are

decomposed in the zo'ie of katamorphism, the larger part of the sodium

passes into solution, contrasting in this respect, as will be seen, in a marked
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degree with potassium. During the underground journey of a part of the

solutions a small portion of this sodium.is deposited in the belt of cementa-

tion. The sodium-bearing minerals formed hj direct alteration in the zone

of katamorphism, and those there deposited as cementing minerals, are

substantially the same and are mainly the zeolites. The more important

of these zeolites containing sodium in notable quantities are thomsonite,

hydronephelite, natrolite, mesolite, analcite, stilbite, and gmelinite.

So far as rocks containing sodium in the zeolites pass into the zone of

anamorphism some of the original minerals of which sodium is a constituent

may be reproduced, but manifestly the amount of such minerals will be

small as compared with the amount of the original sodium-bearing minerals

in the rocks. Corresijonding with this fact the rich sodium minerals,

nephelite, cancrinite, sodalite, haliynite, and noselite, have never been

reported as anamorphic minerals of the sedimentary rocks. Most of the

sodium present passes into the feldspars ; but where the rocks have been so

far decomposed as not to leave a large quantity of the original sodium-

bearing minerals, the amount of sodium is not sufficient to produce any

considerable proportion of the feldspars. In consequence, as pointed out

on pages 899-904, the schists and gneisses which form from pelites only

exceptionally contain any considerable quantity of soda feldspars. The

dominant secondary minerals which are produced are, quartz and mica.

HoweA^er, in the psephites, in which the processes of decomjDosition are not

far advanced, and in which the sodium is therefore relatively abundant,

considerable quantities of soda feldspars are produced dui'ing recrystalli-

zation. But as already noted, even in those sedimentary rocks in which

residual soda is present in the undecomposed original minerals, it appears

that it is not known to have been anywhere so abundant that the peculiar

minerals known as the soda-bearing minerals, such as nephelite, sodalite,

etc., are produced.

POTASSIUM.

According to Clarke's estimate of 1891 potassium composes 2.23 per

cent of the outer 10 miles (16.1 kilometers) of the crust of the earth,

including the original rocks, hydrosphere, and atmosjDhere. Of the ocean

it composes 0.04 per cent, and of the original rocks 2.40 jter cent. In liis

estimate of 1900 Clarke reduces the figure for the original rocks to 2.32
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per cent. This gives potassium eighth place in abundance among the

elements. Reckoned as an oxide the amount in the original rocks, accord-

ing to Clarke's estimates of 1891 and 1900, is 2.90 and 2.80 per cent,

respectively." As an oxide, potassium thus has seventh place.

Potassium is an abundant constituent of a number of the silicates of

the (n-iginal rocks. The more important of these are the feldspars and the

leucites. Since the feldspars probably compose more tlian half of all the

original rocks (see p. 937), the chief original sources of the potassium are

the feldspars. Of the feldspars the content of potassium is so great in

crthoclase and microcline as to give them the distinctive name potash

feldspars, thus discriminating them from the acid end of the plagioclase

series in which soda is the dominant alkali.

Considering the secondary rocks, the amount of potassa in 78 shales is

3.25 per cent,'' in 624 sandstones 1.24 per cent, and in 843 limestones 0.46

per cent. It thus appears that as compared with the original rocks, the

amount of potassa in the shales is increased by about one-fifth, in the sand-

stones is reduced to less than one-half, and in the limestones to less than

one-fifth. Multiplying the percentage of potassa in each class of sediments

liy the volume of those sediments, and taking their sum, we have the

average amount of potassa for the sediments considered, thus

:

3.25 X .65 -I- 1.24 X .30 4- .46 X .05 = 2.5075.

Since the amount of potassa in the original rocks as given by Clarke in his

latest estimate is 2.80 per cent, we have a deficiency of potassa in the

sediments of 0.2925 per cent, or 1,974,375,000,000,000 metric tons.

According to Dittmar's estimates the actual amount of potassium in the

ocean is 512,000,000,000,000 metric tons, which, reckoned as potassa, is

616,600,000,000,000 metric tons, or 31.23 per cent, i. e. about one-third of

the total deficiency. Potassium compounds are also important accessories

in salt deposits. For instance, analyses show that the potassium composes

from 1.1 to 7.4 per cent of the total solids of Great Salt Lake" and 1.478

l^er cent of the total solids in the Dead Sea."*

As is well known, above beds of rock salt there are not infrequently

overlying beds rich in potassium and magnesium. This class of salts is well

"Clarke, cit., Bull. 7S, p. 39; Bull. 168, pp. 14-15. < Mon. V. S. Geol. Survey, vol. 1, pp. 25.3.

''Clarke, cit., Bull. 168, p. 17. ''Encyclopedia Brittanica, 9th ed., 1877.
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illustrated at Stassfurt, where, as already noted (p. 994), from 1876 to 1880

the amount of carnallite (KMgCls.GHoO), kieserite (Mg-SOi+HaO), and

kainite (MgS04.KCl+3H20) mined was 699,136 metric tons, whereas the

amount of rock salt was for the same years only 96,856 metric tons. Since

the salt deposits are so important, it follows that the total amount of

potassium in such deposits is lai-ge.

It seems probable that the potassium in the salts of inland seas and in

the saline deposits is sufficient to account largely and perhaps fully for the

remaining two-thirds of the deficiency of potassium in the sediments.

Where the rocks which contain potassium are altered in the zone of

katamorphism, the potassium-bearing minerals do not decompose to the

same extent as the sodium-bearing minerals. So far as the potassium is in

leucite, it readily alters; but, as already noted, the greater j)art of the potas-

sium is in orthoclase and microcline, and these are the most difficultly

decomposable of the feldspars. These minerals disintegrated and onh' par-

tially decomposed are carried in great quantities to the sea. But even

where the potassium feldspars are decomposed, it seems that the potassium

is held in an insoluble form to a large extent. Prestwich" attributes the

retained potassium to the action of alumina, although he does not explain

the reaction by which it is held. Mendeleeff'' empliasizes the absorptive

power of the soil, and especially of the vegetable mold, for potassium. It •

is known that potassium compounds are used by plants to a much greater

extent than sodium compounds. But the influence of plants in retaining
'

potassium can not be cited to explain the apparent concentration of

potassium in the muds. It appears to me that where the feldspars have

decomposed and the potassium largely remains in the silts and muds, it is

likely that this element has passed into the zeolites, especiall}^ apophyllite.

When the rocks formed in the zone of katamorphism are buried in the

zone of anamorphism, the original minerals which contain the potassium

may be produced, but it has already been seen that the chief minerals

originally holding the potassium are orthoclase and microcline. It has

further been pointed out that the soda minerals are much more readily

decomposed and that much less of the sodium is left in the sedimentary

"Preatwich, Joseph, Geology—chemical, physical, and stratigraphical, vol. 1, 1886, p. 54.

'' Mendeleeff, D., The principles of chemistry, translated hy Geo. Kamensky, Longmans, (ireeii

& Co., London, vol. 1, 1897, pp. .546-547.
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rocks. Thus it is that orthoclase and microcline are the chief feldspar

minerals which develop by the deep-seated metamorphism of the pelites

—

rocks in which decomposition has been carried further than in the other

mechanical sediments. To a less extent orthoclase is likely to be the domi-

nant feldspar in the other sediments. However, since complete decompo-

sition for the mechanical sediments is very rare, the potassium for much of

the orthoclase and microcline which develop by metamorphism is derived

from the undecomposed original minerals.

BARIUM, STRONTIUM, CHROMIUM, NICKEL, LITHIUM, FLUORINE, BROMINE.

In Clarke's estimate of 1900 of the lithosphere barium is put down as

composing 0.05 per cent, strontium as 0.02 per cent, chromium, nickel,

lithium, and fluorine as 0.01 per cent each and bromine as less than

0.01 per cent. The quantities of these elements are so small and so little

is known about the transformations through which they go that no attempt

is here made to consider the influence of metamorphism upon their

distribution.

GENERAL STATEMENTS.

At the beginning of this chapter it is stated that the attempt to apply

quantitative methods to the redistribution of the chemical elements is made

more with the idea of laying out problems to be solved than with the belief

that the calculations approach accuracy. However, when all of the equations

which compare the average composition of the sediments with the original

rocks are- taken into account the impression is gained that tlie calculated

relative proportions of the three classes of sediments discussed—that is, the

shales (including all silicate rocks), the sandstones, and the limestones—can

not be far from the truth. The percentages of each of the elements in the

sediments and in the original rocks are matters of quantitative determina-

tion, by imperfect methods, it is true, and so far as absolute masses are

concerned the estimates given for the sediments are. but roughly approxi-

mate, but the relative proportions stated are probably nearer the truth.

Other proportions of the sediments than those used might be selected which

would answer in the equations for a single element, and possibly some other

proportions than those used might be selected which would accord better

with the facts; but it seems certain that such proportions could not difl'er
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greatly from those given—0.65 for the shales, 0.30 for the sandstones, and

0.05 for the limestones. While with the numbers used discrepancies liave

appeared, for the most part they are of a kind which throw light upon the

processes of segreg'ation of compounds in materials other than shales,

sandstones, and limestones.

In conclusion it is to be remembered that the equations are independent

of the estimates of the absolute masses of the sediments, and therefore they

can not be said to give any support to the estimates of the average

thickness of the sediments for the continental areas, nor to the absolute

amounts of the elements which have been calculated to be abstracted

from certain of the sediments and segregated in certain others of them.

Certain of the results set fortli in the previous pages indicate the pos-

sibility that the estimate of the mass of the sediments as 2 kilometers thick

for the continental areas is too large, but it will be noted that this estimate

is very conservative as compared with estimates made by others. (See

p. 939.) If one were to estimate the mass of the sediments as 1 kilometer

thick for the continental areas, while the calculated percentages of the

deficiencies and excesses of the various elements in the sediments as com-

pared with the original rocks would not be changed, the calculated absolute

amounts would be reduced one-half This would reduce by one-half the

calculated percentage of oxygen of the atmosphere required to oxidize

ferrous iron (see p. 951), and to oxidize iron siilphide (see p. 952); would

divide by 2 the numbers comparing the amount of carbon in the sedi-

ments with that in the atmosphere and hydrosphere (see pp. 965-966); and

would divide by 2 all absolute estimates of the surpluses and deficiencies

of the various elements in the ordinary sediments, as, for instance, the

calculated deficiency in iron. (See pp. 987-988.) Other similar changes

would be made in the calculations. These facts may be regarded by some

geologists as evidence that even the moderate estimate for the sediments of

2 kilometers thick for the continental areas is too great, and with this view

I am inclined to agree.



CHAPTER XII.

THE RELATIONS OF METAMORPHISM TO ORE DEPOSITS."

PART I. GENERAL PRINCIPLES.

IKTROnUCTORY.

The principles of metamorphism, discussed somewhat fully in the

previous chapters, have a direct bearing upon ore deposits, as it will be

shown in this chapter that the deposition of most ores is but a special case

of metamorphism of exceptional interest to man. Through the preceding

chapters are scattered the principles applicable to ore deposits; but as many
persons interested in ores may not care to study in detail all the principles

which concern metamorphism, it seems advisable to give here a brief sum-

mary of the more important principles and conclusions directly applicable

to ore deposits. In order not to make the extension too great, only the

principles will be repeated; for evidence showing their correctness the reader

may turn to the previous chapters.

From this discussion are excluded all the nonmetallic economic

products which are used without reduction to the metallic form, as apatite,

clay, salt, etc., and the very rare and unimportant metals. Thus the

treatment is confined to those important ores the metals of which are

commonly used in the metallic rather than in the combined form. Thus

circumscribed, the chapter is chiefly restricted to ores of iron, aluminum,

cobalt, nickel, manganese, lead, zinc, copper, tin, mercury, silver, gold,

and platinum. Arsenic, antimony, bismuth, chromium, molybdenum, and

tungsten are not considered at all, or are only incidentally mentioned.

a This chapter in a less mature form was published in time for distribution at the Washiiigton

meeting of tiie American Institute of .Mining- Engineers in February, 1900, as a pamphlet of 126 pages.

A revised pamphlet edition of 1.51 pages was published during the summer of 1900. This edition appears

as pages 27 to 177 of Volume XXX of the Transactions of the American Institute of IVIiniug Engineers.

This paper was republished in 1902 by the Institute in the special volume upon the Genesis of ore

deposits, pages 282-432, which volume contains also a closing discussion under the same title, pages

763-781.
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CLASSIFICATIOK OF ORE DEPOSITS.

Ore deposits may be divided into three classes upon the same basis as

are the three great divisions of rocks:

(1) Ores produced by the processes of sedimentation, or sedimentary

ores.

(2) Ores produced by igneous processes, or igneous ores.

(3) Ores produced by the processes of metamorphism, or metamorphic

ores.

Since this volume is a treatise upon metamorphism and not upon

physical geology in general, only the third class of ores, those produced

by metamorphism, come Avithin its scope. But ores forrcied by processes of

sedimentation and by igneous processes will be briefly considered, mainly

in order to point out their relations to ores produced by processes of

1netamorphism.

Before taking up the ores it is necessary, as already stated, to summarize

certain parts of the previous chapters. The three great divisions of the

processes of modifications of rocks which most intimately concern ore

deposits, and therefore need to be summarized, are:

The deformation of the lithosphere.

Volcanism.

The circulation and work of solutions.

DEFORMATIOK OF THE LITHOSPHEKE,

In another place I have shown that the outer part of the crust of the

earth may be divided into three zones, depending upon the character of the

deformation—(1) an upper zone of rock fracture, (2) a middle zone of

combined rock fracture and flowage, and (3) a lower zone of rock flowage."^

In Chapter IV it has been shown that the zone of fracture corresponds to

the zone of katamorphism and that the zone of flowage corresponds to the

zone of anamorphism.

ZONE OF FRACTURE, OR ZONE OF KATAMORPHISM.

The zone of fracture is that near the surface and in it the rocks are

deformed mainly by macroscopic fracture. The ruptures are those of

faulting, jointing, bedding- i)arting, fissility, and brecciation. The rocks

"Van Hise, 0. R., Principles of North American pre-Cambrian geology: Sixteenth Ann. Eept.

U. S. Geol. Survey, pt. 1, 1896, p. 589.
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are adjusted to their new positions, mainly by differential movements

between the separated parts. The so-called folds in the zone of fracture

are largely the result of numerous parallel joint fi-actures across the strata

with small angular displacements at the joints, giving each block a slightly

different position from those on either side, and thus as a whole making

joint folds. For instance, the folds of the rigid rocks in the AUeghenies

are not in the main true flexures, but a series of slightly displaced blocks.

It is shown on pages 189—190 that, making all the assumptions in

favor of as great a thickness as possible, the maximum thickness of the zone

of fracture can not be greater than 10,000 or 12,000 meters. In many

cases, even for the strongest rocks, deformation frequently takes jolace by

flowag-e at depths not greater than one-third to one-half of 10,000 meters.

For the weaker rocks deformation by flowage may take place at very

moderate depths. If the conclusions above given be correct, it follows that

all open fissures must disappear at moderate depths, and that the maximum
depth at which they can exist is the depth of the zone of fracture for the

strongest rocks. Illustrations of the disappearance of fissures with depth

are known at various places. In the gold belt of the Sierra Nevada, as

Lindgren says, it is "an incontestable fact that many small veins close

up in depth."

The dying out of fissures below is insisted ujjon in order to exclude the

hy23othesis of filling of fissures from the bottom. If fissures gradually

decrease in size and finally die out, the streams which make their way into

the fissure inust enter from the sides or from above. For further develop-

ment of this point see pages 1069-1072.

OPENINGS or ZONE OF FRACTURE.

It has been shown that the zone of fracture is characterized by^ open-

ings. It will be seen that the nature of the openings in the rocks is of the

greatest importance in the formation of ore deposits. It is therefore

necessary to summarize the material given in Chapter III upon this subject.

It is there shown that the openings of rocks deserve consideration from

three points of \dew: The form and continuity of the openings; the size of

the openings; and the volume of the openings, or the pore space.
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FORM AND CONTINUITY OP OPENINGS.

The openings in rocks include those which are of great length- and

depth, as compared with their width, and thus are essentially flat parallele-

pipeds; those in which the dimensions of the cross sections of the openings

are approximately the same, and therefore resemble tubes of various kinds;

and those Avhich are irregular.

The o^jenings which have great length and depth as compared with

their width are those of faults, of joints, of bedding partings, and of fissility.

The order mentioned is that of continuity. As to position, bedding partings

are parallel to previous structures; while faults, joints, and fissility are at

various angles with the bedding parting, and therefore intercept the layers.

Because of this fact, these forms of openings may connect separated porous

strata. This is more likely to be true of faults than of joints, and of joints

than of fissility.

The openings in which the dimensions of the cross section are approxi-

mately the same are those in mechanical deposits, such as conglomerates,

tuff's, sandstones, and shales. From the point of view of ore deposits the

most important characteristic of the openings of this class is that they are

continuous, and therefore any part of a coarse, uncemented mechanical

deposit is connected with all other parts by ojaenings.

Irregular openings are those of the vesicular lavas, and the irregular

fractures of rocks The openings of the lavas are usually variable in mag-

nitude, and are discontinuous. Usually single irregular fractures are of

limited extent, but many fractures may be concentrated along a zone, and

a composite zone may be continuous for long- distances.

Openings of any of the above classes, whether produced by deforma-

tion, by original sedimentation, or by volcanic action, may be enlarged by

solution. Tills will be the case wherever the processes of solution more than

counterbalance the processes of deposition, and, as later explained, is more

likely to occur with downward-moving water tlian with upward-moving

water. Since downward-moving waters are dominant above the level of

ground water, and are prominent in the upper part of the belt of cementation,

it is in this area that openings are most frequently enlarged by solution.

It has been argued by Posepny that openings serving as channels for

ground water may be produced wholly by solution. That openings may
be somewhat ]Drolonged and adjacent opening connected by solution.
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thus lielping" underground circulation, is more than probable, but that long

and important passag-es are produced wholly by solution is an assumption

which I think has not been verified.

SIZE OF OPENINGS.

Openings in rocks may be divided, upon the basis of size, into those

larger than capillary size, or supercapillary openings; capillary openings;

and those smaller than capillary size, or sabcapillary openings. The mag-

nitudes of these openings are given on pag-es 134-137. The openings of

bedding parting, of faults, of joints, of conglomerates, and of tuffs are

frequently of supercapillary size. Many of these openings, and also many
of those of the sandstones, are of capillary size. All classes of openings

may be somewhere of subcapillary size, but many rocks, such as massive

igneous rocks and shales, may contain only subcapillary openings.

VOLUME OF OPENINGS.

The total volume of the openings is dependent upon the number and

the size. The amount of pore space in rocks varies from less than 1 per cent

to more than 50 per cent. The total volume of the openings in a rock iu

which they are so small as to be almost imperceptible and all subcapillary

may be as great as in a rock in which many openings are seen. For instance,

the pore space of a chalk may be as great or greater than that of a sandstone

or of a massive rock c(mtaining numerous continuous fracture openings of

large size. (See pp. 124-125.) In such cases the small size of the open-

ings is compensated by their vast numbers.

CHEMICAL REACTIONS.

As explained in the preceding chapters, especially in Chapter IV and

more fully in Chapters VII and VIII, the reactions of the zone of fracture,

or katamorphism, are those of oxidation, carbonation, hydration, solution,

and deposition. All are of great importance in connection with ore deposits.

In the belt of weathering all of these reactions, with the exception of depo-

sition, are vigorous. The sulphides, including the metals and the sulphur,

are likely to be oxidized. Oxides may be further oxidized. The metals

may be carbonated and hydrated and are likely to be dissolved upon

an extensive scale. While all of these reactions take place in the belt of
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cementation, oxidation is frequently confined to those parts of the belt in

which the waters come somewhat directly from the surface ; whereas deeper,

especially where the percolating- waters have come into contact with organic

compounds or sulphides, the waters may become reducing, and partial or

complete deoxidation of the valuable metals take place. Furthermore,

while solution probably occurs to a greater extent than dejaosition in the

belt of cementation, as explained on pages 629-640, material is continually

deposited in the oijenings of the belt, and the rocks are cemented in conse-

quence of the expansion reactions of oxidation, carbonation, and hydration,

and in consequence of selective precipitation, of intrusion, and of other

phenomena.

ZONE OF COMBINED FRACTURE AND FLOWAGE.

Deformation by combined fracture and flowage takes place in a middle

zone because the rocks of a given part of the litliosphere vary in character,

temperature, moisture, speed of deformation, etc. (See pp. 766-768.) Of

these factors producing combined fracture and flowage, the effect of the

character of the rocks is most obAaous. While very considerable rock

masses, such as the limestones and quartzites, may be homogeneous,

heterogeneity is the rule. The sedimentary rocks are composed of laminae,

layers, beds, and formations, no one of which is exactly like the adjacent

one. The massive igneous rocks contain minerals of different resisting

power, the particles of which are of different sizes. In consequence there

is a broad zone in which the deformation may be by combined fracture

and flowage. For instance, in an interbanded slate and graywacke the

slate bands may be deformed by flowage and the more rigid g-raywacke

bands be deformed largely by fracture. In an interbedded limestone and

clastic series the limestones may be deformed mainly by flowage and the

clastic material mainly by fracture. In many cases the change from one

kind of deformation to the other is amazingly sharp, the more resistant

bands being intersected by innumerable fractures which stop abruptly at

the bands where the rock is deformed by flowage. The deformation of a

massive rock mainly by flowage, but in a subordinate way by fracture, is

finely illustrated by the Bei-lin rhyolite-gneiss described by Weidman." The
deformation of this rock was mainly by recrystallization, but many of the

«Weidman, S., A contribution to the geology of the pre-Cambrian igneous rocks of the Fox River
Valley, Wisconsin: Bull. Wis. Geol. Nat. Hist. Survey, No. 3, 1898, pp. 32-47.

MON XLVll—04 64
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mineral particles were fractured into several pieces, or even granulated.

Between the larger pieces of the feldspar minute openings formed. Many
minute joints and crevices also were produced and were subsequently filled

by cementations.

The marked effect which the character of the rock may have upon the

nature of the fractures is well illustrated in the Cripple Creek district, where,

according to Penrose, in the hard rocks the fissures are sharp, clean-cut

breaks, while in the soft rocks they are ordinarily a series of very small

cracks, constituting a displacement of a kind which I call a distributive

fault. Mines which are partly in hard and partly in soft rock illustrate this,

as the following extract from Penrose will show :

"

The vein on which the Buena Vista, Lee, Smuggler, and Victor mines are located

occupies a sharp, clean-cut fissure, parti}'' in the massive rock and partly in the hard

breccia; but v/hen it passes into the soft, tufaceous breccia on the east slope of Bull

Hill the fissure is represented only by faint cracks occupied by no vein of impoi'tauce.

In this case the force which caused the fissure overcame the cohesion of the harder

rock sufficiiently to make a clean break, but in the more plastic rock it overcame

cohesion only to the extent of causing- a series of faint fractures without any one

well-defined break.

It follows from the above that displacement may disappear at variable

depths. Where there are fractures with large displacement they are likely to

extend to very considerable depths, and in proportion as the displacement is

small they are likely to disappear at less depths. Thus the depths to which

displacenjents extend depend largely upon the character of the rocks. For

instance, in a region in which there is a shale formation at moderate depth

underlying brittle rocks, strong fissures in the higher formations may disap-

pear as they encounter the shale, being there replaced by flexures. Where

formations of shale are between brittle formations fissures may cease at the

top of the shale and other fissures appear below it. Thus ixiay fissures not

only die out below, but may disappear above, the fault along the fissures

being replaced by a flexure in the shale, . which yields by flowage. This is

beautifully illustrated by the Enterprise mine, of Rico, Colo., described by

Rickard and Ransome (see fig. 29, p. 1208), where faulted fissures in sand-

stone and limestone disappear at the place where shale is encountered, the

shale accommodating itself to the fractures below by monoclinal flexures.

(See p. 1204.)

"Cross, Whitman, and Penrose, R. A. F., Geology and mining industries of the Cripple Creek

district, Colorado: Sixteenth Ann. Kept. U. S. Geol. Survey, pt. 2, 1895, p. 144.
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'From the above it appears that openings of tlie zone of the combined

fracture and fiowage comprise all of the classes of openings characteristic of

the zone of fracture. There is, however, the great difference that upon the

average the supercapillary openings are smaller, less continuous, and less

numerous than in the zone of fracture.

Since there is such a great variation in the strength of the rocks and in

other factors, the belt of combined fracture and flowage may be of consid-

erable thickness, jjossibly as thick as 5,000 meters. In this zone we have

all combinations of the phenomena of fracture in the various ways above

mentioned, and of flowage by granulation and recrystallization.

ZONE OF FLOWAGE, OR ZONE OF ANAMORPHISM.

In tne zone of rock flowage deformation is chiefly by granulation and

recrystalhzation, few openings being produced, except those of microscopic

size. (See pp. 658-659, 673-675, 685 et seq.) This conclusion rests upon

arguments which can not here be fully I'epeated.'' However, it may be

said in passing that the conclusion that a zone of rock flowage exists at

moderate depth is based, first, upon deduction from known physical

principles as to the behavior of solid bodies under pressure; and, second,

upon observation. It is well known that when a rigid body, such as a rock,

is subjected to unequal stresses in various directions and the difference in

the stresses is greater than its ultimate strength under the conditions in

which it exists,, it must rupture or flow. If a rock be subjected to a

stress in a single" direction greater than its ultimate strength in that

direction, and the rock is not under pressure in other directions, rupture

occurs. However, if we suppose that the rock be subjected to stresses

greater than the ultimate strength of the rock in all directions, and that

the difference in the stresses in different directions is greater than the

ultimate strength of the rock under the conditions in which it exists, then

if openings could be produced by rupture, they would be closed by
pressure. In other words, at a certain depth below the surface of the

earth, if we could suppose that cracks and crevices are formed by the

deformation to which the rocks are subjected, the pressures in all directions

being greater than the ultimate strength of the rock, these cracks and

"Van Hise, C. R., Principles of North American pre-Cambrian geology: Sixteenth Ann. Rept.

U. S. Geol. Survey, pt. 1, 1896, p. 59-1 et seq.
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crevices would be closed. The rate of closing would depend upon many
factors. (See pp. 766-768.)

Since this conclusion was i-eached, Adams and Nicolson" have

actually deformed marble under the conditions supposed to exist at

moderate depth, with the result that the rock changed its form with no

perceptible openings.

Before the above inductive reasoning- or Adams and Nicolson's

experiments were made, I had become conAdnced from observation that

at moderate depth rocks are deformed with fracture and differential

movements between the solid particles (granulation), and by continuous

solution and redeposition by underground water (recrystallization).

It has been explained (pp. 189-190) that the maximum possible

depth of the zone of fracture for the strongest rocks under quiescent

conditions is not greater than 10,000 or 12,000 meters, and that for the

majority of rocks, and especially under conditions of movement, the zone

of flowage is probably reached at depths much less than this.

OPENINGS OF ZONE OP FLOWAGE.

The openings of the zone of flowage are dominantly subcapillary.

Capillary openings are numerous, but they are not usually continuous for

any considerable distance. Supercapillary openings may exceptionally

exist in the upper part of the zone of flowage in consequence of very rapid

deformation, but such openings are likely to be temporary, for when rapid

deformation ceases they are closed by flowage.

REACTIONS OF ZONE OP FLOWAGE.

The chemical reactions of the zone of anamorphism, as fully explained

in Chapters IV and VIII, are dominantly those of silication, dehydration,

deoxidation so taking place as to decrease volume.

RELATIONS BETWEEN ZONES OF DEFORMATION.

From the preceding pages it is clear that the zones of fracture, of com-

bined fracture and flowage, and of flowage are not sharply separated from

one another.

"Adams, F. D., and Nicolson, J. T., Aii experimental investigation into the flow of marble:

Phil. Trans. Roy. Soc. London, ser. a, vol. 195, 1901, pp. 363-401.
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It is highly probable that ui30u the average the openings of the zone of

fracture gradually decrease in number and size as depth increases, until in

the zone of flowage the openings are, as already explained, microscopic or

nonexistent. If such a gradation exists, it is a necessary corollary that the

deformations of the zone of fracture must have their equivalents in the

deeper-seated zone of flowage. This point is fully discussed elsewhere."

It is explained that with depth, faults are replaced by flexures, and that

any deformation of a large mass of a given rock from one form to another

by fracturing may be imitated by similar changes of form in the zone of

flowage, the result being there accomplished by granulation of the mineral

particles or by their recrystallization, or by both.

Where rocks have been deformed in the zone of flowage and are now

at the surface there is superimposed upon the effects of the deep-seated

deformation the deformation by fracture resulting from earth movements

during the time the rock was slowly migrating through the zone of fracture

to the surface.

EFFECTS OF DEFORMATION AND CHEMICAL CHANGES UPON TEMPERATURE.

Ithas been pointed out in previous chapters that deformation results

in the liberation of heat which may considerably raise the temperature of

the rocks. Indeed, Mallett holds (see pp. 99-100) that deformation may

actually produce enough heat to fuse the rocks. While I dissent from this

conclusion, this view illustrates the importance of the rise of temperature

which may follow from mechanical action.

It has been shown further that a moderate rise in temperature may
increase the activity of the solutions to an amazing extent. Indeed, in a

chemical laboratory a slight rise in temperature is often sufficient to inau-

gurate a reaction which otherwise would not take place, and to increase the

speed of the reaction many fold. It is therefore clear that deformation is

favorable to the segregation of ore deposits in two different ways, first, by

forming openings for a vigorous circulation, and second, by heating the

solutions and thereby greatly increasing their activity.

In the zone of katamorphism the chemical reactions liberate heat, cause

an increase of temperature in the zone in which the ores are mainly segre-

"See Chapter VllI (pp. 776 et seq). See also Principles of North American pre-Cambrian

geology, cit., pp. 674-676, 694-698.
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gated, and tlierefore help to develop the ores. Thus, in this zone, deforma-

tion and chemical reactions both favor the concentration of ores. In the

zone of anamorphism the chemical reactions absorb heat, and to that extent

woi'k against the effect of deformation.

In the western portion of the United States there have been recent

orogenic movements and also recent development of ore deposits. But

correlative with orogenic movements is volcanism, and it is pointed out in the

following section that volcanism also, for various reasons, is favorable to the

segregation of ores. It is therefore exceedingly difficult in any given region

to determine the relative quantitative importance of orogenic movements

and volcanism in the development of the ores. Until this study is seriously

taken up for extensive regions the relative importance of the two must

remain largely a matter of speculation.

VOLCANISM.

The great importance of volcanism in reference to metamorphism has

been fully dealt with in the previous chapters. The vast extent and great

thickness of the Tertiary volcanic rocks afford evidence of the prodigious

quantities of material which may be extruded in a singde geologic period.

It has been explained that correlative with and below these extrusions

probably occurred intrusions on an even A^aster scale. It has also been seen

that important volcanism and extensive orogenic movements are usually

simultaneous in the same regions. The relation between the two is that

of cause-effect. Orogenic movements produce numerous openings, which

extend deeper than those that exist under quiescent conditions. These are

taken advantage of by the intrusive rocks which are being forced toward

the surface, l^he enormous hydrostatic pressure of the upwelling laA^a is

also one of the factors in further fracturing. Consequently there is action

and reaction between orogenic movements and volcanism, each advancing

the other.

Volcanism may promote the development of ore deposits in various

ways.

First. The igneous rocks may furnish metals for the ores. In the case

of a given ore deposit the metal may be almost wholly derived from the

recent igneous rocks, almost wholly from earlier rocks surrounding the

later intrusion, or partly from the two sources. Illustrations will be given

later.
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Second. The igneous rocks may furnish aqueous and gaseous sokitions

which transport the metals to their places of deposition. It is very difficult

to determine the quantitative amount of the solutions of this sort. Where

the igneous rocks are intruded in the zone of fracture, or appear at the

surface in the ordinary forms characteristic of volcanism, it is impossible

to discriminate the gaseous and aqueous material which has always been

within the magma from the solutions which have derived their water from

meteoric sources or from the sea. It is cei-tain that vast quantities of

water of meteoric origin pass into the zone of fracture. In connection

with the water phenomena of volcanic action it may perhaps be doubted if

the water from the sea is important; but there can be no question con-

cerning the effect of water of meteoric origin. Where voluminous hot

springs issue_ in connection with present or past volcanic action all the

evidence indicates that the major portion of this water is of meteoric origin

(pp. 1065-1069). However, it has been pointed out (pp. 661-668) that

in the zone of anamorphism the conditions are very different. It can not

be assumed that there the water is abundantly derived from meteoric sources.

In connection with batholitic action it has been shown that there is complete

gradation between strictly igneous material and material which is ajjparently

deposited from solutions. It has been explained that the water which does

this work is probably in considerable part derived from the magma itself,

although some is doubtless included between the mineral particles and some

is produced by processes of dehydration. But even for this zone it is

impossible to make any quantitative statement as to the relative amounts of

water concerned in the segregation of ores which is derived from emanation

of original magmas and from other sources.

Third. The heat of the igneous rocks may render the solutions vastly

more active in segregating the metals from the intruded rocks. The amaz-

ing increase in the power of solutions to dissolve material in consequence

of rise of temperature has been emphasized (pp. 79-81). The meteoric

solutions adjacent to the igneous rocks must be at a much higher tempera-

tiu'e than normal; therefore their activity is increased many fold. It

follows that where the solutions in sedimentary, metamorphic, or ancient

igneous rocks may not be sufficiently active to segregate the ores even

where the metal exists in sufficient quantity, they may so gain in their

segregating power in consequence of igneous intrusions that ore deposits
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develop. This heating of sohitions in the surrounding strata by igneous

rocks is beheved to be a factor of the most pronounced importance in the

segregation of many ore deposits.

Fourth. The introduction of the igneous rocks may promote fracturing

and thus open channels for circulation. Also, after an igneous rock has

crystallized it continues to cool and to contract. In consequence of its con-

traction trunk channels may be opened along tlie contact of the intrusive and

intruded rock and within the igneous mass. The production of openings is

very favorable to the segregation of ores.

Fifth. Another important function of the igneous rocks is to furnish

impervious basements which control the trunk channels of circulation, as,

for instance, in the Lake Superior region, in the Leadville and Tenmile

districts of Colorado, and in the Mercur district of Utah.

The formation of a given 'ore deposit with the aid of igneous rocks

may be a consequence of any combination of the above factors, and the

relative importance of each factor is variable in different cases. In a given

district the determination of the quantitative importance of each of these

factors is a problem of great difficulty, but one of great economic impor-

tance and scientific interest.

The effect of igneous rocks in the production of ore deposits is differ-

ent in the zone of fracture and the zone of flowage. In the zone of fracture,

as has been fully pointed out, the igneous rocks follow the openings toward

the surface, and when they finally reach the surface are spread out over it.

In the zone of fracture the effects of igneous rocks in the belt of

weathering and in the belt of cementation need separate consideration. In

the belt of weathering, above the level of ground water, intruded rocks are

baked or calcined. They are steamed by the gaseous solutions. It is

possible that in this belt ore deposits may be segregated through the

influence of volcanism, but positive evidence that this is a fact is lacking.

In the belt of cementation the igneous rocks are of great consequence,

Tliere is here the direct effect of heating the intruded rocks, but far more

important than this is the indirect effect in heating the solutions. Where

the temperature rises above the critical temperature of water the solutions

are gaseous. It is, however, believed that the gaseous solutions are prob-

ably closely confined to the borders of the intrusive masses. The chief

effect is believed to be in reference to the aqueous solutions. It will be
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seen that if gaseous solutions are produced in the belt of cementation, where

the openings are numerous and the rocks are saturated, there is a strong

tendency for the gaseous solutions to condense (see pp. 1019-1020). In

this we doubtless have the partial explanation of the dominance in the belt

of cementation of ore deposits, which show all the evidence of having been

deposited by aqueous solutions, although many such ore deposits are con-

tiguous to igneous rocks.

In the zone of flowage the conditions for intrusions and their effects upon

ore deposits are very different from those in the zone of fracture. It has

been pointed out that in the zone of flowage the igneous rocks make their

way by elevating and thrusting the intruded rocks aside, by actually mash-

ing them so as to shorten their diameters at right angles to the intrusives,

and finally b}^ breaking across their structures. The effect of the igneous

rocks is both direct and indirect, as in the zone of fracture. The direct

effect is the heating of the surrounding rocks, their absorption to some

extent, and occasionally even their local fusion. The indirect effect is of

far greater consequence. In this deep-seated zone, where the amount of

water is small and the openings are usually small and discontinuous, it is

highly probable that the solutions are largely gaseous. In all but the

upper parts of this zone the natural increase of temperature, due to depth

alone, is sufficient to raise the solutions above the critical temperature of

water, and thus produce gaseous solutions. Where igneous rocks are

present in large quantity and "contribute heat it is little short of certain

that gaseous solutions are abundant. Therefore it is believed that gaseous

solutions, comparatively unimportant in the zone of fracture, are of gi-eat

importance in the zone of flowage (see pp. 1020-1021).

CIECULATION AND WORK OF SOLUTIONS.

Solutions in rocks occur in two forms, gaseous solutions and aqueous

solutions. Where the underground solutions are referred to without quali-

fication there is no implication as to their state, and they may be as either

one or the other, or partly both. Oftentimes for aqueous solutions the term

water is used, but in such usage it is not meant to imply that the water is

pure. It has been shown (pp. 146-152) that the general forces producing

circulation of solutions are gravity, heat, mechanical action, and molecular

attraction. These forces act very differently and do not have the same
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relative importance in gaseous and aqueous solutions. Therefore the two

classes are considered separately. It will be seen that in the belt of

cementation aqueous solutions are probably of predominating importance

and gaseous solutions very subordinate, and that in the zone of anamor-

phism gaseous solutions are of dominating importance and aqueous solu-

tions subordinate or unimportant.

CIRCULATION OF GASEOUS SOLUTIONS.

The general circulation of gaseous solutions is a function of the

amount of gaseous solutions^ of the absolute temperature of the gaseous

solutions, of the amount of aqueous solutions adjacent, of gravity, and of

the form, continuity, size, and amount of the openings.

The general principle which controls the movement of gaseous solu-

tions is that the gases move from places of high pressure to places of low

pressure. The expansive force of a given amount of gas in a given volume

is directly proportional to its absolute temperature. Other things being

equal, gaseous solutions tend to pass from places of high temperature to

places of low temperature. Tlie higher the temperature the greater its

expansive power, and the more forceful its movement toward places of low

temperature. Therefore heat is a fundamental force in the circulation of

the gaseous solutions. Gravity, of the very greatest importance for aqueous

solutions, is of importance also for gaseous solutions. So far as gravity is

concerned, the same principles apply to gaseous solutions and aqueous

solutions. The heavier column of gas pulled by gravity descends and the

lighter column is forced to rise. Where the columns are of equal length

that of lower temperatui'e descends and that of higher temperature rises.

The circulation of gaseous solutions in the zone of fracture and in the

zone of flowag-e is very different. Moreover, the circulation in the belt of

weathering is different from that in the belt of cementation.

CIRCULATION IN BELT OF WEATHERING.

In the belt of weathering the law of gravity practically controls the

circulation. Where the temperature of the gases is higher than normal

they rise, being driven up by the greater pressure of the adjacent cooler

air. Thus, above the level of the ground water, wherever heated gaseous

solutions are produced they rise in columns of steam, as in the case of

fumaroles and solfataras and in connection with volcanic action.
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CIRCULATION IN BELT OF CEMENTATION.

In the belt of cementation the conditions are very different. Here the

openings in the rocks are normally occupied by aqueous solutions. How-
ever, adjacent to igneous masses gaseous solutions may be produced either

as emanatioiis from the igneous rocks or by the heating of the solutions of

the intruded rocks above their critical temperature, or by both combined.

The surrounding rocks, being occupied by aqueous solutions, serve the pur-

pose of condensers. The conditions are those which would obtain between

steam generated in a boiler connected by many openings with condensers

containing water. Almost as fast as the steam is developed it is liquefied in

the condensers, thus heating the contained water. Thus gaseous solutions

are condensed to liquids almost as rapidly as formed. It is possible that in

the zone of fracture immediately adjacent to a great mass of intrusive

igneous rocks there may be a narrow border area in which the water may

be maintained as a gas and rise toward the surface, because it is driven by

its expansive force from places of high temperature to places of low tempera-

ture, but evidence is necessary upon this point.

In attempting to arrive at the probability of the importance of gaseous

solutions in the zone of fracture it is necessary to consider the manner

in which igneous rocks solidify. It is well known that in this zone the

intrusive igneous rocks ordinarily show sahlbands, giving evidence of

quick chilling and solidification along their borders. From the exteriors

crystallization extends inward. It is therefore plain that the surface of

crystallization is ever a changing one. It should also be remembered that

rocks are poor conductors of heat. It has further been pointed out that as

crystallization and condensation continue openings are likely to form along-

the contacts, and thus give ready passages for water. The question is

whether in the zone of fracture, along the borders of the intrusive masses,

where there is free circulation, the temperature would be long maintained

above the critical temperature of water. It seems to me that the prob-

ability is strongly against this. This probability is confirmed by observa-

tion, which shows that minerals produced along the contacts of igneous rocks

in the zone of fracture are those characteristic of the belt of cementation,

and therefore the same as those known to be produced by aqueous solutions.

Thei-e is therefore no good reason for supposing that ores adjacent to the

igneous rocks in the belt of cementation are commonly precipitated from
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gaseous solutions. But it would not follow that tlie aqueous solutions

precipitating the ores do not receive contributions of gases, water, and

metals from the contiguous igneous rock as it crystallizes and continues to

cool after crystallization.

CIRCULATION IN ZONE OP ANAMORPHISM.

In the zone of anamorphism the conditions are very different. Here

the openings are normally minute and disconnected, although locally and

for a brief time of active intrusion they may be large and continuous.

The amount of water in the surrounding rocks is very small, and the

openings are so minute that it can not make its wav readily toward the

igneous masses. Consequently there is in this zone no condenser available

to transform the gaseous solutions to the liquid condition. The temperature

is certainly high, probably often above the critical temperature of water,

because of the normal increase of temperature due to depth, and because

of the hig'h heat of the igneous rocks. Under these conditions it is natural

to suppose that adjacent to the igneous rocks gaseous solutions are produced

in considerable quantity, probably largely as emanations from the igneous

rocks, but also to an important extent by transformation to the gaseous

condition of the free water of the adjacent rocks and of the water liberated

by the process of dehydration. Gaseous solutions would utilize the large

openings temporarily formed to the fullest possible extent. It has been

explained that the gaseous solutions, having very little viscosity and under

the great pressure of this zone, make their way through the minute open-

ings of the rocks and even between the individual mineral particles. The

gaseous solutions emanating from the igneous rocks and produced from

the surrounding rocks may contain metallic material in considerable

quantity. Such gaseous solutions from various sources would deposit

minerals in the larger openings precisely as do aqueous solutions under

similar circumstances. Ores would probably be deposited even more

extensively as impregnations in the minute openings of the adjacent rocks.

The places where precipitation occurred would be controlled in part by

the strength of the rocks, rigid rocks furnishing openings of a larger size

than those which are more plastic. The localization would be very largely

controlled also by the composition of the rocks. If they were able to

take part in a reaction which would result in a precipitation, this would
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influence the result. For instance, it will be seen (pp. 1086-1087) that

calcium carbonate may be very influential in precipitating the sulphides

from aqueous solutions. It is supposed that the same reactions may take

place with dense gaseous solutions at high temperatures ; indeed, it might

be argued that the calcium carbonate would be even more active with

gaseous solutions than with aqueous solutions. In this connection the very

frequent occurrence of the disseminated ores and deposits with irregular

boundaries, with garnet, pyroxene, tourmaline, and other heavy anhydi'ous

minerals as simultaneously developed gangue minerals in limestone is to

be noted. (See pp. 1052-1056.)

CIRCULATION OF AQUEOUS SOLUTIONS.

The general circulation of aqueous solutions is a function of the amount

of water iu the rocks, of the form, continuity, size, and amount of the open-

ings in the rocks and of difterence in head, difl'erence in temperature, and

mechanical action.

As to the amount of water in openings, in some cases the openings are

not full and in some the}" are full, or the rock is saturated. Where the

rocks are not saturated the chief forces producing circulation are gravity

and molecular attraction. Gravity tends always to carry the water down-

ward. Molecular attraction, or what is ordinarily called capillarit}', tends

to draw the water to places where the pore spaces have little water. It

therefore is an effective force onlj- where the rocks are not saturated with

water. In the saturated rocks the forces producing movement are gravitj',

heat, and mechanical action. Where the rocks are saturated hydrostatic

pressure is active, and therefore under these conditions flowage is usiiallv

much more rapid than where the rocks are not saturated. The flowage is

also rapid in proportion as there is unequal head and unequal temperature

in the two columns. The movement of water caused by gravity is due to

the unequal weights of the columns of moving water. The unequal weight

may be due to difference in the lengths or in the temperatures of the vertical

columns or the two combined. That difference in length gives difference in

weight is obvious. Where two connected columns of water have unequal

temperature, the cooler column is the denser of the two, and therefore

under these circumstances gravit}- in connection with heat produces circu-

lation. In regions where the increment of heat is normal, there may be



1022 A TKEATISE ON METAMORPHISM.

movement due to difference in temperature, but probably it is of great

consequence only where the heat increment of one column is more than

normal on account of mechanical action or of igneous rocks, or both.

Mechanical action may squeeze out the water in the openings of rocks or

possibljr even some of the combined water and thus produce circulation.

(See pp. 149, 661-665.)

Where the rocks are saturated, whatever the cause of the flow of under-

ground water, the direction of movement is from places of greater pressure

to places of less pressure. A current going in any direction is evidence of

an excess of pressure in the rear of the current. Thus, water which enters

by seepage or through capillary tubes into a larger opening, such as a

fissure, must be under greater pressure than the column of water into which

it makes its way. Whether the motive force in the movement of the water

be difference in gravitative stress, of deformation, or any other cause, the

excess of pressure resulting in movement is behind the current. In propor-

tion as the opening approaches a circular form the flow increases because

the friction between the moving water and the film of fixed water upon the

walls is less per unit volume. The more continuous the openings, the more

rapid is the flowage. Flowage increases as the size of the openings increases.

In super-capillary openings the ordinary laws of hydrostatics apply, and

therefore the flowage may be very rapid. In capillary openings the laws

of capillary flow apply, and the movement of water is slow. Where the open-

ings are subcapillary, the attraction of the mineral particles extends from wall

to wall, the water films are glued to the rocks, and flowag-e is inappreciable.

Flowage increases as the amount of openings or the pore space increases.

'So much for the laws controlling the general circulation of aqueous

solutions. The combinations of the various factors are so fundamentally

different in their effects in the zone of fracture and zone of combined frac-

ture and flowage that further statement is necessary in reference to them

CIECULATION IN ZONE OF FRACTURE, OR ZONE OF KATAMORPHISM.

In the zone of fracture a great many openings are of super-capillary

and capillary size, and many of them are continuous. It is clear that in

this zone the conditions are very different in the belt of weathering above

the level of ground water where the rocks are commonly not saturated and

in the belt of cementation below the ground water where the rocks are

saturated. Each belt requires consideration. .
.
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BELT OP WEATHERING.

The belt of weathering comprises the belt at the surface of the earth

in which the rocks are not continuously saturated with water. Its thick-

ness is ordinarily between and 300 meters; it is commonly less than 100

meters, but in the arid regions it may be exceptionally 1,000 meters. In

the belt of weathering the openings in rocks are upon the average more

numerous, and larger than in any other belt. The amount of water present

may vary from a very minute fraction of the amount required to fill the

pore spaces to saturation. Therefore there is greater variation in the

amount of water in the belt of weathering than in any other belt. The water

is derived from rainfall and from the belt of saturation. At a given place,

the rainfall varies greatly from time to time and there is much variation in

the amount of water. It is shown (see pp. 416-423) that the forces

which control the movement of aqueous solutions in this belt are gravity

and molecular attraction and that these work directly and also through

plant roots and mechanical movements.

So far as ore deposits are concerned, the direct actions only are

important. Gravity steadily tends to carry the water downward. Molec-

ular attraction ever tends to carry the water from places of more abundance

to places of less abundance. The movements of the water due to these two

factors are very complex in the upper portion of the belt of weathering,

but for the middle and lower portions the movement of the ground water

is mainly controlled by gravity. Therefore in these parts of the belt the

water usually steadily descends. In considering ore deposits this is the

fundamental point in connection with the belt of weathering, as the lateral

movements and the ascending movements are unimportant.

The level of ground water for a given area is not fixed, and in conse-

quence of its variation a certain layer near the boundary between the belt

of weathering and the belt of cementation, may alternately be in one belt

and in the other. There are various causes for this fluctuation, of which

changes in amount of rainfall, orogenic movements, and denudation are

important. Where uplift and denudation are the rnle, the belt of weathering

migrates steadily downward and consequently encroaches on the belt of

cementation. Where there is subsidence and valley filling it is not uncom-

mon for the belt of weathering to be encroached upon by the belt of

cementation. These transfers from one belt to another will be seen to be

of considerable importance in the genesis of ore deposits.
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BELT OF CEMENTATION.

The belt of cementation is the belt between the bottom of the belt of

weathering and the top of the zone of flowage. Since in places the rocks

are saturated to the surface of the ground, and since in the strongest rocks

the depth of the zone of flowag-e under the most favorable conditions may
reach 10,000 to 12,000 meters, the possible maximum thickness of the belt

of cementation is 10,000 to 12,000 meters. The average thickness of the

belt of cementation is probably less than 5,000 meters. Since the tempera-

ture increases 1° C. for 30 meters, the water in the lower part of the belt

of cementation is above the boiling point for atmospheric pressure. Indeed,

if the belt of cementation extends to a depth of 10,950 meters, the water

at this rate of hicrease would have a temperature of 365°, or the critical

temperature of water. But it has been shown (pp. 5')6-56 9) that, not-

withstanding the high temperature of the water up to the critical point,

the pressure is sufficient to hold it in the form of a liquid. Where median

ical movements or igneous intrusions have taken place the increase of

temperature may be higher than 1° C. for 30 meters. But it the critical

temperature be not reached, the increment of temperature must be very

much greater than this amount in order that the water shall be changed to

the form of a gas. (See pp. 566-569, 659-660.) Igneous intrusions at

various times and places have doubtless raised the water above the critical

temperature, but such water does not come under the subject now being

considered.

The circulation of aqueous solutions in the belt of cementation is vig-

orous and extensive. The evidence for this is abundant. First, it is known

that a considerable percentage of all meteoric water reaches the belt of

cementation. All of this water except the inappreciable portion which

enters into combination, after a longer or shorter journey in this belt, must

somewhere again issue from it, unless a part of it makes its way downward

into the zone of anamorphism, and there is no evidence to show that it does

this. (See pp. 665-667.) The vigor of the circulation in the belt of cemen-

tation is further shown by the almost incredible number of springs carrying

a vast volume of water, all of which are supplied by water from this belt.

The water issuing from the belt of cementation in springs is pi'obably only

a small fraction of that wliich passes to the overground circulation by

seepage through many small widely dispersed openings. (See pp. 413-423,

571-589.)
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The strongest evidence of the vigorous and extensive character of the

circulation in the belt of cementation is the fact, so strongly emphasized

on pages 562-565, that cementation is universal in it. Wherever porous

rocks have lona: remained in the belt of cementation an enormous amount

of material has been deposited by underground aqueous solutions. In

most cases where the porous rocks have been deeply buried in this

belt for geological ages cementation is nearly or quite complete. Thus

great sandstone formations have been transformed to quartzite by deposi-

tion of interstitial silica. In the San Juan district of Colorado great tuff

formations of Tertiary age have been completely cemented. In order to

get an idea of the original porosity of this formation it should be compared

with the very recent porous cinder cones made up of bombs and lapilli,

such as occur at many places in the West, as for instance near Flagstaff,

Ariz. These cinder cones are so porous that rain water, however great its

amount may be, passes into them as it would into a sieve, and therefore

performs no work of erosion. Indeed, it seems as if the process of erosion

of such deposits could scarcely begin until the openings had been partly

filled by the process of cementation. Yet in the San Juan district of Colo-

rado thousands of meters of tuffs originally as porous as these have been

so perfectly cemented that the microscope scarcely discovers an opening

except those which have been produced by recent fracture since cementa-

tion. The fillings of the major and minor openings are continuous physic-

ally and are composed of the same kind of material. No one who has

studied such a formation as this can doubt that the general cementation

and the filling of the fractures were performed by the same agent.

In general, in the rocks which have been long within the belt of cemen-

tation, the innumerable bedding partings, faults, joints, fissility and breccia-

tion openings have been closed. The complete cementation of the more

porous sandstone and tuffs requires the deposition of mineral material to

the extent of 30 to 40 per cent of the volume of the rock. It has been

shown (pp. 571-572) that to have accomplished this work the amount

of water which circulated through the rocks probably in most cases must

have been 100,000 or more times as great as the material deposited.

Further, in case of the San Juan tuffs, the enormous amount of water

required to deposit the immense mass of cementing material j)assed through

the rocks since early Tertiary time.
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Wherever rocks are exposed which once possessed numerous and large

openings and which have been in the belt of cementation for a long time,

their general cementation gives conclusive evidence of a vigorous past circu-

lation. In consequence of the process itself the openings become smaller and

smaller; consequently the circulation less and less vigorous until, when the

process of cementation is complete or nearly so, the circulation becomes very

feeble. Thus in many regions, humid and arid, alike, where there has been

vigorous underground circulation, and where great quantities of material

have been deposited by the aqueous solutions, the circulation now may be

relatively unimportant. At many mining districts these conditions now
exist. At the time of rapid deposition of the ores there was a pervasive

and vigorous circulation which, as cementation continued, gradually became

less and less, and finally practically ceased. But after the ground-water

circtilatiou becomes feeble or practically stops, in consequence of cemen-

tation, earth movements may again fracture the rocks, and thus a new
circulation be inaugurated which results in further cementation and perhaps

in further concentration of ore.

In such cases the amount of the present circiilatfon is proportional to

the fracturing which has taken place so recently that the openings formed

have not had time to be filled again. In contrast with the circulation in

formations containing numerous large openings is that in rocks which con-

tain few openings larger than subcapillary size—such as shales and the

massive igneous rocks. In rocks such as these, unless orogenic movements

produce capillary or super-capillary openings, the circulation may never be

vigorous. The existence of impervious formations, either original or pro-

duced by the processes of cementation themselves, will be shown later to

be very important factors in the general circulation of underground waters

and in the localization of ore deposits.

The aqueous circulation of the belt of cementation for homogeneous

mediums is fully discussed on pages 571-589. It is thei'e seen that

the movement of the water may be resolved into two components—hori-

zontal or lateral movements and vertical movements. In simple cases

these components are usually combined in such a way that the lateral com-

ponent is continuously in the same general direction, and the vertical com-

ponent of the cm'ved path is first downward and later upward. (See figs. 7

to 11.) But in areas of marked topographic relief a part of the water may
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move continuously downward from the place where it enters the rock to

where it issues from it. The form of the curved path is influenced by

many factors of which the increase in temperature with depth, limiting

formations, the preferential use of large channels, the relative lengths of

the vertical and horizontal components are the more important.

The greater the temjDerature the less the viscosity of water. At 90° C.

the viscosity is only one-fifth as great as at 0° C, and at 300° C. the vis-

cosity may not be more than one-twentieth of the amount at 0° C. Since

the flowage in capillary openings, Avhich is the prevalent abundant kind in

rocks, is inversely as the viscosity, the increase of temperature with depth

is plainly favora,ble to deep penetration.

The movement of any aqueous circulation is practically stopped by

strata in which all or nearly all of the openings are subcapillary. In the

most favorable case for depth this would be the bottom of the zone of frac-

ture. In many cases, however, limiting strata are found at very moderate

depths, and there may be several limiting strata bounding perviotis strata.

(See fig. 12.) In all such cases a given circulation is stopped by the lim-

iting strata, and the lines of flow are thiis severely confined. The influence

of limiting impervious strata upon the ground-water circulation is well

illustrated by many of the artesian systems. Of the various combinations

which result in artesian flow a limiting impervious stratum above a per-

vious stratum is the most common.

In general it may be said for a system of circulation that the entire

available cross section is utilized, but not imiformly. Other things being

equal, the more direct route is used to a greater extent than a less direct

one, and therefore the remoter corners of a water system may have rela-

tively small circulations.

Since the vertical movement of ground water is at a maximum confined

to the zone or fracture, it can not exceed 10,000 or 12,000 meters, and

commonly is much less than this. Indeed, in many systems of circulation

the greater part of the water does not reach a depth as great as 1,000

meters.

There is no assignable limit to the extent of the lateral movement, but

commonly it is longer than the vertical movement, in many cases hundreds

or thousands of times longer. For instance, in the artesian circulation of

the Dakota sandstone the horizontal journey of tlie water is at least from the
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Black Hills to the James River Valley, about 400 kilometers, whereas

the vertical circulation is limited to a depth less than 1,000 meters. In this

case the vertical journey is insignificant in magnitude as compared with the

horizontal journey. While this is an extreme case, in general the horizontal

journey is several to manj^ times longer than the vertical journey.

Large channels are utilized to a much greater extent than small chan-

nels. This preference for large channels frequently amounts to dominance,

particularly for the latter part of the journey. Large channels may be

called the trunk channels of circulation. The importance of trunk channels

is due to the fact that (1) large channels are likely to be more direct

than smaller channels, and (2) the friction along the walls per unit of

water is very much less than in capillary and in subcapillary channels.

In the belt of cementation, as a rule the channels are larger and more

numerous in its upper part, and steadily diminish in number and in size

with depth. Therefore large channels tend to produce a shallow circulation,

and thus counteract the influence of lessened viscosity with depth and

the effect of gravity, which tends to produce a deep circulation. (See pp.

578-582.) The preferential use of trunk-channels leads to the conclusion

that fault, joint, and bedding-parting openings, and those of conglomerates,

all of which are likely to be of supercapillary size, are largely utilized by

the ground-water circulation.

As a matter of observation, it is well known that the water which joins

the belt of cementation is distributed throughout the belt, and that it enters

at an infinite number of points. It is further known that at least a large

part of the water issuing from the belt of cementation emerges from trunk

channels. Combining these facts with the principles controlling the circula-

tion, it follows that the circulation of the belt of cementation is analogous

to that of a tree, the twigs and branches of which have an important down-

ward component, the medium branches of which are approximately hori-

zontal, and the trunk channel of which usually has an upward component.

CIRCULATION IN ZONE OF COMBINED FRACTURE AND FLOWAGE.

Circulation in the zone of combined fracture and flowage is intermediate

in its nature between that of the zone of fracture and the zone of flowage.

It has been pointed out (pp. 766-768) that as the bottom of the zone

of fracture is approached probably the openings decrease in size, until
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they approach those of subcapillaiy size which are characteristic of the

zone of flowage. But because of variations in the nature of the rocks

this change does not take place uniformly, but irregularly. Hence one

would expect that in formations where the deformation is mainly by

fracture the movement of the water would be similar to that of the zone of

fracture, but less vigorous, and that where the deformation is mainly by

flowage the movement of the water woultl be unimportant.

CIRCULATION IN ZONE OF FLOWAGE, OR ZONE OF ANAMORPHISM.

In the zone of flowage, which corresponds to the zone of anamorphism,

the circulation of water is very different from that in the belt of cementa-

tion. While much of the water in the upper parts of this zone is probably

liquid, ill the deeper parts of it, and in those parts where recent orogenic

movements or great batholithic intrusions have occurred the solutions prob-

ably reach a temperature higher than 365°, and therefore are in the gaseous

condition.

The openings of the zone of anamorphism are for the most part sub-

capillary and discontinuous. They are not only small in size, but small in

total volume. In the zone of anamorphism, therefore, the quantity of free

water at any one time is very small as compared with the zone of fracture.

So far as the solutions in the zone of anamorphism are aqueous they are

mainly glued to the walls of the subcapillary openings, and the circulation

under conditions of quiescence is extremely slow. If there were no addi-

tions to the free water, doubtless the circulation would be unimportant so

far as ores are concerned. But it is shown (pp. 662, 679-680) that one

of the most characteristic reactions of the meta,morpliism of this zone

is liberation of the combined water by dehydration, thus continually

adding to the amount of free water. It is certain that this excess of free

water is squeezed out of the zone of anamorphism, and it is shown

(pp. 665-667) to be highly probable that the major movement of this

liberated water is upward into the zone of fracture rather than downward
into the ceutrosphere. This highly heated water carries with it carbon

dioxide liberated by the process of silication and as much mineral material

as it is able to transport.

This upward movement may be largely as gaseous rather than as

liquid solutions. So far as this is true the laws of these solutions apply

rather than those of aqueous solutions.
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SOURCE OF THE METALS.

The nature of the rocks which contribute the metallic salts has been

much discussed. "With Sandberger," I have little doubt that the metallic con-

stituents of ores are in large part derived from the igneous rocks which have

been intruded into or extruded upon the lithosphere. In my paper on

"Some principles controlling- the deposition of ores," as originally published/

I strongly advocated the idea that igneous rocks are tlie direct source of

some ores, that they are the ultimate source of all ores, and that the heat of

the igneous rocks is of fundamental importance in the segregation of the

ores. The igneous rocks as a source of metallic ores are especially impor-

tant at periods of exceptional volcanism. At such times there rise from

the lower parts of the lithosphere, and possibly to some extent from the

centrosphere, enormous masses of igneous rocks which are injected into

the zone of fracture or brought to the surface. While, during the middle and

later portions of geological time the magmas which came into the zone of

fracture or were spread over the surface of the earth were derived from

unknown depth, it is entirely possible that, during the early stages of the

earth's history, magma very generally existed near or at the surface, and

that such magma may have furnished a portion of the metals which now

occur in ore deposits, although in such cases doubtless the metals have

been distributed and redisti'ibuted again and again. From the earliest

geological time the, igneous rocks have been the original source of the

sedimentary rocks, although their immediate source may have been other

sedimentary rocks. From the sedimentary and igneous rocks metamorphic

rocks are produced. Therefore the original source of all ore deposits is

believed to be magma.

I have further held that there is every gradation between igneous action

and aqueous action, or, as I have stated it "under proper conditions water

and liquid rock are miscible in all proportions."" I believe that there are

complete gradations between purely igneous pegmatitic dikes and purely

aqueous vein material. (See pp. 720-728.) Moreover, in previous papers'*

"Sandberger, F., Untersuchungen fiber Erzgiinge, Wiesbaden, 1885, 2d Heft, pp. 159-431.

"Trans. Am. Inst. Min. Eng., vol. 30, 1901, pp. 27-177.

<•' Van Hise, C. R. , Principles of North American pre-Cambrian geology : Sixteenth Ann. Kept. U. S.

Geol. Survey, pt. 1, 1896, p. 687.

<iYa.n Hise, C. E., Metamorphism of rocks and rock flowage: Bull. Geol. Soc. Am., vol. 9, 1898,

V. 299. Also this monograph, Chapter VII, pp. 566-569; Chapter VIII, pp. 659-660.
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and in this monograph I have emphasized the point that if at any time tlie

temperature of the solutions exceed 365° C. they are necessarily gaseous.

I have also held that there is every gradation from ore deposits produced

by pure inagmatic differentiation through those deposited by gaseous

solutions to ores produced by the work of imderground water at ordinary

temperature. "'

But it has been explained (see pp. 1014-1016) that igneous rocks

influence the segregation of ores in other important ways than by contrib-

uting the metals, viz, by heating the solutions of the siuTOunding rocks

and furnishing hot solutions to them, by producing channels for circula-

tion, and by furnishing impervious formations so as to converge solutions

into trunk channels.

Le Conte pointed out many years ago that the undoubted frequent

occurrence of workable ore deposits in regions of volcanism may be

explained by the heat furnished by the igneous rocks, thus promoting the

work of underground solutions.'' That the heat furnished by the igneous

rocks is a very important factor in the production of the ore deposits, I have

no doubt. Since it is often difficult to prove that the metallic content of

an igneous rock is original, it is impossible to make any general statement

as to whether the -metallic content or the heat furnished by the igneous

rocks is the more important in the production of the ore deposits. It seems

clear to me that both are very important ; and equally clear that in many

cases both work together. That is to say, an igneous rock may furnish all

or a part of the metal which appears in an ore deposit, and the heat of the

same igneous rock may greatly assist its concentration by underground

waters of meteoric origin.

While the later igneous rocks are the undoubted source of some,

perhaps many, ore deposits, it is also equally certain that another large

part is derived from the sedimentary rocks and the metamorphosed, or

partly metamorphosed, igneous and sedimentary rocks. As a case clearly

illustrating the importance of igneous rocks in increasing the activity of

solutions and enabling them to derive a large amount of material from the

adjacent sedimentary rocks, there may be mentioned the Mammoth Hot

«Van Hiae, C. R., Some principles controlling the deposition of ores: Am. Inst. Min. Eng., vol.

30, 1901, pp. 174-175.

''Le Conte, Jos., On the genesis of metalliferous veins: Am. Jour. Sci., 3d series, vol.26, 1883,

p. 10.
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Springs of Yellowstone National Park. At this place there issues a

vast amount of Avater, and g-reat, brilliant travertine deposits, consisting of

almost pure calcium carbonate, have been built up." In this vicinity are

Tertiary sediments which include limestones. There can be no doubt in

this case that the waters are heated by the igneous rocks, and that the

source of the material which is dissolved by the heated waters is the

intruded sediments and not the igneous rocks. The case is particularly

conclusive, because the geyserite deposits in the adjacent basins where

sedimentary rocks are not close at hand consist of silica. If the heat of

the igneous rocks can be so effective in promoting the st)lutions of vast

quantities of calcium carbonate in the adjacent sedimentary rocks, may it

not be equally effective in dissolving a sufficient amount of gold, silver,

and copper, so that in a deposit a fraction of an ounce of gold, a few

ounces of silver, or a few per cent of copper may be found f

It is also certain that many ore deposits derive their metalliferous

content in part from the intrusive and in part from the intruded rocks.

Probably this is the most frequent of all cases. To give an estimate of the

relative amounts of metalliferous metals derived from the original igneous

rocks and from the secondary rocks is quite impossible.

Recently there has been a strong tendency among many geologists to

maintain that the metals in ore deposits are mainly or wholly derived from

almost immediately adjacent igneous rocks. As already intimated, this is

undoiibtedly true in many cases. For instance, where there is a great

complex of aqueous and igneous rocks of many different kinds and the

ores are always intimately associated with one particular kind of igneous

rock and no other, it is ver}?- probable that the source of the metal is the

intimately associated igneous rock. Such cases are rather numerous. An
excellent illustration is furnished by the copper-nickel deposits of Sudbury,

which are invariably associated with norite. Another case in which it.

is believed that the ore is mainly derived from the igneous rocks is that of

the copper deposits of the Lake Superior region, which occur in amygda-

loids and conglomerates, but a portion of the copper was probably leached

from the conglomerates. This belief is not based upon the fact that these

ores occur to a considerable extent within openings of the amygdaloids,

« Hague, Arnold, AVeed, W. H., Iddings, J. P., Yellowstone National Park: Geol. Atlas U. S.,

folio 30, U. S. Geol. Survey, 1896.
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for the conglomerate deposits are even more important, but it is based

upon the fact that copper, both in the native form and to a less extent as a

sulphide, is sparsely disseminated throughout the basic Keweenawan lavas

of the entire Lake Superior Basin. This broad relation has much greater

significance to me with reference to the source of the metal than does the

association of the ore with an igneous deposit at a particular mine.

Spurr notes substantially the same relations between the ore bodies of

the Monte Cristo district of Washington and the associated tonalite. He
says that metallic sulphides are everywhere noticeable throughout the tona-

lite; that scarcely a cross fracture occurs through which there has been

water circulation and not some concentration of sulphides; and that in the

solid tonalite itself there are local segregations of sulphides. Furthermore,

he says there are all gradations from these bimches of sulphide in the

fractured rocks through a slight dissemination of sulphides to the ore

deposits along the major fractures, such as those of the Mystery and Pride

mines. Accepting this statement of fact, there is strong warrant for the

suggestion of Spurr that the ores are derived "directly by concentration

from the tonalite in which they lie.""

While in many instances it is therefore believed that a contiguous

igneous rock is the main source of the metal for ore bodies, by some this

connection is over-em23hasized, and the cases in which this is not true are

often ignored. Doubtless this is a consequence of the fact that gold and

silver are usually in mind when ore deposits are considered. Gold and silver

ores may rather frequently be derived largely from recognizable igneous

rocks, but to a very large extent, even for gold and silver, the immediate

source of the metal in the deposits heretofore exploited was not the original

igneous rocks. For instance, placers, which have yielded more gold to the

world than any other form of deposit, have derived their metals from veins,

from previous placers, and from the widely dispersed gold in many kinds

of rocks. Much of the gold of many placers has been worked over by the

processes of nature several times.

If we turn to iron, a metal of vastly greater importance than gold and

silver combined, in few or no deposits now exploited can the metals be said

to be derived directly from igneous rocks. Again, the deposits of lead and

aSpurr, J. E., The ore deposits of Monte Cristo, Washington: Twenty-second Ann. Kept. U. S.

Geol. Survey, pt. 2, 1901, pp. 828-829.
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zinc of the Mississippi Valley, from which 90 per cent of the zinc and more
than 20 per cent of the lead of the United States are mined, have certainly

not derived their metals directly from igneous rocks. It is rather probable

that the metals for these deposits, originally in rocks of unknown origin,

have been taken into solution in the belt of weathering, have been trans-

ported to the sea, and there precipitated in minute quantities at the time the

magnesian limestone formations of the Mississippi Valley were built up.

The immediate source of the metals for the present deposits is agreed by
all who have closely studied them to be the Cambro-Silurian limestones.

The conclusion is reached that these rocks are really the source of the

lead and zinc, because almost everywhere through the great Cambro-Silurian

limestones small amounts of these metals are found. In cracks and crevices

at innumerable localities there are very minor segregations of galena and

blende, but not in sufficient amount to constitute ore deposits. Further-

more, Robertson has made analyses of the fresh solid Cambro-Silurian

limestone where it showed no galena or blende to the eye, and very small

amounts of lead and zinc were found."

Thus the reasons leading to the conclusion that the Cambro-Silurian

limestone is the source of the lead and zinc ores of the Mississippi Valley

are precisely the same as those leading to the conclusion that the Keweena-

wan lava is the main source of the copper deposits of the Lake Superior

region.

If these oi-e deposits in limestones are derived from the sediments,

why should it be assumed, in cases of ore deposits in sedimentary rocks,

especially in limestones cut by igneous rocks—as in the copper districts

of Arizona and New Mexico, in the Leadville, Tenmile, and Aspen

districts of Colorado, in the Mercur district of Utah, in very many other

places in the United States, and at a greater number in other parts of

the world—that the associated igneous rocks, frequently subordinate in

volume, constitute the sole source of the metals lead, copper, gold, zinc,

and iron?

The foregoing facts show that the source of the metal for an individual

district is not to be ascribed a priori to igneous, sedimentary, or metamor-

phic rocks, but can be determined only after an inductive investigation of

the facts. The metal of a district may be derived from the late igneous

"Winslow, Arthur, Lead and zinc of Missouri: Missouri Geol. Survey, vol. 7, 189-1, p. 480.
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rocks, from ancient igneous rocks, from sediments, from metamorphosed

rocks, or from any combination of the above. When the important eco-

nomic districts of the world are inductively studied, and certain knowledge

obtained, I believe that it will be discovered that a great number, if not the

majority, of ore deposits are not the result of a single segregation, but are

the accumulated fruits of a great interrupted process of segregation, a part

of the metals for the deposits having been worked over many times by the

metamorphic processes.

According to this view, it has been shown in Chapter XI, on the

redistribution of the elements, that a general result of metamorphism and

accompanying processes is that many of the secondary rocks are dejDleted

in reference to each metal, and that correlative with such depletion other

deposits are formed in which each metal is segregated. Since these

processes result in deposits in which each of the common metals is

segregated, why should we hold that the metal of a present deposit of

gold or silver or copper is derived solely from an immediately adjacent

igneous rock unless evidence for this be conclusive? The natural view is

that the metallic ore deposits of the world are, broadly, the accumulated

results of the processes of segregation carried on throughout geological

time.

While it is held that the metals for very numerous and im^jortant ore

deposits do not have their immediate source in igneous rocks, it is recog-

nized, as stated at the outset, that ultimately the metals for all ore deposits

are probably to be traced back to igneous rocks. Since leaving their

original positions the metals for many ore deposits have been transferred

and segregated here arid there until they reached the places where they

are now found.

It is recognized that this general statement as to the sources of metals

for ore deposits will be unsatisfactory to many persons, as every one is more
or less influenced in his view by his own personal experience and by the

particular metals which he, has studied, but it is not the purpose of this

chapter to consider individual districts, except as they illustrate principles.

It is properly the part of the geologist or mining engineer who studies an

individual district to find the source of the metals. In many cases careful

investigations can undoubtedly determine this point, as, for instance, in the

Lake Superior iron region. In other districts, however, the most exhaustive



1036 A TREATISE ON METAMORPHISM.

study may not enable the investigator to determine the source of the metals.

This is especially likely -to be true of ore deposits produced by ascending

waters from a somewhat deep circulation. The underground waters may
have their sources of supply in rocks which do not reach the surface, and

have not been penetrated by the mine workings.

In concluding this part of the subject it may be suggested that in

many instances mistakes have been made in assuming that some one for-

mation, sedimentary or igneous, is the sole source of the valuable metals.

Such an assumption is particularly prevalent in papers descriptive of gold

and silver deposits. In many districts where there are a number of sedi-

mentary and igneous rocks I have no doubt that the silver and gold are

partly derived from two or several formations.

PART II. SEGREGATION OF ORES.

GENERAL STATEMENTS.

We are now prepared to consider each of the divisions of ores. It

will be seen that the different divisions, groups, classes, and subclasses

of ores are based upon the last dominant genetic process concerned in

their production. It has just been explained that there has been a steady

redistribution of the metals, each of them being taken away from some
of the foi-mations, and, corresjDouding with this, segregated elsewhere.

Looked at from this point of view, an existing ore deposit may represent

the result of segregations by many processes throughout geological time.

Thus, if the full history of a metal in a given ore deposit were known it

might be found that at different times parts of it had been segregated by
various sedimentary, igneous, and metamorphic processes. Not only is

this so, but the segregations by these various processes may have occurred

and recurred. It is therefore manifestly impossible to give the full history

of ores, or to apply a genetic classification to them which does not restrict

itself to the later dominant processes which resulted in the segregation of

the ores at the particular places where they now are. Even thus restricted

it will be found that some ore deposits placed in one division or class could,

with almost equal plausibility, be placed in another.
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DITISIOX A. ORES PBODUCBD BY PROCESSES OF SEDIMENTATION.

Since ores produced by processes of sedimentation do not properly

fall within the scope of a treatise on metamorphisra, they will be considered

only to the extent necessary to show their relation to the division of ores

somewhat fully discussed—that produced b}^ processes of metamorphism.

The ores produced by processes of sedimentation may be divided into

two groups—those formed by chemical precipitation, and those formed by

mechanical concentration.

ORES FORMED BY CHEMICAL PRECIPITATION.

Ores produced by chemical precijjitation comprise some of the iron,

manganese, and aluminum deposits.

Bog deposits of iron oi'e, of recent origin and doubtless in some cases

within older rocks, are the direct results of chemical precipitation. The

processes by which these develop—the leaching of the metal from the land

areas, and its transportation and precipitation as limonite in shallow bodies

of watei'—have all been fully treated in connection with the development

of iron carbonate and limonite (see pp. 824-829, 842-845), therefore the

process will not be here again described. Some manganese deposits are,

in part at least, the direct result of chemical precipitation, the lines of

development being the same as those of limonite.

Hayes holds that certain bauxite deposits also are the result of chem-

ical precipitation. According to his Adews the aluminum for some of the

bauxite deposits of Arkansas was taken into solution by underground water,

was brought to the surface by springs which issued into a shallow sea,

where the aluminum and iron oxides were chemically precipitated. (See

Chapter XI, p. 985.) Since these deposits are considered in the chapter

on the redistribution of the elements nothing fui'ther will be said here in

reference to them.

Aluminum and iron are the most abundant of the metals, while man-

ganese is rather plentiful. Again the law of mass action applies. The

abundant metals are those which are likely to be thrown down as chemical

sediments in sufficient amount to constitute ore deposits.
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ORES FORMED BY MECHANICAL CONCENTRATION.

Mechanical concentrates may be divided into residual deposits, stream

deposits, and beach deposits. The term placer, originally used for stream

deposits, has been, in some cases, extended to seabeach deposits." The
principles which result in the production of residual deposits, stream

deposits, and seabeach deposits are the same.

The valuable materials segregated have a high specific gravity and

are relatively indestructible. In consequence of their capacity to resist

mechanical wear and chemical solution they are segregated in alluvial

deposits, in the sands and gravels of streams, and on beaches of lakes

and oceans, because the other constituents are transported, worn, or dis-

solved more readily than is the resistant valuable product. In the pro-

duction of residual deposits the capacity of the valuable material to resist

solution is of dominating importance, and in the production of beach

and stream deposits the valuable material must have power to resist both

solution and wear.

The ores produced by mechanical concentration comprise both metals

and oxides. The important metals belonging to this group are gold, plati-

num, iridium, and osmium. Practically all of the last three metals which

have been exploited have been derived fi-om placers. But of the metals

produced by processes of sedimentation gold is the one of dominating

importance. To the end of the nineteenth century a very large fraction

of all the gold extracted from the earth by man was derived from placers.

The oxides which occur as mechanical concentrates are those of tin

(cassiterite) and iron (magnetite). For the first of these compounds the

placer deposits are of great importance, but for the iron oxides are relatively

unimportant. Although nmch cassiterite has been taken from veins, for

many years the chief supplies of tin ore have come from the East Indies

—

the so-called Straits tin—and all except a relatively insignificant amount

of this cassiterite has been derived from mechanical concentrates.'' The

Malay Peninsula now produces almost 50 per cent of the tin of the world;

«Schrader, F. C, and Brooks, A. H., Some notes on the Nome gold region of Alaska: Trans. Am.
Inst. Min. Eng., vol. 30, 1901, pp. 236-247.

''Rolker, C. M., The production of tin in various parts of the world: Sixteenth Ann. Kept. U. S.

Geol. Survey, pt. 3, 1895, pp. 458-492.
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the adjacent islands, Banea and Billitou, produce about 25 per cent.

Doubtless this tin is of the same origin as that of the Malay Peninsula.

Thus it appears probable that substantially 75 per cent of the tin of the

world is derived from mechanical concentrates.

"

In a small way magnetite beach sands have been utilized. Those of

New Zealand are best known.*

An excellent illustration of an iron-ore deposit produced by mechanical

conceiitration was that of Iron Mountain, Missouri, where considerable

masses consisting: of well-rounded bowlders of hematite" were found scat-

tered over the mountain as a residual deposit and buried in pre-Cambrian

ravines under Cambrian and Silurian deposits.

METAMORPHIC ALTERATIONS OF SEDIMENTARY ORES.

No sooner are ore deposits produced by processes of sedimentation

than they are subject to the metamorphic processes, and thus are modified

to a variable extent. Sedimentary deposits, whether originally formed in

the belt of weathering or in the belt of cementation, later may be in the

belt of weathering, in the belt of cementation, in the zone of anamorphism,

or partly in one and partly in another. In each case the deposit is

subject to the metamorphic processes of the horizon in which it may be.

Where a deposit is in the belt of weathering, the material may be dis-

solved to some extent and the metal carried downward into the belt of

cementation. If a deposit is in ' the belt of cementation valuable minerals

may be added to or taken away from it as a consequence of the work of

underground water. If the iTiaterial is partly in the belt of weathering and

partly in the belt of cementation a portion of the material dissolved in the

belt of weathering may be carried downward and deposited in the belt of

cementation, and thus the lower part of the deposit enriched at the expense

of the upper part. If the material reaches the zone of anamorphism it may
there undergo the alterations of that zone. After having been subject to

the metamorphic effect of a certain belt or zone a deposit may be trans-

ferred to another belt or zone and thus the alterations of this zone be

f'Penrose, E. A. F., jr., The tin deposits of the Malay Peninsula, with special reference to the
Kinta district: Jour. GeoL, vol. 11, 1903, pp. 135-154.

''Birkinbine, John, The production of iron ores in various parts of the world: Sixteenth Ann.
Kept. U. S. Geol. Survey, pt. 3, pp. 29-186, 186.

<;Nason, F. L., Iron ores of Missouri: Geol. Survey Missouri, vol. 11, 1892, ]ip. 27-3
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superimposed upon the previous alterations. These later alterations by

metamorphism, like the earlier ones, may greatly diminish or greatly

increase the value of the oi'iginal sedimentary deposit. In consequence of

the varying action of the secondary metamorphic processes an ore deposit

may be chiefly due to the direct processes of sedimentation or chiefly due

to metamorphic processes. There are therefore all gradations between

deposits produced solely by tlie processes of sedimentation and those

formed entirely by the processes of n:ietamorphism.

This is especially well illusti-ated by the gold placers. Many of these

deposits are in large part in the belt of weathering, but extend downward

into the belt of cementation. It has been repeatedly explained that in the

belt of weathering ferric and cupric sulphates and chlorides are produced.

These are capable of dissolving g-old. Doubtless other solutions are

formed which have similar power. Wherever these solutions traverse

placers it is little short of certain that the gold is dissolved to some extent.

The material may be dissolved in the belt of weathering, transported

downward to the belt of cementation, and there precipitated; and thus one

part of the deposit may be enriched at the expense of another; or

solution may take place throughout a deposit and, in consequence, a

placer be imjjoverished; but the abstracted material may be precipitated

in another deposit, so that correlative with the depletion of some deposits

there may be enrichment of others.

The formation of placer deposits has not been restricted to the present

geological period. It is highly probable that throughout geological time

placer deposits of greater or less richness have been produced, although it

is likely that those in early geological times were comparatively small. In

many cases as denudation continues the material of placers is largely

transported to the sea, and so forms beach deposits. It at first might be

thought surprising that so few ancient beach deposits of gold have been

found, but this is partly explained by the fact that gold is undoubtedly

dissolved in sea water, since the ocean contains compounds capable of

dissolving this metal. When the gold is transported to the seabeach, it is

in a very favorable position to be finely ground by attrition, and in this

fine condition is especially subject to the solvent action of the sulphates

and chlorides of the sea. It has been estimated that in sea water there is

a greater amount of gold than has been extracted from the earth by man.
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While some of this gold was midoubtedlj transferred to the sea in solution

by the streams, it is believed to be probable that a major part of it was

transferred to the sea by the streams mechanically, and by the action of

the sea upon the beach deposits the gold was dissolved.

River deposits and beach deposits may in consequence of physical

changes be buried imder later deposits, and thus pass far down into the belt

of cementation or even into the zone of anamorphism. They are then

subject to all the metamorphosing processes of the belts in which they

occur. In the belt of cementation the circulating underground water will

superimpose its work. As illustrating this principle may be mentioned the

difference of opinion which exists as. to the great gold deposits of the Rand.

These deposits, according to Becker, are dominantly marine beach deposits,"

although he agrees that the gold has been rearranged to some extent by

underground water,'' thus explaining the crystallized character of portions

of the gold and the existence of gold in cracks within the quartz pebbles."

But Becker holds that not more than a minute fraction of 1 per cent of the

p'old has been introduced from an extraneous source. Others have held

that the Rand deposits are of alluvial origin, i. e., stream placers; and still

others believe that the gold was deposited from solution at the time the

gravels accumulated.'' Upon the other hand, Curtis^ and Hammond •'^ both

insist that all of the gold was deposited by underground water, and there-

fore the deposits belong to the class produced by processes of metamorphism.

Recently an excellent statement of facts in reference to these deposits

has been made by de Launay." According to this author the gold exists

in pyrite contained in the siliceous cement, together with other metamorphic

minerals, such as chlorite and muscovite. Much of the pyrite is rounded

like rolled grains, but a larger part is well crystallized and presents sharp

angles. De Launay is unable to decide between the hypotheses (1) of

"Becker, Geo. F., The Witwatersrand banket, with notes on other gold-bearing pudding stones:

Eighteenth Ann. Eept. U. S. Geol. Survey, pt. 5, 1897, pp. 160-177.

''Becker, cit, p. 171.

(^Becker, cit, p. 176.

f? Becker, cit., pp. 169-170.

"Curtis, J. S., The banket deposits of the Witwatersrand: Eng. and Min. Jour., vol. 49, 1890, pp.
200-201.

/Hammond, John Hays, Gold mining in the Transvaal, South Africa: Trans. Am. Inst. Min. Eng.,

vol. 31, 1902, pp. 841-845.

ffDe Launay, L., Observations on the Rand conglomerate: Eng. and Min. Jour., vol. 75, No. 14,

1903, pp. 519-521.
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placer deposits, (2) of simultaneous chemical precipitation with mechanical

accumulation of the gravel, and (3) of introduction of the gold into the

conglomerate by underground waters since its formation. He rejects

the idea of a combination of these, saying that "this would only uselessly

complicate the hypothesis." It seems to me that the only hypothesis

which explains the facts is a combination of the placer and metamorphic

processes.

Where two men differ so radically as do Becker and Hammond, the

truth may lie between, as is so often the case. Each is possibly partly

right and partly wrong. It is natural to think that a given ore deposit can

not be produced partly by the j)rocesses of sedimentation and partly by
underground water. These two classes of deposits are automatically

assumed not to grade into each other, whereas it is perfectly clear that such

gradation may and probably does exist. It may therefore be suggested

that a closer study of the Rand deposits will show that they are partly in

the nature of mechanical sediments and partly in the nature of deposits

segregated by underground water. If this be the fact, study should be

directed to determine the quantitative impoi'tance of each.

The placers of California and New Zealand furnish an instance in

which it is certain that both mechanical concentration and later chemical

modification by underground water have played a part."* In these placer

deiDOsits, and especially in the deep jDlacers, crystallized gold occurs not

infrequently, and it must be held that at least the rearrangement of this

gold has been due to the work of the iinderground water since the formation

of the placers. If this be admitted, the question at once arises as to what

extent gold has been added by the circulating waters since the placers were

formed. The added gold may have been derived from the leaner upper

portion of the placers, from the sun-ounding rocks, including the veins,

or in part from both sources.

It is clear from the foregoing that mechanical concentration or second-

ary metamorphic action may be the dominant factor in producing a suffi-

cient amount of segregation to make an ore deposit, or both may be

necessary in order to accomplish this work.

The chemical and mechanical ore deposits particularly well illustrate

the principle that ores can be classified only upon the basis of the last

"Gordon, H. A., H5'steromorphous auriferous deposits of tiie Tertiary and Cretaceous periods in

New Zealand: Trans. Am. Inst. Min. Eng., vol. 25, 1896, pp. 292-301.
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process which is concerned in their seg-regation. Ahnost any one of these

deposits illustrates the idea. For instance, a sedimentary deposit of bog-

iron or manganese is finally concentrated by precipitation of these materials

in a marsh or lagoon. But the earlier stages of the work of segregation are

by underground water, and if this part of the work were considered the ores

would be classified as metamorphic. Again, the mechanical concentrates,

are not mainly segregated from the sparsely dispersed metal in the original

rocks, but are segregated from previous segregations, which may be the

result of igneous, sedimentary, or metamorphic processes, or some combina-

tion of the two or three. To illustrate, the^ gold placers of the Sierra

Nevada chiefly derived their gold from the vein deposits of the same

mountain system. The segregation of the gold within these veins is

the most im23ortant part of the process and it will be considered under the

work of underground water, but the last process—mechanical concentra-

tion—produced the placers and it must be taken as the basis of classi-

fication. Similar statements could be made with reference to the residual

cassiterite of the Malay Peninsula or the residual iron ore of Iron Mountain,

Missouri.

DIVISION B. ORES PRODUCED BY IGNEOUS PROCESSES.

Ores produced by igneous processes, like those produced by processes

of sedimentation, do not jji'operly come within the scope of this treatise

upon metamorphism. They will, therefore, be considered only so far as

necessary to show their relation to the ores prodixced by processes of meta-

moi'phism.

Ores directly produced by igneous processes are regarded as a small

division by those who have most closely studied them. The recent advo-

cates for a direct igneous origin for certain ore deposits include Vogt, Beck,

Kemp, Spurr, and others. Emmons" has also favored the idea of at least a

first concentration of the metallic contents of ores by processes of differen-

tiation of igneous rocks, more particularly the basic rocks. Spurr has

recently well summarized the principles which result in the segregation of

ores by magmatic processes.''

f'Emmons, S. F., Geological distribution of the useful metals in the United States: Trans. Am.
Inst. Min. Eng., vol. 22, 1894, pp. 53-95. The mines of Custer County, Colo.: Seventeenth Ann. Eept.

U. S. Geol. Survey, pt. 2, 1896, pp. 470-472.

^Spurr, J. E., A consideration of igneous rocks and their segregation and differentiation as related

to the occurrences of ores: Trans. Am. Inst. Min. Eng., vol. 33, 1903, pp. 288-341.
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Since upon the whole Vogt has most closely studied ores produced by

magmatic segregation, and has been the most vigorous advocate for the

existence of such, I quote froin him a paragraph giving a list of deposits

which he believes to be of igneous origin:

Ore deposits formed by simple magmatic differentiation are confessedly infre-

quent, and therefore relatively subordinate in importance to other classes. Under

this head may be named: (1) The occurrences of titanic iron ores in basic and inter-

mediate eruptives, perhaps also of iron ores in acid eruptives; (2) those of chromite

in peridotites and their secondary serpentines (and also according to J. H. Pratt,

those of corundum in the peridotites of North Carolina)
; (3) a number of deposits of

sulphide ores, particularly the nickeliferous pyrrhotites occurring in gabbro (at Sud-

bury, Canada, Lancaster Gap, Pennsylvania, manj^ places in Norway and Sweden,

and Varallo, in Piedmont); (4) according to some authorities, the auriferous pyrites

of Rosslaud, British Columbia; (5) according to B. Lotti, the high-grade copper

ores occurring in serpentinized peridotites in Tuscany and Liguria, Northern Italy

(for instance at Monte Catini), and analogous occurrences in other regions; (6) the

occurrences of metallic nickel-iron (without economic value) in eruptive rocks; (7)

those of the platinum metals in highly basic eruptive rocks, etc.

It may be pretty safely assumed that the foregoing list will be enlarged by

future investigations, though it can never become very extensive."

Of these classes the first mentioned, the titanic iron ores, is probably

the largest. This class of ore deposits has been elaborately considered by

Vogt, and a full list of illustrative localities is given by him.'' Of such ore

deposits the only ones with which I am familiar are the titaniferous mag-

netites at the base of the Duluth gabbro in the Lake Superior region.

While I have not studied these deposits closely I have no reason to dissent

from Vogt's belief that they are differentiation products of the gabbro

magma. Recently Lindgren has described a very large titanic iron ore

deposit at Iron Mountain, Wj^oming, which I understand him to believe to

be derived by magmatic segregation from an igneous rock." The tot^

mass of titaniferous iron ores is large, but much of this material is of low

grade. It is for the most part high in titanium, averaging about 12 to 20

per cent of titanium oxide, but occasionall}^ having as little as 3 per cent."*

a Vogt, J. H. L., Problems in the geology of ore deposits: Genesis of ore deposits, 2d ed., pub-

lished by Am. Inst. Min. Eng. 1902, pp. 642-643.

6Vogt, J. H. L., Weitere Untersuchungen iiber die Ausscheidungen von Titaneisenerzen in ba-

sischen Eruptivgesteinen: Zeit. fiir prak. Geol., Jahrgang 1900, pp. 233-242, 370-382; Jahrgang 1901,

pp.- 9-19, 180-186, 289-296, 327-340.

"Lindgren, Waldemar, A deposit of titanic iron ore in Wyoming [a paper presented to the

Geological Society of Washington]: Science, new ser., vol. 16, 1902, pp. 984-985.

''Kemp, J. F., Titaniferous iron ores of the Adirondacks: Nineteenth Ann. Kept. U. S. Geol.

Survey, pt. 3, 1899, pp. 387-388.
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In consequence of their low grade and the difficulty of smelting them,

titanium ores are at present of little or no economic importance. In the

future, when high-grade nontitaniferous ores are exhausted, or nearly

exhausted, it is possible that such ores will be an important future resource

for iron.

In connection with iron ores produced by magmatic segregation the

question naturally arises as to why they are titaniferous. Tlie answer is

substantially that they are titaniferous because they are magmatic segrega-

tions. The fnagnetite in diabase, gabbro, and other basic rocks is almost

universally titaniferous. This being true, it naturally follows that where

this magnetite is segregated in sufficient quantity to be an ore such ore is

titaniferous.

So far as I know, all of the iron ores which have been shown to be

magmatic segregations are titaniferous. The majority of the great iron-ore

deposits which are at present worked are known to have been produced by

the action of aqueous solutions. (See pp. 1193-1197.) In view of this fact

and the history of titaniferous magnetites, it seems to me highly probable

that none of the nontitaniferous ores of iron are magmatic segregations, -x

Certain corundum deposits are the result of direct igneous processes.

For instance, the corundum syenite of eastern Ontario, Canada, is to all

appearances, as shown by its textures and structures, a coarse igneous

rock." Apparently the magma was so very aluminous that at the time of

crystalhzation not all of the alumina was able to combine with the various

acids, and hence a part of it separated as an oxide, or corundum, precisely

as iron oxide, which does not unite with the acids.

As to the production of titanic magnetite and corundum ores by

magmatic processes there is no difference of opinion. But it appears to

me that a point which should be emphasized in this connection is that

aluminum and iron are the two most abundant metals of nature, and

therefore they are the ones which are most likely during crystallization of

magmas to segregate as oxides to such an extent as to produce ores.

The extent to which magmatic segregation must take place in order to

produce an igneous ore of iron or aluminum is comparatively small. To

illustrate, the average amount of metallic iron in original igneous rocks is

4.64 per cent,'' and in the basic rocks in which magmatic iron ores occur it

"Miller, W. G., Economic geology of eastern Ontario; corundum ami other minerals: Rept.

Bureau of Mines, vol. 7, pt. 3, 1898, pp. 210-213.

"Clarke, F. AV., Analyses of rocks, laboratory of the U. S. Geol. Survey, 1880-1899: Bull. U. S.

Geol. Survey No. 168, 1900, p. 15.
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is more than this, being 8.66 per cent in the Duluth gabbro of Minnesota."

Therefore to produce an ore body by magmatic segregation in such a rock

as this the iron need be increased only about seven times. The production

of ores of the less common metals by direct magmatic segregation is an

entirely different matter. In the original igneous rocks the amounts of

copper, nickel, cobalt, gold, silver, etc., are usually so small as not to be

detected by assay. In order to produce ores of these metals segregation

must take place many fold, probably in all cases more than a hundredfold,

and in many cases probably a thousand or many thousand fold. Those

who maintain that an ore deposit of any of these less common metals is

produced wholly by magmatic segregation should determine the ratios

between the amount of metal in the original igneous rock and in the ore,

and show that the igneous processes have segregated the metal to that

extent.

These considerations apply to the other cases of ore deposits held by

Vogt to be due to magmatic segregation and to the gold-ore deposits

referred by Spurr to the same processes. Thus to segregate chromite from

peridotite and the sulphides of the less common metals from igneous rocks

by magmatic processes alone would require an amount of segregation

which is yet to be proved. Of the sulphides ores that of nickel is the one

which has most strenuously been held to be due to magmatic segregation.

Of nickeliferous pyrrhotites, I have seen deposits at only one localit}",

near Sudbury, Canada, where they are associated with norite. I shall not

deny that a first segregation of these deposits along the border of the

norites may have taken place in part as a consequence of magmatic differ-

entiation. Walker '' states that in certain cases near the center of the

norite masses there is comparatively little pyrrhotite, and that in passing

toward the borders the amount steadily increases until the ore deposits

ai'e reached. But so far as I have seen the deposits there is a great differ-

ence between the nickeliferous norite and the deposits which are mined, a

difference between a comparatively small and a high percentage of sulphide.

It is these high-grade products which I hold were certainly to a large

extent pi-ecipitaied from circulating solutions. The increase in the amount

« Wiiichell, A. N., Gabbroid rocks of Minnesota: Am. Geol., vol. 26, 1900, p. 374.

''Walker, T. L., Geological and petrographical studies of the Sudbury nickel district, Canada:

Quart. Jour. Geol. Soc. London, vol. 53, 1897, p. 52.
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of sulphide in passing from the center to the border of a norite area is just

what one would expect, even if the material had been segregated b)^ circu-

lating solutions, since the trunk channels for circulation are frequently along

the borders of intrusive masses, and at such places solutions from the

igneous and adjacent rocks extensively mingle. At Sudbury almost con-

clusive evidence of segregations by solutions is furnished by distinct veins

of pure sulphides, evidently formed in openings in the norite. Both walls

of some of the veins are impregnated with ore in varying degrees. The

impregnation is greatest at the walls, and in passing from them the amount

of sulphide gradually lessens until none is visible." Tn short, the phe-

nomena are absolutely identical with those which Lindgren has described

as especially characteristic of metasomatic processes along the walls of

fissure veins.

It may be suspected that a close study of some of the other nickel-

iferous deposits will show somewhat similar phenomena. To what extent

circulating underground solutions have concentrated the nickeliferous

deposits of Norway and of Varallo in Piedmont I do not venture to say.

Nor do I express any opinion as to the part which magmatic segregation

has played in the production of the auriferous pyrites of Eossland, British

Columbia, and the high-grade copper ores described by Lotti; but Lind-

gren, as the result of careful studies by himself and previous studies by

King and Raymond, states that the Rossland deposits are metasomatic

replacements rather than magmatic differentiations '' It is to be noted that

the copper ores described by Lotti and tliat chromite ores described by

Pratt" are in serpentinized peridotites.

In those cases in which the ores are in much altered rocks the question

certainly should be asked as to what extent the ores have been modified

by the processes of alteration. In the other cases, in which no evidence of

secondary action is mentioned by Vogt, it certainly is a proper subject of

« While this volume is going through the press a paper by Dickson on the ore deposits of Sudbury

has appeared (Ore deposits of Sudbury, by Charles W. Dickson: Trans. Am. Inst. Min. Eng., vol. 3-t),

Avhich gives a full summary of the views that others have held in reference to the genesis of the Sud-

bury ores and contains an elaborate discussion of the facts of occurrence of these ores. As a consequence

of his elaborate study, Dickson concludes that "while magmatic differentiation has gone on to some

extent, the sulphides are not the result of it." He says further: "It might be safely stated that at jaresent

the whole weight of the evidence points to the secondary formation of the Sudbury ore bodies as

replacements along crushed and faulted zones, with only minor indications of open cavities."

''Genesis of ore-deposits: Am. Inst. Min. Eng., 2d ed., 1902, pp. 564-565.

cPratt, J. H., Occurrence, origin, and composition of chromite: Trans. Am. Inst. Min. Eng., vol.

29, 1900, pp. 22-24.
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inquiry as to what extent magmatic segregation lias produced the deposits

and to what extent subsequent metamorphic action has been influential. I

suspect it will be ascertained, as is so frequently true of ore deposits, that

in some of the cases cited the ores, instead of being due to a single process

at one period, are due to a combination of processes. Even if a first segre-

gation were made by direct igneous action, as maintained b}'' Vogt, such

deposits may have been further enriched by metamorphic processes after

the first concentration. (See pp. 1235-1236.)

Concerning the occurrence of metallic nickel-iron in eruptive rocks,

and platinum in hig-hly basic rocks, it may be merely remarked that such

deposits are not ores. It is well known that not only these, but various

other metals, such as copper, occur widely distributed in igneous rocks, and,

indeed, it has been shown that in such rocks, directly or indirectly, all ores

have their ultimate source. But before the term "ore" can be properly

applied to such rocks it should be shown that there is at least a reasonable

chance that the economic conditions will be such that some metal may some-

time be exploited with profit. It follows that the occurrence of sparsely

disseminated metals of various kinds through igneous rocks has no bearing

upon the question of the segregation of ores by igneous processes alone.

Spurr, holding that pyrrotite veins are due to magmatic segregation,

has applied the same exjDlanation to the gold-quartz veins of the Yukon."

He says the pure quartz veins are produced at the final stage of crystalliza-

tion in connection with igneous rocks when the residue "is little more than

hot siliceous water, which contains, besides silica, small quantities of many

other rock elements which have not been taken up by the rock-forming-

minerals."* Later, but with no further field study or additional evidence,

Spurr goes somewhat further in his views toward magmatic segregation.

Explaining the origin of the Yukon and other gold-bearing quartz veins,

he says:

Therefore it has been concluded that certain quartz veins in the Yukon district

(part, at least, of which are auriferous) have originated by a process of magmatic

segregation, which has separated them from other materials while in the state of

aqueo-igneous fusion (the condition of mohen rock in general), and that thej' repre-

sent the sihceous extreme of that process. From this standpoint, they are a variety

of the igneous rocks. But it has been shown that as magmas become more sihceous

a Spurr, J. E., Geology of the Yukon gold district, Alaska: Eighteenth Ann. Eept. U. S. Geol.

Survey, pt. 3, 1898, pp. 311-316.

''Spurr, cit., p. 312.
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thejr also contaia more water; so, when the stage of quartz veins is reached, the

magma is believed to be so attenuated that it may best be described as water highly

heated and heavily .charged with mineral matter in solution."

He further states that there is no great difference between veins

originating in this manner and those having other origins. On this point

he says: "A quartz vein originating by magmatic segregation often might

not be distinguishable from one formed in the many other ways which are

possible.'"' The only difference which he suggests between gold-qua;rtz

veins of magmatic origin and those deposited by aqueous solutions is that

the gold ores supposed to be produced by inagmatic segregations are

"without the admixture of so great pi'oportions of the commoner metals as

is usual in ore deposits.'"" Spurr, however, gives no reasons showing the

applicability of this criterion. From my own point of view, I should regard

it as applying in the reverse dii'ection. That is to say, if the exceedingly

rare metal, gold, be segregated by magmatic processes to such an amazing-

extent as to produce an ore deposit, it seems to me to be exceedingly likely

that other metals would be segregated in connection with the gold ores so

as to be present in greater amounts than usual.

Since Spurr gives no certain criteria by which gold-quartz veins sup-

posed to be produced by magmatic segregation are to be discriminated from

those formed by solutions, I take the conservative view that gold-quartz veins

have their origin in solutions, and I ask for positive evidence from those who

assert that such quartz veins are produced hj magmatic segregation alone.

In general, concerning the production of ores of the metals other than

those of iron and aluminum by magmatic segregation alone, I repeat that it

seems to me that the enormous amount of segregation required should be

taken into account, and that it should be most conclusively shown that this

process alone produces the ores before the conclusion be accepted that during

the crystallization of the magma segregation took place to the necessary

extent.

While Vogt," Beck,'* Lindgren," and others believe in a direct igneous

«Spurr, J. E., A consideration of igneous rocks and their segregation or differentiation as related

to the occurrence of ores: Trans. Am. Inst. Min. Eng., vol. 33, 1903, p. 311.

6 Spurr, cit., p. 311.

<^Vogt, J. H. L., Problems in the geology of ore deposits: Trans. Am. Inst. Min. Eng., vol. 31,

1902, pp. 131-147.

''Beck, R., Lehre von der Erzlagerstatten, Berlin, 1901, pp. 700.

"Lindgren, Waldemar, Character and genesis of certain contact deposits: Trans. Am. Inst. Min.
Eng., vol. 31, 1902, pp. 242-244.



1050 A TREATISE ON METAMORPHISM.

origin of certain ore deposits, they hold that far more numerous and impor-

tant ore deposits" are of contact-metamorj)hic origin instead of the result of

direct igneous action. This view is an old one supported by von Cotta/

von Groddeck/ de Launay,'' and many others. Still others have used the

word "contact after-action" apparently as marking a grade of deposit

between contact metamorphic deposits and deposits laid down by aqueous

solutions.

' Lindgren, considering the phenomena of pegmatitization under the

principle already mentioned, that liquid rock and water are miscible in all

proportions, has suggested a relation between pegmatite veins and ore

deposits; but he is careful to say that the relation between the pegmatites

and quartz veins must be proved, and that this has not yet been done.

He further says that the California, Idaho, and. Oregon gold-quartz veins

show no relation whatever to pegmatitic dikes. He also calls attention to

the auriferous quartz veins of North Carolina, described by Pratt, which

occur together with barren lenses of pegmatitic quartz."

Thus Lindgren, who has studied the gold-quartz veins of the United

States more extensively than any other geologist, recognizes the fact that

so far as his observations go the pi'oductive auriferous gold-quartz veins,

even if associated with and possibly dependent upon pegmatitic action, are

not the deposits which have ordinarily been referred to as pegmatites.

Although strongly holding that the majority of fissure veins are "genetically

connected with bodies of intrusive rocks,"-'' Lindgren states that in those

great fissure veins which he has studied in the West he has not been able

as yet to identify the igneous rocks with which the veins are connected

genetically. Further, he says that the waters which deposited gangue min-

erals of the gold-quartz veins and gold "are chiefly surface waters, which,

after a circuitous underground route, have found in a fissure an easy path

on which to return.""

«Vogt, J. H. L., Problems in the geology of ore deposits: Trans. Am. Inst. Min. Eng., vol. 31,

1902, pp. 137-140.

i Cotta, B. von, Erzlagerstatten im Banat und in Serbien, Wien, 1864.
'

« Groddeck, A. von, Die Lehre von den Lagerstatten der Erze, Leipzig, 1879, p. 260.

f? Launay, L. de. Traits des gites mineraux et m^talliferes, Paris, vol. 2, 1893, pp. 245-258.

« Lindgren, AValdemar, Character and genesis of certain contact deposits: Trans. Am. Inst. Min.

Eng., vol. 31, 1902, pp. 243-244.

/Lindgren, Waldemar, Metasomatic processes in fissure veins: Trans. Am. Inst. Min. Eng., vol. 30,

1901, p. 691.

£/Lindgren, cit., p. 691.
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Vogt, although so strong an advocate for igneous action, does not

inchide among ore deposits formed by eruptive after-action in connection

with pegmatite veins any gold, silver, copper, lead, zinc, or iron deposits.

There is therefore agreement between Vogt, Lindgren, and myself upon the

fundamental point that the great class of ore deposits which have been

known as contact metamorphic deposits were deposited by undergi'otind

solutions. There is also agreement that the igneous rocks in various

instances constituted the partial or chief source from which the metals are

derived. There is further agreement that the waters which deposited the

materials were hot, and derived their heat largely from the igneous rocks.

It follows from this that we agree that the ores were mainly put into

their present places during the time in which the igneous rocks were

able to produce a contact effect through hot solutions. There is also

agreement that the water depositing the ores was derived from two sources,

the ordinary circulating underground waters and water derived from the

crystallization of the magmas themselves. So far as the waters were

derived from the latter source, it is further agreed that in many cases they

were rich in metalliferous material, and therefore unusually effective.

Probably in some cases solutions from the igneous rock were more

important than those of the meteoric origin.

In a genetic classification of ores upon the basis of agency there is no

place for the contact deposits. It does not follow that no ore deposits are

produced in connection with contact metainorphism. Contact metamorphic

ores must be produced by direct magmatic processes and therefore be

igneous ore deposits, by gaseous solutions, by aqueous solutions, or by
some combination of the three. In other words, the terms contact meta-

morphism and eruptive after-action are too vague to give any precise meaning

with reference to the deposition of ores. That this is so is shown by the

very different usages of the words "contact metamorphism" and "eruptive

after-action" by different authors. It is perfectly clear that different

deposits, or even the same deposit, produced in connection with contact

metamorphism or eruptive after-action may belong partly to igneous ores,

gaseous ores, and aqueous ores. Shortly after intrusion there may be

magmatic segregation along the border of the igneous rocks; later, in the

process of cooling, additions may be made to the ore deposits by gaseous
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solutions; and still later, when tlie rocks have further cooled, further

additions may be made by aqueous solutions. Indeed, I suspect that a

considerable number oL ores have had such a composite history, viz, first,

segregation by magmatic processes, further segregations by gaseous

solutions, and finally segregations by aqueous solutions. I hold this latter

stage to be commonly the one in which occurs the final concentration

necessary to make a deposit of value, and therefore entitled to the name of

ore. In the field the general tei^ms "contact-action," to cover all of these

three kinds of work, and "contact metamorphic ores," to cover the total

result, may be useful; but one can not make a classification of ore deposits

in which he introduces at the same time contact metamorphic ores and the

classes of igneous ores, gaseous solution ores, and aqueous solution ores.

DITI8IOK C. ORES PRODUCED BY PROCESSES OF METAMORPHISM.

It is believed that ore deposits produced by processes of metamorphism

are of dominant importance. While ore deposits produced by processes of

sedimentation and by igneous processes are of great consequence, they

together are subordinate in importance to those produced by processes of,

metamorphism.

Ores produced by processes of metamorphism may theoretically be

divided into two groups—those deposited in their present positions by
gaseou's solutions and those deposited in their present positions by aqueous

solutions.

The second group is believed to be more important than all other ore

deposits. I hold, therefore, that the dominant agents which deposited ores

in their present positions are aqueous solutions. How important is the

group of ores deposited by gaseous solutions is uncertain, as the criteria

have not been fully worked out by which these deposits can certainly be

discriminated from those precipitated from aqueous solutions.

GROUP A. ORES DEPOSITED BY GASEOUS SOLUTIONS.

Ores deposited from gaseous solutions comprise all those ores which

are precipitated from gaseous mixtures of all kinds. They therefore include

all deposits actually formed by pneumatolytic, fumarolic, and solfataric

action. That ore deposits have been precipitated from gaseous solutions
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has been a favorite hypothesis ever since ores were a serious subject for

investigation. The idea goes back as far as Elie de Beaumont," who sup-

posed that the majority of ore deposits were thus produced. "This theory

has been especially applied to ores of mercury and tin. During the last

ten years the idea has again been taken up and emphasized by a consider-

able number of vigorous advocates, of whom Yogt, Beck, Lindgren, Weed,

and Kemp are well known.

Recently Weed'' gave a classification of ores in which he separates

pneumatolytic deposits, fumarolic deposits, and gas-aqueous deposits, giving

each as one of the major classes. The deposits here placed by Weed
together comprise a very large proportion of ore deposits. Spurr*" also has

given a classification of ore deposits in which contact metamorphic deposits,

deep-seated gaseous deposits, fumarolic deposits, and solfataric deposits are

recognized as classes. Weed divides his pneumatolytic, fumarolic, and

gas-aqueous deposits into subclasses and groups. Moreover, the ores of

gold, silver, and copper of many well-known districts are assigned to each

of these classes and to the various subdivisions of the classes. However,

neither Weed nor Spurr gives the criteria by which he distributes the

various ores among the pneumatolytic, fumarolic, solfataric, and gas-

aqueous deposits. Nor are the criteria even given by which deposits are

known to be formed by gaseous solutions. It has been shown that the

heavy anhydrous minerals of the zone of anamorphism probably develop

at temperatures above that of the critical temj)erature of water. (See pp.

182-185, 685.) This has led me to hold that where such minerals have

developed with ores formed from solutions, such solutions are gaseous.

But I am unable to formulate any criteria, except purely theoretical ones,

which subdivide the deposits of gaseous solutions into pneumatolytic,

fumarolic, and solfataric. Indeed, I hold that the entire class of ore

deposits produced by gaseous solutions, while important, is small as

compared with ores deposited from aqueous solutions.

Ores deposited from gaseous solutions above the critical temperature

of water may conceivably be produced in the zone of anamorphism in con-

"Bull. Soc. g(5ol. de France, 2d ser., vol. 4, 1846-47, p. 1249.

6 The genetic classification of ore bodies, a proposal and a discussion (including papers by AV. H.
Weed and J. E. Spurr): Eng. and Min. Jour., vol. 75, 1903, pp. 256-258.
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sequence of the normal increase of temperature with depth. But probably

ore deposits belonging here are more commonly produced in connection

with eruptive rocks or orogenic movements, or both; that is to say, the

eruptive rocks and earth movements are important factors in raising the

water above its critical temperature. It has already been seen that ores

may grade from those deposited by igneous agencies to those deposited bv
aqueous agencies. At one end the ores are the result of magmatic

processes; at the other end the ores are deposited by water. At an

intermediate stage it is to be supposed that ores may be deposited from

gaseous solutions above the critical temperature of water, viz, 365°.

LiiKlgren says: "We may assume with great confidence that at the

contacts of intrusive rocks with a sedimentary series the temperature usually

exceeded 365° C, and the pressure 200 atmospheres."" Theoretically one

would expect that rather frequently in connection with great intrusive

masses, and especially in connection with batholitic masses, the water in

the surrounding rocks would be raised above its critical temperature, and

therefore that its action is pneumatolytic. But the practical question is con-

cerning the importance of gaseous solutions in connection with the ores.

What are the ores which were thus deposited? What are the criteria by
which they may be identified! The only metallic deposits which Vogt

regards as produced by eruptive after-action in the sense of pneumatolytic

action, are cassiterite veins.* Beck agrees in regarding the tin deposits of

Zinnwald, in Saxony, as due to pneumatolytic action."

While it may be possible that some tin deposits may be produced by
magmatic segregation or pneumatolytic action, it by no means follows that

all of the tin or even a greater part of it is of this origin. Recently Penrose

has visited and studied the deposits of the Malay Peninsula.'' Here, as is

well known, the greater poiiion of the tin is actually obtained from the

alluvium; but Penrose's studies have shown that the tin of the alluvium has

its original source in veins in the granite axis of the peninsula and in the

limestones flanking this axis. The ore in these rocks is associated with

sulphides, such as bornite and chalcocite, and occurs in veins which have

«Lindgren, Character and genesis of certain contact deposits, Trans. Am. Inst. Min. Eng., vol. 31,

p. 238.

6 Vogt, cit, pp. 132-137.

i^The origin of ore deposits (discussion by E. Beck): Trans. Am. Inst. Min. Eng., vol. 31, 1902,

p. 945.

<^ Penrose, jr., R. A. F., The tin deposits of the Malay Peninsula, with special reference to those

of the Kinta district: Jour. Geol., vol. 11, 1903, pp. 135-154.
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all the characters of ordinary water-deposited veins, and which are substan-

tially alike both in the granite and in the limestones. Were it not for the

cassiterite there would be no reason to suggest that these deposits differ in

any way from other vein deposits produced by luiderground water. (See

pp. 1058-1065.) As already pointed out, about 75 per cent of the tin of

the world is produced in the Malay Peninsula and from Banca and Billiton.

The product is mainly a mechanical concentrate, but the cassiterite for

this concentrate is derived from the veins in the limestone and granite.

Therefore probably 75 per cent of the present product of tin was deposited

from aqueous solutions.

Lindgren finds from his study of metasomatic processes in fissure veins

that topaz, garnet, tourmaline, and biotite occur as important metasomatic

minerals in connection with certain ore deposits. But the metasomatic

minerals which are found in an overwhelming preponderance in ore deposits

are those which are produced by water action in the belt of cementation,

viz., hydrous silicates, carbonates, oxides, etc.

The metallic ore deposits which contain anhydrous minerals Lindgren

divides into three classes, (1) topaz-cassiterite veins, (2) tourmalinic gold-

copper veins, and (3) biotitic gold-copper veins." Lindgren's description of

these veins shows that usually they are not in the igneous rocks, but

are largely replacement deposits in adjacent rocks. Pyrrhotite and chal-

copyrite caiTying gold are found as replacement products in feldspar, and

by gradual extension of the processes finally replace the whole rock. The

process of fonnation of the biotitic gold-copper veins is "more characteristic

of dynamic metamorphism than of ordinary fissure veins." ^ Lindgren

describes the ores between Signal Peak and Meadow Lake as consisting of

pyrite, pyrrhotite, and sphalerite, with some galena, with a gangue con-

sisting of quartz, epidote, and tourmaline, with some mica. He says "the

ores occur intimately intergrown with this gangue." " Lindgren divides the

copper deposits of the gold belt of the Blue Mountains of Oregon into

various "types." The Seven Devils type, he says, is a contact deposit of

chalcopyrite and bornite between limestone and diorite, which has a gangue

of garnet, epidote, and other contact minerals. The tourmaline type has

« Lindgren, Waklemar, Metasomatic processes in fissure veins: Trans. Am. Inst. Min. Eng., vol.

30, 1901, pp. 619-64.5.

''Lindgren, cit., p. 645.

''Lindgren, Waldemar, The auriferous veins of Meadow Lake, California: Am. Jour. Sci., 3d series,

vol. 46, 1893, p. 205.
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an ore consisting of chalcopyrite and pyrite associated with the gangue

of quartz and tourmaUne. He here places the Copperopolis mine and

Jessie vein. The ores are intergrown with quartz and tourmaline. At the

Jessie vein the other gangue materials are calcite, dolomite, and specula-

rite." Lindgren says the copper deposits of the Seven Devils and tourma-

line types "are of rare occurrence."*

In the South Mountain district of Idaho, an argentiferous galena, with

some zinc blende and copper minerals, occurs in crystalline limestone and

in schist. The gangue minerals are quartz, calcite, actinolite, brown garnet,

and ilvaite, the gangue minerals and ores being intergrown."

Weed states that the Jimenez copper deposits of Mexico follow a line

of contact between limestone and granite, the limestone being largely con-

verted into massive garnet."* He further states that the Porvenir gold-

copper vein in the Sierra Azul mining district of Mexico occurs in granite,

and has tourmaline as an abundant gang'ue mineral."

Yung and McCaifery describe the copper deposits of San Pedro, in

New Mexico, as contact deposits in limestone. The limestone has been

largely replaced by garnet. Chalcopyrite is intimately associated with the

garnet, and with subordinate amounts of specular hematite, epidote, vesu-

vianite, wollastonite, quartz, and calcite. They say "the ore is always

accompanied by garnet, although the garnet does not in all places carry

ore. When the garnet carries the ore the chalcopyrite is disseminated

throughout its mass, and appears to be of synchronous origin."-^

In those instances in which it is clearly shown that heavy anhydrous

minerals, such as topaz, tourmaline, garnet, and biotite, develop simulta-

neously with the deposition of the ores by metamorphic jorocesses, it seems

highly probable that they formed under the conditions of the zone of ana-

morphism and that the temperature at the time of the deposition was above

the critical temperature of water.

«Lindgren, Waldemar, The gold belt of the Blue Mountains of Oregon: Twenty-second Ann. Kept.

U. S. Geol. Survey, pt. 2, 1901, pp. 629-630.

&Loc. cit, p. 629.

« Lindgren, Waldemar, The gold and silver veins of Silver City, De Lamar, and other mining

districts in Idaho: Twentieth Ann. Rapt. U. S. Geol. Survey, pt. 3, 1900, p. 189.

rt Weed, AValter Harvey, Notes on certain mines in the States of Chihuahua, Sinaloa, and Sonora,

Mexico: Trans. Am. Inst. Min. Eng., vol. 32, 1902, p. 404.

« Loccit., p. 440.

/ Yung, Morrison B., and McCaffery, Richard R., The ore deposits of the San Pedro district. New
Mexico: Trans. Am. Inst. Min. Eng., vol. 33, 1903, p. 355.
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In this connection it may be recalled that beautiful crystals of the

variety of g-arnet known as spessartite, fayalite, and topaz occur in litho-

physse in I'ecent volcanic rocks, especially in the openings in them. The

formation of these openings in the lavas and the development in them of

these minerals naturally suggest the action of gaseous solutions. It has

also been pointed out (p. 685) that so far as the heavy anhydrous minerals

have been reproduced artificially under conditions where water is present

high temperature and pressure have been necessary. For instance, Chrust-

schofif obtained from water solutions heated to a temperature of 550° C.

amphibole, pyroxene, quartz, and adularia."

It thus appears that both observation and experiment strongly favor

the idea that such minerals as topaz, garnet, and amphibole, so far as sepa-

rated from solutions, are deposited by' gaseous solutions above the critical

temperature of water. If this be so, it follows that those sulphides which

were deposited simultaneously with the development of the heavy anhydrous

minerals were precipitated from gaseous solutions.

It is evident that it is difficult to make a certain case in favor of

gaseous solutions. It must be shown, where the ores occur in connection

with the heavy minerals supposed to be formed under conditions of gaseous

solutions, that the metals have not been introduced at a subsequent stage

when aqueous solutions were the active agent. There should be excluded

also the possibility that the ores were deposited by aqueous solutions in the

belt of cementation and were later transferred to the zone of anamoi'phism,

where the heavy minerals developed" by later alterations in that zone.

Apparently in some of the cases above cited the latter possibility is excluded,

as all the evidence seems to be in favor of denudation since deposition rather

than deeper burial.

Under normal conditions it might be supposed that ore deposits would

be produced by gaseous solutions in the deep-seated zone above the critical

temperature of water; that above this zone in the belt of cementation ores

would be deposited by aqueous solutions, and that above the level of ground

water other ore deposits would be produced in the belt of weathering by

gaseous solutions. The latter ores would be those to which the terms

fumarolic and solfataric are naturally applicable; but, so far as I know,

the actual development of ore deposits by gaseous solutions above the

a Chrustschoff, K. von, Ueber kunstliche Hornblende: Neues Jahrb., 1891, Bd. II, pp. 86-90.
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level of ground water is only a hypothesis. If such deposits exist, I know
of no criteria which have been worked out by which they may be dis-

criminated from deposits of aqueous solutions.

The hypothesis that the vapors of the metals rise with the vapors of

water from an unknown source and deposit ore in the openings of the rocks

is exceedingly attractive, but it has been seen that where openings occur in

rocks below the level of ground water, the rocks are saturated with aqueous

solutions, therefore the locus of the deposition of ores from vapors would be

in the belt of weathering. The view that fumarolic and solfataric vapors

have deposited ores has been especially prevalent in reference to cinnabar

and such easily sublimed deposits. Daubr(ie has maintained that tin ores are

formed by the sublimation of stannic chloride and stannic fluoride and their

reaction upon water.'' For the production of any ore deposit by sublimation

in this sense I know no scrap of evidence.'' In Chapter VI, on "The belt of

weathering," it has been seen that where there is fumarolic or solfataric action

the rocks are rapidly carbonated, hydrated, and oxidized, the mechanical

result being softening and disintegration. The products are colored yellow

or brown by oxide of iron. That metallic ore deposits have been produced

in connection with such action remains to be proved.

It has already been seen that in various recent classifications of oreN

deposits, wliich are made mainly upon the basis of agent, there are also

introduced contact action and eruptive after-action. In so far as deposits

are precipitated from gaseous solutions, whether the solutions be derived

partly from the intruded and partly from the intrusive rock, or partly

from both, they belong in this class rather than in an independent class

erected on an entirely diiferent basis and therefore an incongruous element

in a scientific classification.

GROUP B. ORES DEPOSITED BY AQUEOUS SOLUTIONS.

It has been stated that ores deposited by aqueous solutions are believed

to be more important than all others combined. The evidence in favor of

this view will not be presented in detail, but a few of the more salient points

bearing upon it will be summarized.

«Daubr^e, A., Memoir sur le gisement, la constitution, et I'origine des amas de mineral d'etaln:

Ann. des Mines, 3d series, vol. 20, 1841, jj. 65.

''This statement is restricted to the metallic ore deposits; it does not apply to deposits of sulphur

and similar compounds made in connection with volcanic action, in reference to which I express no

opinion.
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First, it has been shown (pp. 571-.57"2, 612-640) that the general

cementation of the belt so named is due to the work of underground water.

The evidence upon this point is briefly summarized iu this chapter. (See

pp. 1024-1028.) If general cementation is correctly attributed to deposi-

tion by underground water, it can hardly be doubted that many ore deposits

are due to the same agency, since in general the majority of ore deposits differ

in no essential respect from the ordinary cementation products, except that

they contain an unusual amount of certain metals of importance to man. If

underground water carried and deposited the material in the openings of

sand, transforming them to sandstones and quartzites, in the larger openings

of conglomerates and great tuff formations, thus indurating them, and in the

innumerable openings produced by joint, fault, bedding parting, and brecci-

ation fractures, it follows that similar deposits containing a minute fraction

of a per cent of gold or silver, a small amount of copper, or a large quantity

of iron—in other words, ores—are also the results of aqueous deposition.

However, evidence that the majority of ores are deposited by underground

waters does not rest alone upon the general argument of cementation.

The second argument in favor of the deposition of the majority of ores

by aqueous solution is the nature of the accompanying gangue minerals

and their relations to the ores. The gangue minerals which accompany

the great majority of veins are the hydrous silicates, including kaolinite,

sericite, the zeolites, and chlorites ; the carbonates, such as calcite,

dolomite, and siderite; and the oxides, such as quartz and hematite. In

other words, the dominant gangue minerals are the identical ones produced

on an extensive scale by metasomatic processes within the belt of cementa-

tion, and deposited upon a grand scale in the openings of that belt, thus

cementing the rocks.

But the conclusion that such minerals are deposited from aqueous

solutions does not depend upon their likeness to the minerals of the belt

of cementation. Actual observations show that these minerals are now
being deposited by aqueous solutions. This has been observed at various

places. In this country the most famous localities are Sulphur Bank,

California, Steamboat Springs, Nevada, and the Yellowstone Park.

Perhaps the best-studied instance of all is that of Boulder Hot Springs,

Montana, where the vein deposits and the alterations of the accompanying

rock have been recently very closely examined and well described by
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Weed." The spring- issues through a granite. This granite has been

extensively altered into sericite, kaolinite, and zeolite. The filling of the

vein consists of quartz, zeolite, and calcite. Weed finds that the vein

filling contains a very small amount of gold and silver, and also that

the altered granite contains a smaller amount of silver and a trace of gold.

The thin sections sho^y the presence of pyrite and hematite. Thus there is

actual mineralization of this vein.*" Substantially the same phenomena
as those at Boulder Hot Springs have been long known to exist at Steam-

boat Springs and Sulphur Bank. It is therefore certain that at those

localities, where ore material is accompanied by the minerals characteristic

of secondary action in the belt of cementation, the ores were deposited by
aqueous solutions. If this be so, it is little short of a certainty that in

general the ores associated with similar gangue minerals in the belt of

cementation are deposited from aqueous solutions. At any rate, one who
maintains that ores so intimately associated with the nnnerals mentioned

as to show contemj)oraneous deposition are not deposited by aqueous

solutions must furnish evidence upon which he reaches a conclusion

adverse to all observed facts.

It is to be observed that this reasoning is in accord with the funda-

mental hypothesis of geology mentioned at the outset of this treatise, viz,

that when a certain set of complex forces and agents is observed to produce

complex ^jhenomena, and no other combination of forces and agents has

been observed to cause such phenomena, the conclusion is that the phe-

nomena are to l^e referred to the forces and agents now at work.

A third argument showing the direct connection between the recognized

work of underground water and deposits of ores has been fully stated by

Posepny. For the banded structure so chai-acteristic of fillings of open-

ings in rocks, whether these contain metals in sufiicient quantity to be

recognized as ores or not, Posepny proposes the term crustification." That

crustified or banded or comb veins are usually precipitates from underground

waters no one doubts. It has yet to be shown that regular crustification,

so general a phenomenon in ore deposits, is produced by any other agent

than aqueous solutions.

« Weed, Walter Harvey, Mineral vein formation at Boulder Hot Springs, Montana: Twenty-iirst

Ann. Kept. U. S. Geol. Survey, pt. 2, 1900, pp. 227-255.

6 Weed, cit, pp. 248-249.

''Posepny, F., Genesis of ore deposits: Am. Inst. Min. Eng., 2d ed., 1902, p. 12.
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As further evidence of the deposition of ores from aqueous solutions

we may now pass to illustrations of ore deposits that exhibit phenomena

identical with those which are known to be produced as a consequence of

the action of aqueous solutions.

Upon the point that the iron ores are dominantly produced by the

circulation of ordinary meteoric waters, there is no difference of opinion;

there is general agreement also that these waters are mostly descending

waters at ordinary temperatures. (See pp. 1193-1197.) The importance

of waters of meteoric origin at ordinary temperatures in the genesis of ores

should perhaps be emphasized. Probably the iron ores preponderate in

volume over all other metallic ores. In the United States, Great Britain,

and Germany 66,000,000 tons of iron ore were mined in the year 1902.

It is not probable that this amount is approached by the remaining metallic

ores. Not only do the iron ores occur in largest quantity, but iron is a

metal of dominant importance. There is no question that the world could

spare all the other metals better than it could spare iron. If it be agreed

that iron is more important to the advancement of the race than all other

metals, and that iron ore occurs in greater quantity than all other ores and

is dominantly deposited by meteoric waters at ordinary temperatures, it

follows, disregarding the manner of the deposition of any other metals,

that the work of meteoric waters at ordinary temperatures is the most

important factor in metallic ore deposition.

Other metals also are dominantly deposited by aqueous solutions.

Many ore deposits are so associated with the general process and the belt

of cementation that one must hold that the work of cementation and the

deposition of ores were simultaneously caused by the same agent. For

instance, the San Juan tuff of Colorado, a Tertiary volcanic formation, at

the time of its deposition must have been exceedingly porous. It is now
so thoroughly cemented by quartz and other gangue Tninerals that the

microscope can discover no openings. In the cementation of this tuff

formation an immeasurably greater quantity of material was deposited

between the fragments than is now found in the veins. The filling of the

intersecting veins contains the same gangue minerals as those which cement

the tuffs. It is perfectly clear that the formation of these veins was an

incident in the general process of cementation. In some of the veins, and

to a variable extent in the same vein, a sufficient amount of mineral was
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deposited to make the material au ore. The gangue of such veins, the

barren veins, and the cement of the tuif are connected physically and are

similar mineralogically. Thus it is certain that they are the result of like

processes, and few can doubt that the general cement and vein filling were

deposited through aqueous solution.

The conglomerates and amygdaloids of Lake Superior furnish con-

clusive evidence that the deposition of the copper was a mere incident

in the general process of cementation. Throughout the Lake Superior

region the Keweenawan amygdaloids, sandstones, and conglomerates

have been cemented by the minerals which developed in the belt of

cementation. Throughout this region, coincident with this process, there was

deposited sparsely disseminated copper. Scarcely a Keweenawan district

has been studied in which such disseminated cojDper, associated with the

cementation minerals, may not be seen, and in many cases it is sufficiently

abundant to warrant exploration with the hope of finding ore deposits. In

only a single district, however, that of Keweenaw Point, has copper been

discovered in sufficient quantity in veins, amygdaloids, and conglomerates

to constitute ore deposits. In every respect these cop^jer deposits are like

the remaining great volume of the Keweenawan greenstones, sandstones,

and conglomerates, being-, cemented in substantially the same manner and

with the same minerals. At various places on Keweenaw Point from 1 to

4 per cent of metallic copper was deposited simultaneously with the other

cementing minerals. There can be no escape from the conclusion that the

general cementation of the Keweenawan rocks and the deposition of the

copper were performed by the same agent and at the same time. I do not

know that any one has ever held that this general cementation is the result

of other than aqueous solutions. If this general belief be true it is conclu-

sively shown that the copper was also deposited by aqueous solutions.

Other districts similar to those mentioned could be cited.

Passing to veins of lead, zinc, gold, and silver it is found that all but

a comparatively small number of such veins exhibit the cementation min-

erals which have been mentioned. The ores are so intimately associated

with these gangue minerals that they must have been simultaneously depos-

ited. In many cases it can be shown that the filling of the veins was con-

temporaneous with extensive alterations of the walls within which developed

like minerals, and ivith the general cementation of the belt of cementation.
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Generalizing in reference to districts, it may be said that, excluding sedi-

mentary deposits, probably all of the great mining camps of the world show

the phenomena which indicate deposition by aqueous solutions. Certainly

this is true for America. The oi'e deposits which have been shown to be

formed by gaseous solutions, or by mag'matic segregation, are at compara-

tively small and little known camps.

Objection has been raised to the above general statements as to the

importance of aqueous solutions, on the ground that in many ore-bearing

districts there is not now a vigorous aqueous underground circulation."

This may be true of deposits either in Inimid or in arid regions. Many
important humid districts could be mentioned in which the circulation is at

present very feeble. For instance, in the deep copper deposits of the Lake

Superior region there is little water. The same is true of the San Juan

districts of Colorado, of the deep mines of Przibram, and of many other

places in the world. Another instance in which deep workings have shown

very little circulating water is that of the Newhouse tunnel, at Idaho

Springs, Colo. This tunnel, more than 4,000 meters long, in a granite-

gneiss-schist complex of rocks, shows but an insig-nificant amount of water.

A small amount percolates in at diiferent places, but the quantitj^ is so small

that it is ignored in the drifting arrangements. For arid regions with small

circulation the copper mines of New Mexico and Arizona furnish admirable

illustrations. Indeed it not infrequently happens that in such regions, after

one reaches a moderate depth, the levels are dry, or even dusty.

But from the above facts it is a mistake to infer that when the ores

were deposited there was not a vigorous circulation. As has been so fully

explained in various places, the very process of cementation lessens the size

and number of the openings, and when the process nears completion the

openings all become subcapillary and circulation practically ceases. We
have already seen that such are the facts in reference to the Lake Superior

conglomerates, the San Juan tuffs, and to the rocks of various other regions.

The original openings, and the deformation cracks and crevices have been

so thoroughly cemented, and since that time so few new fractures have been

formed, that but little water can find access from the surface.

« Kemp, J. F., The role of the igneous rocks in the formation of veins: Trans. Am. Inst. Min. Eng.,
vol. 31, 1902, pp. 184-198. Rickard, T. A., Water in veins, a theory: Eng. and Min. Jour., vol. 75,

1903, pp. 402^03.



1064 A TREATISE ON METAMORPHISM.

Under present conditions mines may be dry even when the openings

have not been closed by cementation. For example, very recently in New
Mexico and Arizona there have been important climatic changes. It is

well known that these districts were humid in the Quaternary period, during

at least two different epochs. During these times the level of underg-round

water was ]3robably as near the surface as it is in the humid districts of the

west at the present time. Therefore in these districts in late geological

time there was a vigorous underground circulation at those places where

cementation was not complete.

The dryness of mines which at the time of the vein filling had a vig-

orous circulation may be due either to cessation of circulation by cementa-

tion or to cessation of circulation in arid regions in consequence of change

from humid to arid conditions.

It seems to me that where the gangue minerals are those known to be

deposited by aqueous solutions, and the relations of the vein fillings are

such as to show that they were deposited contemporaneously with the gen-

eral cementation material, these facts are decisively in favor of action of

aqueous solutions notwithstanding absence of vigorous circulation at the

pi'esent time. Those who argue that the ores were not deposited by aque-

ous solutions because there is not now a vigorous aqueous circulation have

equally good or better ground for stating that the ores were not deposited

by gaseous solutions; for certainly in regions of ore deposits where there

is not now a vigorous aqueous circulation there is still more notably a

deficiency in gaseous circulation. By a strange inconsistency some of the

men who have held that the main class of ores is not deposited by aqueous

solutions, and have used as an argument for this belief the absence of a

present vigorous circulation, have jumjoed to the conclusion that such ores

were therefore deposited by gaseous solutions, not taking the ti'ouble to

ask whether the same argument applied in this case.

In this connection it is to be recalled that in those cases where actual

vein filling is now known to be going on, as at Steamboat Springs, Sulphur

Bank, Boulder Hot Springs, and various other localities, there is now a

vigorous aqueous circulation. Also in some cases of very recent vein

formation, as at the Comstock lode and Cripple Creek, where the openings

were not fully closed by cementation, an enormous amount of water is

handled in mining. The Portland mine at Cripple Creek, Colo., from 1898



ORES DEPOSITED BY AQUEOUS SOLUTIONS. 1065

to 1902, pumped between 300 and 900 gallons per minute, with maxima

for short periods much higher than this." Could there be more decisive

evidence that here the circulation is one of extraordinary vigor?

Therefore, I hold, the fact that in many ore-producing districts there

is not now a vigorous circulation is no evidence of the nonexistence of

such a circulation at the time the deposits were formed.

Finally, while comparatively little stress is to be placed on authority,

it is certain that there has been general agreement among the majority of

the great workers upon ore deposits as to their deposition by aqueous solu-

tions. Upon this point Bischof, von Grroddeck, von Cotta, Daubrde, and

Posepny all agree. Posepny differs from some of the authoi's mentioned

in such particulars as the source of the ores and the depth from which the

waters rose. Between the authors mentioned there is difference as to

whether the waters depositing the ores are mainly ascending or descending,

as to the source of the material for deposition, and as to the cause of the

circulation of the water. There is no difference between them upon the

fundamental point that the great majority of ores are precipitated from

aqueous solutions in the positions where they are now found.

My first main conclusion in reference to ores deposited hy aqueous solutions

is that they form the dominant class.

I. THE soURCE OF AQUEO US SOL UTIONS.

Since it has been shown that considerable circula,tion of underground

water in the zone of rock flowage can not be assumed, it follows that

we can not suppose that the water of the zone of fracture passes into or is

derived from, the zone of rock flowage on any large scale. Doubtless this

transfer does take place to some extent. Also hydration and dehydra-

tion of the rocks are constantly taking place, and these processes at any

given place to a small extent subtract water from or add it to the circula-

tion. Further, through volcanism water originally occluded in magma is

transferred from the zone of rock flowage, or possibly even from the

centrosphere, to the zone of rock fracture, and by the crystallization of the

magma is there liberated and thus becomes a ^jart of circulating under-

« Ninth Ann. Eept. Portland Gold Mining Co., PI. XI, 1903.
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ground water. But the water of meteoric origin is held to be dominant. It

has ah'eady been noted that the great iron-ore deposits have been concen-

trated by waters of meteoric origin. It is further beheved that the waters

from which were deposited many other ores, the association of which show

they were precipitated from aqueous solutions, are also dominantly of

meteoric origin. It has been shown already that in order to produce

aqueous ore deposits the amount of water required was probably many

thousands of times the volume of the minerals deposited. If this be so,

even if all the water exuded-from magmas at their time of crystallization

could be supposed to be converged into the trunk channels holding the

ore deposits, this would be but a fraction of that required for the segregation

of the ores.

It is impossible to make an exact quantitative estimate of the relative

proportions of the waters of meteoric origin and igneous origin concerned in

the production of aqueous deposits. But I have no doubt whatever that

water of meteoric origin forms more than 95 per cent of such waters, and I

think it probable tliat it constitutes more than 99 per cent, if all ore deposits

produced by underground water are taken into account. Mistaken concep-

tions upon this point frequently have been due to the fact that authors in

considering this matter often take into account only ores of a part of the

metals, such as those of gold or silver, whereas a general statement with

reference to the proportion of water of meteoric origin should take into

consideration deposits of iron ore and of the other base metals. Even in

the case of ore deposits closely associated with igneous rocks, it is believed

that the water is. dominantl}^ of meteoric origin. For instance, at the

present time, ore deposits are known to be in the course of formation at

Steamboat Springs, Sulphur Bank, the Comstock lode and Boxilder Hot

Springs, Mont., described by Weed." The same is probably also true of

the numerous hot springs of Yellowstone Park. The quantity of water

which issues from these hot springs is enormous. These springs, in vol-

ume of water and in their relation to the topography and precipitation,

are in all respects like the vastly more numerous and more important

springs which have ordinary temperatures. The stud)" of underground

circulation with reference to artesian waters has shown beyond question

that the waters discharged from the great majority of springs is of meteoric

« Twenty-first Ann. Eept. U. S. Geol. Survey, pt. 2, 1900, p. 227-255.
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origin. Numerous large springs are found both in regions in which there

has been no igneous action for a fong time and in regions in which vol-

canism is now or has been recently prominent. No one would claim that

in regions of the former class the water is of other than meteoric origin.

For instance, no one would hold that the waters of the great springs of

the Appalachians and the Mississippi Valley are derived from any other

source. Why then should this be held in reference to the Cordilleran

region of the West? He who maintains that the water for these springs

is largely derived from igneous rocks must show that the amount which

issues is greater than could be expected upon the meteoric theory, taking

into account the precipitation, the climate, the character of the rocks and

the topography. The only way to find the effect of an agent, such as

igneous rocks, with reference to the water is to compare regions in which

these rocks occur with others in which they are absent. Making this com-

parison, observation has as yet not shown a difference of volume, but in

regions of volcanism the waters issuing from springs are frequently hot,

and are depositing more than an average amount of mineral material.

This difference is therefore logically referred to the igneous rocks. During

its underground journey the water comes into contact with or comes

near to hot rocks, and thereby becomes heated. In consequence of this

it becomes afar more potent chemical agent, and takes into solution a large

amount of mineral matter. When gathered into and rising in trunk

channels a considerable portion of this mineral matter is deposited. This

effect may be accentuated in volcanic regions by mechanical action. As

has been pointed out in other places, the deposited material is derived from

all the rocks with which the underground water comes into contact during

its journej^, but in many cases the material is dominautly derived from a

single formation or series through which the water journeyed.

While it is held that the water is dominantly of meteoric origin, in

regions of volcanism where magmas are crystallizing the heated solutions

have doubtless had accretions from this source. But those who hold that

the enormous quantities of water issuing from hot springs are mainly

derived from crystallizing magmas must furnish the evidence in favor of

excepting them from the general rule. The fact that cold springs issue

adjacent to hot springs has no bearing on the case, for often trunk channels

which issue close tog'ether have entirely different feeding areas. Nor is the
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fact that hot waters deposit more mhierals and different minerals an evidence

that the hot waters are derived from crystaUizing igneous rocks, although

it is possible, and rather probable, that in many instances igneous rocks

have contributed materials to the solutions. The high mineral content

of waters is adeqiiately explained as a function of high temperature.

That this is cei'tainly true for Mammoth Hot Springs has already been

shown. (See pp. 1031-1032.) The view that the waters of Boulder Hot

Springs and of the Yellowstone Park Springs are of meteoric origin was

held by Weed at the time he studied and reported upon these thermal

regions."

Adjacent to great intrusive igneous masses the contributions of water

from crystallizing magma may be important. Since in many cases the ores

are deposited during periods of volcanism, the exuding waters are hot, and

may be charged with mineral material to an unusual extent. In such

cases the waters derived from igneous sources are proportionately far more

active than ordinary underground waters. In many instances the water

liberated by the magma during solidification has doubtless acted as a potent

agent in segregating the ores, but after solidification waters of meteoric

origin continue the work. Often to a large extent the solution of the metal

and its deposition takes place after the magma has crystallized, but while the

rocks are still hot. After an igneous rock has solidified and continues to

cool the ordinary process of shrinkage tends to form openings within it,

and especially to form openings along- its contact with the contiguous

deposits. Orogenic movements also find that the contacts between the

igneous and the adjacent rocks are planes of weakness, and are likely there

to form openings. This being the fact, it is entirely natural, indeed inevi-

table, that the hot circulating waters during the time that the rock is cooling

are most active in the segregation of the deposits. The extreme activity of

hot water in general metamorphism and in the production of ore deposits

has been repeatedly emphasized. Thus in various instances the water

liberated by the magma at solidification may have jDlayed an appreciable

part in the segregation of ores, but very often the importance of this part

has been overemphasized because it has not been appreciated that after

solidification takes place the solutions continue the work of segregation of

the ores under most favorable circumstances.

a Weed, Walter Harvey, Mineral vein formation at Boulder Hot Springs, Mont. : Twenty-first

Ann. Kept. U. S. Geol. Survey, pt. 2, 1900, pp. 249-252.
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Stimmarizing-, tlie conclusion is reached that so far as the main work

of aqueous ore deposition is concerned the water is that of meteoric origin,

which makes its way from the surface into the ground, there performs its

work, and issues to the surface again. The amount of water coming from

the deep-seated zone of rock fiowage, emanating from crystalhzing lava

and contributed by dehydration, is believed to be relatively small upon

the average, although exceptionally important in proportion to its mass.

It is held that, at any given time, the meteoric water entering the crust

substantially balances that issuing from it, although there may be a slight

continuous surplus in favor of the latter.

My second main conclusion concerning ores deposited by aqueous solutions

is that the major part of the -water performing the work is meteoric.

II. SOURCE OF METALS FOR ORES DEPOSITED FROM AQUEOUS SOLUTIONS.

It is believed that the greater part of the metals for ores deposited by

water is derived from the zone of fracture. If the reasoning thus far

be correct, viz, that ores deposited from aqueous solutions are trans-

ported to their present positions by underground waters, that in order to

transport this material an abundant circulation is required, and that in the

deep-seated zone of anamorphism the circulation is a minimum, it follows

that the waters derive their metals from the rocks of the zone of fracture.

If any one asserts that the metalliferous materials of mineral veins are

derived by water circulation from the centrosphere, or are derived from the

lithosphere below the zone of rock fracture, I hold this to be a pure

unverified assuriiption, for which there has not as yet been adduced one

particle of evidence, and opposed to which stand well-known 'principles

of physics concerning the movement of water in minute openings, and the

condition of water in the deep-seated zone.

The conclusion that the waters derive their metals from the zone of

fracture was reached as outlined on the foregoing pages, but since the pub-

lication of this conclusion the observational work of Lindgren upon metaso-

matic processes in fissure veins has fully confirmed it. Lingdren has made

a careful study of the metasomatic changes in the wall rocks while ores

and gangues are being deposited. He finds that the abundant minerals

produced by metasomatic processes are quartz, fluorite, calcite, magnesite,

dolomite, siderite, muscovite, chlorite, kaolinite, zeolites, and the sulphides.
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He does not include epidote among the abundant metasomatic minerals of

fissure veins, but it is certain that this mineral is important in certain deposits

which are essentially the same as fissure veins so far as the circulating water

is concerned. For instance, epidote is very important in connection Avith the

Lake Superior copper. All of these minerals are shown (Chapters VI and

VII) to be characteristic of alterations in the zone of katamorphism and

especially of the belt of cementation. The" carbonates are produced by the

process of carbonation of the silicates, and the separation of quartz is the

correlative process. The hydrous silicates are produced from the anhy-

drous silicates by a process of carbonation and hydration. For instance,

Lindgren" says the muscovite is produced from orthoclase and microcline,

and he thus writes the reaction:

3KAlSijOg+ HjO+ CO,=KH jAI3 (SiO, ) ,+ K^CO^ + eSiO^

It therefore appears that this reaction is one of h3^dration and carbona-

tion, and at the time the muscovite is formed silica is liberated, to be

deposited in the walls or in the veins.

According to Lindgren the kaolin is mainly formed by the alteration

of feldspars, and especially the potassium and sodium feldspars. For potas-

sium feldspar Lindgren writes the reaction:''

BKAlSiA+ 6H2O + 3CO,=3HiAl2Si209 + SK^COs+ 12SiO,

Thus this reaction, like that of muscovite, is one of hydration and

carbonation, but takes place to a greater extent, the resultant minerals

being kaolin and quartz. It is not necessary to write here reactions for

the zeolites, chlorites, and other hydrous minerals, for these may be found

in Chapter V. An examination will show that the rea,ctions producing

them are those of hydration and carbonation of anhydrous silicates with

the liberation of silica.

Lindgren mentions also, as subordinate minerals which form by meta-

somatic processes, rutile, anatase, garnet, orthoclase, albite, tourmaline,

topaz, scapolite, and apatite. These minerals are those which commonly

form in the zone of anamorphism. It has already been 'seen that in those

cases in which it is shown that these minerals have developed at the same

f'Lindgren, Waldemar, Metasomatic processes in fissure veins: Trans. Am. Inst. Min. Eng., vol.

30, 1901, p. 608.

6 Lindgren, cit., p. 614.
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time the ores were deposited as the dominant metasomatic minerals, the ores

were probably formed in the zone of anamorphism or rock flowage, prob-

ably through the influence of gaseous solutions. The ore deposits which

show these minerals as accompanying metasomatic products are few in

number and unimportant in amount as compared with the ore deposits in

which the metasomatic minerals are those of the first group mentioned.

The point to be enforced at present is that the great mass of metasomatic

minerals formed at the time the ore deposits are j'l'oduced shows that

these ores were deposited within the zone of fracture, or the zone of

katamorphism.

This conclusion is confirmed by the close relations of the gangue

minerals to the country rock. Where a vein runs through a quartzite or

very siliceous rock, the gangue mineral is likely to be dominantly quartz.

Where a vein runs through basic igneous rocks, the gangue minerals are

likely to be largely zeolites and other hydrous silicates, carbonates, and

quartz, all decomposition products of such rocks. Where the veins run

through limestone the gangue material is likely to be mainly carbonate.

It is therefore clear that the gangue minerals are largely segregated from

the immediately adjacent rocks traversed by the veins. If this be so for

the dominant minerals, tliere is every reason to believe that the same con-

clusion applies to the very subordinate amounts of valuable metals which

constitute a small or almost an inappreciable part of the filling of an ore

deposit. Numerous examples could be given illustrative of this princii^le.

One of the best known to me is that of the Lake vein in the San Juan
district. This vein, running through the volcanic breccias, extended into

the limestone below, and from this into sandstone still lower down. Where
the vein was in the breccia it was a quartzose vein carrying metals ; when
followed into the limestone it was seen to become a calcite vein, and when
followed into the sandstone it gradually changed again into a quartz vein.

In the limestone and sandstone the vein was barren. In this case it seems

little short of certain that the vein filling was dominantly derived from the

adjacent rock, and there is no reason to doubt that in the San Juan tuff the

metalliferous material and the quartz alike were derived from the breccias.

While it is held that the waters dei'ive the metals, as their immediate

source, from the zone of fracture, it does not follow that the metal for the

ores deposited from aqueous solutions may not have been derived from
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greater depths; for, as fully explained (pp. 1030-1036), magma, carrying

various metals with it, does rise from unknown depths into the zone of

fracture upon an enormous scale, and there yields its metallic contents to

circulating waters.

My third main conclusion is that the metals for ores deposited by aqueous

solutions are derived from rocks ivithin the 2me offracture.

III. WORK OF AQUEOUS SOLUTIONS IN SEGREGATING ORES.

The work of aqueous solutions in segregating ores is most complex.

The ores produced by aqueous solutions may be divided into three sub-

classes— (1) ores precipitated from aqueous solutions by ascending waters,

(2) ores precipitated from aqueous solutions by ascending and descending

waters combined, and (3) ores produced by precipitation from descending

waters. As the processes of segi'egation of each of these classes of ores are

distinctive, each class will be considered in turn. In order to produce any

of the ores of all these subclasses three stages of work need to be consid-

ered—the solution of the valuable metals, the transportation of them to the

places where they are deposited, and their precipitation,

SUBCLASS 1. ORES PRECIPITATED FROM ASCENDING AQUEOUS SOLUTIONS.

There have been endless discussions as to whether ore deposits are jDro-

duced by descending, lateral-secreting, or ascending waters. It is believed

to be a corollary from what has gone before that the first concentration of

many ore deposits is the result of descending, lateral-moving, and ascending

waters. I say first concentration, for it will subsequently appear that many,

if not the majority, of the workable ore deposits precipitated from aqueous

solutions have undergone a second concentration. If the waters which

deposit ores are mainly meteoric, such waters at the outset are descending.

In most cases before they again issue at the surface they must ascend.

During the journey they have a lateral movement.

Thus, the larger, more complete idea of the genesis of aqueous ore

deposits comprises all of the old ideas, and shows that instead of being

contradictory, as supposed by many, they are mutually supporting. Com-

bined, they furnish a much more satisfactory theory than any one of them

alone. How true these statements are will appear more clearly later.
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While the subclass is named "Ox-es precipitated by ascending aqueous

solutions," possibly a more exact heading would be either "Ores precipi-

tated from solutions deficient in oxygen," or "Ores precipitated from deep

solutions." From the chemical point of view the fundamental fact is that

the solutions are deficient in oxygen. It follows from this that the solu-

tions must be sufficiently deep or sufficiently protected from the surface

to be free from oxidizing efi'ects. Thus the subclass corresponds rather

closely to Posepny's "Ores of the deep circulation."" But since the great

majority of oi'es belonging to the subclass under discussion are deposited

from solutions, the vertical element of which at the time of precipitation

is ascending rather than descending, the heading chosen is given as the

name of the subclass.

SOL UTION OF THE METALS.

In the first stage of the concentration of many deposits the waters are

descending. They move slowly downward, are widely dispersed in small

passages, have an exceedingly large surface of contact with rocks, and are

subject to increasing temperature and increasing pressure. All of these con-

ditions favor solution to the point of saturation. The various metalliferous

elements present in exceedingly small quantities iu the rocks, as well as

many other compounds, are picked up. This follows from the law of phys-

ical chemistry, that a solution holds some part of all the elements with which

it is in contact.

In the work of solution of the material for the ores, and in the deposi-

tion of it by the water, the two physical factors, temperature and pressure,

are of great consequence. It is shown (Chapter III) that increase of

temperature increases the activity of the water in two ways—first, the speed

of the solution is very greatly increased by rise of temperature, and at

temperatures of 100° C, and especially at a temperatui-e of 185° C. and

above, the activity of water is no less than amazing (p. 79). The effect of

increase in temperature upon the activity Q.f underground solutions can

not be too strongly emphasized. It is also shown that as the temperature

rises in general a larger quantity of material may be held in solution, at

least for moderate increases of temj^erature, probably as high as 100° C.

(pp. 79-81).

oPosepny, F., The genesis of ore deposits: Am. Inst. Min. Eng., 2d ed., 1902, pp. 1-72.
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Under normal conditions of increase of temperature of one degree for

30 meters, the temperature would be 100° C. at a depth of 3,000 meters;

therefore, where the circulation is deep, increase in temperature with depth,

even under normal conditions, is of great consequence. But in many
regions, during the segregation of ore deposits, igneous rocks have been

intruded or extruded, or important orogenic movements have taken place,

or both. Wherever igneous rocks have been intruded in the upper part of

tlie lithosphere, or poured out upon the lithosphere during the time when
ore deposits are forming, the temperature of the underground water is

higher, and may be much higher than normal, so that even where ore

deposits have been produced by a relatively shallow circulation the waters

may have had the advantage of a high temperature. The temperature may
increase with more than normal rapidity in consequence of mechanical and

chemical action. Where there is no evidence of igneous intrusion during

the time of ore deposition, but mechanical or chemical action has taken

place upon a great scale, the temperature of the underground water may
be raised considerably, and thus the deposition of the ores even in such

cases be accomplished by solutions at higher temperatures than noi-mal.

Foi- the underground solutions which occur in nature, j)ressure usually

promotes solution. (See Chapter III.)

The particular metals and the amounts of them which are taken into

solution also depend greatly upon the nature of solutions. To illustrate,

where the solutions contain strong acids they are likely to dissolve the

metals; where oxygen is abundant the sulphides are likely to be oxydized

into sulphates and taken into solution; abundant carbonic acid forms car-

bonates; where alkaline sulphides and carbonates are present and the

solutions come into contact with sulphides, these are somewhat readily

dissolved as such.

While all of these compounds favor solutions, in the early part of the

journey the most important single factor in the process of solution of the

valuable metals is the presence of oxygen in the water. This is of great

consequence, because many of the valuable metals, both as original com-

pounds in the igneous rocks and as secondaiy products, are as sulphides.

Where oxidizing waters come into contact with sulphides they are trans-

formed to sulphates, and thus sulphates of most of the valuable metals may
be formed, as, for instance, those of silver, copper, mercury, lead, zinc, iron,
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arsenic, and antimony. All of these compounds are readily, or somewhat

readily, soluble, with the exception of lead sulphate, which is soluble only

to the extent of one part in 31,600 parts of water at 15° C." But even this

degree of solubility is entirely adequate to account for the transportation of

the lead as a sulphate.

While the effect of the oxygen is to transform the sulphides to sul-

phates, it is not supposed that the metals necessarily travel as such salts.

The well-known principles of physical chemistry make it certain that each

of the metals present in solution is combined in part with each of the acids.

For instance, if silver sulphide be oxidized to sulphate, and sodium car-

bonate be jDresent in the underground solutions, as is sure to be the case,

then a part of the silver will be transformed to silver carbonate and the

sodium will ti'avel in part as sodium sulphate. In this connection the point

is that the sulphides get transformed through the agency of oxygen to

compounds which are much more readily soluble.

It is further to be remembered that in the upper part of the course of

descending water, where oxygen is abundant, ic salts are produced. Of

these the sulphates are most abundant, but with them are chlorides also.

Of these ic salts, ferric sulphate and chloride are very prevalent.

In salts of this class metallic gold and silver are dissolved. The solution

is controlled by the law of mass action and by the temperature. The

greater the amount of the salts present, and the higher the temperature,

with a given amount of salts, the more gold and silver may be dissolved.

Thus, descending solutions are those in which ic salts are abundantly

formed and in which the temperature is increasing. Both the abundance

and the increasing temperature are favorable to the solution of gold and

silver.

Therefore we conclude that the solutions which perform the first ivorh in

the genesis of ore deposits^ the dissolving of the metals, are descending.

TRANSPORTATION OF THE METALS.

Superimposed upon the downward movement of the waters is a lateral

one which, combined with the vertical movement, carries water sooner or

later to the trunk channels. The amount of water taking jjart in the lateral

movement is greatest near the surface of ground water, and from that

aComey, A. M., Dictionary of chemical solubilities: London, 1896.
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surface on the average decreases to the bottom of the zone of fracture. It

has been explained that all fissures and other openings gradually die out

below as the zone of rock flowage is ueared. (See pp. 187-191, 766-768.)

Therefore, for a given fissure, the waters enter it mainly from the side or

top, not from the bottom. Furthermore, the water does not enter the

fissure at a single place, but at numberless points all the way along its

course, from the deepest parts to the surface. Somewhere, however, the

water which enters a fissure must flow from it. This place may be at the

Fig. 21). -Ideal vertical section oi the flow of water entering at a number of points on a slope and passing to a valley

below through a homogeneous medium interrupted by two open vertical channels, one on the slope and one in the

valley.

surface or at a considerable depth below the level of ground water. (See fig.

26.) The streams entering the fissure at high levels may have a downward

movement and contribute water abundantly. Below the level at Avhich

water escapes laterally from a channel of given size the water contributed

to it decreases on the average with increase of depth, until in the deeper

part of the zone of fracture the contributions are very small. Posepny"

«Posepny, F., Genesis of ore deposits: Trans. Am. Inst. Min. Eng., vol. 24, 1875, p. 971. Also

Posepny, F., The genesis of ore deposits, Am. Inst. Min. Eng., 2d ed., 1902, pp. 242-243.
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calls attention to the frequently observed fact of the decreasing amount of

water contributed laterally as depth inci'eases. As a specific instance of

this, he mentioned the Przibram district, in which the amount of water

entering- the fissures below a depth of 300 meters is so small as to be

insignificant, but this may not have been the fact at the time the lode was

forming. (See pp. 1063-1065.)

While the amount of water laterally entering a fissure decreases

from near its top to the bottom, the amount of mineral material per unit

volume in all probability increases on the average ; for the waters entering

at a low level take a longer journey through smaller openings and at higher

temperatures and pressures than the waters entering at a high level. There-

fore it is clear, if the rocks with which the deeper water comes in contact

can furnish metalliferous materials, that such water will be heavil}^ loaded.

It follows from this, even if the amount of water which is furnished in a

short time to a fissure be small, that such water may furnish from the

country rock mineral material in solution much more than sufficient to

entirely fill a fissure during its long life.

We now understand that, on the average, the amount of water entering

a fissure decreases from the level of ground water to its bottom, but that the

amount of mineral matter brought into the fissure by the water (but not

necessarily deposited) increases per unit volume from top to bottom. It is,

therefore, impossible to make a general statement as to whether more mineral

material is contributed to a trunk channel in its upper portion or in. its lower

portion. Doubtless this varies in diff"erent cases. Other conditions than

amount of water or depth may be controlling factors. For instance, it

igneous rocks be intruded at high or low levels only, such rocks may
furnish conditions which determine the amount of metalliferous material

contributed by the waters.

While the foregoing paragraphs imply that the lateral moving waters

are also downward moving, this is meant only as a general rule. The
lateral movement may be accompanied by no downward movement.

Not only this, but lateral movement may be accompanied by an upward
component. Indeed, this is believed to be very frequently the case, espe-

cially so far as the main branch streams in the deeper parts of the zone of

fracture are concerned. In so far as there is an upward component in these

branch streams, the reactions which obtain are the same as those of the

trunk channels to be considered below.
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During' the lateral journey of tlie water, before trunk channels are

reached, the transported metals may be largely precipitated. Frequently

such precipitates are very widely dispersed and are not sufficiently rich to

constitute ore deposits. Exceptionally the amounts of precipitated material

during the lateral movements in the dispersed channels may result in the

formation of a product of sufficient richness to constitute an ore. Pre-

cipitation may result from any of the causes or combinations of causes

which are spoken of (pp. 1081-1088; see also pp. 113-123) as producing

precipitation from ascending waters in trunk channels. For the purpose

of illustration, one class of compounds may here be mentioned. Salts

traveling as sulphates may be reduced to sulphides and precipitated by the

direct reactions of carbonaceous materials, by the reaction of previously

precipitated sulphides, or, in the case of copper, silver, etc , by the reaction

of abundant ferrous compounds. The Crystal Falls volcanics " furnish an

illustrative case whei'e rocks have been so profoundly altered by metaso-

matic changes as to leave scarcely an original mineral present. In them

there are sparse, widely disseminated secondary sulphides. In this forma-

tion there is no organic material, and the natural cause to assign for the

precipitation is the reducing action of the ferrous compounds which are

abundantly present. The possible reactions are given on pages 1111-1112.

From the foregoing it appears that ores are carried to trunk channels hy

laterally moving ivaters. Lateral secretion is, therefore, an essential step in the

first concentration of ore deposits, although I use the term lateral secretion in

a broader sense than did Sandberger.

The places where the ore deposits themselves are found will now be con-

sidered. As already noted, these occur mainly in or adjacent to the more

continuous larger openings. These openings are occupied by the trunk

streams of circulating waters, and therefore the water is in the latter part of

its course. Hence these trunk streams, as has already been shown (p. 583),

have ill general an upward rather than a downward vertical movement.

The waters reaching the trunk channel at any point immediately begin their

ascent. At any given cross section of a channel there must pass all of the

water contributed below. At great depth this amount has already been

seen to be small. From a small amount the waters steadily increase in

"Clements, J. Morgan, and Smyth, H. L., with W. S. Bayley, The Crystal Falls iron-bearing

district of Michigan: Mon. U. S. Geol. Survey, vol. 36, 1899, pp. 7.3-154.
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volume to the point where they begin to escape laterally. (See fig. 26.)

Hence in a trunk channel of a definite size the circulation is slow below and

increases in speed above. Near the bases of the channels from which the

Mammoth Hot Springs and geysers of the Yellowstone Park issue the

amount of water contributed may be small and the movement of the water

may be exceedingly slow. Even if true, as held by some, that rapid

movement of water is unfavorable to deposition of ores, it is wholly possi-

ble that at moderate depth, especially in the deeper parts of a channel from

which the flow at the surface is rapid, the conditions are those of slow move-

ment and rapid precipitation of ore deposits.

As the water passes upward the variety of solutions as well as the

amount increases, for each stream differs in its salts from every other, since

no two streams can possibly have had exactly similar histories. Moreover,

the character of the wall rock may vary from place to place. The pressure

and the temperature also lessen. These conditions are favorable to jDreci])-

itation. Therefore many ores in their first concentration are precijntated ly

ascending tvaters.

It is now clear that a satisfactory account of the genesis of ores includes

ascending waters. Many ores in their first concentration are actually jn-e-

cipitated from the ascending waters, and therefore emphasis has been placed

upon this part of the work of circulating waters.

The broader statement of the genesis of a great class of ore deposits is-

that the water after penetrating the earth is widely scattered in contact with

rocks in innumerable minor openings. These waters travel downward with

steadily increasing pressure and temperature. They take up the constitu-

ents of the ore deposits. The downward movement of the waters has

superimposed upon it a lateral component, as a result of which the waters

are carried to the larger openings. During this process also the waters

continue to take material into solution. In the larger openings where the

waters are congregated they are upon the average ascending with decreasing

temperature and pressure, and the ores are precipitated.

"While it is believed that in the great majority of instances the journey

of the underground water involves first a descending and later an ascending

movement, it is recognized that this is not invariably the case. Upon the

descending movement may be superimposed a lateral movement which
brings the water to the surface again at a lower level, there being at no
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time an important ascending movement. This is especially likely to occur

in districts of great topographic relief, where the descending waters strike

an inclined impervious plane dipping toward a valley. (See fig. 27.) In

the case illustrated the water falling on the mountains percolates downward

through the rocks until it comes into contact with an impervious stratum,

which it follows toward the valley until it issues above the stream, having

nowhere during its journey an ascending component.

While it is held, as explained above, that xipon the whole the descending

waters are dissolving material and the ascending waters are depositing

Fig. 27.—Ideal section showing underground circulation in which no water anywhere ascends before issuing at the surface.

material, it is not meant to imply that materials are not deposited by

descending and lateral-moving waters, nor tliat materials are not dissolved

by ascending waters. Indeed, it is certain that solution and precipitation

are taking place at all times throughout the entire course of all the branches

of the underground circulation. This is a necessary consequence of the

laws of physical chemistry. It is meant only to imply that in the first con-

centration of one class of ore deposits, solution so far as the ores are

concerned is the rule for the descent and deposition for the ascent, although

there is no doubt that there are many local exceptions to this.
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It is, of course, understood that the underground circulation in any

actual instance is much more complex than that given in the simple ideal

case which has been considered. For instance, it is certain that, in the same

mineral-bearing area, immediately adjacent trunk channels may have had

very different histories. This is especially well shown by the deposits at

Butte, Mont.j where there are two parallel main zones of mineralization, only

a short distance apart, the mineral wealth of one of which is mainly copper,

while that of the other is mainly silver." Many of the other special factors

which modify the simple general statement above given are discussed on

pages 1199-1222.
PRECIPITATION OF THE METALS.

The precipitation of metals in the trunk channels by ascending waters

is of so much importance in the concentration of ores that this process needs

further consideration.

Precipitation may take place (1) by change in temperature and pressure,

(2) by mingling of solutions, and (3) by reactions between solutions and

solids. (See pp. 113-123.)

PRECIPITATION BT DECREASE OP TEMPERATURE AND PRESSURE.

The general relations of solution and precipitation as a consequence of

varying temperature and pressure have been already considered. (See pp.

114-116.) Where the increase of temperature with depth is normal, it lias

been seen that decreasing temperature and pressui-e due to the ascension

of waters fi-om a depth of at least 3,000 meters are favorable to precipitation.

Furthermore, the same statement holds even if the increment of tempera-

ture be greater than normal, provided the temperature does not greatly exceed

100° C. Cases in which water issues at the surface at such temperatures

are very rare. The pi'obably decreasing pressure and temperature of solutions

rising from depths greater than 3,000 meters are also favorable to precipita-

tion. Since it has just been shown that ascending waters are likely "to be

in trunk channels, lessening temperature and pressure are likely to produce

precipitates in the openings of faults, joints, and bedding partings, and the

more open places in sandstones, conglomerates, and amygdaloids.

Since upon the average ascending solutions are those in which the

pressure and temperature are decreasing, precipitation is more likely to

«Emmons, S. F., Notes on the geology of Butte, Mont.: Trans. Am. Inst. Min. Eng., vol. 16,

1888, p. 54. ' •
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occur from them in consequence of change of temperature aud pressure

than from descending solutions.

When one attempts to apply these general statements to specific metals,

experimental data are lacking. It is undoubtedly true that decreasing tem-

perature and pressure are much more influential in the precipitation of some

metals than of others. Until experimental work has determined how the

various economic metals respond to changing temperature and pressure, it

is impracticable to specify the ores in which precipitation is more strongly

favored by decrease of temperature and pressure. One would expect that

precipitation as a consequence of changing temperature and pressure would

tend to give a somewhat orderly vertical distribution of the various metal-

liferous ores.

As an illustration of the influence of a decrease of temperature we
may take the cases of gold and silver. It is well known that gold is

precipitated by cuprous chloride, according to the following reaction:

AuCl3+3CuCl=Au+3CuCl2

Silver is precijjitated by ferroiis sulphate according to the following

reaction

:

AgjSOi+2FeSO^=2Ag+Fe,(SOi)3

Under given conditions, if a sufiicient amount of time be allowed, these

reactions will jDroceed until equilibrium is reached. Stokes has shown that

if the temperature is decreased, after equilibrium is reached, these reactions

will proceed further, but if the temperature is increased the reactions

reverse and the gold and silver are dissolved. Therefore, where for a

given temperature these solutions are saturated with silver and gold, and

the temperature is decreased, precipitation of the metals will result.

PEECIPITATION BY MINGLING OF SOLUTIONS.

PreciiDitation in the trunk channels is produced by reactions caused by
the mingling of various solutions. The mingled solutions may be gaseous

and aqueous, or all aqueous. Precipitation by reactions between aqueous

solutions and gases is especially likely to take place near the level of ground

water, where gases from the belt of weathering mingle with the solutions

of the belt of cementation.

Precipitation by reactions between aqueous solutions is especially likely

to take place at the intersections of trunk channels, where aqueous solutions
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from clififerent sources meet. Such precipitation takes place under the

general law that when solutions of two or more kinds are mingled, if a

substance can form which is insoluble in the liquids present, this compound

will be produced and precipitation take place. This mingling of solutions

is probably the most important of the causes of precipitation of ores.

It is evident that solutions from different sources enter a given trunk

channel at many places and thus a multitude of streams with different

composition mingle in a trunk channel. Each of the incoming streams is

different from any of the others, although in many cases the difference may
be slight. As a case of certain considerable difference may be mentioned

ascending and descending streams. (See ]jp. 1175-1177.) If in a chemical

laboratory a multitude of solutions be taken at random and thrown together

precipitates will be almost certain to form, and in an underground channel

the same effect is likely to be produced when the various solutions come

together. This mingling of solutions is one of the most important of all

the factors which results in the deposition of the ores. I have little question

that the wide vaxiety of solutions which enter a given channel explain in a

large measure the exceedingly irregular richness of ore deposits. Where

a metal is found abundantly in a fissure the explanation in many cases is

certainly that at or near that place there entered a stream which carried

either the precipitated metal or an agent capable of precipitating it from a

solution already in the trunk channel. For instance, it is believed that at or

near the place where the great bonanza of the Comstock lode was found,

there entered either solutions rich in gold and silver, or a solution having a

compound which precipitated the gold and silver already traveling upward

within the lode. Perhaps the former hypothesis is the more probable.

Ore shoots, or chimneys of ore of exceptional richness, occur very

frequently in veins. They are sometimes parallel with the dip and at

other times pitch to the right or left of it. The locations of these ore shoots

in many instances I believe were controlled by cross fractures or joints

through which entered waters, carrying- either metalliferous material or

solutions capable of precipitating the metalliferous mineral in the trunk

channel at the place where the lateral sti'eams of water entered.

The lead and zinc deposits of the MississipjDi Valley, according to

Jenney, are larger at the crossings of two sets of fissures than elsewhere.

This may be explained partly by the greater abundance of the solutions
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furnished hj two sets of fissures, but, as suggested by Jenney," partly

by the miiighng of two different kinds of waters, thus giving conditions

favorable for precipitation.

In the Enterprise mine, at Rico, Colo., described by Richard,'' the ore

bodies are in vertical veins and in flats under shales. While a set of cross

veins is barren, "the rich ore bodies overlie them in the contact zone.""

Below the shale it is common to find ores of more than average srrade in

the pay veins where they are broken by the cross veins. It is believed the

explanation of these relations is the reactions resulting from the mingling of

the solutions of the "verticals" with the inclined cross veins. "With this

Ransome's recent studies accord. He says: "Large bodies of workable

sulphide ore occur only where the solutions in the lode fissures have had

opportunity to mingle with laterally moving solutions in the blanket "
'^

The silver-lead deposits of the Aspen district of Colorado, described

by Spurr, furnish an instance of very probable precipitation of rich ore

shoots by the mingling of solutions. Spurr states that generally an ore

body is "found at the intersection of two faults, one of these faults usually

dipping steeply, while the other is much flatter." For this "the explana-

tion is offered that by the mingling of solutions which had previously

flowed along different channels the precipitation of metaJlic sulphides was

brought about."''

Probably the rich shoots of gold ore in the Sierra Nevada, which,

according to Lindgren, pitch to the left as one looks down the vein, further

illustrate the principle of precipitation by mingled solutions. For the most

part, Lindgren makes no statement as to the relations of ore shoots and

lateral seams. However, on Canada Hill vein there are "occasional rich

bunches at the intersections" of the two systems of veins.-''

«Jenney, W. P., The lead and zinc deposits of the Mississippi Valley: Trans. Am. Inst. Min.
Eng., vol. 22, 1894, pp. 189-190, 224.

SRickard, T. A., The Enterprise mine, Rico, Colo.: Trans. Am. Inst. Min. Eng., vol. 26, 1897, pp.
906-980.

cRickard, cit., p. 977.

<^Ransome, F. L., The ore deposits of the Rico Mountains, Colorado: Twenty-second Ann. Rept.

U. S. Geol. Survey, pt. 2, 1901, p. 301.

« Spurr, J. E., Geology of the Aspen mining district, Colorado: Mon. U. S. Geol. Survey, vol. 31,

1898, p. 234.

/Lindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley, California:

Seventeenth Ann. Rept. U. S. Geol. Survey, pt. 2, 1896, p. 195.
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It is believed that the Cripple Ci'eek deposits likewise illustrate this

principle. Penrose" notes that many of the rich ore shoots occur at cross

fissures. It is thought jjrobable that the main cause for the formation of

ore shoots at such places is the reaction of solutions furnished by one set

of fissures upon those furnished by the other set. It is but fair to say,

however, that Peiu'ose makes the explanation, the "mechanical one, in

deflecting the course of the ore-bearing solutions."

What are the reactions which result in precipitation from the mingling

of solutions! It has been pointed out (p. 1075) that in the upper part of

the journey of descending waters ic salts are likely to be present. In the

deeper parts of the belt of cementation, where organic matter and ferrous

compounds are abundant, these ic salts are commonly changed to ous salts,

and such salts are abundant. Such solutions are likely to make their way
into the trunk channels. If they there meet salts of gold, silver, or copper,

these compounds may be thrown down. This is likely to take place if the

reducing solutions are abundant. That is, the reaction is under the law of

mass action. It has already been seen that this reaction is jaromoted by

decreasing temperature. Another reaction frequently resulting in the

precipitation of sulphides follows from the mingling of solutions, one of

which bears hydrogen sulphide and the other sulphates or other oxidized

salts. In trunk channels the mingling of solutions of these kinds must be

very common, the oxidized solutions coming perhaps somewhat directly

from the surface, whereas the hydi'ogen-sulphide solutions have usually

taken a longer journey in the belt of cementation, and thus have taken on

a reducing character.

While the above explanation may in many cases account for apparent

irregularities in the kinds and percentages of metals, other prijiciples are

needed to explain the fact that metals occur in a definite order from the

surface downward and that many valuable metalliferous ores grow poorer

at a depth of 1,000 meters or less. Varying tempei-ature and pressure are

important in this connection; but more influential in many instances, as

will be shown subsequently, is a second concentration produced by
descending waters.

"Penrose, R. A. F., jr., Mining geology of Cripple Creek, Colorado: Sixteenth Ann. Kept. U. S.

Geol. Survey, pt. 2, 1895, pp. 164-165.
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PEECIPITATION BY REACTIONS BETWEEN SOLUTIONS AND SOLIDS.

Precipitating reactions between the solutions and solids with which

they are in contact often take place. The solid wall rock frequently pro-

duces precipitations of metalliferous ores froixi the solutions in the trunk

channels in the following ways: (1) It has already been explained that a

solid, when placed in contact with a liquid, may precipitate some compound

previously held in solution, some part of the solid going into solution at

the same time. Tlius, the wall rock may precipitate ores. (2) The wall

rock fui-nishes the trunk solutions with precipitating solutions, which may

precipitate metals already in solution within the trunk channels. (3) The

wall rock itself may supply the ore deposit with metalliferous material,

which, when it reaches the trunk channel, may be precipitated by the

solutions there contained. Where the wall rock is easily soluble, enlarge-

ments of the openings occur readily and afPord places for the deposition of

the metalliferous material. (See pp. 1212-1216.)

The reactions due to the country rock are likely to be effective in

proportion as it is porous and soluble and therefore allows solutions to

permeate and to dissolve it. Thus the country rock is likely to be especially

effective in its reactions where the trunk channel is a complex one and

gives a large surface of action. It is believed that the effect of the wall

rock in these various ways is of great imjDortance in the production of many

ore deposits.

As an illustration, may be cited the very general association of lead,

zinc, and copper ores, and the accompanying gold and silver, with limestone.

It is well known that in inany cases ore deposits in limestone are large and

rich, and in the associated rocks are small and barren. This is illustrated

by the lead and zinc deposits of the Mississippi Valley, which occur almost

exclusively in limestones, although these rocks are interstratified with sand-

stones. Where the openings pass into sandstones the ore deposits become

small and poor or die out altogether. Precisely the same relation is illus-

trated in the copper deposits of the Southwest. Here the ores are very

largely in the limestone, and when they pass into the acid associated rocks,

either sediments or porphyries, become small, and often fail."

aDouglas, James, The Copper Queen mine, Arizona: Trans. Am. Inst. Min. Eng., vol. 29, 1900,

pp. 512-513. Eansome, F. L., The copper deposits of Bisbee, Arizona: Eng. and Min. Jour., vol. 75,

1903, pp. 444-445.
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Many other similar illustrations could be given. It is recognized that

these relations are explained in part by the ready solubility of the lime-

stones as compared with the acid rocks, thus giving openings for the depo-

sition of ores, but also largely, it is believed, by the reaction of limestone,

or its solutions, upon the solutions which contributed the metals. This

conclusion, already announced from the geological relations, without refer-

ence to experimental work, has been confirmed by laboratory work by
Mr. H. N. Stokes. Mr. Stokes has shown that when soluble zinc, lead,

copper, or silver salts are heated with iron bisulphide, in the presence of an

alkaline carbonate, the metals are thrown down as sulphides. The reactions

are given on p. 1117. It was suggested that calcium carbonate might be

substituted for the sodium carbonate and similar reactions take place, and

this Mr. Stokes found to be the fact. It is therefore certain that where

limestone is the wall rock it often has a very important influence in the

precipitation of the ores.

The supposition that the limestones are a cause of precipitation does

not preclude the possibility that they may not also contribute the metals,

as in the case of the lead of the Mississippi Valley. But in such cases the

2)recipitation is probably due more to the mingling of solutions in trunk

channels than to the effect of the wall rock. Of course, in some cases, the

association of ore with limestone may be due to more than one of the factors

mentioned—the ready solubility of the limestone, its power to cause direct

precipitation, to furnish precipitating solutions, and to supply the metals or

some part of them.

Another case of precipitation resulting from the influence of the wall

rock is the well-known occurrence of metallic copper in the openings of

sandstones, conglomerates, and amygdaloids of Keweenaw Point." The

metallic copper between the particles was doubtless precipitated by ferrous

solutions furnished by the wall rocks, which in many cases are basic

volcanics.

A particularly clear illustration of the effect of wall rock is furnished

by ores in which the sulphides are confined to strata containing organic

matter, as in some copper deposits '' and some of the gold reefs of Australia.

"Irving, R. D., The copper-bearing rocks of Lake Superior: Mon. IT. S. Geol. Surv., vol. 5, 1883,

pp. 419-430.

''Posepny, F., The genesis of ore deposits, and Cazin, F. M. F., discussion of same: Trans. Am.
Inst. Min. Eng., vol. 23, 1894, pp. 316, 606-607.
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In the case of the copper deposits the organic matter has in all probability

reduced sulphites or sulphates to sulphides. The function of the organic

matter in the case of the gold ma}^ have been to reduce it to metallic gold,

or to produce ous salts, for instance, ferrous sulphate, which reduced the

gold. (See pp. 1093-1095.)

GESERAL STATEMEXTS.

In conclusion, it may be said that the precipitation of metallic ores

by the mingling of various solutions is probably the most important single

factor which results in the first concentration of ores. Probably next in

importance to this are the reactions upon the trunk streams, due to the wall

rocks. As lateral streams from beyond the wall rocks must pass through

the latter, many of these streams produce an effect due partly to materials

more remote than the wall rocks and partly to the wall rocks. Thus in

many cases the effect of solutions originating beyond the wall rocks and

that of solutions furnished by the wall rocks may not be discriminated.

Diminishing temperature and pressure, while probably subordinate in

their effect to the mingling of streams and reactions due to the wall rocks,

are in many instances undoubtedly important, and in some instances

dominant, factors. In general, the tendency of writers has been to

emphasize the effect of diminishing temperature and pressure, and to

minimize or even disregard altogether the effects of mingling solutions

or the wall rocks, or both.

Precipitation in many cases is not produced b}^ a single one of the

factors, but by two or three of them. For instance, precipitation may be

produced by the joint effect of a change in pressure and temperature, by
the reaction between gases, solutions, and sohds, and by the combination

of change in pressure, change in temperature, and the mingling of solutions.

In short, all possible combinations of the various causes of precipitation

may and do occur in connection with ore deposits.

COMPOUNDS DEPOSITED BY ASCENDING SOLUTIONS.

Of the metallic ores those of iron, copper, lead, zinc, nickel, silver,

gold, and mercury are the more important. These metals vary greatly in

the forms in which they are precipitated. The deposits formed by ascend-

ing water occur in the metallic form, as sulphides, tellurides, oxides, car-

bonates, and silicates. The metals deposited in the metallic form in impor-
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tant amounts by ascending water at the first concentration are silver, gold,

and copper. Metallic gold, copper, and silver are also produced in connec-

tion with the reactions of descending water, but such dejDosits are not here

considered. Their development is treated on pages 1158-1174. All of

the metals mentioned, with the exception of gold, occur in the form of

sulphides. The sulphides are either simple binary salts or are ternary

salts, such as sulpharsenites, snlpharsenates, sulphantimonites, and sulph-

antimonates. The sul|)harsenical and sulphantimonical compounds will

not be considered separately from the simple sulphides. The important

tellurides are those of silver and gold. An important oxide deposited by

ascending water is magnetite, and ]30ssibly franklinite and zincite belong

here. Of the carbonates that of iron is of the greatest consequence. Of

the silicates that of zinc may belong here. Of course many other oxides,

cai'bonates, and silicates are found in ore bodies; but so far as these are

in sufficient abundance to constitute workable ore deposits, it is believed,

as will be fully explained later, that these compounds do not belong to the

class of ores deposited by ascending water.

Why compounds deposited by ascending waters are, for the most part,

not oxidized compounds, but metallic compounds, sulphides or tellurides,

is easily explained. The widely disseminated, downward-moving water,

bearing oxygen, is robbed of this constituent early in its course. Ferrous

compounds are abundantly present in the rocks in the forms of magnetite

and silicates. Iron is a strong base; and where ferrous compounds are

present they continue to abstract the oxygen of the downward-moving

waters until it has practically disappeared. Moreover, buried organic

matter takes oxygen from underground waters. Hence oxidizing com-

pounds do not exist in the deep-seated ascending water.

METALS.

Solution.—It has been stated that gold is deposited by ascending waters

in important amounts. The maimer in which gold is dissolved and trans-

ported to the greatest extent in underground solutions is not well known.

As a matter of experiment it has been long known that gold is soluble in

ferric chloride and in cupric chloride. Doelter has shown that gold is some-

what readily soluble in a 10 per cent solution of sodic carbonate, and also

MON XLVII—04 69
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in an 8 per cent solution of sodic carbonate containing an excess of carbonic

acid and containing sodic silicate." Becker has shown that gold is easily

soluble in sodic sulphide and in sodic sulphydrate. '' It has also been

held that gold is soluble in ferric sulphate. Recently Stokes has experi-

mentally investigated the solubility of gold. He finds that gold is

somewhat readily soluble at a temperature of 200° C in solutions of ferric

chloride and cupric chloride according to the following reactions:

Au+3FeCl3:^iAuCl3+3FeCl2

Au+3CuClj;;z!:AuCl3+3CuCl

, It thus appears that when gold is dissolved by ferric chloride or cupric

chloride it is transformed to a chloride. The greater the amount of these

chlorides and the stronger the solutions the more gold may be dissolved.

With a given amount of ferric chloride or cupric chloride, with constant

temperature, the reactions cease when equilibrium has been reached.

Stokes's work has further shown that when this condition exists a rise in

temperature causes the reaction to continue. That is to say, with increasing

temperature a given amount of ferric or cupric chloride in a given solution

is capable of taking an increasing amount of gold into solution.

Stokes finds that gold is not appreciably dissolved in ferric sulphate

unless chlorides are present at the same time, thus furnishing ferric chloride

and making the solution really that by the reaction already given. His

experiments have not been carried to sufficient refinement to prove that

ferric sulphate may not dissolve gold to an extent to be of consequence in

the segregation of the metals under natural conditions.

Lenher, in advance of publication, has kindly given me the results of

experiments which show that gold is soluble in sulphuric acid, phosphoric

acid, and various other acids, if a compound be present which liberates

oxygen, as, for instance, manganese dioxide. The reaction takes place at

0° C, but is greatly accelerated by heat. This principle^ may be of con-

siderable importance in the solution of gold, since all of those compounds

occur rather plentifully under natural conditions. The frequent association

of gold ores with manganese minerals strengthens this suggestion.

« Doelter, C, Einlge Versuche iiber die Loslichkeit der Mineralien : Tschermaks Mineral. Mittheil.,'

vol., 11, 1890, p. 329.
*

6 Becker, G. F., Geology of the quicksilver deposits of the Pacific slope: Mon. U. S. Geol. Survey,

vol. 13, 1888, p. 433.
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The conclusion that gold is soluble in ferric and cupric chlorides, in

acids where oxygen is liberated, and is possibly soluble in ferric sulphate,

and that these processes are promoted by increasing temperature, is of the

greatest importance in reference to the segregation of gold. It has been

pointed out that the ic salts are those which are extensively produced in

the belt of weathering by descending solutions. Iron sulphide is the most

abundant sulphide. By the reaction of oxygen upon it ferric sulphate is

produced, and by its decomposition sulphuric acid. Ferric chloride would

form wherever chlorine is present. If copper sulphides occur, these would

be transformed to similar salts. Thus in the belt of weathering considera-

ble quantities of the solvents of gold are formed. In connection with the

production of a large amount of these reagents where the solutions are

descending, the law of mass action leads to the conclusion that the gold

will be dissolved somewhat in proportion to the mass of these compounds

produced. Furthermore, where the solutions are descending there is a

rise in their temperature, and the work of Stokes shows that this further

increases their activity. Hence, under normal conditions in a region of

mineralization where there are sulphides and where gold exists, one would

expect that the dispersed descending solutions would dissolve gold in con-

siderable quantity.

Precipitation.—In whatevor form gold is carried it is known to be pre-

cipitated in the first concentration as metallic gold or as a telluride.

Whether it is also precipitated as a sulphide is uncertain.

It is easy to suggest various causes for the precipitation of metalHc

gold from its solutions. First, it is well known that gold solutions are

immediately precipitated by the more basic metals. Of these metals there

is likely to occur underground those of copper, silver, and tellurium. Occa-

sionally also iron may occur. The rapid precipitation of gold from its

solutions by contact with iron, copper, and silver are well known.

Recently Hall and Lenher have shown that tellurium completely

precipitates gold from its solutions according to the following reactions :"

4AuCl,+3Te=4Au+3TeCli

They state: "Time is a considerable factor in bringing about complete

precipitation, from two to three hours being necessary with continued

"Hall, R. D., and Lenher, Victor, Action of tellurium and selenium on gold and silver salts:
Jour. Am. Chem. Soc, vol. 24, 1902, p. 919.
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heatiug, or several days at room temperatures. The only conditions to be

observed, in order to obtain quantitative precipitation of the gold by the

tellurium, are sufficient time and the direct contact of all the tellurium with

the gold solution."" Hall and Lenher have also shown that selenium

precipitates gold from its solutions in a similar manner according to the

reaction:

4AuCl3+3Se=4Au+3SeCl4

They say: "From six to eight hours of continued boiling are necessary to

insure complete precipitation, or better, from two' to three days at a tem-

perature of 70° to 80°."'

Not only is gold precipitated from its solutions by various metals, but

it is precipitated by many ous salts and oxides ; for instance, it is well known

that ferrous sulphate readily reduces gold to the inetallic condition. Stokes

has recently shown also that ferrous salts in silicates are sufficient to pre-

cipitate copper from its solutions, and if this be so, it is certain that gold may

be precipitated in like manner. There is little doubt, also, that ferrous

oxide in magnetite is adequate to precipitate gold from its solutions. It is

to be noted that Stokes writes the equations

AuCl3-l-3FeCl2;i*Au+ SFeCla

AuCls+SCuCl^Au+SCuCl.,

as reversible reactions. He states that "with rising temperature the equi-

librium moves from left to right, with falling temperature from right to

left."''

It follows that where there is lessening temperature and pressure,

ferrous chloride and cuprous chloride reduce gold solutions, throwing down

the metallic gold. Normally, the conditions for falling temperature are

those for ascending solutions, and therefore, so far as gold is precipitated

by these reactions, it is more likely to take place where the waters are

ascending.

So far as I know, experiments have not been made in the precipitation

of gold by cuprous oxide and cuprous salts other than cuprous chloride;

but in general it may be stated with a considerable degree of certainty that

any of the ferrous and cuprous compounds which occur in nature are ade-

quate precipitating agents for gold solutions. From the descriptions of

a Hall and Lenher, cit., p. 920. b Hall and Lenher, cit., p. 921. « Stokes, manuscript, p. 7.
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various gold deposits it seems to me very probable that in many instances

the ferrous salts have been important reducing agents, and the same may
be true of cuprous compounds.

It has been seen on a previous page that the ic compounds capable of

dissolving gold are produced extensively in the early part of the journey

of underground water. It has further been fully explained (p. 1085), that

deep in the belt of cementation, where organic matter and sulphides are

abundant, ic salts are changed to ous salts, which are the prevalent com-

pounds deep within the belt. Therefore the trunk channels which carry

the srold in solution are likelv to receive contributions from other solutions

which c.irry ous salts in large amount. Here the conditions are just the

reverse of those existing in the early part of the water's journey. The

law of mass action now demands the reduction of the gold to its metallic

condition. For instance, if the gold were a chloride, and ferrous sulphate

were present, the following reaction would take place:

2AuCl3-)-6FeSOi=2Au+2Fej(S04)3+2FeCl3

Similar reactions are written for ferrous chloride and cuprous chloride on

the preceding page. It is also to be remembered that in trunk channels the

solutions are likely to be ascending. Therefore the temperature is falling,

and as pointed out by Stokes all of these reactions are promoted by this

condition. Thus an abundance of reducing solutions and the teixiperature

both work together to produce precipitation in the trunk channels.

In connection with these reactions the question naturally arises as to

which of the ous salts is probably the most important. Since iron is the

most abundant of all the metals carried in underground solutions, such sul-

phates would be more likely to be sulphates of iron than any other. If the

salts formed in the belt of weathering were ferric sulphates, they would be

likely to be reduced to the ferrous condition at depth by organic matter or

by sulphides. Indeed, analyses of mineral waters which bear sulphates also

ordinarily show ferrous iron." Therefore ascending waters bearing ferrous

sulphate or other ous salt might be brought into a lode by side streams and

there precipitate the gold. Such side channels entering through lateral

cracks may, in many cases, cause the extreme irregularity in the distribution

of the gold.

«Peale, A. C, Mineral waters of the United States: Bull. U. S. Geol. Survey No. 32, 1886.
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Although Liudgreii argues to the contrary with regard to the Sierra

Nevada," the suggestion that a part of the gold there has been reduced by

ferrous sulphate has extreme plausibility. The gold associated with the

pyrite is native. From that district are given two analyses of the waters of

feeding streams (the only analyses reported) entering the lodes at a depth

of 125 meters. Both of these analyses show that sulphates and iron are

present.* According to the analyses the iron is reported as ferric; but

apparently no precautions were taken, when the waters were collected, to

prevent the oxidation of ferrous to ferric iron. Indeed, the precipitates of

yellow material, which is partly ferric oxide, made by underground springs

renders it highly probable that ferrous salts were contained in them before

oxygen came into contact with the solutions. The clean vein quartz itself,

which holds a large number of fluid inclusions, contains sulphates," showing

that sulphate-bearing waters were present at the time the lodes formed.

The ore shoots have great irregularities in richness, for which Lindgren

offers no explanation. The suggestion above made that the gold is precip-

itated in the metallic form by the reducing action of ferrous sulphate

explains all of these facts. The deposits are rich where the side springs

issued from cross fissures and furnished the ascending waters with ferrous

sulphate. The gold is in the metallic form because reduced by the ferrous

sulphate.

Organic material is capable of precipitating gold from its solutions.

At many places the precipitation of the gold has been ascribed, in part

at least, to the influence of the organic matter. Rickard** calls atten-

tion to the frequent association of metallic gold with sedimentary

rocks bearing organic matter in California, New Zealand, Australia,

and Tasmania. The most remarkable case is the concentration of gold

in veins where they cross strata of carbonaceous shale, called indicators.

Savs Don," "Away from the indicator, the greater part of the vein quartz

is absolutely barren; but at the intersection with the indicator large

a Lindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley, California: Seven-

teenth Ann. Rept. U. S. Geol. Survey, pt. 2, 1896, p. 181. See also PI. V, p. 134.

''Lindgren, op. cit., pp. 121-123.

'Lindgren, cit., pp. 130-131, 260,261.

t'Kickard, T. A., The origin of the gold-bearing quartz of Bendigo Reefs: Trans. Am. Inst. Min.

Eng., vol. 22, 1894, pp. 314-315. Rickard, T. A., The indicator veins of Ballarat, Australia: Eng.

and Min. Jour., vol. 60, 1895, pp. 561-562.

«Don, J. R., The genesis of certain auriferous lodes: Trans. Am. Inst. Min. Eng., vol. 27, 1898,

p. 569.
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masses of gold (often more than 100 ouiices in one piece) have been

obtained, and the greater part of the gold extracted from this belt has

come from those parts of the quartz veins near some one of the indicators."

Furthermore, Rickard" describes experiments in which the black carbon-

aceous shale of Rico was placed in silver solutions and in solutions

containing Cripple Creek gold ore. Both metallic silver and gold were

abundantly precipitated upon the shale in a short time. In the instances

above mentioned it can hardly be doubted that the organic material was

an important or controlling factor in the reduction and precipitation of gold.

The argillite with which many of the gold ores of the Sierra Nevada

are associated is carbonaceous, * but the chief influence of this carbonaceous

material may have been to assist in the production of the otis salts which

ultimately reached the trunk channels. But in some places, as for instance

where the pyrite occurs in a carbonaceous argillite, but not in quartz," the

gold may have been precipitated directly by the carbonaceous material.

But since the gold in the Sierra Nevada is mainly deposited in open

fissures,'* the suggestion already made of direct reduction of the major

portion of the gold by otis salts, and especially ferrous sulphate, is thought

to be the more plausible, although if the formation of the ferrous sulphate

be due to carbonaceous material in the country rock, the precipitation is

indirectly due to organic matter.

The sulphides of the base metals also precipitate gold from its

solutions. Below the level of ground water the rocks most commonly

associated with gold are the sulphides of the base metals. Thus gold

occurs on a great scale associated with pyrite. Very often it is found also

with sulphides of the other metals, especially copper. In such occurrences,

where the sulphides are abundant, the gold is likely to be plentiful; where

the sulphides are present in small quantity, the gold also is likely to be

deficient. This relation is illustrated in both California and Australasia, "

«Rickard, T. A., The Enterprise mine, Bico, Colo.: Trans. Am. Inst. Min. Eng., vol. 26, 1897,

pp. 978-979.

^Lindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley, California:

Seventeenth Ann. Kept. U. S. Geo!. Survey, pt. 2, 1896, p. 81.

cLindgren, op. cit, p. 140, PI. VIII.

'^Lindgren, op. cit., p. 259.

""Lindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley, California:

Seventeenth Ann. Rept. U. S. Geol. Survey, pt. 2, 1896, pp. 124-126. Don, J. R., The genesis of certain

auriferous lodes: Trans. Am. Inst. Mm. Eng., vol. 27, 1898, p. 567.
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and suggests that the original sokitioii and deposition of native gold and

the sulphides are frequently connected; therefore it is reasonable to infer

that the conditions Avhich produced sulphides may also have resulted in

the precipitation of gold."

Liversidge has shown experimentally that pyrite, galena, arsenopyrite,

and nearly all other sulphide minerals will precipitate gold completely from

solutions of auric chloride.'' The frequency with which gold occurs associ-

ated with or inclosed by pyrite suggests that this is a very important

reaction. This relation is well illustrated by the gold-quartz veins of the

Sierra Nevada described by Lindgren, where in the deeper parts of the lodes

beyond the belt of surface oxidation the p3"rite and the gold are intimately

associated. Lindgren says that the intimate connection of the gold with

the sulphides was very likely caused by the tendency of gold solutions to

be precipitated by particles of sulphides."

In certain cases gold occurs associated with both carbonaceous material

and the base sulphides. This is well illustrated by the argillite of the

gold-quartz veins of the Banner mine described by Lindgren/' and by the

Beudigo i-eefs of Australia." In such cases the question may arise as to

which of the two is the precipitating agent; but the more intimate

association of the gold witli the pyrite suggests that the pyrite is the

precipitating agent for the gold (see PI. XI, A), and this agrees with the

experimental work of Liversidge, which shows that the metallic sulphides

precipitate gold from solutions more readily than organic matter.-'^

Recently Lenher and Hall^ have shown that the natural tellurides of

gold, silver, and mercury are capable of rapidly and completely precipitat-

ing metallic gold from its solutions. This they have accomplished with

calaverite (AuAgTea; Au 39.5, Ag 3.1, Te 57.4) (An 4L76, Ag .80, Te 56.64,

« Lindgren, cit, p. 184.

6 Lindgren, AValdemar, Gold-quartz veins of Nevada City and Grass Valley: Seventeenth Ann.

Eept. U. S. Geol. Survey, pt 2, 1896, p. 182. Liversidge, A., On the origin of gold nuggets: Proc.

Roy. Soc. New South Wales, vol., 27, 1893, p. 303.

c Lindgren, cit., p. 184, PI. VII, p. 138, and PI. VIII, p. 140.

<1 Lindgren, cit., PI. VIII, tig. c, p. 140, and p. 156.

i^Rickard, T. A., Origin of gold-bearing quartz of Bendigo reefs, Australia: Trans. Am. Inst.

Min. Eng., vol. 22, 1894, pp. 314-317.

./Liversidge, A., On the origin of moss gold: Proc. Roy. Soc. New South AVales, vol. 27, 1893,

p. 287.

ff Lenher, Victor, Naturally occurring telluride of gold: Jour. Am. Chem. Soc, vol. 24, 1902, pp.

355-360. Lenher, Victor, and Hall, R. D., Action of tellurium and selenium on gold and silver salts:

Ibid., pp. 918-927. /
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from Kalgoorlie)," krennerite (AuAgTea; Au 35.5, Ag- 19.4, Te 45.1, uncer-

tain), sj-lvanite (AuAgTe,; Au 24.6, Ag 13.4, Te 62.1), hessite (Ag.^ Te),

kalgoorlite (HgAuaAggTei), nagyagite (AuaPbi^SbsTeySn), and coloracloite

(HgTe). It thus appears that whether these mmerals are largely tellurides

of gold, as calaverite; of gold and silver, as krennerite, sylvanite, etc.; of

silver, as hessite, or of mercurji', as coloradoite, when brought into contact

with chloi'ide of gold solutions metallic gold is precipitated. This experi-

mental work of Lenher and Hall is of very great importance, probably

largely explaining the intimate association of free gold with the tellurides

at various places.

It will be explained (pp. 1170-1171) that in many places the associa-

tion of free gold with tellurides is partly due to the reconcentrating action

of descending water, the teUurides being the precipitating agent. Doubtless

in many cases this process of reconcentration is also combined with that of

direct oxidation of the tellurium of the tellurides, leaving gold behind. The

spongy gold pseudomorphous after telkiride, such as that which occurs at

Cripple Creek, is almost certain evidence of one or both of the above

processes. But in many cases the free g'old associated with tellurides

may be due to a first precipitation from ascending waters, the precipi-

tating agent being the telluride. This possibility is illustrated by the

Kalgoorlie district of Australia, described by Bancroft, who says: "The ore

is very slightly altered country rock containing iron pyrites and tellurides

of gold. . . . One of the interesting phenomena of the ore is the occurrence,

once in a while, of small particles of crystalline gold surrounded by crystals

of tellurides low in gold.'"

The conclusion that the Kalgoorlie gold may be precipitated by the

tellurides is confirmed by observations made by Rickard. He states that

"free gold at Cripple Creek has invariably that appearance which charac-

terizes the metal when it has originated from the disintegration of tellurides;

but at Kalgoorlie ordinary gold, in a bright and crystalline condition, also

occurs.""

oEickard, T. A., The telluride ores of Cripple Creek and Kalgoorlie: Trans. Am. Inst. Min. Eng.,

vol. 30, 1901, p. 711.

''Bancroft, Geo. J., Kalgoorlie, Western Australia, and its surroundings: Trans. Am. Inst. JMin.

Eng., vol. 28, 1899, pp. 93-94.

«Ilickard, T. A., Telluride ores of Cripple Creek and Kalgoorlie: Trans. Am. Inst. Min. Eng.,

vol. 30, 1901, p. 714.
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Bearing in the same direction are facts given by Kemp: "From Mr.

Bancroft the writer learns that the actual ore at Kalgoorlie consists of

calaverite and native gold. In a specimen kindly given the writer there is

a yellow telluride and a silvery one. In the midst of the latter a bit of wire

gold is embedded. (There is no sign of a,lteration, and the native metal and

the telluride must have crystallized together.""

The very general occurrence of tellurides in gold deposits leads me to

the belief that the precipitation of gold by tellurides is probably an impor-

tant reaction in the first concentration by ascending waters. The work of

Hall and Lenher shows conclusively that where gold-bearing solutions

enter deposits containing tellurides, whatever their origin, the gold will be

rapidly precipitated by the tellurides. In this connection the manner in

which the tellurium travels and is precipitated is important, and is discussed

with the tellurides. (See pp. 1119-1125.)

Hall and Lenher' have shown that silver selenide also reduces gold to

the metallic form almost as rapidly as selenium does. The reaction takes

place only slightly in the cold, but readily on warming. Whether or not

this has any importance with reference to ore deposits is uncertain.

In many cases the precipitation of gold is not produced by a single

one of the causes given, but by some combination of them. For instance, it

has already been pointed out that the abundance of otis solutions and dimin-

ishing temperature work together. Again, the reducing action of organic

material and that of base sulphides or tellurides, or both, may work together.

In still other cases all of the above favorable conditions may occur simulta-

neously. The combination of organic matter with sulphides or tellurides is

believed to be very common.

Such a combination is probably illustrated by the deposits of New
South Wales, in which the gold is associated both with organic inatter and

with pyrite. In this case the organic matter was probably the chief agent

in precipitating the base sulphides from the sulphates. In consequence of

this reaction there are two compounds present capable of precipitating the

gold, both the pyrite and the carbonaceous material. Since the work of

Liversidge shows that the sulphides precipitate gold more readily than

oKemp, J. F., Geological occurrence and associates of the telluride gold ores: Mineral Industry,

1898, p. 319.

''Hall and Lenher, Action of tellurium and selenium on gold and silver salts: Jour. Am. Cheni.

Soc, vol. 24, 1902, p. 927.
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organic material, and since the gold is more intimately associated with the

sulphides, it seems probable that, in proportion to its mass, pyrite is a more

important precipitating agent than the organic matter; but undoubtedly

both are effective.

In many cases it is probable that the precipitation is due fundamentally

to carbonaceous material, but that the influence of the organic matter is one

step removed. That is to say, the organic matter first precipitated the

baser sulphides b}^ reducing them from sulphates, as explained under the

succeeding section, and then the base sulphides precipitated the gold. This

would seem to be the natural explanation which accounts for the close

connection of the gold of some deposits with both carbonaceous materials

and pyrite and other base sulphides."

SILVER.

Metallic silver as a product of the first concentration by ascending

waters is not an ^abundant source of the metal. One of the most notable

occurrences of metallic silver of this origin is that of the Keweenawan

of Lake Superior, where the silver, in subordinate amounts, is closely

associated with copper.

' Solution.—The form in which silver most extensively occurs is sulphide.

It is well known that oxidizing waters change silver sulphide to a sulphate

which is a readily soluble compound. It is therefore probable that the silver

is very largely transported as a sulphate. It is also certain that silver is

transported as a chloride, which may be produced either by the direct action

of the chlorides or of hydrochloric acid on the sulphides of the metal, or b)^

the interaction of the chlorides and sulphates. Silver carbonate is also

somewhat readily soluble in carbonated solutions. Silver also occurs as a

metal. It is well known that metallic silver is soluble in ferric sulphate,

the reaction being:

2Ag+Fe, (SO,,)3=Ag.SO^+2FeS04

This reaction takes place in proportion as the ferric sulphate is abundant,

and it has already been pointed out that such sulphates are likely to

be abundant in the early part of the journey of the underground waters

where they are descending. Stokes has shown that after this reaction has

"Don, J. R., The genesis of certain auriferous lodes: Trans. Am. Inst. Min. Eng., vol. 27, 1898,

pp. 569, 612.
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extended to equilibrium it will continue farther where the temperature is

rising, and thus descending solutions with increasing temperature are

favorable to solution of metallic silver. Doubtless silver is soluble to some

extent in all the strong acids which occur underground and also in their

salts. When, however, the silver becomes a salt, the form in which it would

subsequently travel depends on the amount of acids in the solutions and

their strength. It is well known that silver sulphide is soluble in alkaline

carbonates and in hydrosulphuric acid, but probably silver thus transported

is not an important source of metallic silver of the first concentration by
ascending waters. From such compounds the silver is likely to be thrown

down as a sulphide.

Precipitation.—Thc preclpitatiou of silver in the metallic form from its

solutions follows to a certain extent the same lines as that of gold; but silver

is not nearly so readil}^ reducible as gold, and therefore is not thrown down

in the metallic form by so many compounds. Silver is precipitated by

metallic iron, by metallic copper, by cuprous compounds, readily by ferrous

sulphate, and probably slowly by all other ferrous compounds. Of the oiis

salts, ferrous sulphate is doubtless the most important. The precipitation

of the silver by ferrous sulphate is commonly written

—

AgjSO,+ 2FeS04 = 2Ag+ Fe^ (804)3

The reduction is a function of the abundance of the reducing agent. Where

the ferrous sulphate is abundant, and the temperature moderate it is believed

that the more probable reaction for the precipitation of silver from its

solutions is represented by the following equation:

Ag^SO,,+ SFeSOi + 4H,0 =2Ag + Y^.,0^+ 4H,S04

Since ferric sulphate will dissolve silver, and ferrous sulphate will

reduce silver, the relations of these two compounds are, as Stokes notes,

reversible according to the following expression:

2Ag+ Fe, ( SO4 ) 3 :^i Ag,S04+ 2FeS04

Stokes says that the reaction moves in the direction of solution when the

temperature is rising, and in the direction of precipitation when the tempera-

ture is falling. Thus, in ascending solutions, where the temperature is

falling, silver is especially likely to be thrown down by the ferrous salts.

Silver may be also precipitated b}^ ferrous compounds in a solid form,

as in magnetite and the silicates. That this is certain follows from the fact
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that such compounds are capable of reducing copper to a metalhc condition

from its solutions, and this element is more difficult to reduce than

silver. That such reduction has actually taken place by the fei'rous iron of

silicates has been maintained by Vogt for the native silver at Kongsberg,

Norway."

COPPER.

Solution.—Copper in underground solutions is doubtless carried in many

forms, probably more largely as copper sulphate, but as a chloride to an

important extent. It ma}^ be transported also as copper carbonate in

carbonate solutions carrying excess of carbonic acid. Copper as a sul-

phide is so-luble in the alkaline sulphides, especially acid sodium sulphide

(NaHS), and is soluble in considerable quantity in alkali sulpharsenates

and sulphantimonates.

Precipitation.—Coppcr as a metalHc compound is precipitated by metallic

iron and by ferrous compounds. The precipitation by metallic iron is

probably unimportant, but that by ferrous compounds is of great conse-

quence. Copper occurs most extensively in the metallic form as precipitate

of a first concentration in the Lake Superior region. Many years ago

Pumpelly' noted the fact that in this region there is an intimate connection

between the native copper and the iron-bearing minerals carrying ferrous

iron. On this subject Pumpelly says:

Throug-hout its deposits the copper exhibits a decidedly intimate connection

with delessite, epidote, and green-earth silicates, containing a considerable percentage

of peroxide of iron as a more or less essential constituent; while among the other

silicates, viz, analcite, laumontite, datolite, prehnite, only the last named, which

alone seems subject to a considerable replacement of its alumina by ferric oxide, is

especiallj' favored by copper. This association is so invariable * * * that there

exists a close genetic relation between the metallic state of the copper and the ferric

condition of the iron oxide in the associated silicates; that the higher oxidation of

the iron was effected through the reduction of the oxide of copper and at the expense

of the oxygen of the latter. '^

* * * * * * *

Now, maj' we not consider the presence of iron in prehnite generally to be due

to a beginning change, and the deposition of native copper in the Lake Superior

prehnites to be partially or wholly correlated with the higher oxidation of the iron?''

«Vogt, J. H. L., LTeber die Bildung des gediegenen Silbers, etc.: Zeitschr. f. prak. Geol., Ajiril,

1899, p. 118.

fi Pumpelly, Raphael, The paragenesis and derivation of copper and its associates on Lake Superior:

Am. Jour. Sci., 3d series, vol. 2, 1871, pp. 353-3.54.

"Puii-pelly, cit, p. .353.

(^ Pumpelly, cit., p. 354.



1 102 A TREATISE ON METAMORPHISM.

These observations of Pumpelly convinced me some years ago that

the copper was reduced by the ferrous compounds. These conclusions

have been later confirmed by experimental work. Biddle, in a thick-walled

flask, reduced both cupric and cuprous chlorides by ferrous chloride in a

saturated solution of potassium bicarbonate." More recently Stokes, by

heating an acidified solution of cupric sulphate and ferrous sulphate in a

closed tube, has produced metallic copper at the cold end of the tube and

pure hematite at the hot end of the tube. The reactions involved are as

follows:
''

2CuS04+2FeS04^Cu2S04+Fe2(S04)3

The CU2SO4 is decomposed on cooling to Cu and CuSOi, while Fe2

(804)3 decomposes on heating, thus:

Fe2(S04)3+3H,,0= Fe203+3H2S04

Stokes further was able to reduce cupric sulphate to metallic copper

by heating with hornblende in a closed tube to a temperature of 200° C.

The reduction of the copper he attributes to the ferrous iron silicate of the

hornblende. Thus ex^ierimental work completely confirms the conclusion

that under natural conditions copper may be reduced from its salts by

ferrous compounds, and that the metallic copper of the Lake Superior

region was probably reduced both by ferrous solutions and by the feiTous

iron of the solid compounds.

In the reactions written above it is supposed that where the copper

salts are reduced by ferrous salts, ferric sulphate or hematite is produced.

However, this is not necessary, nor where the ferrous salts are in excess is

it believed to be probable that these are the common reactions. The

natural reaction under such circumstances would be to produce magnetite,

a compound not oxidized to the extent of ferric salts. The reaction may
be represented as follows:

CuSO,i+3FeS04+4H.,0=Cu+Fe304+4H,S04

By this i-eaction three molecules of the ferrous salts are required to

produce one molecule of metallic copper, whereas if ferric salts be pro-

duced only two molecules of ferrous compound are needed. It is needless

"Biddle, H. C, The deposition of copper by solutions of ferrous salts: Jour. Geol., vol. 9, 1901,

pp. 430-436.

6 Stokes, manuscript.
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to say that where the ferrous salts are very abundant well-known chemical

principles lead to the conclusion that a partial oxidation of the ferrous

compound is far more probable, since by the reduction of the copper an

amount of oxygen is liberated sufficient to transform only a small part of

the iron to the ferric state. In this connection it is to be remarked that in

the Lake Superior native copper deposits ferrous compounds are very

abundant, and magnetite is a very common mineral, both in the amygdaloid

and conglomerate deposits. For example, Irving illustrates the intimate

association of the native copper and the magnetite in the cupriferous sand-

stones of the Nonesuch mine, the copper frequently surrounding grains of

magnetite." My first interpretation of this relation was that the magnetite

was probably the reducing agent which threw down tlie copper, but if this

were so it should be transformed to hematite. My present view is that

the native popper and the magnetite were both iwecipitated as a result

of the reaction of ferrous salts upon copper salts. According to Stokes's

work these would not be simultaneously precipitated at the same jjlace.

The magnetite would form where the temperature is higher and the copper

where the temperature is lower. To explain the existence of both at the

same place one is obliged to suppose that the magnetite formed first,

and that later when the temperature was lower the copper was thrown

down. It is notable that in the illustrative case mentioned, the copper

does surround the grains of magnetite, and thus corresponds with Stokes's

experimental work.

It is hardly necessary to say that in one district the chief reaction

precipitating the copper may produce ferric salt and in another district may
produce magnetite, while in still other districts the precipitation of the

copper may be due to the. combination of both reactions.

The Lake Superior copper deposits are believed to be an ideal case of

ores deposited by ascending waters, the sources of which are the igneous

rocks of the Keweenawan. In this region the only locality at which the

ore has been found in paying quantities is at Keweenaw Point, and the

productive district is at present confined to a very small area about Calu-

met and Houghton. Notwithstanding thig fact, there is scarcely a locality

in the Lake Superior region where the Keweenawan basic lavas occur in

"Irving, K. D., The copper-bearing rocks of Lake Superior: Mon. U. S. Geol. Survey, vol. 5, 1883,

fig. 1, PI. XVI, p. 127. (Description of same pp. 131-132.)
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which small amounts of copper are not found. Almost every porous amyg-

daloid shows flakes of it. In many localities it is so abundant that exten-

sive exploration has been undertaken, with the hope of finding large ore

bodies, as, for instance, in Douglas County, Wis., Isle Royale, and Mamainse.

But all of these explorations have resulted in failure. To me the almost

universal association of small quantities of copper with the Keweenawan

lavas is tlie most conclusive evidence that these lavas are the source of

the metal.

While copper commonly occurs in many of the igneous rocks in its

native state, especially in those which are porous, it is found in the less

porous and therefore less altered rocks in minute quantities in the form of

a sulphide, and this is thought to be the original form of the metal. That

is to say, at the time the lavas crystallized the copper separated as copper

sulphide or copper-iron sulphide. When the lavas were upturned by the

formation of the Lake Superior syncline, and denudation began truncat-

ing them, the segregation of the copper deposits was inaugurated. The

descending oxidizing waters transformed the copper sulphides into copper

sulphates and took them into solution. The underground water was finally

converged into trunk channels, and there met solutions bearing ferrous salts

or came into contact with ferrous compounds. At such places reduction

and precipitation took place. Where there were good trunk channels, as

in the upper surfaces of many of the amygdaloids, there was sufficient segre-

gration to encourage widespread exploration, as has already been noted.

But only a few of the amygdaloids were open and scoriaceous enough to

become the centering points of a sufficiently extended circulation to pro-

duce workable ore deposits. The greatest trunk channels were in the con-

glomerates. Where these conglomerates were interstratified with abundant

lavas bearing a sufficient amount of copper, and there existed other neces-

sary favorable conditions, the rising circulation hao fortunately segi'egated

the metal in great quantity. The most notable of these deposits is in the

conglomerate upon which the Calumet and Hecla and the Tamarack mines

are located
SULPHIDES.

It has been stated that metals which occur as sulphides comprise iron,

copper, lead, zinc, nickel, arsenic, antimony, mercury, and silver. Of

these sulphides iron is the most abundant. Indeed, the sulphides of iron

—
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pyrite, marcasite, pyrrhotite, and other forms—exceed in quantity many
fold all other sulphides. Standing- next in amount is the group of zinc,

lead, and copper sulphides, the order of abundance probably being that

named. Nickel, arsenic, and antimony sulphides, also occur in important

amounts. Mercury and silver sulphides, while important ores of these metals,

are insignificant as compared with those previously mentioned so far as

absolute quantity is concerned. As to the original source of the sulphides,

it is well known that sulphide of iron occurs as an original constituent of

igneous rocks. Probably the same is true of the other sulphides, but as their

quantity is very much less they have been little noticed. Even if sulphides

had not been observed to be original constituents of the igneous rocks, the

large amount of sulphur compounds issuing from the interior of the earth,

in connection with volcanism, would lead to the conclusion that sulphides

must exist in the igneous rocks. This makes it highly probable that sulphur

as sulphide is or was present in sufficient quantity in the original rocks to

fully account for all of the sulphur compounds of the ore deposits.

While it is doubtless true that the original sources of all the sulphide

ores are the sulphides of the igneous rocks, it does not follow that the

igneous rocks are the immediate source of existing sulphide deposits.

Indeed, in many instances this is not the case. For instance, it will be

seen (p. 1146) that the sulphides of the lead and zinc deposits of the Missis-

sippi Valley are segregated from sulphides in limestones. These sulphides

were derived from the sulphides of earlier rocks which were probably trans-

formed to sulphates, transported to the sea, and in the sea, as shown by
Chamberlin, precipitated as sulphides at the same time the limestone was

formed. In other cases, the sulphides of a particular ore deposit may be

derived from a metamorphic rock. In many instances the sulphides of an

ore deposit have their immediate source very largely in siilphides which

have undergone one or more cycles of segregation by the processes which

are given below. In many cases the sulphides of a given ore deposit are

not derived from any single source or rock, but from the various sulphides

in all the rocks through which the particular system of underground

circulation producing the ore deposit passed.

MON XLVII—Ott 70
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SOLUTION OP SULPHIDES.

It is well known that the sulphides of copper, mercury, iron, nickel,

lead, zinc, arsenic, and antimony are soluble in alkaline sulphides. Illus-

trating this general statement, Becker" has shown experimentally that the

natural sulphide of mercury, cinnabar, the natural sulphide of iron, pyrite,

the sulphide of copper, and the sulj^liide of zinc are soluble in sodic sul-

phide. Along the same line as Becker's work Doelter has shown that

pyrite, stibnite, sphalerite, arsenopyrite, chalcopyryite, bournonite, and

galena are all soluble in sodic sulphide."

Becker has further shown that the sulphides of iron, copper, zinc,

arsenic, and antimony are also soluble in alkaline carbonates containing,

but not saturated with, hydrosulphuric acid." This is partly equivalent to

saying that they are soluble in sodium sulphide; for if hydrogen sulphide be

introduced in sodium-carbonate solution, the following reaction immediately

takes place:

But the observation by Becker is important, since it gives a method by

which sodium sulphide, a solvent for the sulphides of the heavy metals,

may be produced. In this connection it should be recalled that the

carbonates of the alkalies are among the most abundant compounds

carried hj underground solutions, and hydrogen sulphide is known to be

very common in such solutions. Therefore it is certain that considerable

quantities of sodium sulphide will be produced where these two classes of

solutions come together, as they are often sure to do. The formation of

sodium sulphide in consequence of the mixture of sodium carbonate and

hydrogen sulphide is probably of great importance in the genesis of ores.

Confirming the conclusions of Becker and Doelter, observation has

shown that at Steamboat Springs, Nevada, and Sul]3hur Bank, California,

mercuric sulphide and iron sulphide are transported in solutions containing

sodic sulphide, hydrogen sulphide, sodium carbonate, and carbon dioxide.

"Becker, G. F., Quicksilver deposits of the Pacific coast: Mon. IT. g. Geol. Survey, vol. 13,

1888, pp. 428-435.

^Doelter, C, Einige Versuche iiber die Loslichkeit der Mineralie«: Tscheniiaks Mineral.

Mittheil., Bd. XI, 1890, pp. 323-324.

c Becker, cit, pp. 432-435.
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At Sulphur Bank boric acid is also present." Hydrogen sulphide has also'

been observed by Lindgren in the ascending waters of the Federal Loan,

mine of the Sierra Nevada. He says that at the Federal Loan mine "an

unmistakable odor of sulphureted hydrogen was noted in the vicinity of

the spring."
''

Finally, Doelter has shown tnat the sulphides are soluble in pure

water, to some extent. He has thus dissolved measureable quantities of

pyrite, galena, stibnite, sphalerite, chalcopyrite, arsenopyrite, and bour-

nonite."

Since sodic carbonate, sodic sulphide, and hydrogen sulphide are prob-

ably so im2Dortant in the transportation of the sulphides of the metals, it is

advisable to consider the possible sources' of these compounds. This sub-

ject is of further importance, because it will be seen that hydrogen sulphide

is also an important precipitating* agent.

It has been fully explained in other places (pp. 176-177, 609-610,

677-679) that carbon dioxide is liberated on a great scale in the zone of

anamorphism, and that most of this carbon dioxide joins the deep circulation.

It has been seen also that the process of carbonation of the silicates is

perhaps the most fundamental reaction of the zone of katamorphism—that

in which aqueous ore deposits occur. Of the elements which the silica,tes

contain, the most easily carbonated is sodium. It should follow that sodium

carbonate is an abundant salt in the ground water. This theoretical

conclusion is fully confirmed by observation.

We shall now see that abundant sodium carbonate results in the for-

mation of the other compound most frequently present where sulphides of

the valuable metals are in solution.

Stokes has shown recently that by the reaction of sodic carbonate

alone upon pyrite or marcasite sodic sulphide is produced. His reaction is

as follows:

8FeS2+15Na2C03=4Fe20s+14Na2S+Na5S203-fl5C02

«Le Conte, Joseph, and Rising, W. B., The phenomena of metalliferous vein formation now in

progress at Sulphur Baok, California: Am. Jour. Sci., 3d ser., vol. 24, 1882, pp. 23-33. Le Conte,

Joseph, On the mineral vein formation now in progress at Steamboat Springs, compared with the
same at Sulphur Bank: Am. Jour. Sci., 3d ser., vol. 25, 1883, pp. 424-428.

'' Lindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley districts, California:

Seventeenth Ann. Rept. U. S. Geol. Survey, pt. 2, 1896, pp. 121-122.

<! Doelter, cit., pp. 321-323.
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It is therefore evident that, since iron sulphide is the most common

of the sulphides in nature and sodium carbonate an abundant carbonate,

the reaction given is likely to take place on a considerable scale, and there-

fore that sodic sulphide, which is available to dissolve the sulphides of

the other metals, is probably produced under natural conditions in large

quantities.

Since experiment has shown the solubility of the sulphides in sodium

sulphide and sodium carbonate, and observation has shown the frequent

presence of these compounds, especially sodium carbonate, in underground

water, there can be little doubt that the sulphides as such are transported

on an extensive scale in the ground waters.

While the sulphides are somewhat readily soluble by various com-

pounds, it is not believed that the material of the sulphide ores is carried

to the openings in the rocks to be deposited by the ascending waters in the

form of sulphide only. It has been fully explained that the sulphides in

the belt of weathering are largely oxidized to sulphites and to sulphates,

mainly the latter, and taken into solution by the descending waters. In

this connection it is to be noted that the sulphates of iron, copper, zinc,

nickel, mercury, aiad silver are all readily soluble; and even the sulphate

of lead is dissolved to the extent of one part in 31,500 parts of water at

15° C," which is probably entirely adequate for the purposes of under-

ground transportation. While the sulphur compounds of these metals are

very largely transported as sulphates, they may also to some extent be

transported as sulphites. Of these metals the sulphites of iron, copper,

zinc, and silver are rather readily soluble.

PRECIPITATION OP SULPHIDES.

We have now seen that the metals which may be deposited as sul-

phides in the ore bodies may be transported as sulphides in solution or as

sulphates. The question now arises as to the conditions which will result

in their precipitation. It will be necessary to consider separately the pre-

cipitation of compounds transported as sulphides and as sulphates.

The more important metals which are known to be precipitated as

sulphides in sufficient quantities to constitute ore are those of iron, lead,

zinc, nickel, cobalt, copper, silver, mercury, arsenic, and antimony. As to

«Comey, A. M., Dictionary of Chemical Solubilities: London, 1896.
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whether or not gold is also precipitated as a sulphide no definite statement

can be made. The majority of those who have most closely studied gold

deposits hold that the gold occurs either as free gold or as telluride. In,

evidence of this they cite the fact that where gold occurs with pyrite, as it

so generally does, the microscopical study of the sulphides shows flakes of

free gold within the sulphide. Admitting these facts, it does not at all follow

that another portion of the gold is not present in the pyrite as a sulphide.

Indeed, since gold sulphide is known to be a definite compound, which can

easily be produced in the laboratory, and is produced by a metallurgical

process, it seems to me highly probable that some of the gold is precipitated

as a sulphide and in this form is associated with the sulphides of the other

metals.

Precipitation of sulphides transported as such. TllO prCCipitatioU of traUSpOrted Sul-

phides in the form in which they are found in the ore bodies may be

accomplished either by simple dilution of the compounds, as pointed out

by Becker" for mercury sulphide, by decreasing pressure and tempera-

ture, or by both. These are the conditions in ascending solutions, hence

the transported sulphides are likely to be precipitated where the water is

rising in trunk channels. The precipitation of the sulphides may result

also from mingling of solutions. If, for instance, an acid, such as boric

or sulphuric acid, be added to the solutions of the sulphides carried iii

alkaline carbonates and alkaline sulphides, the simple neutralization will

result in the precipitation of many of the sulphides. By such neutraliza-

tion the alkaline sulphide, the solvent, is destroyed. For instance, if sul-

phuric acid be added to a sodium sulphide solution the following reaction

takes place:

Na^S+HjS04=Na2S04+H2S

This equation shows that not only is the solvent destroyed, but a precipitat-

ing agent for the sulphides is produced. Under such conditions, there

can be no doubt that the sulphides will be rapidly precipitated. Also,

where the sulphides are transported in solutions of sodium sulphide and
sodium carbonate, the addition of hydrogen sulphide in excess will result

in the precipitation of many of the metals.
'

"Becker, cit., pp. 429-431.



1110 A TREATISE ON METAMORPHISM.

Very frequently the miugling of alkaline solutions of sulphides with

acid solutions is at the points where descending and ascending waters meet.

This is very well illustrated by the conditions at Steamboat Springs and

Sulphur Bank, described by Le Conte,'' where the surface descending-

waters are strongly acid, largely resulting from the oxidation of sulphides

to sulphates, whereas the waters rising from the deep sources are strongly

alkaline and bear sulp.iides in solution.

Precipitation of sulphides l ansported as oxidized salts. W^llCreVer bcloW the leVel of

ground water in the belt of cementation the sulphates and sulphites come

in contact with buried organic material, or with solutions carrying organic

compounds, the sulphates and sulphites may be reduced to sulphides. By
such reduction ores may be directly produced. Where the salts of the

metals are transported as sulphates the organic matter has merely to take

away the oxygen of the sulphate in order to transform it to a sulphide.

For instance, if the compound be lead sulphate (PbSOj the abstraction

of the four atoms of oxygen produces galena (PbS). But in order that

such compound be formed it is not necessary to suppose that the metals

precipitated are transjDorted as sulphates. It is only necessary to suppose

that oxidized compounds of the metals and sulphates, with a reducing

compound, are present.
^
To illustrate, if silver be transi^orted as a chloride

with sodium sulphate in the solutions and oxj^gen be taken away from

the sodium sulphate, this would be transformed to sodium sulphide,

which would immediately precipitate the silver as silver sulphide. Again,

supposing copper to be traveling mainly as carbonate, sodium sulphate

to be present, and the reducing agent to be carbon, the end result is repre-

sented by the following reaction

:

CuC03+Na2S04+2C=CuS+Na,,C03+2C02

Of course the actual process would be as in the previous case. The
compound containing the sulphur would be reduced to sulphide. This

would react upon any of the compounds present which could produce

insoluble suljjhides.

Many ore deposits give evidence that the reducing action has been

caused by organic material. Such cases are illustrated by disseminated

sulphides occumng through cai-bonaceous material, as the graphite schist

"Le Conte, Joseph, Genesis of metalliferous veins: Am. Jour. Sci., 3d ser., vol. 26, 1883, p. 9.
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of the Vermont copper mine described by Cazin." The direct effect

of the carbonaceous material in the production of the sulphides is also

illustrated by the indicator veins of the Bendigo reef of Australia'' and

by the pyrite in the argillite described by Lindgren." Another clear

case of the direct reduction of oxidized salts by organic matter is that of

the lead and zinc deposits of the Mississippi Valley. In Wisconsin, as

shown by Blake/ lead and zinc are precipitated by the organic matter of

the oil rock, and in Missouri, as shown by Bain,^ by the organic matter of

the Devonian shales. More frequently, however, the direct action of

organic material upon the sulphates and sulphites is to form sparsely

disseminated sulphides, which must be further worked over in order to

produce ore deposits.

Recently Jenney has brought together a large number of instances

in which there is a close association of ores with org-auic compounds, and

these suggest that the organic material has directly or indirectly reduced

sulphates to sulphides, and thus resulted in their precipitation/

Probably sulphites and sulphates also may be reduced to sulphide by
ferrous iron in the rocks. In the case of silver sulphate the reaction

may be supposed to be as follows:

AgjS04+12FeS04+12H20=Ag2S+4Fe304+12H2S04

The reaction for the production of chalcocite from cuprous sulphate is

:

Cu2S04+12FeSOi+12H,0=Cu2S+4Fe304+12H2SOt

and for cupric sulphate is :

2CuS04+15FeS04+16H20=Cu2S+5Fes04+l6H2S04

It is to be noted that in these reactions magnetite is formed simultane-

ously with the production of the sulphides, and in order that the reactions

«Cazin, F. M. F., Discussion of genesis of ores: Trans. Am. Inst. Min. Eng., vol. 24, 1894, pp.
604-608.

''Rickard, T. A., The origin of the gold-bearing quartz of Bendigo reefs, Australia: Trans. Am.
Inst. Min. Eng., vol. 22, 1894, p. 314.

c Lindgren, Waldemar, Gold-quartz veins of Nevada City and Grass Valley : Seventeenth Ann.
Kept. U. S. Geol. Survey, pt. 2, 1896, PL VIII, C, pp. 140, 156.

fi Blake, Wm. P., Lead and zinc deposits of the Mississippi Valley : Trans. Am. Inst. Min. Eng.,
vol. 22, 1894, pp. 630-631.

«Bain, H. F., Van Hise, C. E., and Adams, Geo. I., Preliminary report on the lead and zinc

deposits of the Ozark region : Twenty-second Ann. Rept. U. S. Geol. Survey, pt. 2, 1901, pp. 128-129.

/Jenney, W. P., The chemistry of ore deposition: Trans. Am. Inst. Min. Eng., vol. 33, 1903,

pp. 445-448.
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shall take place a very large amount of ferrous salt is necessary. Similar

reactions may be written with the ferrous reducing salt in other forms than

sulphate.

The class of reactions represented by the above equations has not been

confirmed by experimental work in the laboratory. It was suggested by

geological facts. In the basic volcanic rocks which have been profoundly

altered by metasomatic changes in the belt of cementation secondary sul-

phides and magnetite are very generally present in close association. Such

occurrences are very well' illustrated by the ancient volcanics of the Lake

Superior region—as, for instance, the Hemlock volcanic formation of the

Crystal Falls district of Michigan." For these rocks it can hardly be as-

sumed that organic material or reducing agents other than the ferrous salts

are present. But ferrous silicates, and, therefore, ferrous compounds, are

very abundant; hence the suggestion that they are the agents which have

resulted in the reprecipitation as sulphide of the sulphate compounds which

have come down from the belt of weathering. The^ widely disseminated

association of pyrite and magnetite in these rocks suggests that even the

following reaction may possibly take place:

22FeSO4+20H2O=FeS2+7FeA+20H2SO4

If heat be liberated by this change, there is good chemical reason for

its occurrence. But it must be admitted that this reaction is highly specu-

lative and needs confirmation by experimental work.

At those places where the sulphates enter trunk channels, mingling of

the solutions may cause precipitation when one of the solutions bears reduc-

ing agents. It is believed, however, that the precipitation of sulphates

as sulphides in the trunk channels of circulation is far more frequently

accomplished by hydrogen sulphide.

An important sour(;e of hydrogen sulphide is the reaction of organic

matter upon the sulphides. Of such sulphides, that of iron is, of course, of

the greatest consequence. Confirming the conclusion that the reaction of

organic matter upon the sulphides may produce hydrogen sulphide is the

fact that artesian waters held in sediments containing organic material

are frequently marked by the presence of hydrosulphuric acid. This is

a Clements, J. Morgan, and Smyth, H. L., The Crystal Falls iron-bearing district of Michigan:

Mon. U. S. Geol. Survey, vol. 36, 1899, pp. 73-154.
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illustrated by the artesian waters of "Wisconsin," which are contained in a

series comprising limestones and shales that are rich in organic matter. The

influence of organic matter in producing hydrogen sulphide is further

strongly suggested by the conditions at Sulphur Bank, where hydrogen sul-

phide is especially abundant in the solutions and the circulation of the ground

water is through sedimentary rocks bearing abundant organic material.

Another source of hydrogen sulphide is the action of the dilute strong

acids upon the sulphides. For instance, the reaction of sulphuric acid

upon many of the base sulphides liberates hydrosulphuric acid.

Even the weak acid, carbonic, where abundant, produces hydrogen

sulphide by reaction upon the alkaline sulphides, such as sodium sulphide.

As already noted, Stokes has shown that the carbonates of the alkalies, by

reaction upon the sulphides of the base metals, such as pyrite, form alka-

line sulphides. If the sodium sulphide_ thus produced comes into contact

with streams bearing carbonic acid, hydrogen sulphide will be produced.

When it is remembered that in the solutions sodium carbonate is an abun-

dant salt, that pyrite is the most plentiful 'sulphide, and that carbonic acid

is the most abundant acid, it will be realized that the conditions must

frequently arise which result in the production of hydrogen sulphide on a

considerable scale.

Another way in which hydrogen sulphide can be formed is by the

partial oxidation of the sulphides, especially the abundant iron bisulphide

and pyrrhotite. On page 214 it was seen that the following reactions may
take place:

3FeSj+4H20+40=Fe304+4H2S+2S02

3FenSi2+36H,0+80=llFe304+36H2S

The frequent association of magnetite with iron sulphide where the con-

ditions have been favorable for partial oxidation suggests that this reaction

may have taken place upon a considerable scale.

The hydrogen sulphide from any of the above sources may join the

circulating waters bearing oxidized salts in solution and precipitate cojDper,

zinc, lead, silver, and other metals as sulphides in the veins.

In this connection it is very interesting to note that Doelter, by treating

metallic salts of the metals by hydrogen sulphide in somewhat dilute solu-

«Chamberlin, T. C, The ore deposits of southwestern AVisconsiii: Geol. of Wisconsin, vol.

4, 1882, p. 547.



1114 A TREATISE ON METAMORPHISM.

tious at temperatures of 100° or somewhat higher, has actually succeeded

in producing artificially the following sulphide minerals: Pyrite, chalcopy-

rite, bornite, chalcocite, covellite, galena, bournonite, miargyrite, jamesonite,

and pyrrhotite."

Doubtless in many instances the precipitation of the oxidized salts is

accomplished by an alkaline sulphide instead of by hydrogen sulphide.

It has already been pointed out that the action of alkaline carbonates upon

salts such as iron sulphide produces alkaline sulphides. For instance,

sodium carbonate reacts upon iron sulphide, producing sodium sulphide.

Where this sulphide comes into contact with any of the oxidized salts, or

other soluble sulphates, the metals may be thrown down as sulphides.

A particularly good case of precipitation due to mingling- of solutions

is that of the lead and zinc deposits of the Missouri-Kansas district, described

by Bain,' where waters rise through the Carboniferous limestone and come

into contact with precipitating solutions derived from it. It is uncertain

whether the precipitating solutions are alkaline sulphides, hydrogen sul-

phide, or reducing agents derived from organic matter, but probably

hydrogen sulphide produced by reactions upon base sulphides is the more

important precipitating agent.

Of the greatest importance in the precipitation of sulphides from

ascending waters, the metals of which have been transported in the form of

oxidized salts, is the reaction upon the solutions of previously precipitated

sulphides. The sulphides of the less valuable but more abundant metals

are important agents in the precipitation of the sulphides of the more valu-

able metals from the solutions of their oxidized salts. That such precipitation

occurs was shown by Anthon in 1837." In 1888 the same sixbject was inves-

tigated by Schiirmann, whose results are but slightly different from those of

Anthon. Schurmann"* gives the following series of metals, the order being

increasing strength of affinity for sulphur: Manganese, thallium, arsenic,

iron,, cobalt, nickel, zinc, lead, tin, antimony, cadmium, bismuth, copper,

silver, mercury, palladium. He shows that the sulphide of the first mem-

a Tschermaks Min. u. Petrog. Mitth. vol. 7, 1886, p. 535 et seq.

*Bain, H. F., Van Hise, C. R., and Adams, G. I., Preliminary report on the lead and zinc deposits "^

of the Ozark region: Twenty-second Ann. Kept. U. S. Geol. Survey, pt. 2, 1901, pp. 212-214.

c Anthon, E. F., Ueber die Anwendung der auf nassem wege dargestellten Schwefelmetalle bei der
chemischen Analyse: Journ. f. Prak. Chemie, 1st series, vol. 10, 1837, p. 353.

<i Schiirmann, Liebig's Annalen der Chemie, vol. 249, 1888, p. 342.
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ber of the series, manganese, reacts upon the oxidized salts of the

following metals and precipitates them as sulphides, the precipitating

agent at the same time going into solution as an oxidized salt. In a simi-

lar manner the sulphide of any other member reacts upon the oxidized

salts of all the following members, precipitating the sulphides of them

and going into solution as an oxidized salt. Thus the sulphide of iron

is a precipitating agent for the oxidized solutions of zinc, lead, copper, and

silver, throwing them down from their solutions as sulphides. Similarly

the sulphides of copper throw down silver as sulphide from oxidized silver

solutions. It is to be noted that the base metals, manganese, iron, and

arsenic, as sulphides, are capable of precipitating practically all of the

higher-priced metals ; and that these compounds and zinc, lead, and copper

sulphides are capable of precipitating silver. It is thus shown by experi-

ment that the abundant sulphides of the baser metals are capable of pre-

cipitating, as sulphides, the more valuable metals from their oxidized salts.

In this connection the widespread occurrence of rhodochrosite and

rhodonite in connection with ore deposits is very interesting. One or both

of these minerals are found in almost every Western camp. They have

been especially observed at the Butte and Little Belt Mountains districts

of Montana, and the San Juan, Cripple Creek, Rico, and Aspen districts of

Colorado. If manganese should be present in the veins as a sulphide, for

instance, as alabandite (MnS), and oxidized solutions of any of the other

metals come in, the sulphides of these other metals would be formed and

the manganese would pass to the oxidized condition, and it is found as a

carbonate or silicate in the deposits of the first concentration and frequently

as a hydrated oxide in the deposits which have been affected by secondary

alterations by descending waters. The oxidized manganese is precipitated

as a carbonate or silicate because carbonic and silicic acids are the two

abundant rock-making acids, and because these acids, with manganese,

make insoluble compounds. When later the rhodochrosite and rhodonite

iu the belt of weathering are affected by secondary alterations, hydrated

oxide of manganese, so prevalent in the upper parts of deposits, is pro-

duced. It at least is a suggestive coincidence that the rich gold streaks

in the Camp Bird mine, Colorado," are closely associated with impure

"Purington, C. W., Woods, T. H., and Doveton, G. D., The Camp Bird mine, Ouray, Colo.: Trans.

Am. Inst. Min. Eng., vol. 33, 1903, p. 570.
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rhodonite, and that in the Grolden Fleece vein rhodochrosite "forms with

quartz the gangue of the rich free gold ore."" At Rico also, according to

Ransome, rhodochrosite "is important in these mines as a rough indication

of good ore.'"

Since manganese is not a very abundant metal, and since as a sulphide

it has precedence over all other sulphides in its reactions upon oxidized

salts of the other metals, being at the same time transformed to an oxidized

product, it is natural to expect that manganese as rhodochrosite and I'hodonite

would be the dominating forms of manganese minerals in ore veins, and

that manganese sulphide would be very rare, and such are the facts.

While manganese sulphide in many veins has doubtless been an

important agent in the precipitation of ores of the first concentration by
ascending water, it is probable that the much more abundant iron sulphide

is of even greater importance in this connection. Just as oxidized salts of

manganese are produced by the precipitation of the valuable metals by
manganese sulphide, so the precipitation of such metals by iron sulphide

produces oxidized salts of iron. Siderite is an even more important gangue

in ores of the first concentration than rhodochrosite or rhodonite, thus

indicating that the reaction suggested has taken place. Since, however,

iron is so much more common than manganese, ordinarily not all of the

iron sulphide has thus been oxidized, and hence in the veins pyrite is a

very common gangue.

The reactions which caused the precipitation of the sulphides of the

various metals from their oxidized solutions by the sulphides of other metals

were not written out by Anthon and Schurmann, but recently Stokes has

investigated the reaction in the case of iron sulphide with some of the solu-

tions. Thus he has shown that pyrite and marcasite precipitate copper

sulphide from cupric sulphate according to the following reaction:

5FeS2-hl4CuS04+12H20=7Cu2S+5FeS04+12HjS04.

This reaction took place at 100° C. and above. Stokes has shown also that

where sodium carbonate or potassium bicarbonate is present with the

.sulphide of iron and carbonates of various metals at 180° C, sulphides are

«Ransome, F. L., A report. on the economic geology of the Silverton quadrangle, Colorado: Bull.

U. S. Geol. Survey, No. 182, 1901, p. 73.

6 Ransome, F. L., The ore deposit of the Rico Mountains, Colorado: Twenty-second Ann. Rept.

U. S. Geol. Survey, part 2, 1901, p. 252.
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precipitated in a difiFerent manner. For instance, in the case of lead

carbonate with pyrite and marcasite, the reaction is as follows:

8FeS2+14PbC03+Na2COs=14PbS+4Fe203+Na,S,0;,+15CO,

An interesting' point in connection with this reaction is the production

of hematite and sodium thiosulphate. Stokes shows also that zinc, copper,

and silver are precipitated as sulphides by iron as sulphide in an analogoiis

manner, the reactions being:

8FeS2+15ZnC03+Na,,C03=15ZnS+4Fe203+Na2S04+16C02

and
8FeS2+15Ag2C03+Na,003=15Ag2S+4Fe203+Na2S04+16C02.

While Stokes in the laboratory used temperatures of 100° C. and 180°

C, it does not follow that the above reactions do not take place at lower

temperatures but more slowly.

The above reactions in the presence of an alkaline carbonate are very

suggestive, since they possibly explain in large part the association of lead,

zinc, copper, and silver ores with limestone; for if calcium carbonate be

substituted for sodium carbonate, similar reactions take place. It is not

necessary to rewrite the equations, but the character of the reactions may
be seen by substituting for NagCOg on the left-hand side the equations

CaCOg, and for NaaSgOa and NaoSOi on the right-hand side the equation

CaSaOg and CaS04. Since these reactions are confirmed by experiment,

we probably have the cine to the world-wide preference of many ores of

lead, zinc, copper,' and silver for the limestones. (See pp. 1086-1087.)

GENERAL STATEMENTS.

From the foregoing it appears that at the trunk channels of circulation

the sulphur may enter in sulphides or in oxidized compounds in the forms

of sulphites, sul^jliates, or other oxidized sa;lts. If present as sulphides in

alkaline solutions, the sulphides may be precipitated in consequence of the

neutralization of the solution by an acid. They may be thrown down also

in the ascending solutions in consequence of diminishing temperature and

pressure. However, where the oxidized sulphur-bearing solutions reach

trunk channels, as they frequently do, in order to precipitate the metals

as sulphides they must become mingled with solutions bearing reducing

agents, hydrogen sulphide, or alkaline sulphides, or must come into contact
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with other sulphides previously precipitated or with other reducing agents.

Any of these factors, or any combination of them, may cause the precipita-

tion of the sulphides.

A case due to the combination of these factors is the precipitation of

sulphides which later may react to precipitate the metal of the oxidized salts.

For instance, in the early stage of the development of a deposit, the sul-

phides of iron and other base metals may be precipitated by hydrogen

sulphide or some other compound, and later these previously precipitated

sulphides take part in the precipitation of the sulphides of copper, silver, a,nd

mercmy from the oxidized solutions of these compounds, such as sulphates.

While it is believed that sulphides are generally segregated in the first

concentration by upward-moving waters, this is not supposed to be univer-

sal. Nature's processes are always too complex to be coverd by a single

general statement. As a result of mingling solutions at various places, and

of reactions between solutions and walls, many lateral-moving and downward-

moving streams doubtless deposit rather than dissolve sulphides. Indeed,

in the frequent case where in downward-moving waters sulphites or sul-

phates are reduced by organic matter to sulphides, precipitation of a portion

of the sulphide is usual. Still the statement would hold true that upon the

average inore sulphides are dissolved than deposited by descending, waters,

and more sulphides are deposited than dissolved by ascending waters.

I conclude, therefore, that sulphide ores, ivhatever their source, as first

concentrates are generally deposited hy ascending ivaters in the trunk channels.

It appears that whether sulphur-bearing compounds reach trunk chan-

nels as sulphides or as oxidized salts, they are likely to be precipitated in

such channels because solutions from various sources mingle there and

come into contact with previously precipitated sulphides. The sulphides

thus produced in the trunk channels may by denudation again reach the

belt of weathering when the cycle is complete. These sulphides may be

again oxidized to sulphate, and so on. It is therefore clear that sulphur, as

sulphide and sulphate, may again and again take part in the deposition of

ores," but the first chief source of the sulphu.r is probably the sulphides of

the original crystallized rocks and of magmas.

"Le Conte, Joseph, Genesia of metalliferous veins: Am. Jour. Sci., 3d ser., vol. 26, 1883, p. 13.
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TGLLUKIDGS.

The only important telluride ores are those of gold and silver. These

compounds, until comparatively recently, were regarded as somewhat
exceptional, and for the most part rather as mineralogical rarities than as

ores. The earliest gold and silver tellurium ores to be mined were those of

Nagyag, in Transylvania." Grold mining in Colorado has added other and

much more important localities where the tellurides are produced in impor-

tant amounts. About 1872 the tellurides of Boulder County became of

consequence. But of more importance than all of the previously known
tellurides are those of Cripple Creek, Colorado, which began to be exploited

in 1891.'' Here the various tellurides are found, but the greater part of the

gold is believed to occur in calaverite."

Close mineralogical studies of ore deposits in recent years have shown
that subordinate and usually unimportant amounts of tellurides, from an

economic point of view, occur very generally associated with gold. Indeed,

it appears that the presence of the tellurides with the gold ores of the first

concentration is scarcely less prevalent than the association of pyrite with

gold ores. The widespread occurrence of tellurides in connection with gold

ores is illustrated by the Kalgoorlie district of West Aiistralia, described

by Bancroft;,'' by the Sierra Nevada gold deposits, described by Lindgren;^

by the Judith Mountains and Little Rocky Mountains, Montana, described

by Weed and Pirsson/ by the Potsdam gold ores of the Black Hills,

described by Smith and Irving;' by the mines of Custer County, Colo.,

and by the Appalachian gold deposits, described by S. F. Emmons.''

"Kemp, J. F., Geological occurrence and associates of the telluride gold ores: Mineral Industry,

vol. 6, 1898, p. 295.

6 Penrose, R. A. F., jr.. Mining geology of the Cripple Creek district: Sixteenth Ann. Rept.

U. S. Geol. Suvey, pt. 2, p. 118.

<: Penrose, cit., p. 121.

(^ Bancroft, Geo. J., Kalgoorlie, Western Australia, and its surroundings: Trans. Am. Inst. Min,
Eng., vol. 28, 1899, pp. 88-100.

eLindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley, California: Seven-
teenth Ann. Rept U. S. Geol. Survey, pt. 2, 1896, p. 117.

/Weed, W. H., and Pirsson, L. V., Geology and mineral resources of the Judith Mountains, Mon-
tana: Eighteenth Ann. Rept. TJ. S. Geol. Survey, pt. 3, 1898, pp. 589-592. AVeed, W. H., and Pirsson,

L. v., Geology of the Little Rocky Mountains, Montana: Jour. Geol., vol. 4, 1896, pp. 426-428.

<7 Smith, F. C, The Potsdam gold ores of the Black Hills of South Dakota: Trans. Am. Inst. Min.
Eng., vol. 27, 1898, pp. 414-420. Irving, J. D., A contribution to the geology of the northern Black
Hills: Annals New York Acad. Sci., vol. 11, 1899, pp. 297-311.

A Emmons, S. F., The mines of Custer County, Colorado: Seventeenth Ann. Rept. U. S. Geol.
Survey, pt. 2, 1896, p. 433. Emmons, S. F., Notes on the gold deposits of Montgomery County, Mary-
land: Trans. Am. Inst. Min. Eng., vol. 18, 1890, p. 407.
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Since the tellurides are very generally associated with gold ores and

the free gold deposited by the deep circulation is almost universally

associated with pyrite and other sulphides, it follows that the tellurides

deposited by the deep circulation are usually associated with sulphides.

This is not only true of those localities in which the tellui'ides are unim-

portant as ores, but is equally true of the great telluride camps. Of

Cripple Creek Penrose says: "The close association of telhirides with

sulphides, especially iron pyrites, which themselves often carry gold, is

also a point worthy of note. Not only are auriferous tellurium and sulphur

compounds often thus mechanically associated in different minerals, but

sometimes they replace each other in the sanae minerals, such as tetrady-

mite, nagyagite, and tellur-sulphur." "

The tellurides are also very generally associated with fluorite, and

Penrose notes that where the gold is mainly in sulphides fluorite has not

often been observed.

It seems to me certain that the widespread association of the tellurides

with gold and silver ores, especially with gold ores, has a genetic signifi-

cance probably less important only than that of the base sulphides, especi-

ally iron sulphide. As to the source of the tellurium, nothing is positively

known. In all of the above-mentioned districts in which tellurium is

especially abundant, with the possible exception of the Kalgoorlie district,

which has not yet been thoroughly studied and in which the age of the

mineralizing dikes has not been established, are found comparatively recent

igneous rocks, in which doubtless the tellurium largely had its origin. At

first thought one might conclude that the gold, silver, and tellurium wei"e

transported as telku'ides and deposited as such without chemical change,

but the recent work of Lenher and HalP is decidedly against this view.

They have found no solvent whatever for tellurides of gold without

breaking up these compounds and producing salts of tellurium, the gold

usually being left in the metallic form. Moreover, as has already been

noted, they have shown that metallic tellurium and seven of the more

common mineral tellurides of gold and silver rapidly reduce gold from

« Penrose, R. A. F., jr., Mining geology of the Cripple Creek district, Colorado: Sixteenth Ann.
Kept. IT. S. Geol. Survey, pt. 2, 189.5, p. 157.

''Lenher, Victor, Naturally occurring telluride of gold: Jour. Am. Cheni. Soc, vol. 24, 1902, pp.
355-.360.

Hall, K. 1)., and Lenher, Victor, Action of tellurium and selenium on gold and silver salts: Ibid.,

pp. 918-927.
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its solutions, forming metallic gold, the tellurium at the same time going

into solution. Further, they have j^roved that the presence of any of the

soluble tellurides, including hydrogen telluride, is sufficient not only to throw

the gold out of solution, but to prevent it fi'om getting- into solution. Other

soluble salts, where tellurium acts as an acid, are the tellurites and tellurates.

Tellurous oxide or acid is also sparingly soluble. All of these compounds,

like tellurides, precipitate gold from its solutions in a metallic form, not as

telluride. From the foregoing it ajjpears that if tellurium compounds in

which tellurium is a part of the acid are essential for the formation of the

tellurides of gold, these tellurium salts and the gold have come into the

trunk channel from separate sources. They could not have traveled

together; else the gold would have been thrown from the solutions before

reaching the trunk channels.

It is to be remembered that tellurium, besides acting in an acid, also

acts as a metal to the halogens (chlorine, bromine, and iodine). The
telluric compounds of this class, such as telluric chloi'ide (TeCli), being

completely saturated, so far as tellurium is concerned, have no reducing

power, and they may therefore travel with gold solutions. But the tellui-ous

combinations with the halogens, such as tellurous chloride (TeClg), can not

travel with gold, for Lenher has shown that such telkirous salts in the

presence of water and its compounds react upon the water, producing

metallic tellurium and telluric chloride according to the following equation:

2TeCl2+H20=Te+TeCl4+HjO

The metallic tellurium would then reduce the gold, which would therefore

be precipitated before reaching the trunk channels.

The almost invariable association of tellurides with sulphides, already

noted, naturally leads to the suggestion that the same conditions were

favorable to the deposition of the sulpliides and the tellurides. In this

connection the occurrence at Cripple Creek is especially interesting. Mr.

Moore, consulting engineer of the Portland mine, informs me that in this

district near the surface the values are found in the oxidized zone as native

gold; that deeper, the values are mainly in the tellurides, the associated

sulphides being very lean; and that still deeper the values are found both

in the tellurides and in the sulphides of iron. The depth at which the

sulphides at the Portland mine begin to have value is about 200 meters.

MON XLVII—04 71
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These facts strongly favor tlie precipitation of the gold as a first concentrate

simultaneously in the sulphides and the tellurides. It is believed (see pp.

1172-1174) that the abundant native gold at the surface and in the tellu-

rides at intermediate zones to the exclusion of ' the sulphides is due to

secondary reaction by descending water.

It may be that the key to the problem of the deposition of the

tellurides lies in their association with sulphides. We have already seen

that telkxric salts of the type of TeCl^ may travel with gold in solutions.

It has already been pointed out that gold, in most cases, probably also

travels as a chloride, and thus solutions of auric chloride and telluric

chloride may together enter trunk channels which contain sulpliides. In

such trunk channels the reaction of the sulphides might reduce both the

gold and the tellurium simultaneously and thus produce tellurides of gold;

or, by the reaction of the sulphides upon the telluric salts, these may be

reduced to tellurous salts, which, as already explained, would decompose

into metallic tellurium and telluric salts, and the tellurium would precipitate

the gold. Under these or some other conditions, the gold and tellurium go

down together, with a definite composition, and thus form the tellurides.

The invariable association of silver with the tellurides of STold

suggests the possibility that the presence of silver salts is essential for the

formation of the tellurides of gold. But in some cases the silver is very

low in the tellurides, although rarely as low as 0.8, as in the case of one

specimen of calaverite from Kalgoorlie," which makes it improbable that the

presence of silver salts is essential for the precipitation of tlie tellurides.

The association of the tellurides with fluorite has already been men-

tioned, and this association suggests a genetic relation between the two;

but bearing in the opposite direction are the observations made by Penrose

at Cripple Creek, where the abundance of fluorite has no definite relation

to the abvmdance of telhmdes.*' Possibly pointing in the same direc-

tion is the experimental work of Lenher," who has shown that gold and

gold oxide are absolutely insoluble in hydrofluoric acid. Not only is this

the case, but when any gold salt is brought into contact with a soluble

fluoride the gold is immediately precipitated as a hydrate. This is true

aRickard, T. A., Telluride ores of Cripple Creek and Kalgoorlie: Trans. Am. Inst. Min. Eng.,

vol. 30, 1901, p. 711.

6 Penrose, cit., pp. 158-159.

'^Lenher, Victor, Fluoride of gold: Jour. Am. Chem. Soc, vol. 25, 1903, pp. 1136-1138.
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even foi- silver fluoride, which, according to Lenher, acts upon gold chloride

as follows:

AuCl3-i-3AgF-r3H20=3AgCl+Au(OH)3+3HF
^

Lenher's work suggests the advisability of experimenting as to the effect

of the soluble fluorides and of hydrofluoric acid upon solutions bearing chlo-

rides of both gold and tellurium. In this or some other combination of the

three elements gold, telhirium, and fluorine with perhaps other compounds

may lie the key to the problem of the precipitation of the gold tellurides.

The abundant fluorite associated with the tellurides has frequently

been cited as evidence of pneumatolitic action in connection with such

deposits. But Penrose's description of the Cripple Creek ores gives no

support to this hypothesis. All his descriptions show the phenomena to

be those which, in many other districts, are well known to be due to water

solutions. For instance, the most abundant gangue mineral of the district

is silica in quartzose, chalcedonic, and amorphous forms. It is well known

that these compounds are the luost abandant ones deposited by under-

ground water. Others of the more abundant gangue minerals are oxides

of manganese, calcite, gypsum, barite and kaolin."

Furthermore, in some of the mines, as the Gold Coin mine, the ore

of which is in granite, there has been solution of biotite, quartz, and

feldspar, and this can not be attributed to pneumatolitic action.'

I therefore find no evidence of pneumatolitic action in connection with

the genesis of the telluride ores. It is uncertain what conditions produce a

somewhat homogeneous compound consisting of definite proportions of

silver, gold, and tellurium, as in the telluride minerals. Doctor Lenher has

been at work on this problem for some time, but as yet without determin-

ative results. He has treated gold solutions with hydrogen telluride and

has worked on the various tellurium compounds, such as the chloride,

bromide, fluoride, and alkaline tellurites, all experiments being- made in the

presence of a reducing agent, such as sulphurous acid
;
yet in no case has he

been able to get homogeneous compounds of gold and tellurium, but, on the

contrary, has obtained metallic gold and tellurium salts, or mixtures of

gold and tellurium of irrational composition. While the problems of the

a Penrose, cit., pp. 123-129.

^Penrose, R. A. F., jr., Mining geology of the Cripple Creek district: Sixteentli Ann. Rept. U. S.

Geol. Survey, pt. 2, 1895, pp. 159-161.
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transportation of the compounds resulting in tlie tellurides and of the pre-

cipitation of the tellurides have not 3^et been solved, there is little doubt

that careful chemical work will solve them.

In view of all the foregoing facts, the most plausible suggestion which

I am able to make as to the development of the tellurides is as follows:

The gold is taken into solution by descending waters in the early part of the

journey in the form of a chloride, as explained on pages 1089-1091. The

tellurium is widely dispersed, possibly to some extent as metallic tellurium,

but more largely as a telluride, and is oxidized in the belt of weathering*.

It there unites with an acid and travels as a soluble salt, perhaps, also, in

large part, as telluric chloride. That reactions of this kind take place with

reference to the tellurides in the belt of weathering are certain, as shown

by the abundant spongy gold at Cripj^le Creek, jjseudomorphous after the

various tellurides, showing that such reactions have taken place there oil

an extensive scale. The auric chlorides and telluric salts, such as telluric

chloride, may travel together without reaction, or they may come together

in the trunk channels. There they become mingled with reducing com-

pounds in solution, or, as has been suggested, come into contact with

reducing solids, such as the sulphides. It is believed the tellurium and

gold are simultaneously reduced under such conditions that they unite in

definite compositions, and thus produce the telluride minerals.

Hall and Lenher were more successful in the production of telluride of

silver. An ammoniacal solution of silver chloride in contact with tellurium

at room temperatures resulted in the production of silver telluride according

to the following reaction:

4AgCl+3Te=2Ag2Te+TeCl4

When the nitrate of silver was used "a greater range of temperature

was possible, and the solution was either boiled continuously or kept at a

temperature of about 80° C. for a long time."" The reaction in this case as

given by them is:

4Ag]Sr03+3Te=2Ag2Te+Te(N03)4

Since, however, it is difficult to understand how metallic tellurium can

be carried in solution, there is a possibility that the silver tellurides are

a Hall, E.. D., and Lenher, Victor, Action of tellurium and selenium on gold and silver salts: Jour.

Am. Chem. Soc, vol. 24, 1902, p. 922.
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produced in nature not by the reaction of metallic tellurium but by tellu-

rous salts which, according to Lenher, jjrecipitate silver by the following

reactions

:

(a) 2TeCU+H20=Te+TeCl4+HjO
(b) 4AgNb3+3Te=2Ag2Te+Te(N03)^

While the reactions given may possibly explain the formation of a

part of the silver tellui-ide in the rare mineral hessite, it is to be renaem-

bered that pure silver telluride is very exceptional.

Commonly, so far as silver occurs with tellurium, it is in minerals in

which there is also telluride of gold, and frequently telluride of lead, mer-

cury, and antimony. It therefore follows that the conditions under which

the telluride of silver is precipitated must be the same in most cases as those

which cause the formation of the telluride of gold. Hence the solution of

the problem of the precipitation of tellurides of gold will probably also be

the solution of the problem of the precipitation of the telluride of silver.

OXIDES.

The oxide ores that are deposited by ascending water below the belt in

which the effect of descending' waters is evident are dominantly hematite

(FeaOs) and magnetite (FeO . FeoOs), and possibly zincite (ZnO), franklinite

((FeZnMn)O . (FeMn)303), and cassiterite (SnOs).

The association of hematite and magnetite with the sulphides of the

first concentration far below the belt where oxidizing waters can act is so

well known that it is not necessary to amplify by giving illustrations.

So far as I know the chief occurrences of zincite and franklinite in

deep-seated deposits with no evidence of supei^ficial oxidation are in New
Jersey, especially at the famous localities of Franklin Furnace and Sterling "

It is notable that here magnetite also occurs associated with the zincite and

franklinite. Magnetite associated with pyrite and marcasite occurs very

extensively in the Lake Superior region, especially in Canada, although

these minerals are found together on the south shore of Lake Superior, as

at the Republic trough. The question at once arises whether the metals

were transported to their present positions in solution and de]DOsited by

ascending waters, or, on the contrary, were produced by alterations of solid

«Kemp, J. F., The ore deposits of Franklin Furnace and Ogdensburg, New Jersey: Trans. New
York Acad. Sci., vol. 13, 1893-94, pp. 76-96.
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compounds in the zone of anamorphism by the processes of dehydration,

decarbonation and deoxidation.

Magnetite.—Thc formation of magnetite in the zone of anamorphism is

fully discussed on pages 845-846, and will not again be described here.

The reactions producing magnetite are believed to be as follows:

3FeC03+0=Fe304+3C02
2FeC03+FeS,+2H20=Fe304+2H2S+2C02
3(Fe203 . nH20)-0=2Fe304+3nH20
22(Fe203 . nH20)+FeS2+2H20=15Fe304+2H2S04+22nH20

zincite.—In order to produce zincite in the deep-seated zone from smith-

sonite, it is only necessary that the water and the carbon dioxide be driven

off, thus:

ZnCOj . H20=ZnO+H,0+C02

If smithsonite were formed in the belt of weathering, as explained on

pages 1144-1145, 1147-1148, and later by burial transferred to the zone

of anamorphism, the above reaction would almost certainly take place.

Frankiinite.—In tlic casc of franklinitc it is necessary only to suppose

that with the smithsonite there was a certain amount of hj^drous oxide of

iron and manganese. It is well known that the smithsonite produced in

the belt of weathering almost universally contains hydrous oxide of iron.

Not infrequently it is also associated with hydrous manganese oxide. If

smithsonite, hydrous oxide of iron, and hydrous oxide of manganese be

taken in the proper proportions, and subjected to dehydration, decarbona-

tion, and deoxidation, frankiinite may be produced. For simplicity suppose

that the iron, zinc, and manganese in the resultant frankiinite are equally

abundant as ferrous oxide, and iron and manganese equally abundant as

ferric oxide. The reaction may then be written as follows: "

2(ZnC03 . HjO)+4(FeA . lJHjO)+4(Mnj03 . H20)-40=
6[(FeZnMn)0. (FeMn)203]+12H20+2C02

Hematite.—It is wcll kuowu that hematite occurs as a gangue mineral in

connection with the sulphides in veins, although so far as I know there is

no case in which such hematite occurs in sufficient amount to be called an

ore. In this connection the recent work of Stokes is interesting." He has

shown that FeS2 as pyrite and marcasite is a ferric iron ; and further, that

« stokes, H. N., On pyrite and marcasite: Bull. U. S. Geol. Survey No. 186, 1901, pp. 50.



THE OXIDE ORES. 1127

from this ferric iron hematite can be produced by the action of certain

carbonates and alkaline carbonates without oxidation. By reactions of

zinc, lead, and silver carbonates with an excess of alkaline bicarbonate, he

has produced heinatite according- to the following- I'eactions:

8FeS2+14ZiiC03+Na2C03=4Fe203i-14ZnS+Na2S203+15C02
8FeS,+14PbC03-i-Na.,C03=4Fe203+14PbS+]SrajS203+15C02

8FeS,+15Ag,C03+Na,C03=4Fe,03+15AgjS+Na2SO.i+16C02

He has also produced hematite from the sulphide through the reaction of

the alkaline carbonate alone at temperatures of 100° C. and 190° C, thus:

SFeS,+ISNa^COs^4Fe203+14Na2S+Na2S203+ 1500.,

This last reaction is reversible, but Stokes remarks it will proceed to an

end if the sulphide and thiosulphate be carried away, as by a circulating

solution, or if there be present a metallic salt capable of precipitating

the alkaline sulphide as fast as it is formed, as in the first three reactions

above given.

cassiterite.—In reference to cassiterite (Sn02) Lindgren calls attention to

the work of Winkler, Sandberger, and Verbeek, which shows that tin

"may be held in solution and deposited at ordinary pressure by thermal

waters"" However, in this connection it is to be remembered that both

Vogt and Beck strongly insist that cassiterite is formed, to iise the words

of Vogt, "by eruptive after-action." Vogt says of the cassiterite veins that

their "material contents were extracted from the not yet fully congealed

granite." '' Further, Vogt and Beck, if I understand them correctly, follow-

ing Elie de Beaumont and Daubrt^e, regard the extraction from the "not

yet fully congealed granite" as accomplished by pneumatolytic processes.

Upon the point that tin ore may be thus formed I express no opinion.

I do not doubt that tin, like other metals, has been transported by
underground waters, and from such solutions precipitated as cassiterite.

As is well known, tin- may be readily carried by water as the suljDhate,

nitrate, or chloride, and doubtless is also transpoi'ted in other forms. From
stannic solutions at ordinary temperatures hydrated stannic oxide ^s thrown

down by the alkaline carbonates. It may be that at the relatively high

a Lindgren, Waldemar, Metasomatic processes in fissure veins: Trans. Am. Inst. Min. Eng., vol.

30, 1901, p. 625.

''Vogt, J. H. L., Problems in tlie geology of ore deposits: Trans. Am. Inst. Min. Eng., vol. 31,

1902, p. 135.
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temperatures and pressures which exist in the deeper parts of fissure veins,

this reagent would result in anhydrous stannic oxide, or cassiterite ; but

this is a mere sug-gestion. The conditions under which anhydrous

stannic oxide is precipitated from its solutions should be experimentally

investigated.

In conclusion it may be said that one oxide which very probably is

deposited by ascending waters as an ore is cassiterite.

CARBONATES.

Aside from hydrosulphuric acid, the acid of great importance in the

deposition of ores is carbonic acid. This, as is well known, is indeed

the dominant acid contained in issuing underground wa.ters. This point

both Le Conte" and Posepny'' strongly emphasize. I have already 23ointed

out sources for the excess of carbon dioxide held in the underground

waters. (See p. 678.)

A very interesting confirmation of the theory given on the pages

referred to regarding the liberation of silica by the process of carbonation

near the surface and the liberation of carbon dioxide probably by the

process of silication at depth is furnished by the Geyser mine of Custer

County, Colo., described by Emmons." Here waters were analyzed from

the 154-meter and the 615-meter levels. The surficial waters contain ten

times as much silica as the deep-seated waters, and the deep waters hold a

greater quantity of carbonic acid than the vadose circulation.

The carbonates which are most extensively deposited in the veins of

the first concentration are those of calcium and magnesium as calcite

(CaCOg) and dolomite (CaCOg . MgCOa). While calcite and dolomite are

the dominant carbonates in the gangue, the carbonates of the other alka-

line earths, strontianite (Si'COg) and witherite (BaCOg), are also well known.

The other important carbonates are those of iron—siderite (FeCOg)—and

of manganese—rhodochrosite (MnCOg). Of course, it is well known that

carbonate of zinc (smithsonite) and carbonates of copper (azurite and mala-

chite) OQCur abundantly as ores; but these are mainly secondary products

of descending waters and do not come under the subject now being consid-

«Le Conte, Joseph, Genesis of metalliferous veins: Am. Jour. Sci., 3d ser., vol. 26, 1883, p. 11.

sPosepny, F., The genesis of ore deposits: Trans. Am. Inst. Min. Eng., vol. 23, 1894, p. 237.

''Emmons, S. F., The mines of Custer County, Colo.: Seventeenth Ann. Rept. U. S. Geol. Survey,

pt. 2, 1896, pp. 460-464.
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ered, the deposits of a first concentration by ascending waters. It has been

explained in various parts of this treatise that tlie two great rock-making

acids are carbonic acid and silicic acid, and further it has just been explained

that in the deep-seated zone carbonic acid is extensively produced. Thus

it is entirely natural that so far as the metals are somewhat soluble and can

travel as carbonates, they will do so. This applies especially to the alkalies

and the alkaline earths, and to iron and manganese. When carbonate solu-

tions containing these various metals rise in the trunk channels of circula-

tion with diminishing temperature and pressure, it naturally follows that the

less soluble of the carbonates are thrown down in large amounts. These

less soluble carbonates are calcite, dolomite, siderite, and rhodochrosite.

The carbonates of sodium and potassium are not thrown down, because

these compounds are so readily soluble.

In conclusion it may be said that the carbonates, as original deposits

by ascending waters, are essentially gangue minerals, not ores. So far as

I know none of them are mined as ores within the United States, although

in some places siderite and rhodochrosite, as deposits of the first concentra-

tion by ascending waters, may be an unimportant source of iron and man-

ganese ores.

Excellent illustrations of rhodochrosite as a gangue mineral ^are fur-

nished by the' San Juan district, Colorado. This carbonate is generally

found in that area, but is an especially important and abundant gangue

mineral at the Smuggler Union mine.

SILICATES.

The silicates are well known to be important gangue minerals deposited

by the deep circulation. If one were to give a list of the silicates which

have been found as gangue in veins in various parts of the world, it would

comprise a large proportion of the entire list of silicates. This is an inevi-

table consequence of the facts that, first, the dominant acid of nature is

silicic acid, and second, the silicates for the most part are rather insoluble,

many of them extremely so. It has been explained at various places that

silica as colloidal silicic acid ti-avels in great quantities through the rocks,

being produced on an enormous scale in the belt of weathering by the

process of carbonation. (See pp. 173-177, 480.) Silicic acid formed

in this manner and released by other reactions thus enters the belt

of cementation and finds its way to the trunk channels of circulation, to
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which come also metals in various combination. Where silicic acid and

the salts of the metals thus meet it is certain that the silicates form exten-

sively, according' to tlie law of mass action that the most abundant com-

pounds are most likely to be precipitated, and in consequence of the law

that the most insoluble compounds are likely to be thrown down.

Of the silicates in fissure veins Lindgren regards the following of

sufficient importance to be cited: Muscovite, biotite, chlorite, pyroxene,

amphibole, garnet, epidote, orthoclase, albite, tourmaline, topaz, kaolinite,

and zeolites."

Lindgren's description of the occurrence of these minerals shows that

the hvdrous silicates are dominant. While a considerable number of the
ml

anhydrous silicates form, they are very subordinate in amount. The signifi-

cance of these facts is discussed on pages 1055-1060. The abundance

and prevalence of the hydrous silicates are beautifully illustrated by the

copper deposits of the Lake Superior region. Here there has been scarcely

any discoverable efi'ect of descending waters, as recent glacial erosion has

entirely removed the belt of weathering of pre-Glacial time. Pumpelly

gives the following list of hydrous silicates as occurring in this region:

Analcite, apophyllite, chlorite, datolite, delessite, epidote, laumontite,

prehuite.'' This list has since been supplemented by Hubbard, the following

being added: Chabazite, chlorastrolite, chrysocoUa, harmotome, heulandite,

lennhardite, mesotype, natrolite, pectolite, saponite, stilbite, thomsonite.

"

While in the Lake Superior copper deposits the dominance of the hydrous

silicates is clear, the gangue minerals are not restricted to them, but com-

prise anhydi'ous minerals—orthoclase and wollastonite being mentioned.

It is to be noted that the silicate gangue minerals retain even some

of the alkalies, i. e., sodium and potassium. Sodium is found in analcite,

chabazite, chlorastrolite, mesotype, natrolite, pectolite, stilbite, and thom-

sonite; and potassium is found in apophyllite, chabazite, harmotome, and

orthoclase. By the union of the alkalies with other bases and with silica it is

possible to produce compounds insoluble in the liquids present, and where

this could take place as demanded by the laws of chemistry, it has occurred,

"Lindgren, Waldemar, Metasomatic processes in fissure veins: Trans. Am. Inst. Min. Eng., vol.

30, 1901, pp. 607-615.

^> Pumpelly, Raphael, The paragenesis and derivation of copper and its associates on Lake Supe-

rior: Am. Jour. Sci., 3d series, vol. 2, 1871, pp. 254-255.

(Hubbard, L. L., Macroscopic minerals of Michigan: Kept. State Board Geol. Survey Michigan,

1891-92, p. 176.
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and thus even the most sohible of the abundunt elements have been fixed

in the veins to some extent.

While the silicates are dominantly g-angue minerals, silicates of zinc,

manganese, and nickel occur as ores. Silicate of zinc occurs both as

willemite (2Zn(3 . SiiO^) and as calamine (H2O . 2ZnO . SiOj). The most

notable occurrence of willemite is in the New Jersey zinc deposits." In

reference to this mineral the question arises whether it was formed as an

original precipitate from the deep circulation or was produced by dehydra-

tion of calamine in the zone of anamorphism, the calamine having been

formed originally in the belt of weathering' in the same manner as in the

Mississippi Valley. Whether calamine occurs as zinc ore as an original

deposit by ascending waters I do not know. The abundant development

of calamine in consequence of the reactions of the belt of weathering is

very well known, as explained on pages 1144, 1147-1148.

Manganese silicate occurs rather abundantly as rhodonite (MnO.Si02).

For the most part, however, this is a gangue mineral rather than an ore, its

occurrence being well illustrated at Butte, Mont, and in the Smuffffler

Union mine and other places in the San Juan district, Colorado. Although

sometimes found in considerable quantities, it is not now used in the United

States as a source of manganese on account of its high percentage of silica.*

The most notable occurrence of nickel as a silicate is in New Caledonia.

Packard says: "The nickel ore of New Caledonia is a hydrated silicate of

nickel and magnesium (garnierite) which occurs intimately associated Avith

serpentine. . . . The field observations showed that the nickel silicate is

clearly an alteration product of the serpentine. . . . Hot springs have

played a conspicuous part in furthering the decomposition of the nickel-

bearing serpentine into garnierite and the other products." " Packard also

notes the occurrence of nickel silicate at Riddles, Oreg., in North Carolina,

in the Urals, and in Silesia. In all cases it is a secondary alteration

product usually derived from a serpentine which itself was derived from a

nickeliferous olivine. From Packard's descriptions it appears probable that

the nickel silicate mined is an oxidized product formed by the re_action of

fflKemp, J. F., The ore deposits at Franklin Furnace and Ogdensburg, New Jersey: Trans. New
York Acad. Sci., vol. 13, 1893-94, p. 90.

6 Penrose, R. A. F., jr., Manganese, its uses, ores, and deposits: Ann. Rept. Geol. Survey Arkansas

for 1890, vol. 1, 1891, p. 85.

c Packard, R. L., Genesis of nickel ores: Mineral Resources, 1893, pp. 170-171.
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descending waters upon a sulphide of nickel, the latter being deposited by
the deep circulation.

In conclusion, it appears that the silicates deposited by ascending

waters, like the carbonates, are essentially gangue minerals. The only sili-

cates deposited by ascending waters which may be ores are those of zinc,

manganese, and nickel. It yet remains to be shown that anj^ of these

compounds are sufficiently abundant as first concentrates by ascending

waters to serve as important ores.

CRITERIA FOE DISCRIUINATINQ DEPOSITS OF THE DEEP CIRCULATION.

The ascending waters depositing ores are necessarily those of the deep

circulation. The criteria by which ores may be determined to have been

deposited by ascending waters from a deep circulation have not yet been

fully worked out, but certain suggestions may be made.

The first and most conclusive criterion discriminating ores produced by
deep waters is that at the present time the waters are observed to be ascend-

ing. Locally, as in the Comstock lode, great volumes of hot water are rising,

and doubtless ores are still being deposited. In such cases the evidence in

favor of deposition from ascending Avaters is complete. A characteristic of

ascending streams of the deep circulation is their independence of rainfall

and other local conditions. The volume and the temperature of the water

remains nearly constant from one year's end to the other. The best illustra-

tion of such an occurrence known to me is that furnished by the Comstock

lode, already mentioned. An almost equally good case is that in the Smug-

gler Union mine at Telluride, Colo., where, about 600 meters below the sur-

face, in the Pennsylvania shaft, a stream of water at a definite temperature

rises with uniform flow entirely unaffected by the seasons. The regularity

of the temperature and volume of this water have led to the use of the stream

for mine purposes. Equally good instances of an extended rising circulation

independent of local precipitation are found in the Joplin district of Mis-

souri. Here in practically all of the sulphide mines below a very moderate

depth there is unanimous agreement among the miners that the volume of

water which rises is not influenced in the slightest degree by precipitation.

Whether the season be dry or wet the steady flow of rising water must be

handled. Where for some reason the process of concentration of the ores

has ceased, as is doubtless the case in many regions, we do not find
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evidence of the ascending waters. One of the common causes for the

cessation of a vigorous underground circulation is the nearly complete

cementation of the openings by the circulation. When the openings become

subcapillary the circulation necessarily ceases.

Where there exist underground streams with stead}" flow the channels

which they occujjy are usually clean and fresh. They are lined with beau-

tiful clear crystals without a stain. Along the channels there may be open-

ings or even caves lined with crystals of various sizes, some of them reaching

a foot or more in diameter. Such vugs, openings, and caves are superbly

illustrated in the Joplin district of Missouri, where, in consequence of the

lowering of the level of ground water by mining, such openings may be

visited. When first freed from water the crystals lining' the cavities are as

untarnished as polished plate glass. The same thing- may be seen at the

Enterprise mine at Platteville, Wis., in the Upper Mississippi Valley. At

this locality, as well as many in Missouri, the ores are clearly associated

with the truidc channels of circulation. The miners in their operations

follow the channels as g'uides, working against the streams. At places

along a channel the water is concentrated into a single stream, and at such

places there is likely to be comparatively narrow belts of very rich material

along the walls. In other places the stream is subdivided among many
small openings, and at such places frhe ore is dispersed.

Probably this criterion of ascending waters and freshness of the depos-

ited material furnishes the best single line of evidence in favor of a deep

circulation. But one must not conclude that the deposits of the ascending-

waters extend, unafi'ected by descending waters, to the very surface.

For instance, while the present mining in the Joplin lead and zinc district

of Missouri is in the belt in which descending waters have produced com-

paratively little effect, i. e., from 30 to 60 meters deep, at the surface and

for a few meters below the surface descending and ascending waters mingled.

Together they moved off laterally, and in consequence of their joint action

the oxidized products and the galena deposits mentioned on pages 1444-

1446 were produced. In this particular area the distance to which the

descending water produced an effect is very small, but such is not univer-

sally the case. Where the vertical elements are greater and the relief is

steeper, the descending waters working against the ascending currents may
produce an effect to a very considerable depth.
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The very marked difference between deposits made by deep waters

and those made by shallow waters is beautifully illustrated by the Missouri

district. Thus in Joplin, wliere pumping has lowered the level of ground

water by 30 to 45 meters, the once clean openings, formerly below the

ground-water level, are now in the belt where waters are descending. The

caves which when first entered showed crystals fresh and untarnished are

now- coated with oxide of iron and other products carried by the descend-

ing waters. Still more striking is the contrast between the clean mines in

which waters are^ ascending and the dirty ones in other areas in which

descending waters have produced an important effect to a considerable

depth. The latter mines are on smithsonite and calamine, and are muddy
and dirty to the last degree. Thick, sticky, iron-stained clay is everywhere,

adhering thickly to one's boots. The amazing contrast between the con-

ditions of the two classes of deposits is illustrated by the sulphide mines

of the Joplin camp and the oxidized product mines of the Aurora camp

About 2 kilometers distant from Aurora is Sand Ridge, where the capping

Carboniferous impervious shale still remains. Here the descending waters

have not had a chance to enter, and the deep-seated waters are still rising,

and in this mine, which is only a short distance from the dirty oxidized

mines, are found the same clean sulphides and beautiful crystal-lined

cavities so characteristic of the mines of Joplin.

• In many cases, where currents are still rising, the ores are still being

deposited. This is believed to be true in the lead and zinc district of

southwestern Missouri, in the Comstock lode, and is known to be the

case at Steamboat Springs and Sulphur Bank. Where, in mines, streams

of clear water are found, with a uniform flow, unaffected by the seasons,

and deficient in oxygen, the evidence seems conclusive that the oi'e deposits

associated with such a circulation are the products of the deep circulation.

But in many districts the conditions of circulation which resulted in the first

concentration have ceased, the openings having been perhaps full}^ cemented

at the time of concentration, thus causing the circulation to die out. In

such cases the present circulation may be of an entirely different character,

even if the first main concentration was that of deep waters.

A second criterion indicating that ores are deposited from the deep

circulation is the phenomenon of crustification, so strongly emphasized by
Posepny. (Fig. 28.) Posephy argues that the regular laminar arrangement
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of different minerals or different eombinations of minerals along the walls

of a vein or along one wall is evidence that the waters have risen from

a deep-seated source, the mineral solutions changing from time to time and

so resulting in the banded or comb structure." I follow Posepny in the

belief that, in most cases, such regular crustification is especially charac-

teristic of ores deposited by ascending waters. But undoubtedly, in many

cases there are superimposed upon the primary crustification later similar

minerals deposited by descending waters, as fuU)^ explained on subsequent

pages. (See pp. 1146, 1151, 1152, 1154-1157.) Such secondary sulphides

have been described at many localities, but so far as I know no one has

claimed that such descending waters have added definite continuous sec-

ondary crusts, one above the other. Certainly it has never been shown that

an ore deposit produced solely by descending waters shows a definite

^M\\
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descending waters is to produce a differentiation of the products, in a A^erti-

cal sense, one mineral or one combination of minerals being- at one horizon

and another mineral or combination of minerals being at another horizon.

Commonljr these horizons have a depth varying from a few meters to many
or even hundreds of meters. This is very different from the phenomena

of crustification, in which the change of minerals is lateral within very

short distances at right angles to the walls.

It is certain that for various reasons, as fully explained under "Ore-

shoots," there are great variations vertically in the richness of deposits pro-

duced by deep waters. A case of such extreme variation is that of the

Comstock lode of Nevada, where thei-e were numerous great bonanzas

separated from one another by comparatively lean material; and yet in this

vein the evidence of water ascending under pressure is most conclusive,

with no evidence of descending water; but the variations in tenor in

deposits of the deep circulation are in both directions. The bonanzas may
be found lower than the poorer matei'ial, and vice versa. In contrast with

this, descending waters produce an upper rich belt which is not again dupli-

cated below. While the deposits of the deep circulation may vary greatly

in values, in many cases there is remarkably even tenor for great vertical

depths. The best illustration of this known to me is the co^jper deposits

of the Lake Superior region which are known to extend from the surface

to a A^ertical depth of 1,600 meters, equivalent to 2,066 meters along the

dip, 40°, with values sufficient to warrant working throughout the distance.

As already explained, the copper was in all probability reduced and

precipitated directly as metallic copper from upward-moving cupriferous

solutions. The reducing agents were ferrous solutions derived from the

iron-bearing silicates, and ferrous compounds in the solid form, magnetite

and silicate. It is well known that metallic copper once formed is but

slowly affected by the oxidizing action. Oxidation has in fact occurred in

the Lake Superior region, but not to an important extent. An oxidized

belt may have formed in pre-Glacial time, but if so it was swept away

by glacial erosion, and a sufficient interval has not elapsed to form another.

-The ore deposits now worked have apparently remained practically un-

changed since their first concentration. In this fact we have the explana-

tion of the extraordinary depths to which these deposits extend.
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Liiidgren cites the gold veins of Nevada City and Grass Valley, Cali-

fornia, as another case of constant tenor. According to him," "It can be

confidently stated that there is no gradual diminution of the tenor of the

ore in the pay shoots below the zone of surface decomposition," although

within the same shoot there are many and great variations in richness.

This statement is applicable to deposits which reach a vertical depth of 500

or 600 meters. If Lindgren is correct in thinking that the gold-quartz

veins of the Sierra Nevada do not diminish in depth below an extremely

superficial upper zone, this would be a case in which sulphuret ores were

sufficiently concentrated by ascending waters alone to afford workable

ore deposits.

In conclusion, it may be said that even tenors, in a vertical direction

for any considerable depth, is very strong evidence of a concentration by
ascending- waters; but the reverse can not be said, that variability in a

vertical direction is evidence that the deposits were not deposited by
ascending waters.

Fourth. The absence of oxidized products in deposits, especially of

limonite, favors the view that the ores were deposited by the deep circula-

tion and were unafi^ected by secondary concentration; but this critei'ion is

severely limited by the fact that enrichment of the sulphides takes place

below the level of ground water in consequence of secondary descending

solutions. An excess of base sulphides prevents the foi-mation of the more

palpable evidence of oxidizing waters.

Another difficulty in reference to using oxides as a criterion is that, in

consequence of denudation, the ores deposited by the deep circulations rise

into the belt of oxidation and are modified by the oxidizing waters to a

variable extent. Very early in the process such oxidized products as hema-

tite and limonite form. The ores are still essentially those of the deep

circulation. From this stage to that in which the secondary action of

oxidizing waters is of such consequence as to produce abundant hydrated

hematite and limonite there are all gradations; but in many cases the

secondary effect of descending, oxidizing waters can be allowed for and a

judgment reached as to the nature of the deposit before it was modified by
descending waters.

« Lindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley, California: Seven-
teenth Ann. Kept. U. S. Geol. Survey, pt. 2, 1896, p. 163.
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In the case of a given ore deposit, by wise combination of the criteria

given, it is in general possible to make a somewhat reliable judgment as to

whether or not the ore was produced solely by ascending waters. ,

GENERAL STATEMENTS.

The foregoing statements explain to some extent the source, nature, and

manner of deposition of the compounds deposited by ascending waters. But

it is not the intention here to discuss their application to the known dis-

tricts. This I do not attempt, because I lack the necessary accurate obser-

vations upon which such a discussion should be based. To tell in what man-

ner the deposits of an individual district are formed requires very detailed

investigation of that district.

While it is not the purpose here to take up the solution and dejDosition

of the compounds which occur in individual ore deposits, it is well again to

recall the law of mass action. Other things being equal, those compounds

which are abundant will be dissolved in larger degree during the dowiiward

course of the waters, and will be most abundantly precipitated in the trunk

channels. It is well known that, with the exception of aluminum, which

does not form a sulphide, iron is the most plentiful of all the metallic com-

pounds in the ci-ust of the earth, and therefore iron sulphide occurs in greater

abundance than the sulphide of any other metal. It is well known that in

many cases the deeper a mine goes below the level of ground water the

greater becomes the proportion of iron sulphide and the less that of the

other metals. As a result of this, combined with increased cost of working,

it frequently does not pay to mine a deposit beyond a certain depth. The

law of mass action explains the abundance of the iron sulphide; it does not

explain the frequent relative increase of the iron sulphide and the decrease

of more valuable sulphides as one passes from the level of ground water into

deeper workings. To explain this we must take into account the effect of

the downward-moving waters, discussed under the succeeding heading.

We have now seen that the zone of fracture is traversed by the perco-

lating waters; that metalliferous materials taken into solution by the down-

ward and lateral moving waters are carried to the trunk channels of

underground circulation, and that in these trunk channels the metalliferous

materials are precipitated in various ways. Thus a first concentration by

ascending waters, giving sulphurets, tellurides, and metals of some of the

elements, is fully accounted for.



SECOND CONCENTJRATION BY DESCENDING WATEKS. 1139

In some cases the deposits thus produced are rich enough to be of

economic importance. In these cases, which undoubtedly exist, but which

perhaps are less numerous than one might at first think, a first concentra-

tion by deep waters has been sufficient.
„

SUBCLASS 2. GEES PRECIPITATED FROM ASCENDING AND DESCENDING AQUEOUS

SOLUTIONS.

Thus far ores precipitated by ascending waters alone have been consid-

ered. However, many of the ores thus produced have been profoundly

modified by the action of descending waters.

Where the point of exit of the ascending waters of the trunk channels

is in a valley or near the level of surface drainage the waters may reach

the surface. However, where the openings are below slopes, ascending

waters ordinarily do not continue to the surface, but make their way
laterally from the trunk channels at and below the level of ground water.

(See fig. 26.) Above the level of ground water, and frequently for a

certain distance below it, the movement is downward in the openings. The

water thus moving downward includes not only that which directl}^ passes

into the trunk openings at the surface, but a much larger quantity which

converges into them from the smaller openings on all sides.

In regions in which mining- is going on denudation has ordinarily

truncated the veins for considerable depths, in many cases to hundreds or

even thousands of meters. It is therefore clear that, in a majority of cases,

the upper portions of the fissures in which the waters are now descending

were in all probability much deeper below the surface, and therefore the

waters in many of the larger fissures were once ascending. During the

time the water was ascending the first concentration of sulj^hurets and other

products took place. But as a result of the downward migration of the belt

of weathering and the downward movement of water in that belt alteration

and secondary concentration of ore deposits have taken place. This second

concentration of ore deposits is of the greatest consequence, and I believe

largely explains the frequent greater richness of the upper 50, or 100, or

500 meters, and in some cases 1,000 meters, as compared with lower levels.

As soon as denudation results in the transfer of the sulphides,

tellurides, and metals of the first concentration into the belt of weathering

they are subjected to the action of the descending waters bearing oxygen
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and carbon dioxide. As denudation continues the belt of weathering'

continues to migrate downward. As a consequence of the reactions of the

beh of weathering, combined with denudation, the character of the upper

part of the lode is greatly changed, there being produced in the upper part

of it a second concentration. If this process continues long enough under

favorable conditions, the deposits formed may be divided into three belts:

(1) Above the level of ground water, and in some instances extending

soinewhat below it, is a belt largely composed of oxides of manganese, iron,

and copper; carbonates of lead, zinc, and copper; hydrated silicates of

nickel 'and zinc; chloride of silver; metallic gold, silver, and copper; and

residual enriched 'sulphides and tellurides; all with the associated gangue

minerals. (2) At and below the level of ground water, and in some cases

extending somewhat above it, is a transition belt composed of rich

sulphides of silver, mercury, copper, lead, zinc, nickel, etc.; tellurides

of gold and silver; and free gold, silver, and copper; with these are

subordinate aniounts of oxidized products and of course the associated

gangue minerals. (3) Deeper down is a belt in which iron sulphides,

pyrite, and pyrrhotite preponderate ; but in which are considerable amounts

of the more valuable sulphurets, the tellurides of gold and silver, and free

gold, silver, and copper. Between the three classes of material there are

gradations. The oxidized belt passes gradually into the rich sulphide and

telluride belt; the rich sulphide and telluride belt passes gradually into

the lean sulphide belt. It is not to be supposed that all of the above

products are to be found in a single lode. The development of the belts

is due to a complicated set of reactions caused by descending waters.

These reactions will be more fully appreciated when individual combina-

tions of metals are considered. Here only a brief general statement will

be made.

In the belt of weathering the reactions which transform the original

products—sulphides, tellurides, and metals—are oxidation, hydration, and

carbonation, the fundamental reactions of the belt. In this belt the forma-

tion of the materials mentioned is but the result of the application of these

general processes to the exceptional geological products, ore deposits.

Before hydration and carbonation can take place oxidation must occur. If

the sulphides be equally abundant, the sulphide which is most easily oxidized

is the first to disappear. The order of disappearance for the metals in
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this hypothetical case, as shown by the work of Anthon" and Schiirmann,*

omitting the less important elements, is therefore manganese, arsenic, iron,

cobalt, nickel, zinc, lead, tin, antimony, copper, silver, mercury. It is,

howeA^er, understood that the oxidation of an easily destroyed sulphide is

not complete before the oxidation of a more refractory sulphide has begun.

All of the siilphides are being oxidized all the time, but the more readily a

sulphide is oxidized the more rapidly it is destroyed.

The sulphur of a sulphide may be oxidized without the oxidation of

the metal, in which case a metal is produced by the process of oxidation.

At the same time the sulphur is oxidized, or subsequently, the metal may
also be oxidized, and thus oxides be formed. As soon as the oxides are

produced they may unite with carbon dioxide and form carbonates, or with

silicic acid and form silicates. If water also unites with the compounds the

carbonates and silicates are hydrated. But the carbonates and silicates

ma}'' also be produced in a different manner. The sulphides as originally

oxidized may be tranformed to sulphates. If thus changed, the sulphates

may immediately react upon carbonates or silicic acid, producing carbonates

or silicates, at the same tirae forming sulphates of other elements, such as;

barium, strontium, or calcium. The evidence that reactions of this kind

have taken place upon an extensive scale in veins is perfectly clear. In

mine waters sulphates of copper, zinc, and iron occur very frequently. In

some cases the amount of sulphate of copper in such water is so great that

it is worth while to run it over iron and thus precipitate the copper.

Further evidence of the formation of the sulphates is showii by the frequent

precipitation of basic ferric sulphates in the veins, as, for instance, at

Cripple Creek." That the sulphates produced b}^ oxidation of the sulphides

react upon the other elements is shown by the frequent development in the

upper part of the veins of such gangue minerals as barite, celestite, gypsum,

and occasionally even magnesium sulphate.

An admirable case illustrating this principle is described by James

Douglas. In speaking of the Arizona mines he says that gypsum is abun-

«Anthon, E. F., Ueber die Anwendung der auf nassem wege dargestellten Schwefelmetalle bei der

chemischer Analyse: Jour. f. Prak. Chem., vol. 10, 1837, pp. 353-356.

*> Schiirmann, E., Ueber die Verwandtschaft der Schwermetalle zum Schwefel: Liebig',s Ann. d.

Chem., vol. 249, 1888, pp. 326-350.

'^Penrose, R. A. F., jr., Mining geology of the Cripple Creek district: Sixteenth Ann. Kept. U. S.

Geol. Survey, pt. 2, 1895, p. 130.
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dantlj present in the driest mines of the Southwest, but at Bisbee, a more

humid area, it is absent." Probably the reaction producing the sulphate

has taken place extensively in both areas, but in the driest area there was

not sufficient amount of water to dissolve the calcium sulphate formed and

hence it was precipitated as gypsum. The sulphates may even react uj^on

the aluminum salts and form hydrous sulphate of aluminum. This occurs

in the gold veins of California.*

The oxidized belt in some cases may be altogether above the level of

ground water, but in other cases where the descending oxidizing solutions

are strong may extend somewhat into the belt of cementation. An excel-

lent case illustrating the almost perfect coincidence of the oxidized belt

with the belt of weathering is furnished by the Monte Cristo district,

described by Spurr. He says, "the zone between the surface of the ground

and the lowest level of the ground-water surface is practically coincident

with the zone of oxidation."

"

It has been shown how the upper oxidized belt is produced, and next

the manner of formation of the rich sulphide and telluride belt will be consid-

ered. The oxidized products, oxides, carbonates, and sulphates, may either

in situ react upon the unaltered sulphides, or the carbonates, sulphates, and

other oxidized compounds may be transported downward in solution and

there react upon the sulphurets. In either case the result is to produce a

richer sul23huret. The reactions may be between an oxide or a salt of a

metal and its sulphide, for instance between the oxide or sulphate of cop-

per and the sulphide of copper, as shown by the following equations

:

6CuS+2Cu20=5Cu2S+S02

and
6CuS+2CujS04+3H20=5Cu2S+2H2SOi+Hi,SOs

The reaction, however, may be between the oxide or salt of one metal and

the sulphide of a second, as for instance, between zinc oxide, sidphate, or

carbonate and iron sulphide. In this case a suljDhide of the first metal is

« Douglas, James, The Copper Queen mine, Arizona: Trans. Am. Inst. Min. Eng., vol. 29, 1900,

p. 535.

SLindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley, California: Seven-

tenth Ann. Kept. U. S. Geol. Survey, pt. 2, 1896, p. 120.

<^ Spurr, J. E., The ore deposits of Monte Cristo, Washington: Twenty-second Ann. Rept. U. S.

Geol. Survey, pt. 2, 1901, p. 859.
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produced. Thus Stokes has shown that zinc carbonate and sodium

carbonate together react upon iron sulphide as follows:

8FeS2+14ZnC03+Na,C03=14ZnS-f4Fe,03+Na,Sj03+15C02

The particular reactions in an individual case depend upon the relative

proportions and solubilities of the compounds present, upon the existing

conditions of pressure and temperature, the amount of oxygen, etc. This

will more clearly appear upon subsequent pages.

The deep belt in which the sulphides of iron are preponderant is that

of the first concentration already considered on previous pages.

The concentrations by ascending and descending waters have been

spoken of as if they were successive. In some instances this may be the

case; but frequently it is much more probable that ascending and descending

waters are at work upon the same fissure at the same time, and that their

pi'oducts are, to a certain extent, simultaneously deposited. For instance,

under the conditions represented by fig. 26 there is taking place in the

lower part of the fissure a first concentration by ascending waters and, in

the upper part, a second concentration by descending waters. Between

the two there is a belt in which both ascending and descending waters are

at work. In an individual case the rich upper part of an ore deposit which

is worked may now be in the place where ascending waters alone were first

acting, where later, as a consequence of denudation, both ascending and

descending waters were at work, and still later, where descending waters

alone were at work. The more accurate statement for this class of ore

deposits, therefore, is that deep or ascending waters are likely to be potent

in an early stage of the pi'ocess, that both ascending- and descending waters

may work together at an intermediate stage, and that descending waters

are likely to be important in the closing- stage.

The above general statement may perhaps be better understood if

supplemented by a consideration of specific associations of the metals. The

associations which are chosen for illustrative purposes are as follows:

Associations (1) of lead, zinc, and iron; (2) of copper and iron; (3) of silver

and gold with the base metals.
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ASSOCIATION OF LEAD, ZINC, AND IRON COMPOUNDS.

In order to understand the relations of the lead, zinc, and iron com-

pounds where they occur together in ore dejDosits, it seems advisable to

consider an individual region rather than to make a general statement.

An excellent illustration of the association of these metals is furnished

by the deposits of the Mississippi Valley, and this region will therefore be

considered.
FACTS OP OCCURRENCE.

In the Mississippi Valley, as is well known, in openings in limestones,

lead and zinc minerals are associated with marcasite, pyrite, and some

chalcopyrite." Calcite and dolomite are abundant gangue minerals, as

would be expected. Barite is also a common gangue mineral and locally

is very plentiful. There are other gangue minerals which will not be

taken into account. Since chalcopyrite is very subordinate, it will not again

be alluded to.

The vertical order of occurrence in the region is commonly as follows:

Above the level of ground water in the belt of weathering the dominant

valuable minerals are galena and the oxidized ores—smithsonite, calamine,

cerassite, and anglesite. Other oxidized ores occur in subordinate amount,

but they will be ignored. The cerussite and anglesite frequently incrust

the galena or are in crystals upon it. With the smithsonite and calamine

there is some sphalerite. The smithsonite and calamine may extend 5 or

10 meters below the level of ground water, but deeper the oxidized 23roducts

almost wholly disappear. The presence of oxidized products below the

level of ground water is due in some cases to the occurrence of the material

along a main channel of downward-percolating waters or to the well-known

general downward movement of oxidizing water somewhat below the level

of ground water; in other cases probably is due to a present higher level of

ground water than in pre-Grlacial time, as a result of depression and valley

filling at the close of the Grlacial epoch; and in still other cases is probably

due to reactions between oxidized lead salts and sphalerite. (See p. 1150.)

Below the galena and the oxidized ores are sphalerite and galena together,

the former being dominant except in the Southeastern district of Missouri.'

a Chamberlin, T. C, The ore deposits of southwestern Wisconsin: Geol. of Wisconsin, vol. 4,

1882, pp. 380-393.

6 Cliamberlin emphasizes the inferior position of the zinc as compared with the lead and the asso-

ciation of the zinc and iron, but he does not consider the positions of these compounds with reference

to the level of ground water. Loc. cit., pp. 488-491.

)
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Associated with the sphalerite and galena are large amounts of marcasite

and pyrite. For much of the region the workings have not extended far

below the level of ground water, but in certain districts the}^ have reached

a considerable depth. In some places, as at Granby, Mo.," deep exploration

has shown pyrite and marcasite to dominate at the lowest level reached.

Under the present heading a full consideration of the concentration by

ascending waters is excluded; but in order to consider the secondary work

of descending waters it is necessary to outline the woi'k of the first concen-

tration by ascending waters.

In the Upper Mississippi Valley the order of occurrence of the minerals

at many openings from the wall to the center of the veins or to the druses

is marcasite, ferriferous sphalerite, galena in cubic crystals: or is sphalerite,

galena. In some cases the order is marcasite, blende, these two being

repeated perhaps several times. Not infrequently the galena of the first

succession is followed by marcasite and (very subordinate in quantity)

galena in octahedral crystals. Occasionally between the galena and the

second marcasite is ferriferous sphalerite in small amount. If the druses

are not fully closed by the sulphides there usually follows calcite, and

occasionally barite on the calcite. Thus if thei-e were a full succession at

any one place, it would be (1) marcasite, (2) ferriferous sphalerite, (3) galena

in cubic crystals, (4) ferriferous sphalerite, (5) marcasite, (6) galena in

octahedral crystals, (7) calcite, (8) barite.

In the Lower Mississippi Valley sequences similar to those in the

Upper Mississippi Valley occur in certain places, but in the best known and

most productive district, that of southwestern Missouri, there seems to be

no regular sequence for the sulphides. According to Bain, the general

order of deposition for this district, within the openings, was dolomite,

metallic sulphides, and chert. "To some extent these j)rocesses were con-

temporaneous or recurrent, but as a whole they occur- successively in the

order named." As to the relations of the sulphides to one another, Bain

says: "Blende rests on galena and galena on blende indiscriminately, and

both cover and in turn are covered by iron sulphide." '' Also blende and

galena are in many cases intimately intermingled.

«Bain, H. F., with Van Hise, C. R., and Adams, G. I., Preliminary report on the lead and zinc

deposits of the Ozark region: Twenty-second Ann. Kept. U.. S. Geol. Survey, pt. 2, 1901, p. 162.

6 Bain, H. F., cit., pp. 151-152.
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I know of no clearer illustration of the phenomenon of crustification

described by Posepny, and indeed of the general principles of ore deposition

by underground waters, than that furnished by the Upper Mississippi Valley

district. The larger parts of the crustified sulphide i^rodncts are believed to

be the Avork of ascending waters. In many cases it appears that there were

two or more cycles of precipitation, so far at least as the sphalerite and galena

are concerned, but the first cycle was by far the more important. As
explained below, it is thought to be probable that the galena in octahedral

cr3^stals (No. 6 of the general succession), and in many cases the sphalerite

(No. 4) and the marcasite (No. 5), are due to a second concentration.

As to the manner of transportation of the metals which in the Missis-

sippi Valley were precipitated a,s sulphides at the first concentration, it is

believed that the lead and zinc travelled mainly as oxidized salts, and

probably largely as sulphates. All the evidence goes to show that in this

region the concentration took place under physical conditions substantially

the same as those which exist at the present time. There is no proof

that the solutions went to any great depth, or that iinusual temperatures

prevailed. Nor is there any evidence that abundant alkaline sulphides and

carbonates of the alkalies were present. Therefore, it can not be supposed

that the sulphides were transported as such. Probabl)^ they were originally

disseminated through the limestones as sulphides, were oxidized to sulphates

and transported in that form, or as carbonates.

The first precipitation of the ascending salts is believed to have

been accomplished through the agency, direct or indirect, of organic matter.

There is abundant organic material in the shales associated with the ores,

and a less amount in the limestones. While the precipitation of the

sulphides disseminated throngh the shales may have been largely accom-

plished by the direct reaction of the solid carbonaceous material, the more

common precipitation within the openings was probably accomplished

through the reducing solutions which were produced by the contact of the

water with the organic compounds. Waters which have been in contact

with such compounds, which also bear sulphides, are ver}^ likely to contain

hydrogen sulphide. This substance is a direct precipitant of the sulphates

as sulphides, but it is probable that dissolved organic compounds also act

as reducing agents at the point of precipitation in the crevices.
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' SECOND COJiCBNTBATION.

It is highly probable that the regular vertical distribution of the

minerals is due to a second concentration mainly controlled by downward-

moving waters combined witli denudation.

OXIDIZED ORES.

The oxidized ores include those above or near the ground-water level.

As already noted, the important ones comprise smithsonite, calamine,

cerussite, and anglesite. These ore bodies have been formed from the

sulphides by oxidation, carbonation, and hydration. The beginning of

these processes is coincident with the ajjpearance of the sulphides above

the level of ground water in consequence of progressive denudation. Lead

sulphide (PbS) and zinc sulphide (ZnS), by simple oxidation are changed

to lead sulphate (PbS04) and zinc sulphate (ZnSO^). The lead sulphate

constitutes the minei^al anglesite. If this sulphate in solution reacts upon

calcium carbonate, lead carbonate and hydrated calcium sulphate are

produced accoi'ding to the following equation:

PbS04+CaC03+2H20=PbC03+CaS04.2H20.

If zinc sulphate reacts on calcium carbonate, smithsonite is produced

according to the following equation:

ZnSOi+CaC03+2H,0=ZnC03+CaS04.2H20.

In this connection it is interesting to note that in Wisconsin the smith-

sonite often occurs in beautiful pseudomorphs after the various forms of

calcite characteristic of the district. In many cases when these pseudo-

morphs are broken they are found to be partly hollow, showing not only

that the calcite was replaced, but that solution of the calcium carbonate

went on faster than the deposition of the smithsonite. In many other

instances the smithsonite is in plates of greater or less thickness over calcite

or limestone, the latter showing solution by unequal etching'.

Where the zinc sulphate finds abundant amorphous silica in chert the

reaction may be between this couipound and the zinc salt in the jDresence

of water, the equation being as follows:

Si02+2ZnS04+3H20=(ZnOH)jSi03+2H2S04.
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In tlie Upper Mississippi Valley chert is not abundant and in that district

the chief oxidized zinc ore is smithsonite. In the southwestern district of

Missouri chert is very abundant, and the dominant oxidized ore is calamine,

although smithsonite is also there present in important amounts.

The oxidized ores are often very rich and frequently they are concen-

trated in large irregular masses. These features, exceptional as compared

with the sulphides of the first concentration, are due to two processes : First,

through downward transportation by the solutions there may be segregated

in a small vertical distance a large part of the materials which had a wider

vertical distribution as sulphides; and second, residual concentration takes

place—that is, the carbonates and sulphates of lead and zinc are much

more insoluble and heavier than the country rock with which they are

associatated—the limestone. As the limestone is eroded the oxidized deposits

sink down and thus accumulate.

SULPHIDE ORES.

Galena.—If it bc premised that the ascending waters evenly distributed

the sulphides, at least so far as the vertical element is concerned, although

across the vein these sulphides may or may not be arranged in a definite

ordei', it is certain that downward-moving waters, combined with denuda-

tion, may concentrate the galena at high levels and the sphalerite at lower

levels. (See pp. 1144-1145.)

Galena is the most difficultly oxidizible of the siilphides of lead, zinc,

and iron. (See p. 1140-1141.) Moreover, this compound is immeasureably

more insoluble than the limestone. By the solution and mechanical erosion

of the limestone and by the oxidation and solution of the sphalerite and

iron sulphide above the level of ground water, the galena is concentrated.

Whitney estimates that to make one-third meter of residual clay in the lead

and zinc district of Wisconsin requires 10 to 12 meters of limestone and

shale." Since in this district the residual material is often several meters

thick, it follows that at and near the surface there may be concentrated as

a residual product an amount of galena which Avas originally distributed

through several or many meters of limestone. That these processes of

erosion of the limestone and the removal of the sphalerite, and marcasite

by oxidation have taken place upon an extensive scale is shown by the

a Hall, James, and Whitney, J. D., Geology of Wisconsin; vol. 1, 1862, pp. 121-126.
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occurrence of many detached fallen crystals and masses of galena in the

openings above the level of ground water, and also at the bottoms of the

wider openings and caves a short distance below it. Indeed, a considerable

portion of the lead which has been mined was taken above or within a short

distance below the level of ground water. This strongly corroborates the

idea that concentration resulted from the solution of the other sulphides

which held the galena to the walls and from the erosion of the limestone,

thus permitting the material to drop to lower positions in the crevices.

While the concentration of the galena was partly as above stated, it

may have been caused in part by chemical reactions between the various

compounds. In the belt of weathering part of the galena, as already noted,

is being oxidized, as is shown by the incrustations and superimposed crystals

of cerussite and auglesite. During the formation of the carbonates and

sulphates a certain amount of these salts is taken into solution and carried

downward. These carbonates and sulphates react upon the other sulphides

present and reprecipitate the lead as galena. These reactions may take

place to some extent above the level of ground water, but are esjDCcially

likely to occur below it. As a result of the downward migration of the

belt of weathering, there is in the downward-moving waters a continual

supply of the sulphates and carbonates of lead. The chief reaction is that

between the lead salts and the dominant iron sulphide. Supposing the iron

were in the form of FeS, the reactions may be written as follows:

PbS04+FeS=PbS+FeS04.

PbC03+FeS=PbS+FeC03.

If the iron be supposed to be in the form of FeSa, as is most likely, and

oxygen were ^jresent, the reactions may be

—

PbSOi+FeS2+02=PbS+FeS04+S02.

PbC03+FeS2+0,=PbSH-FeCO,+S02.

Stokes has also shown that the precipitation of lead as a sulphide from

its oxidized solutions may be accomplished by the bisulphide of iron

without the presence of oxygen. The reaction by which this takes place is

as follows, with lead sulphate:

7PbS04+4FeS2+4H.,0=7PbS+4FeS04+4H2S04.
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A similar reaction takes place with lead carbonate and bisulphide of iron

where sodium carbonate is present. Stokes writes the reaction as follows:

Subsequent experiment has shown that calcium carbonate may be substituted

for the sodium carbonate. The last two reactions were perfornaed at tem-

peratm-es of 100° and in the absence of oxygen. Since in the upper part

of ore deposits such temperatures are seldom found, and there is no reason

whatever to suppose that they existed during- the development of the lead

and zinc ores of the Mississippi Valley, and as oxygen is likely to be 23resent,

it is probable that the precipitation of the sulphide of lead by the bisulphide

of iron in the upper part of veins was by the reactions Avritten with oxygen

rather than by the reactions without oxygen.

However, it has been stated that zinc sulphide is present with the

original sulphides, and this may also react upon the lead salts, according to

the following equations:

PbC03+ZnS=PbS+ZnC03.

PbS0i+ZnS=PbS+ZnS04.

In the case of the former reaction, smithsonite would be formed. In

this connection it is notable that frequently smithsonite is associated with

the galena for some distance below the level of ground water. While a

part of the smithsonite below ground water is of this origin, doubtless the

larger portion of it is differently explained. (See ]). 1147.)

To the foregoing reactions, partly explaining the concentration of

galena, objection may be made on account of the slight solubility of lead

carbonate and lead sulphate. It is true that these substances are very

sparingly soluble in pure water ; however, they are sufficiently soluble in

waters bearing carbon dioxide to account for the phenomenon. But some

of the lead may have been carried downward as a chloride. Independently

of chemical theor}^, we know that much of the galena has been changed to

some soluble form upon an extensive scale. As evidence for this inference,

galena crystals above the level of ground water are much corroded, and the

amount of cerussite and anglesite associated with them is so small as not to

account for the corrosion, therefore the lead has been transformed to a

soluble salt which has been transported below in important amounts. In

the deposits of southwestern Missouri, and in those of Wisconsin adjacent to
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the oil rock, which have by denudation passed into the belt of weathering,

numerous partially dissolved crystals of galena in openings and many

cubical openings once evidently occupied by galena but now wholly vacant

show abundant evidence of oxidation and solution of lead sulphide.

Whether or not the reactions written above express the exact chemical

changes, it is certain that oxidized lead salts are precipitated by the sul-

phide of iron and by the sulphide of zinc as lead sulphide, as was shown

by the experimental work of Anthon and Schilrman already referred to.

(See pp. 1114-1115.)

So far as my argument is concerned, it is of no consequence whether

the lead be transported as a sulphate, carbonate, chloride, or other salt.

However, it is believed that these are the forms in which the lead was trans-

ferred on the most extensive scale. I regard the cerussite and anglesite as

evidence of the partial transfer of the lead as sulphate and carbonate. A
large amount of sulphate and carbonate probably formed, but the com-

pounds are so insoluble that a part of the salts produced was not carried

downward, but precipitated near the places of formation.

In the upper Mississippi Valley for a short distance above and below

the level of ground water there are cubic crystals of galena of verjr large size

as compared with those disseminated through the sphalerite at lower levels.

The crystals at this upper horizon are commonly from 5 to 8 centimeters

in diameter, and a considerable proportion have diameters of 10 centimeters

and some of 15 to 20 centimeters. In contrast with this, the galena

intimately associated with the sphalerite at the lower levels is very rarely

in crystals larger than 5 centiureters in diameter, while a large part of it

is in smaller particles. It is thought probable that the large size of the

crystals at the upper horizons is the result of additions made by descending

water to the smaller crystals of the first concentration. Below the level of

ground water octahedral crystals of galena are frequently superimposed

upon the cubic crystals of this compound.

Sphalerite.—Evidcuco of tlic oxidatlou of sphalerite and the transporta-

tion of the material elsewhere is as clear as in the case of galena, both in

the upper and lower Mississippi Valley. At many places in southwestern

Missouri sphalerite crystals ma)^ be seen in the chert in various stages of

oxidation, and the porous rocks contain numerous casts of the sphalerite

crystals, now vacant or occupied by a film of iron oxide. Precisely the
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same thing may be seen in Wisconsin, only that the matrix holding the

partly dissolved sphalerite crystals or casts is limestone instead of chert.

The sphalerite oxidized to sulphate is carried downward. Zinc holds

sulphur less strongly than lead, but much more strongly than iron. There-

fore, the sulphate is reduced to sulphide below the galena, the reactions

being similar to those producing the galena. They may be written as

follows

:

or,

ZnS04+FeS=ZnS+FeS04,

ZnC03+FeS=ZnS+FeC03,

ZnS04+FeS.,+0,=ZnS+FeS04+S02,

ZnC03+FeS2+0,=ZnS+FeC03+S02.

While these, and especially the last two, are regarded as probable

reactions, Stokes has shown that at temperatures from 100° to 180° C.

precipitation may take place without tlie presence of oxygen, thus

:

14 ZnC03+8 FeS.,+Na2C03=14 ZnS+4 FejOs+Na^SjOj+lS CO,

Under the conditions accompanying this reaction, calcium carbonate

m.ay be substituted for sodium carbonate, but the reaction is slower.

While it has not been shown by experiment, it is probable that, in analogy

with the reaction of copper sulphate and lead sulphate, zinc sulphate

may at these higher temperatures react upon FeS2 as follows:

7 ZnS04+4 FeS2+4 H,0=7 ZnS+4 FeS04+4 H^SOj

As confirmatory of the deposition of secondary sphalerite by the reac-

tions above written or by other reactions which produce the same result,

Bain has found in the Joplin district " of Missouri at various places ruby-

colored crystals of sphalerite superimposed upon the main mass of sphalerite

attributed to the first concentration.

Marcasite and pyrite.—At a Certain depth iu the openings below the level of

ground water nearly all of the salts of lead and zinc descending from the

belt of weathering would be precipitated by reactions between them and

the iron sulphide, as above explained. In veins in which the first concen-

tration extends to a depth greater than that to which downward-moving

waters are effective, only the sulphurets of the first concentration would be

«Bain, H. F., Van Hise, C. R., and Adams, Geo. I., Preliminary report on the lead and zinc

deposits of the Ozark region: Twenty-second Ann. Eept. U. S. Geol. Survey, pt. 2, 1901, p. 161.
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found below this level. These sulphurets might consist mainly of marcasite

and pyrite, with suboi'dinate amounts of sphalerite and galena. However,

even in this deep belt, concentration of galena, and sphalerite may occur to

some extent, although it receives no contribution from the lead and zinc

salts from above ; for even after the salts of lead and zinc traveling down-

ward from the belt of weathering are all precipitated, the waters may still

hold oxygen. This oxygen would, to the largest extent, act on the marca-

site, producing to some extent soluble salts which would be abstracted, and

thus reduce the quantity of this material, and relatively enrich the deposits

in lead and zinc, although not inci'easing the absolute amount of lead and

zinc present in a given vertical distance. So far as the zinc and lead salts

were oxidized by the oxygen-bearing water, these would react on the iron

sulphide again, and they would be precipitated according to the reactions

given above.

The above paragraph can not be said to apply generally to the deposits

of the Mississippi Valley. These deposits are usually of very limited

vertical extent. Many of them are apparently cut off by impervious strata

within short distances of the surface, but drilling at the Grranby area, Mis-

souri, has developed a large amount of pyrite at depth, and thus, so far

as information goes, this area appears to conform to the general rule. In

the upper Mississippi Valley area, while information is not very full,

apparently below the galena horizon the iron sulphide is rather more abun-

dant at high than at low horizons. As a consequence the zinc sulphides

become less impure with depth. This has been noted at ShuUsburg, at

Platteville, at Benton, at Dubuque, and at Mineral Point. But this is in the

belt in which marcasite and sphalerite alternate in the crustified ores, and

both are apparently for the most part the products of ascending water. If

this vertical distribution be regarded as chiefly due to the primary concen-

tration by ascending' water, the order is as it should be, for at first the zinc

sulphide should be thrown down to a greater extent than the iron sulphide.

GENERAL STATEMENTS.

It is believed that concentration by ascending waters largely explains

the crustified sulphide deposits of zinc and lead of the upper Mississippi

Valley, at least so far as their main masses are concerned, althoug'h, as has

been explained, superimposed upon the sulphides of the first concentration
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are subordiuate amounts of suljohides of the second concentration. It is

believed also that the intimately intermingled sulphides at the lower hori-

zons in southwestern Missouri and the great disseminated deposits in the

massive liifiestone of southeastern Missouri are results of the first concen-

tration. It is thought that a second concentration by descending waters

explains through the reactions given the orderly distribution of the ores in

a vertical direction, i. e., the oxidized products and the enriched galena

above and near the ground water and the sphalerite deposits below the

level of ground water. The intermingled sphalerite and galena below the

level of ground water, while largely of the first concentration, are modified

to a variable extent by the second concentration. Further, it is believed

that the second concentration was a determinative factor in the production

of many of the rich deposits, especially their upper portions. The process

of concentration by descending waters is primarily chemical, but is also to

some extent mechanical. The latter is especially true of the galena loosened

by solution from the walls and of the oxidized products mixed with galena

which have accumulated as residual material in consequence of erosion of

the limestone.

The above conclusions were reached from a study of the facts in the

field, without any knowledge of the experimental work in the laboratory

showing that iron sulphide precipitates zinc and lead as sulphides from

their oxidized salts, and that zinc sulphide precipitates lead as a sulphide

from its oxidized salts. It is thus- seen that the facts in the field and the

experimental work of the laboratorj- supplement each other and strongly

confirm the correctness of the conclusions as to the manner in which the

vertical distribution of the ores is explained.

Thus the above theory fully explains and harmonizes the following:

(1) The galena and sphalerite crystals are frequently corroded and

partly dissolved, and very numerous casts of them are found in the chert

and limestone. These facts show conclusively that the sulphides have been

dissolved above the level of ground water.

(2) Upon the calcite, and frequently pseudomorphous after its crystals,

smithsonite is found, the ca,lcite at these places showing corrosion and solu-

tion. This furnishes strong evidence that the oxidized salt of zinc, probably

zinc sulphate, has reacted upon the calcite.
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A. Vein quartz, Banner mine, California. Showing sliattering of black argillite by quartz seams;

pyrite developing in the argillite but not in the quartz; further, brownish (weathered) carbonate

deposited next to the argillite in the seams. Beginning of metasomatic alteration apparent by

bleaching of the black argillite. After Lindgren.

B. Secondary galena and blende in ores from Missouri. After Bain.
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(3) With the oxidized products of lead and zinc are associated barite

and gypsum. These are the by-products which should be formed by the

reactions of the sulphates of lead and zinc upon the alkaline earth carbonates.

(4) At and near the level of ground water are very large crystals of

galena as compared with those deeper in the deposits. These crystals are

fully explained by secondary growths of galena deposited by descending

waters.

(5) The products have a vertical order; the oxides, carbonates, and

silicates lie mainly above the level of ground water, the galena largely

above but extending below it, and the sulphide of zinc with the iron sul-

phides mainly below it. This vertical order is that which should be pro-

duced by the reactions of the descending oxidized salts of lead and zinc

on the sulphides of zinc and iron.

(6) Superimposed upon the crustified sulphides of the first concentra-

tion are later crystals of galena and sphalerite, often different in character

from the earlier sulphides. For instance, in Wisconsin the later galena is

usually in octa]^edral crystals, and in Missouri the sphalerite is pure and

ruby colored (See PI. XII, B?) The exceptional appearances of these

products are fully explained by the reactions between the oxidized products

of lead and zinc and the sulphides deposited by the first concenti-ation.

While the precipitation at the second concentration of downward-moving

sulphates is partly accomplished, as has been explained, by the reaction

upon them of the low-grade sulphurets, thus producing rich sulphides, the

reduction and precipitation of these oxidized products is partly accomplished

by the direct and indirect action of the organic matter, precisely as in the

case of the original precipitation. The power which organic matter has for

the reduction and precipitation of the oxidized products has been recognized

by several others who have written upon the lead and zinc of the Missis-

sippi Valley. Among these are Chamberlin," Blake, '' Bain," and Grant. "*

« Chamberlin, T. C, The ore deposits of southwestern Wisconsin: Geol. of Wisconsin, vol. 4, 1882,

pp. 544, 546.

6 Blake, Wm. P., Lead and zinc deposits of the Mississippi Valley: Trans. Am. Inst. Min. Eng.,
vol. 22, 1894, pp. 630-631. Also, Wisconsin lead and zinc deposits: Bull. Geol. Soc. America, vol. 5.

1894, pp. 28-29.

cBain, H. F., with C. R. Van Hiss and G. I. Adams, Preliminary report on the lead and zinc

deposits of the Ozark region: Twenty-second Ann. Rept. U. S. Geol. Survey, pt. 2, 1901, p. 213.

f^ Grant, U. S., Preliminary report on the lead and zinc deposits of southwestern Wisconsin: Bull.

Wis. Geol. and Nat. Hist. Survey, No. 9, 1903, p. 83.
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Chainbeiiiu states that organic matter from the surface may have made its

wa}^ down through the openings of the hmestone, and thus assisted in the

reduction of the descending oxidized products." As pointed out by Blake,

the effect of the organic matter is especially clear in the case of the large

sphalerite deposits of Wisconsin which rest upon the oil rock at the base of

the Galena.

While the above statement concerning concentrations of the lead and

zinc ores by ascending and descending waters combined is made with

refei'ence to the Mississippi Valle}^ it is believed that manj- of the lead and

zinc districts of other parts of the world have had a substantially similar

history.

ASSOCIATIOX OF COPPER AND IRON COMPOUNDS.

Another very general association of metals is that of copper and iron.

Where this association occurs it is well known that above the level of

ground water metallic copper, cuprite (CuaO), tenorite (CuO), malachite

(CuC03.Cu(OH)2), and azurite (2CuC03.Cu(OH)2) are very frequently

found.

These compounds may be produced from any of the sulphides. It is

not worth while to attempt to write out the reactions showing their forma-

tion from all of the sulphides, but to make the principles clearer it may be

well to consider one illustrative case. For this purpose chalcocite is taken,

since this is the richest sulphide and the one which, as shown below, is

likely to be developed in the upper part of the belt of cementation and pass

in large quantity into the belt of weathering. By simple oxidation of the

sulphur of chalcocite, metallic copper is produced, according to the follow-

ing reaction:

Cu,S+20=2Cu-f-S02

Simultaneously, or later, the metallic copper thus formed may be oxidized

to cuprite, according to the equation:

2Cu+0=Cu,0

By further oxidation the cuprite may pass into tenorite, according to

the reaction:

Cu20+0=2CuO

« Chamberlin, cit, pp. 544-545.
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When the oxidation has gone far enoug'h to produce tenorite, carbona-

tion and hydration may take place, and malachite be prodticed, according to

the following reaction:

2CuO+C02+H20=CuC03 . Cu (OH) ^

Or if the carbonation goes further as compared with hydration, azurite may
be produced, according to the following reaction:

6CiiO+4C02+2H20=2[2CuC03 . Cu(0H)2]

The product represented by any stage in this process may be regarded

as formed directlv by a combination of two or more of the preceding

reactions. But in the southwestern portion of the United States it is

certain that the reactions frequently if not usuallj^ occur step by step, as is

shown by numerous specimens In a single specimen I have seen a core

of chalcocite surrounded by metallic copper, outside of which is cuprite;

beyond this lies tenorite, and beyond the tenoi'ite hydrated carbonate.

While it is rather rare to find this full succession, it is easy to get specimens

of metallic copper interlaced or surrounded by cuprite, the latter being

surrounded by at least a film of tenorite, beyond which occur the car-

bonates. In this connection it may be recalled that cuprite is a rather

abundant oxide and that tenorite is rare. The reason which may be sug-

gested for this' is that as soon as tenorite is formed this oxide may unite

with carbon dioxide and water and produce malachite or azurite. This

process goes on almost as fast as the tenorite develops, and thus very little

of this oxide is found in the mines. The oxidized copper products, instead

of being formed from chalcocite, may be produced from any of the leaner

sulphides of copper; but in such cases the associated iron forms iron com-

pounds which may largely remain in situ as oxides or be carried away as

sulphates.

The oxidized ores of copper occur extensively in arid regions. The
precipitation is small, but there is enough moisture underground to cany
on the work with the assistance of oxygen and carbon dioxide. In

such a region the level of ground water is far below the surface and erosion

is exceedingly slow, so that there is ample room and sufficient time for a lai'ge

amount of material to accumulate above the level of ground water. In

humid regions, while water is more abundant and the conditions to that
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extent are more favorable to the development of the oxidized products, denu-

dation is frequently so rapid that time is not given for the transformation of

the sulphides to such products, for a given part of the belt of weathering

is above the level of ground water only a short time before the material

of that portion is removed by erosion. Also the belt above the level of

ground water is narrow, and thus there is comparatively little room for the

oxidized deposits.

While under favorable conditions oxidized products are very common
above the leyel of ground water, it is well known that below it the oxidized

and carbonated products occur in greatly diminished quantity, and there

are frequently present rich sulphurets, such as chalcocite' (CuaS), bornite

(CugFeSg), chalcopyrite (CuFeSa), and sometimes covellite (CuS). Some-

what deeper below the level of ground water the oxides and carbonates are

not found. Furthermore, the chalcocite, covellite, and bornite are very

generally restricted to the upper part of the belt of cementation; deeper,

the places of these minerals are largely occupied by chalcopyrite. Not

only is this true, but still deeper in many instances the chalcopyrite is less

prominent, and the iron sulphides more so. In the lower workings of many
of the deeper mines the only metalliferous product found is cupriferous iron

sulphide, the chalcopyrite having wholly disappeared. But in some places

where the dominant sulphide of the deeper levels is pyrite or pyrrhotite

fracture openings within these sulphides are filled with the rich copper

sulphides.

Whether or not this general statement is correct for a particular area,

each mining engineer can judge from his own knowledge. There may be

exceptions to it, due to various causes, one of which has been alluded to in

explaining bonanzas. Thus below cupriferous pyrites there may again be

found richer copper sulphides. Indeed, as before stated, ore deposits vary

greatly in their richness both horizontally and vertically, and the above

statement can only be considered as a general average."

The above order is believed to be explained by the work of downward-

moving waters. The combinations of lead, zinc, and ii-on were followed from

above downward. The reactions which occur in the case of the copper-

iron deposits may perhaps be followed, to vary the treatment, from the base

«See Raymond, R. W., Discussion of "Genesis of ore deposits," by F. Posepny: Trans. Am. Inst

Min. Eng., vol. 24, 1895, pp. 991-992.
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upward. At greater or less depths below the level of ground water the ores

are often dominautly cupriferous pyrites or pyrrhotite, the direct deposit

of the ascending waters. At a little higher level oxygen from above may
have oxidized a portion of the iron and transported it elsewhere, relatively

enriching the deposit in copper; at a still higher level there is a conti'ibution

of soluble copper salts from above. Since copper sulphate is certainly the

most common salt, for convenience all the soluble salts will be regarded as

sulphates. Reactions similar to those given below may easily be written for

other salts.

At the level where salts of copper appear fi'om above, the action of the

copper salt on iron sulj)hide may produce chalcopyrite, the reactions result-

ing from the greater affinity of sulphur for copper as compared with iron,

and from the law of mass action. With cupric sulphate the reaction may
be written, for ferrous sulphide:

(1) 2FeS+CuSOi=CuFeS2+FeS04

For bisulphide of iron, in the presence of oxygen, the reaction may be

:

(2) 2FeS2+CuS04+Oi=CuFeS2+FeS04+2S02

or, if oxygen be absent,

(3) 7CuS04+8FeS2+8H20=7CuFeS2+FeS04+8H2S04

Where the iron sulphide is pyrrhotite, intermediate between FeS and

FeSa, the reactions may be written by combining the equations (1) and (3)

in proper proportions.

The chalcopyrite may also be produced by the reaction of cuprous

sulphate on pyrite or marcasite. In the presence of oxygen the reaction

is as follows:

3FeS2+Cu2S04+40=2CuFeS2+FeS04+2S02

and in the absence of oxygen:

15FeSj+7Cu2S04+8H,0=14CuFeS2+FeS04+8HjS04

In passing upward from the lowest level at which the chalcopyrite

appears, tliis mineral may steadily increase in quantity until it becomes an

important constituent, and finally the iron sulphide may become subordinate.

Under these circumstances bornite is likely to appear also. The produc-
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/ tion of bornite by the direct reactions of the cupric salts maj be supposed

to be as follows:

For ferrous sulphide in the presence of oxygen the reaction is:

(1) 4FeS+3CuSOj+20=Cu3FeS3+3FeS04+S02

For iron bisulphide the reaction is:

(2) 3FeS2+3CuS04+40=Cu3FeS3+2FeS04+ 480^

or, if oxygen be supposed to be absent, the reaction for cupric salt maybe:

(3) 13FeS2+21OuSO4+20H2O=7Cu3FeS3+6FeSD4ri-20H2SO4

The production of bornite by the direct reaction of cuprous sulphate

on the bisulphide of iron in the presence of oxygen may be written:

(4) 5FeS2+3Cu2S044-80=2Cu3FeS3-f-3FeS04+4S02

or, if no oxygen be present, the reaction is:

(5) 23FeS2+21Cu2S04+16H20=14Cu3FeS3+9FeS04+16H2S04

However, the bornite may also be produced by the reaction of the

cupric salt on the chalcopyrite itself. For instance, in the presence of

oxygen, for cupric sulphate, the reaction might be:

(6) 2CuFeS,+CuS04+20=Cu3FeS3+FeS04+S02

If oxygen be absent the reaction for cupric sulphate would be:

(7) 13CuFeS2+llCuS04+8H20=80u3FeS3+5FeS04+8H2S04

The reaction for cuprous sulphate in the presence of oxyg-en may be

written:

(8) 4CuFeS2+Cu2S04+60=2CusFeS3+2FeS04+S02

and in the presence of oxygen:

(9) 23CuFeS2+llCu2S04+4H20=15Cu3FeS3+8FeS04+4H2S04

Further reactions might be written by combining coiTcsponding

equations for cupric and cuprous salts, as a result of which the bornite is

produced by the reaction of both cuprous and cupric compounds. Reac-

tions might also be written by which the bornite is partly produced from

bisulphide of iron and partly from chalcopyrite. These reactions would be

merely the combination of corresponding equations, and it seems hardly

necessary to write them out, since no new principle is illustrated.
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Still higher up, chalcocite may appear with the chalcopyrite and born-

ite. For a short distance below the level of ground water this mineral in

some mines is the dominant sulphide and may be produced by the reaction

of cuprio sulphate on the iron sulphide. For ferrous sulphide the reaction

in the presence of oxygen would be

:

(1) 2FeS-t-2CuS04+20=Cu,S+2FeS04+S02

For iron bisulphide in the presence of oxygen, the reaction would be:

(2) 2reS2+2CuS04+60=Cu2S+2FeS04+3S02

or, if oxygen be absent, the reaction is:

(3) 5FeS,+14CuS04+12H20=7Cu2S+5FeS04+12H2S04

Chalcocite may be produced also by the reaction of cuprous salts on

iron sulphide. For ferrous sulj^hide in the presence of oxygen the reaction is

:

(4) FeS+Cu2S04=Cu,S+FeS04

for iron bisulphide in presence of oxygen:

(5) FeS,+Cu2SOi+20=Cu,S+FeS04+S02

or, if oxygen be absent,

(6) 4FeS2+7Cu,S04+4H20=7Cu2S+4FeS04+4HjS04

Furthermore, the chalcocite may be jaroduced by reactions of the sul-

phates either on the chalcopyrite or 6n the bornite. In the case of cupric

sulphate upon chalcopyrite in the presence of oxygen, the reaction may be

written as follows:

(7) CuFeS2^CuS04+20=Cu2S+FeS04+S02

or, if oxygen be not present, the reaction may be as follows:

(8) 0CuFeS2+llCuS04+8H,O=8Cu2S+5FeSO4+8H2S04

For cuprous sulphate upon chalcopyrite, in the presence of oxygen,

the reaction is:

( 9 ) 2CuFeS2+CU2SO4+6O=2Cu,S+2FeS04+S02

and in the absence of oxygen is

:

(10) SCuFeS.,+llCu,S04+4H,0=150n.,S+8FeS04+4H2S04
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In tlie production of tlie chalcocite from the bomite the reaction for

cupric salts in the presence of oxygen may be as follows:

(11) Cu3FeS3+CuS04+20=2CujS+FeS04+S02

or, if oxygen be not present, the reaction may be

:

(12) 50u3FeS3+llCuS04+8H,0=13Cu2S+5FeS04+8H2S04

For cuprous salt in the presence of oxygen the reaction is:

(13) 2Cu3FeS3+2Cu2S04+20=5Cu2S+2FeS04+S02

or, in the absence of oxygen:

(14) 8Cu3FeS3+llCu2S04+4H20=23Cu2S+8FeS04+4H,S04

In all of the foregoing reactions the fundamental principle, so far as

iron and copper are concerned, is the same. In every case the acid radical

of the oxidized copper salt passes to the iron, and the sulphur in the iron

unites with the copper, forming copper sulphide, thus producing a greater

proportion of copper sulphide in the ore than before the reaction.

Too much stress must not be laid on the particular chemical reactions

written. They are designed to show the nature of the reactions which may

occur rather than to assert that the jjarticular reactions written do occur

exactly. It is believed that the reactions written are possible, but much

experimental work must be done in the laboratory in order to ascertain

which of the reactions is most common in an individual case. It is believed

that the reactions for the production of rich sulphides of copper by

descending waters are often those in ^vhich oxygen is present, but doubt-

less reactions without oxygen also take place frequently.

In all cases where SO2 is regarded as produced by the reactions it may

be that instead of this compound sulphuric acid is formed. Indeed, it is

well known that SO2 in the presence of ferric sulphate is oxidized to sul-

phuric oxide. In order to modify the equations in which SO2 appears so as

to produce sulphuric acid it is merely necessary to substitute H3SO4 for each

SO2 on the right side of the equation, and add HaO-fO on the left side.

Probably the reactions in which oxygen is absent also occur in the first

concentration of copper in consequence of the reactions of ascending copper

solutions upon previously precipitated lower-grade materials.
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Wliile ill some cases the sulphides were precipitated by reactions in

which oxygen is present and in other cases by those in which it was absent,

in still other cases I have no doubt that the reactions utilized some oxygen,

but not as much as indicated by the equations as written. In such instances

the real changes when precipitation took place are represented by equations

which combine in various proportions those in which oxygen is represented

as present and those in which it is absent. Moreover, for a certain part of

a deposit the conditions may for a time have been those in which the reac-

tions were without oxygen, later those in which it was insufficient, and

finally those in which it was sufficient. Thus, all combinations of the reac-

tions with and without oxygen may have taken place in the production of a

single deposit.

The vertical relations of the richer sulphides which appear in passing

from depth to the surface are very different in various regions. In some

districts there may be somewhat regular gradations from the poor

sulphurets at depth to the very rich sulphurets at or near the level

of ground water. In other cases this change may be very abrupt.

For instance, at Ducktown, Tenn., the lean cupriferous pyrrhotite changes

rapidly into a zone of very rich sulphuret at and near the level

of ground water. At Butte, Mont., the rich sulphurets are found at a

much greater depth, and in the deeper working-s of some of the mines

secondary fracture openings in the lean sulphurets now contain small veins

of rich sulphides of various kinds, even bornite or chalcocite, which have

evidently been reduced by the lean sulphides adjacent. These illustrations

show that the various sulphides overlap one another. In jjassing upward

from the poor material, bornite may appear before the iron sulphide has

been replaced largely by chalcopyrite, and at the place where bornite has

become reasonably abundant chalcocite may be found. If the dominating

material be iron sulphide, the copper mineral which is present is likely to be

chalcopyrite rather than the richer sulphurets. Chalcopyrite is likely to

be associated on the one hand with pyrite or pyrrhotite and on the other

hand with bornite, or even chalcocite. Bornite and chalcocite are likely to

be associated witli each other and with chalcopyrite.

At still higher levels in a mine, a moderate distance below the

level of ground water, oxidized and carbonated products may appear

with the sulphurets. These mixed products, sometimes called oxysul-
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pliurets, are well illustrated in the Appalachian, Arizona, and Montana

deposits." Still higher, and especially above the level of ground water,

the oxidized and hydrated products may become dominant, for there

the rich sulplmrets which have emerged from the ground water have been

directly acted upon by the oxygen, carbon dioxide, and water. A series

of transformations now take place which may result in metallic copper,

cuprite, tenorite, azurite, and malachite, as already described. (See pp.

1158-1159.) The oxidized products may largely remain in place, fur-

nishing rich ores, or they may be almost wholly dissolved and carried to

lower levels, to react on the sulphides, as already explained.

Therefore rich sulphurets are first formed largely by the oxidation

and the reaction of the oxidized products on lean sulphurets. Later, when

in consequence of denudation, these rich sulphurets pass into the belt of

weathering, rich oxidized compounds are produced. Thus in' the upper

few hundred meters of a vein there may be concentrated a large part of

the copper produced by a first concentration in a much greater distance.

I do not mean to imply that each rich copper sulphide deposit has

gone through the entire history above detailed, or that other factors have

not been concerned in the development of the rich ore. Indeed, it will be

seen that the general process outlined is much modified in many instances.

(See pp. 1182-1189). However, it is held that processes of secondary

concentration, due to descending water, have been very important factors

in the production of rich copper deposits at many localities.

ASSOCIATION OF SILVER AND GOLD WITH BASE METALS.

The association of lead, zinc, and iron, and of copper and iron—two

common cases—^have now been considered. A similar set of transforma-

tions can be traced out in either of these classes of deposits when they

contain silver and gold.

SIIiTER.

In the case of silver it is well known that the original forms are gener-

ally sulphides, sulphantimonites, sulphantimonates, sulpharsenites, sulph-

arsenates, and silver replacing a part of the iron, lead, zinc, or copper in the

sulphides of these metals. Silver is one of the compounds which holds

« Douglas, James, The copper resources of the United States: Trans. Am. Inst. Min. Eng.,

vol. 19, 1891, p. 688-695.
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strongly to sulphur. Ordinarily it is not sufficiently abundant to constitute

the main mass of an ore deposit. Since silver holds so strongly to its sul-

phur, the silver salts are likely to be found, in the case of lead-zinc-iron

compounds, most abundantly with the lead, less abundantly with the

zinc, and least abundantly with the iron; and in the case of the copper-iron

compounds, most abundantly with the copper and less abundantly with the

iron. Native silver and the rich silver compounds—cerargyrite (AgCl),

argentite (AgjS), proustite (AggAsSs), pyrargyrite (AggSbSg), and stephanite

(AggSbSi)—may be found abundantly in the upper parts of mines, but

frequently decrease in amount in passing from the surface to the zone of

sulphides, and at sufficient depth in this zone may entirely disappear,

the products being wholly argentiferous lead, zinc, copper, and iron sul-

phides. In many instances independent silver minerals do not occur at all,

all of the silver being in the lead, zinc, copper, and iron compounds. In

the argentiferous lead, zinc, and iron deposits, the ores are likely to contain

less silver as they become poorer in lead and zinc. As the argentiferous

copper deposits become poorer in copper with depth, the silver also ordi-

narily decreases in amount. Therefore the plumbiferous and zinciferous

pyrites and cupriferous pyrites deep in the mines ordinarily contain less

silver than the deposits above, which are richer in the base metals.

In the belt of weathering above the level of ground water native silver

and silver chloride, cerargyrite, are likely to be found. The native silver

is produced by the direct oxidation of the sulphur, antimony, or arsenic

united with the sulphur. For instance, if the silver compound be AggS,

metallic silver is produced by simple oxidation of the suljjhur as follows:

Ag,S+02=2Ag+SO„

This reaction is very common, because silver is very slowly oxidized. But

argentite may be directly oxidized to sulphate, according to the following

reaction

:

Ag,S+20,=Ag,804.

This compound is a very readily soluble one, and therefore does not remain

in situ, but if chlorides are present they react upon this salt and produce

cerargyrite, according to the following reaction:

Ag2S04+2NaCl=2AgCH-NaiS04.
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It is well known that in arid regions, native silver and cerargyrite are

especially abundant in the belt of weathering. These compounds are

produced in the same manner as native copper and its oxidized products,

with, however, one additional factor. In arid regions the alkaline salts,

such as sodium chloride and similar compounds, are segregated. (See

pp. 542-543.) Therefore in such regions the ground waters are particu-

larly likely to contain chlorides in solution which react upon the sulphates

and thus produce the chloride of silver. Water is not sufficiently abundant

to dissolve the chloride and hence cerargyrite accumulates.

Not all the silver which is oxidized to the soluble form of sulphate is

precipitated as chloride, and even the chloride is somewhat readily soluble,

so that if the silver be thus transformed a part of it may be held in solution.

Therefore silver sulphate, and some silver chloride passes downward from

the belt of weathering to the belt of sulphides. Since silver holds to its

sulphur more tenaciously than any of the base metals with which it is

associated, the first of the sulphides of these metals which is met in mass is

reacted on by such silver salts. Where they may come into contact with

chalcocite, for instance, argentite is precipitated according to the following

reactions

:

Cu2S+Ag,S04=Ag2S+Cu2S04.

Cu2S+2AgCl=Ag2S+2CuCl.

While it would be easy to write equations representing the reactions

of the soluble silver salts upon the various sulphides of the base metals,

producing silver sulphurets, it hardly seems worth while to do so until

experimental work has determined the reactions which actually take

place in the different cases. For the present purpose it is necessary only

to understand that when soluble silver salts are brought into contact with

base sulphides the silver certainly will be precipitated as independent silver

sulphides or as rich sulphides in which the silver replaces a part of the base

metals. i

As an instance in which silver is concentrated in a base sulphide rather

than in the carbonate of the base metal may be mentioned the Leadville

ores. Here, according to Emmons, the galena is much richer in silver than

the associated cerussite. Not only is this so in general, but there are some

very interesting special cases. For instance, five assays of galena nodules

which had carbonate crusts showed "six times as much silver in the galena
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as in the cerussite."" Essentiallj the same phenomenon has been observed

by SpniT ill the Monte Cristo district of Washington. He says that here

"the very richest ores in the district are the bunches of sulphides which are

residual in the oxidized ores.'"" Such cases as these may be partly explained

by the abstraction of the silver as sulphate from the lead carbonate, but I

suspect it to be mainly explained by the reaction of the oxidized silver salts

upon the galena, producing a galena richer in silver than originally existed.

Where the silver is largely changed to the sulphate and chloride, and

is not largely precipitated as cerargyrite, the upper part of the silver veins

in the belt of weathering maj' be greatly depleted in silver as a result of

this leaching process. That the silver is not thrown down as cerargyrite

may be due to a deficiency of chlorine in the descending solutions, or to the

fact that the solutions are of such a character or so abundant that they are

capable of dissolving the sih^er chloride. Illustrations of this process of

depletion may probably be found in the Cripple Creek district, where the

upper parts of the veins which carry free gold are deficient in silver, while

the orisrinal telluride contains a certain amount of the latter metal, indi-
ct '

eating that it has been leached out."

GOLD.

It has already been fully explained (see pp. 1088-1089, 1139-1140)

that gold occurs extensively (1) in the native form free from sulphides and

tellurides; (2) in the native form closely associated with sulphides and

tellurides; and (3) as a telluride. In the belt of weathering gold is very

largely found in the metallic form, associated with the oxidized products

of the base metals, especially with oxide of iron. Much of such gold was

originally associated with the sulphides or the tellurides, or was united

with tellurium as a telluride.

If the gold is in the metallic state, and merely inclosed in sulphides

of iron or other sulphides, it is freed by the oxidation of these sulphides.

Where it is united with tellurium it is necessaiy that this element be

a Emmons, S. F., Geology and mining industry' of Leadville, Colo.: Mon. U. S. Geol. Survey, vol.

12, 1886, p. 553.

''Spurr, J. E., The ore deposits of Monte Cristo, AVashington: Twenty-second Ami. Rept. U. S.

Geol. Survey, pt. 2, 1901, p. 851.

« Penrose, R. A. F., jr., Mining geology of the Cripple Creek district, Colo. : Sixteenth Ann. Rept.

U. S. Geol. Survey, pt. 2, 1895, pp. 131-132.
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oxidized in order that the free gold may be produced. This may take place

first by the oxidation of tellurium to an oxide, and then the solution of the

oxide by acids. Or the sum total of all the changes may be represented in

a given case as follows:

Au4Te3+12NaCl+6CO,+60=4Au+3TeCl4+6Na2C03

That this or some similar process of the oxidation of the tellurium,

leaving gold behind, has taken place upon an extensive scale at Cripple

Creek, is shown by the verjr frequent pseudomorphs of spongy gold after

the various tellurides.

The free-gold ores thiis formed in the belt of weathering are commonly

very much richer than the downward extensions of the deposits, in wliich

the gold is associated with sulphides or tellurides, or occurs as a telluride.

This exceptional richness of the upper part of the gold deposits is so well

known that it is unnecessary to give many cases illustrative of it. However,

one or two of the more important districts may be mentioned. In Australia,

Don says, "for ounces per ton above the ground-water level, only penny-

weights per ton have been found below it." " In the Sierra Nevada deposits,

according to Lindgren, near the surface the values are from $80 to $300

per ton, whereas deeper they are somewhat uniform for the given vein,

and run from $20 to $30 per ton.* In many instances the decrease in values

is so great, in passing from the belt of weathering to the deeper workings,

that while the belt of weathering and the upper part of the belt of cementa-

tion may be very protitable. the deeper portions of the deposits are so

lean as not to warrant working.

These facts seem to me to be conclusive evidence that, in some way,

the downward-moving waters have concentrated in a comparatively narrow

belt an amount of gold which originally had a much wider vertical extent.

That is to say, in some way, as denudation continued downward, the gold

deposited in one of the original forms has been taken into solution by the

descending waters and has been reprecipitated, thus producing the enriched

upper part of the veins. As this process continues the belt of weathering

becomes richer and richer, there being segregated within a comparatively

oDon, J. E., The genesis of certain auriferous lodes: Trans. Am. Inst. Min. Eng., vol. 27, 1898,

p. 596.

6 Lindgren, Waldeniar: The gold-quartz veins of Nevada City and Grass Valley, California:

Seventeenth Ann. Kept. U. S. Geol. Survey, pt. 2, 1896, p. 128.
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small vertical distauoe (from a few meters to 100 meters or more) a large

part of the gold which, as a first concentration, may have had a vertical

extent of 1,000 to several thousand meters.

It has been seen that gold is soluble in ferric chloride, cupric chloride,

sodic carbonate, alkaline sulphides, and in other compounds. There

ai'e likely to be present in descending waters ferric chloride and ferric

sulphate, and, in case the lode is a copper-bearing one, also cupric

chloride. It is therefore believed that in the upper part of the belt of

weathering these reagents or others take the gold in solution. As the

solutions pass below the belt of weathering and into tlie belt of cemen-

tation they come into contact with sulphides of the base metals, tellurides,

or organic materials, or are mingled with reducing solutions. It has

already been seen that any of these conditions results in the precipitation

of gold from its solutions, and therefore the gold is thrown down by

these compounds in the upper part of the belt of cementation. Probably

in the majority of instances the sulphides are the chief reducing com-

pol^nds, although the others are not unimportant. The reduction of gold

by sulphides is somewhat different from the reduction of any of the metals

previously considered. Zinc, lead, copper, and silver are thrown down

from their salts as sulphides by the baser sulphides. The gold is thrown

down from its salts by those sulphides not as a sulphide but as metallic

gold, because gold and sulphur have such weak affinity and gold is so

easily reduced to the metallic form.

As denudation goes on the enriched upper portion rises into the belt

of weathering. The sulphides and tellurides are there again oxidized,

the gold is again partly dissolved and transported downward to be again

precipitated, and thus an horizon of steadily increasing richness and breadth

is formed below the belt of weathering in the belt of cementation, the gold

commonly being largely free, but associated with sulphides.

During the process not all the gold which rises into the belt of weath-

ering is dissolved, and the richer the sulphide zone which rises into the

belt of weathering the greater the amount of gold left behind. This

process of chemical concentration in the belt of weathering is supplemented

to an important degree in many disti'icts by residual concentration. As

denudation continues the rocks are disintegrated, dissolved, and transported

to the streams to a greater extent than is the gold, and thus the gold in the
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upper parts of the veins is segregated. Segregation by this method is

especially important at and near the surface. It thus appears that the

production of the free gold of the upper parts of lodes is largely a chemical

process, but is partly a process of residual concentration The two together

continued for a sufficient length of time are belieA^ed to adequately' explain

the rich free gold ores of the upper parts of lodes.

Cripple Creek furnishes an excellent illustration of rich free gold at and

near the surface. Near the surface numerous deposits in this district were

exceptionally rich, containing a large amount of free gold above and near the

level of ground water. Usually much of this free gold was in spongy

pseudomorphs after tellurides, showing its formation in large measure by

the direct oxidation of the tellurium of the tellurides, the gold being left

behind. For some years it has been well known that below the upper belt

of rich material in many of the veins the deposits were very much poorer.

Indeed, many of the deposits were found to be so poor below the upper

narrow belt of rich ores as to lead to their abandonment.

In reference to this poor ground Mr. Moore says:

"It is imdoubtedly true that some mines have entered poor ground in

the veins at depths of 250 feet [75 meters] to 400 feet [120 meters] below

the surface, and have sunk down to depths of 400 feet [120 meters] to 500

feet [150 meters] deeper without finding payable ore bodies again." But

this was by no means true of all the deposits. Mr. Moore further says, "It

is a fact that in a greater number of mines the values have been carried

down to more than 1,200 feet [360 meters] below the surface continuously,

and in at least two mines the values have greatly increased from 1,100 feet

[330 meters] downward."" A most interesting feature in reference to the

Cripple Creek district has been developed recentlj^ Deep in some of the

mines which showed a depleted horizon there has been discovered a lower

horizon of very rich ores, partly sulphides and tellurides, but also in large

part free gold.

According to Mr. Hills : "The original ground-water level at Cripple

Creek is about altitude 9,500 feet [2,850 meters] for the west side of the

district and considerably higher for the Bull Cliff region."'' The upper part

"The Daily News, Denver; Colo., Jan. 1, 1903, p. 3.

i-Ninth Ann. Eept., Portland Gold Mining Co., Victor, Colo.; Report of Victor G. Hills, Consult-

ing Engineer, 1903, p. 87.
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of these rich deposits appeared upon an average at least 120 meters below-

ground-water level. Mr. Moore* states that the depths of the deepest shafts

in the Cripple Creek district vary from 240 to 450 meters. On Battle

Mountain are the Portland, Granite, Burns, Ajax, Stratton's Independence,

Strong, Gold Coin, and Modoc. At Bull Hill are the Last Dollar, Blue Bird,

Logan, American Eagles, Wild Horse, Isabella. At East Spur Bull Hill

are the Independence T. & M. Co., Vindicator, Lillie, and Golden C3^cle.

He says in reference to these deposits: "All but one of these shafts have

good bodies of ore and excellent indications for the future at the lowest

levels to which they have thus far attained. Certain of these shafts, to wit,

the Last Dollar and Blue Bird, show some of the richest ore ever mined in

the district at their lowest levels." Mr. Moore regards these deep, rich

deposits as due to the secondary action of descending waters. It has

already been noted that in the Cripple Creek districts the values in the

upper ]Dart of the veins near the ground-water level are very largely in

native gold ; deeper they are largely in the tellurides, the sulphides being

comparatively poor; while still deeper they are to a large extent in the

sulphides.

If these are facts they seem to be evidence that the ores of the Cripple

Creek district have undergone two concentrations. The first concentra-

tion was by ascending waters, and the ores M^ere originally deposited in

some measure as tellurides, but perhaps more largely as free gold associ-

ated with sulphides. In consequence of later denudation, with action by
descending waters, secondary segregation rnay have taken place and pro-

duced two rich upper horizons, that of free gold largely above the level of

ground water and that of the rich tellurides and associated free gold, mostly

below it.

Exceptionally the Cripple Creek mines have a deep horizon of rich

tellurides. In most districts where rich ores occur at some depth below

the level of ground water the reduction of the gold to its free state is

believed to be largely the work of the base sulphides. As already noted,

in the deeper workings of the Cripple Creek district the values are largely

in the sulphides, and the tellurides are subordinate. The natural explana-

tion of the rich tellurides is that as the original sulphides and tellurides

rose above the level of ground water the gold and tellurium were both

« The Cripple Creek Times, December, 1902.
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oxidized and traveled down, the first as gold chloride or a similar salt, and

the tellurium as telluric chloride or a similar salt. Below the level of

ground water these two compounds would both be reduced whei'e they

came into contact with the base sulphides. At the moment of reduction

they may have united, and thus the rich tellurides of gold may have been

formed. It is thought possible that precipitation was caused in this manner

rather than by previously existing lean tellurides of the first concentration,

because in the deeper workings of some of the mines the tellurides seem to

be very subordinate to the sulphides, and the values are mainly in the

sulphides. If the above suggestion proves correct, in the Cripple Creek

district the deep, rich tellurides represent a concentration of tellurium as

well as of gold. If the amount of tellurium for the upper 500 meters or

more of the lodes was not originally greater than in the deeper workings,

the tellurium now found in the deep rich horizon must have had a much

wider original vertical distribution."

The formation of the rich free gold near and above the level of ground

water in the Cripple Creek district is not materially different from the

formation of such products elsewhere. As denudation continued the

enriched sulphides and tellurides rose above the level of ground water,

the sulphur and tellurium were thei'e oxidized, and some of the free gold

was left behind. This chemical process was accompanied by residual

concentration.

CONCENTRATION BY REACTION UPON SULPHIDES COMPARED WITH METALLURGICAL CONCENTRATION.

One of the more common processes of metallurgj^ for the separation

of gold, silver, copper, and lead from iron is based upon the principle

explaining the second concentration given on preceding pages, viz, that

iron holds sulphur less strongly than the other elements named. The

sulphureted ores are imperfectly roasted, thus partly oxidizing' them to

oxides and sulphates. The ores are then smelted in a furnace with a flux.

The oxides of the valuable metals and the sulphates react on the remaining

sulphides of all the metals, producing a matte containing the sulphides of

the valuable metals. The iron gets all or nearly all of the oxygen; the

iron oxide unites with the fluxes and passes into the slag.

"Since the above was in page proof I have been informed by Dr. Lindgren, who has closely

studied the district, that he doubts the existence of enriched deep tellurides at Cripple Creek. If

these tellurides do not exist the two preceding paragraphs need radical modification.
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OTHER REACTIONS OF DESCENDING SOLUTIONS.

In the foregoing pages the second concentration of metals by solution,

downward transportation, and precipitation by reactions on the sulphides pf

the first concentration has been emphasized. However, it is not supposed

that this is the oidy process which may result in enrichment by descending

waters of the upper parts of vein deposits. The enrichment of this belt

may be caused by reactions between the downward-moving waters carrying

metallic compounds and the rocks with which they come in contact, and by

reactions due to the meeting and mingling of ascending and descending

waters.

The descending waters carrying metals dissolved in the upper part of

the veins may be precipitated by material contained in the rocks below.

This material may be organic matter, ferrous salts, etc. So far as precipi-

tating materials are reducing agents, they are likely to change the sulphates

of most of the metals to sulphides, and precipitate the metals in that form.

While sulphides may thus be precipitated to some extent above the level of

ground water, because of the deficiency of oxygen they are thrown down

much more largely below it. The reducing solutions ordinarily precipitate

gold from its solutions in the metallic form.

In a trunk channel, where ascending and descending waters meet,

there is a considerable horizon in which the circulation is slow and

irregular, the currents now moving slowly upward and now moving slowly

downward, and at all times being disturbed by convectional movements.

Doubtless this belt of slow general movement and convectional circulation

reaches lower levels at times and places of abundant rainfall than at other

times and places, for under such circumstances the descending currents are

strong. The ascending currents, being controlled by the meteoric waters

falling over wider areas, and subject to longer journeys than the descending

currents, do not so quickly feel the effect of abundant rainfall. Later, the

ascending currents may feel the effect of the increased rainfall and carr,y

the belt of upward movement to a higher level than normal. However,

where the circulation is a broad one, little variations in ascending currents

result from irregularities of rainfall.

In the belt where ascending and descending waters meet (see fig. 26),

convectional mixing of the solutions due to difference in temperature is an

important phenomenon. The waters from above are cool and dense, and
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tend to sink downward, while those from below are warm and less dense

and tend to rise ; thus the waters are mingled. But even if the water were

supposed to be stagnant at the neutral belt, it is probable that by diffusion

the materials contributed by the descending- and ascending waters would

be mingled.

Ascending and descending solutions are sure to have widely different

compositions, and an accelerated precipitation of metalliferous ores is a

certain result of their mixture. As an illustrative case in which precipita-

tion is likely to occur, we may recall that ascending waters contain prac-

tically no free oxygen, frequently contain hydrogen suljDhide, and are

often somewhat alkaline, while descending waters are usually rich in

oxygen and frequently contain acids, as at Sulphur Bank, described by
Le Conte." The mingling of such waters as these is almost siire to result

in precipitation of some kind. As illustrating the effect of the mingling of

descending and ascending solutions we may suppose that the sulphides

of any of the metals are rising in solutions of sodium sulphide, and that

the descending waters are carrying sulphates of the metals and sulphuric

acid. The sulpluu-ic acid would destroy the sodium sulphide according to

the following reaction:

The sodium sulphide being destroyed, the siilphides traveling as such in

the ascending solutions would be thrown down. This reaction also pro-

duces hydrogen sulphide, which, formed in this way or originally present,

would throw down metals from the descending oxidized salts. For

instance, sulphate of copper would be thrown down as a sulphide by
hydrogen sulphide. Another illustrative case is the mingling of descending

waters bearing oxygen with ascending waters bearing iron carbonate. The

result is to throw down the iron as ferric oxide, according to the following

reaction:

2 FeC03+0+nH20=Fej03 . nH20+2COj

Le Conte also suggests that by the mingling of the waters from

below with those from above the temperature of the ascending column is

rapidly lessened, and this also may result in precipitation. The dilution

may work in the same or in the reverse direction.

a Compare Le Conte, Am. Jour. Sci., 3d series, vol. 24, 1882, p. 33, and vol. 26, 1883, p. 9.
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The metals precipitated by the mingling of waters may be contributed

by the descending watei's, by the ascending waters, or partly by each. In

so far as more than an average amount of metallic material is precipitated

from the ascending waters, this results in the relatively greater richness

of the up2Der part of veins independently of the material carried down from

above.

The aoove methods of precipitation and enrichment of the upper parts

of deposits follow from the reactions of downward-moving waters. Their

effect is to precipitate the metals of the ascending water to some extent, and

thus assist in the first concentration. But the results of these processes can

not be discriminated from the second concentration, which is caused by an

actual downward transportation of the material of the first concentration.

It is believed that the peculiar character of the iipper portions of lodes is

mainly owing to downward transportation of metals previously precipitated

(see pp. 1182-1189); but whether this be so or not, it is certainly due to

descending waters.

SECOND CONCENTRATION FAVORED BY LARGE OPENINGS NEAR THE SURFACE.

The concentration of large ore bodies in the belt of weathering and in

the upper part of the belt of cementation is greatly favored by the abun-

dance and size of the openings as compared with the openings at greater

depths.

The openness of the rocks above the level of ground water and the

rapid lessening of the volume of the openings below it have ah-eady been

alluded to as general phenomena, and an explanation has been offered that

in the belt of weathering solution is the law, and in the belt of cementation

cementation is the law. (See pp. 484-487, 562-565, 612-617.) Of course,

it is understood that there is usually not a sudden change in the amount

of pore space at the level of ground water, but at and below it the

extremely open upper ground grades into the much less open lower ground.

In some instances the gradation requires some distance. Thus, so far as

the openings are concerned, the conditions for the formation of large ore

deposits are more favorable above the level of ground water and as far

below it as openings are numerous than at deeper levels.

This openness of the belt of weathering and the comparative closeness

of the belt of cementation are well illustrated by many limestone regions;
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for instance, the lead and zinc district of southwestern Wisconsin, already

described. (See pp. 1144 et seq.) Another excellent illustration of very

loose and open ground above the level of ground water and tight ground

below it is furnished by the Monte Cristo district of Washing-ton." Here

near the surface all the minor joints are open, circulation has been free,

and the larg-er ore deposits are found. At depth the joints are mostly tight,

only a few being sufficiently open to allow of much water circulation.

But numerous and large openings may exist below the level of ground

water. In various kinds of rocks—such as sandstones, conglomerates,

amygdaloids, and tuffs—the openings are original, and may not have been

closed by cementation. Of course, the more recent the earth movements

the more numerous and larger are the openings. In some places the

descending waters are not saturated when they reach the level of ground

water, and solution continues for some distance below it. Furthermore,

the level of ground water varies under different circumstances. Where a

region is being uplifted the level of ground water, other things being equal,

is descending, and where a region is subsiding it is rising. As a result of

physiographic changes there may be alternate valle}" filling and valley

erosion. These changes affect the level of groinid water. In Pleistocene

time there was an extensive period of valley filling instead of erosion.

Consequent on this the level of drainage, and therefore the level of ground

water, rose. Also there may be very considerable variations in the level

of ground water as a consequence of long-continued climatic changes, such,

for instance, as the alternating periods of humidity and aridity in the Cor-

dilleras of the West in connection with the Pleistocene.'' To illustrate, at

the present time in the mining districts of New Mexico and Arizona the

level of ground water is far below the surface, but it can not be doubted

that during the humid epoch evidenced by the existence of Lake Bonne-

ville and Lake Lahontan the level of ground water was much higher.

Emmons gives a specific case in which the ground water was apparently

once nearer the surface than at present. According to him, at the Delamar

aSpurr, J. E., The ore deposits of Monte Cristo, Washington: Twenty-second Ann. Kept. U. S.

Geol. Survey, pt. 2, 1901, p. 847.

''Gilbert, G. K., Lake Bonneville: Mon. U. S. Geol. Survey, vol. 1, 1890. Russell, I. C,
Geological history of Lake Lahontan, a Quaternary lake of northwestern Nevada: Mon. U. S.

Geol. Survey, vol. 11, 1885.
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mine the lower levels are as dry as the upper levels. The region is arid

and the mine is never wet, but the mine shows "universal evidence of a

secondary em-ichment that must have proceeded from the surface down-

wards."": This fact Emmons regards as evidence that at the comparatively

recent Bonneville epoch the water level was comparatively near the surface.

Aside from secular changes in the level of ground water, due to varia-

tions in rainfall extending through geological periods, the shorter periods

of varying rainfall produce some effect upon the level of ground water.

Thus the annual and several-year period variations in rainfall cause slight

chang'es in it.

All these changes favor alternate solution and deposition—solution

when the level of ground water falls, precipitation when it rises. Where

the ground water has been at a low level large openings to some depth

are likely to be produced. Where later for some reason the level of

ground water rises these openings are in a very favorable position to be

filled with ore, as a result of precipitation from ascending solutions, of the

reactions of descending solutions, and of the mingling of ascending and

descending waters.

It might be argued that the existence of ore deposits in the large open-

ings of the belt of weathering is evidence that the oi'es were not first

deposited by ascending waters. However, as has been already explained,

in such openings there may be concentrated mineral material originally

distributed by ascending waters through a much greater vertical distance.

Thus a very rich ore deposit in large openings, formed by the reaction of

descending waters upon a first concentration produced by ascending waters,

may be bounded below by a horizon in which the ground is very close, the

comparatively small openings which once existed having been greatly

enlarged by solution during reconcentration by descending water.

DEPTH OF EFFECT OF DESCENDING WATERS.

Thei'e can be no doubt of the importance of downward-percolating

waters in the production of ore deposits in the zone in which they ai-e

active. The only question which remains open is the depth to which they

are effective. This varies greatl}^ in different districts and in the mines of

«Emmons, S. F., The Delamar and the Horn-Silver mines; two types of ore deposits in the deserts

of Nevada and Utah: Trans. Am. Inst. Miu. Eng., vol. 31, 1902, pp. 672-673.
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the same district. In general, the effect is Hkely to be deep seated in pro-

portion as the lode worked is on high ground. (See p. 1181.)

In arid regions the level of ground water is far below the surface and

the process of denudation is slow, so that the downward-moving waters

have both a wide belt in which to work above the level of ground water

and a long time in which to work upon a given horizon. In such regions

the oxides and carbonates are likely to occupy a considerable horizon.

This is very well illustrated by the copper mines of Arizona and New

Mexico and by the "colorados" of the silver-gold deposits in various arid

regions.

In humid regions, on the other hand, the level of ground water is

likely to be near the sin-face. If this be combined with marked relief so

that denudation is rapid, the processes of oxidation and carbonation may

be very incomplete above the level of ground water. Indeed, in many cases

erosion may be so rapid that the sulphurets do not have time for more than

very partial oxidation, and they may extend nearly or quite to the surface.

If the rainfall is abundant, descending waters are likely to be effective below

the level of ground water; and if there are large openings and strong relief,

the waters are effective to a considerable depth. Consequently even where

there are no oxidized products above the level of ground water, the ores are

likely to have been enriched by descending waters in the belt of cementa-

tion. It is very seldom that a deposit is found in which no effect of

descending waters can be discovered.

It has already been seen that the level of ground water may vary from

the surface to a depth of 300 meters or more. Hence it is certain that

from the surface to a depth of 300 meters the ground waters may be a

potent factor in the production of the rich ore deposits. The deposits in

this belt are particularly profitable, not only because of the accessibihty of

the material, but because of the fact that there is no expense for pumping;

furthermore, the products are commonly easily reducible. This may be

illustrated by the gold and silver deposits. In the former, the native gold

is free from its entanglement of sulphurets and tellurides; in the latter the

silver is largely in the form of the readily extracted chloride, or in some

instances as native silver. Aspen Mountain furnishes an excellent illustration

of a broad belt of weathering. Here, at a depth of 250 meters, at least one

great body of lead carbonate has been developed. This carbonate contains

a few small crystals of galena, showing its derivation from the sulphide, and
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therefore showing that the oxidizing, carbonating waters above the level of

ground water have been extremely effective.

Up to this point there will be no disagreement on the part of anyone.

The question now arises as to the depths below the level of ground water to

which descending waters produce their effects. This is a question to be

answered, not by deduction, but by observation. Even Posepny, who
emphasizes the effect of ascending waters, agrees that oxidized produQts are

the evidence of the work of vadose circulation, or the circulation of lateral

and downwai'd-moviug waters. Furthermore, Posepny agrees that the

iron ores of the Lake Superior region," which are oxidized products, have

been produced by downward-moving waters. A number of the mines

have been worked to a depth of 500 meters or more below the level of

ground water; and in these cases it is perfectly clear that to this depth the

downward-percolating waters have produced an oxidizing effect. This is

true in a region in which the level of ground water is relatively near the

land surface, and which is not mountainous. In various other regions

oxidized products are found also to a very considerable depth below the

level of the ground water.

In the San Juan district of Colorado, in the Revenue tunnel of the

Virginius mine, the effect of oxidizing waters has been observed to the

depth of nearly 1,000 meters, as shown by iron-oxide stains through the

sulphides. How much deeper oxidation may be effective is not known,

and below this depth there may be a belt in which the sulphides may
have been enriched by descending solutions from above without the actual

production of oxidized products. In the Cripple Creek district of Colorado

oxidized products ^ire not found to a great depth, but if the suggestion is

correct that the high-grade tellurides are due to the effect of descending-

waters, such waters must have been effective to a depth of 400 meters.

As yet the lowest limits of the enriched belt has not been reached, and

how much deeper it extends is unknown. Both these districts are humid

and of very accentuated topography, and thus furnish exceptionally favor-

able conditions for descending waters to produce deep effects.

The illustrations given furnish positive evidence that the belt in which

descending waters are effective in producing rich secondary concentrates

under favorable conditions extends to a ver}^ considerable depth.

« Posepny, F., Genesis of ore deposits (discussion): Trans. Am. Inst. Min. Eng., vol. 24, 1895,

pp. 966-967.
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ILLUSTRATIONS OF SECONDARY ENRICHMENTAND DIMINUTION OF RICHNESS WITH DEPTH.

The processes have now been explained by means of which a rich upper

belt may be produced. If the argument be correct, it is an inference from

this that ore deposits which have undergone a second concentration are

likely to diminish in richness with depth, provided a considerable belt be

considered. It remains to give the facts which confirm the above hypoth-

esis, and illustrate diminution of richness with depth.

At Ducktown, Tenn., at the level of ground water, appeared a belt

of rich black copper ore (copper glance), which varied from less than 1 to

about 2J meters in thickness. Above this belt was gossan, very poor in

copper; below it a very low grade cupriferous pyrrhotite." In this instance

it can hardly be doubted that originally the lean cupriferous pyrrhotite

extended not only to the present surface but probably much higher. The

downward-moving waters transported copper to its locus near the level of

ground water. Here the copper salts reacted on the iron sulphide and

pi'oduced rich sulphurets.

A case which has been, perhaps, more closely studied than any other

in the United States is that of the deposits of Butte, Mont. Douglas

states that here rich oxysulphurets are found near the surface. On the

summit of the hill "it seems as if the copper, leached out of the 400 feet

(120 meters) of depleted vein, had been concenti"ated in the underlying ore,

and had thus produced a zone of secondary ore about 200 feet (60 meters)

deep, which contains, as might be expected, about thrice its normal copper

content."^ Of the Butte deposits Emmons says:

Secondary deposition, or transposition of ah-eady deposited minerals, has played

an unusually important role. In the case of the copper veins it has not been confined

to the oxidizing action of surface waters, which has resulted in an impoverishment of

the ore bodies, but below the zone of oxidation it has resulted in the formation of the

richer copper minerals bornite, chalcocite, and covellite, in part, at least, by the

breaking up of original chalcopyrite. Unusual enrichment of the middle depths

of the lodes has thus been caused. Whether the two processes of impoverishment

and enrichment have been differing phases of the action of descending waters, or

whether the latter may have been a later result of the rhyolite intrusion, has not yet

« Blake, W. P., The persistence of ores in lodes in depth: Eng. and Min. Jour., vol. 55, 1893,

p. 3. Henrich, C, The Ducktown ore deposits and the treatment of the Ducktown copper ores: Trans.

Am. Inst. Min. Eng., vol. 25, 1896, pp. 206-209.

6 Douglas, James, The copper resources of the United States: Trans. Am. Inst. Min. Eng., vol. 19,

1891, p. 693.
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been definitely decided. It is, however, fairly well determined that the enrichment

of the copper deposits is so closely associated with the secondary faulting that it may
be considered to be a genetic result of it."

While the larger and richer sulphide bodies were found at from 60 to

125 meters below the water level, rich sulphide bodies of smaller size are

here and there found at a depth of 450 meters below the water level,

"though in apparently decreasing amount as compared with the immense

thickness of pyritous ore."' Brown states that in the same area oxidized

products extend to the level of ground water. These oxidized products,

according to Brown, promptly change at water level into normal sulphurets.

" There follows below a region of varying height, of valuable rock, which

again slowly deteriorates in depth, this deterioration, however, being so

retarded finally as to be scarcely appreciable."" He further says that

above the level of ground water is gossan '

' carrying high values in silver,

and particularly in gold." ^ Thus at Butte we have enrichment in silver and

gold and depletion in copper in the belt above the level of ground water as

compared with the material below it ; and at and below the level of ground

water we have rich sulphides of copper which grade into leaner sulphurets.

In the case of the Butte deposits it can hardly be doubted that the compar-

atively lean sulphides in the deeper workings represent the product of a

first concentration, and that the modifications of this material found above

and below the level of ground water represent the work of downward-

moving waters. To account for the high values of gold and silvei' ^above

the level of ground water, one must suppose that this belt has received con-

tributions of these metals from the upward extension of the veins which has

now been removed by erosion. The great richness of the copper below

the level of ground water Douglas clearly attributes to the downward trans-

portation of the material from the depleted copper veins. However, a part

of this material was doubtless derived from an upward extension of these

veins, precisely as in the case of the gold and silver. For my own part, I

have little doubt that the precipitation of the rich sulphides was produced

by reactions upon the lean sulphurets, as given in the equations on

pages 1161-1164.

"Emmons, S. F., Economic geology of the Butte special district, Montana: Geologic Atlas U. S.,

folio 38, 1897.

6 Emmons, S. F., The secondary enrichment of ore deposits: Genesis of ore deposits, Am. Inst.

Min. Eng., 2d ed., 1902, p. 444.

''Brown, R. C, The ore deposits of Butte City: Trans. Am. Inst. Min. Eng., vol. 24, 189.5, p. .5.56.

''Brown, cit, p. 555.
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Penrose cites the Arizona copper deposits as instances of secondary

concentration. These deposits he regards as produced by leaching of the

copper from a lean copper-bearing pyrite, and its segregation at the places

where the rich ores occur. In this process Penrose, however, says that the

volume of the deposit must be decreased; but he makes the point that

the smaller amount of the rich product is more valuable than a larger

lean deposit, because more easily mined and more readily reduced." This

process of concentration is further described by Douglas, who notes, also,

that the changes have resulted in the production of enriched sulphides from

very lean sulphides in the Copper Queen mine. Here, according to Doug-

las, a large very low-grade copper-bearing pyrite deposit running from the

60- to the 120-meter level contains rich oxysulphides and black sulphides

on the outside and mainly lean pyrite in the interior.'' The original mate-

rial in the Arizona locality is as plainly a lean cupriferous pyrite as in

Tennessee. Here, however, on account of the peculiar climatic conditions,

the alterations have been of a different kind and have not extended to a

uniform depth. Instead of the rich belt being a horizontal sheet, it occurs

in a zone about a large cupriferous pyrite mass; but the principles of

concentration are identical, and the rich products are unquestionably in

part due to reactions between the oxidized salts and the lean sulphides.

The rich oxidized products of the Southwest doubtless were produced

directly from the enriched sulphurets. Therefore, in the formation of the

rich oxidized products there were two stages of alteration; first, the pro-

duction of rich sulphurets by the reaction of oxidized products upon the

lean pyritiferous material, and after that oxidation of the rich sulphurets.

These oxidized ores formed partly in situ, but there has been also more or

less of ti-ansfer of inaterial from one place to another.

An excellent illustration of an eni-iched upper belt in the case of gold

is furnished by the gold-quartz veins of Grass Valley, California, where,

according to Lindgren, the decomposed belt of weathering, about 50 meters

in depth, contains "from $80 to $300 per ton, while the average tenor in

depth is from $20 to $30." "^ Furthermore, the lich 50 meters, which con-

f'Penrose, E. A. ¥., jr., The superficial alteration of ore deposits: Jour. Geol., vol. 2, 1894, pp.

306-308.

''Douglas, James, The Copper Queen mine, Arizona: Trans. Am. Inst. Min. Eng., vol. 29, 1900,

pp. 532-533.

' Lindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley, California: Seven-

teenth Ann. Kept. TJ. S. Geol. Survey, pt. 2, 1896, p. 128.



^t

ILLUSTRATIONS OF SECONDARY ENRICHMENT. 1185

tain from four to ten times as mncli gold as the sulpliurets below the level of

ground water, are depleted in silver. In some veins the sulphurets extend

almost to the surface- Lindgren further states that the sulphurets below

the level of ground water continue ivith imdiminished richness to a depth

of 500 or more meters." He adds that the California region is one in which

denudation has extended to a depth of 500 to 1,500 or more meters.'' From
these facts it is highly probable, as suggested by Lindgren, that sulpliurets

similar to those below the level of ground water were deposited above the

present surface. If this were the case the only possible explanation of the

belt of weathering rich in gold and depleted in silver is that descending

waters have abstracted a large part of the gold from the material removed

by erosion, and have deposited it in the belt of weathering. Its precipita-

tion there was, doubtless, mainly due to reduction by the sulphides,

producing sulphurets richer in gold. Later, the sulphides have been

oxidized, leaving the enriched belt of free gold. The silver apparently has

been ti'ausported downward to a greater extent. One would expect that

correlative with the belt above the level of ground water poor in silver,

there would be a belt at and below the level of ground water richer in

silver. Upon this point Lindgren does not give us information.

Another very interesting case of richness of the belt of weathering

in gold, as compared witli the u.naltered sulphides below, is furnished by
the Australian gold fields, where the belt above the level of ground water

is several times as rich as the unaltered tellurides and suli^hides below;

some mining men say ounces above to pennyweights below." This rich belt

is from 15 to 120 meters wide. In a portion of the mines of some districts—

•

for example, the Kalgoorlie district—when the bottom of the oxidized zone

is reached, the ores are so lean as to be valueless, so that mines which were

profitable in the weathered zone did not pay below it."* Many of the mines

of that district, however, are profitable below the weathered horizon. If it

had not been for the secondary enrichment by denudation and downward
transportation of material, many of the mines would not have been exploited,

"Lindgren, cit., pp. 161-163.

6 Lindgren, cit, pp. 182-183.

«Don, J. E., The genesis of certain auriferous lodes: Trans. Am. Inst. Min. Eng. , vol. 27, 1898,

p. 596.

<* Hoover, H. C, The superficial alteration of western Australian ore deposits: Trans. Am. Inst.

Min. Eng., vol. 28, 1899, pp. 762-764.
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although Hoover thinks that in this strange country the downward concen-

tration is more mechanical than chemical. Thus the secondary concentra-

tion by descending waters is no less an important part of the genesis of the

gold ores of Australia than the first concentration by ascending waters.

It has already been fully explained (p. 1144 et seq.) that the lead and

zinc deposits of the Mississippi Valley furnish clear cases of the importance

of the action of descending waters in enriching ores first concentrated by

ascending waters.

The Leadville deposits furnish an instance of the decrease of ' the rich-

ness in silver with depth. Emmons says: "There is a fair foundation for

the generalization that in the deposits, as developed at the time of this

investigation, the ores were growing poorer in silver as exploration extended

farther from the surface.""

The ores early mined contained scarcely any zinc. Emmons states of

the ores of the deeper levels later mined that the "sulphide ores consisted

of mixtures of pyrite, galena, and zinc blende, the latter in fairly equal

amounts." The sulpliide bodies immediately below the belt of oxidation

are richer in zinc blende than the ore at greater depth. The material rich

in zinc below correlates with the ores low in zinc near tlie surface, the zinc

sulphide of that horizon having been oxidized, and the zinc carried down

and redeposited.*

Another case of the diminution of the richness of sulphurets with

depth is furnished by the nickel mines of Lancaster Gap, Pennsylvania,

which were not worked beyond a depth of about 75 meters, presumably

because "the oi-e decreased in richness as depth was attained.""

The San Juan district of Colorado gives excellent illustrations of

decrease of values with depth. The upper parts of the lodes were usually

very rich in silver, not infrequently ores running 300 ounces or more per

ton. In the deeper workings of the veins the values in silver usually ran

down, in many cases very rapidly, so that, at a depth of a few hundred

meters the amount of silver became so low that work upon many of the

a Emmons, S. F. , The geology and mining industry of Leadville, Colo. : Men. U. S. Geol. Survey,

vol. 12, 1886, pp. 554-555.

6 Emmons, S. F., The secondary enrichment of ore deposits: Genesis of ore deposits. Am. Inst.

Min. Eng., 2d ed., 1902, pp. 439^40.

cKemp, J. F., The nickel mine at Lancaster Gap, Pennsylvania: Trans. Am. Inst. Min. Eng.,

vol. 24, 1895, p. 626. Discussion by E. E. Olcott, p. 884.
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lodes ceased comparatively early in the history of the district. Regarding

these ores Ransome says:

In spite of the diversity shown by the different ore bodies, tliere is after all

remarkable uniformity to be found in tlie change at very moderate depths—usually

less than 300 feet [91 meters]—from an ore consisting chiefly of argentiferous galena

to highly argentiferous silver-copper ores, and then a gradual diminution of value

downward through the increasing proportion of low-grade pyrite in the ore bodies.

These changes are best recorded in the Yankee Girl, Guston, and Silver Bell mines."

In some of the deeper lodes of the district the values have become so

low that they do not warrant working. While in some lodes there has also

been a decrease in -the amount of gold with depth, the gold values in gen-

eral have held up very much better than the silver, and in some of the

mines at a depth of 500 or more meters below the surface, as at the Camp
Bird, the values are still very high in gold. Possibly the explanation of

the difference between the two metals is that from the descending solutions

the silver was tlu-own down more rapidly than the gold. Since silver is

precipitated as a sulphide, it is very quickly thrown down from its soluble

salts in consequence of the reaction of the sulphides of the base metals,

such as galena, sphalerite, and pyrite; whereas by these compounds the

gold is thrown down from its solutions in metallic forms, and is therefore

probably more slowly precipitated, and consequently secondary em-ichment

extends much deeper.

The Monte Cristo district of Washington, described by Spurr, gives a

most excellent illustration of the principle of decreasing richness with

depth. In that district there is a definite arrangement of the ores verti-

cally, which arrangement has a very marked relation to the topography.

The order downward is, (1) oxidized ores; (2) upper sulphide belt, char-

acterized by galena, blende, and chalcopyrite, carrying the highest values

in gold and silver and extending not more than 100 meters below the

surface; (3) intermediate sulphide zone, having reduced amounts of galena,

blende, and chalcopyrite, and with these realgar, arsenopyrite, pyrite,

and pyrrhotite; and (4) lower sulphide zone, low in gold and silver, and

consisting of pyrite, pyrrhotite, and arsenopyrite, and in which galena and

blende are subordinate or absent.'' In the upper sulphide belt the "galena

a Ransome, F. L., A report on the economic geology of the Silverton quadrangle, Colorado: Bull.

U. S. Geol. Survey No. 182, 1901, pp. 111-112.

6 Spurr, J. E., The ore deposits of Monte Cristo, Washington: Twenty-second Ann. Bept. U. S.

Geol. Survey, pt. 2, 1901, pp. 841-857.
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zone is shallowest and is overlapped by the blende zone, and this by the

chalcopyrite zone."" Thus in this upper belt there is a defimte order of

prominence of these three minerals—galena, blende, and chalcopyrite.

In addition to these specific instances of the jDroductiou of a rich

upper belt, some general statements have been made which need to be

referred to. One of these is made by Douglas in reference to sulphuret

mines as a whole. Says he, in the conclusion of his discussion as to the

copper resources of the United States, with reference to the various Appala-

chian deposits, "Like all sulphuret mines, they became poorer as depth

was attained."
^

With the exception of the San Juan and Monte Cristo districts, the

above illustrations of secondary enrichment and diminution of richness with

depth are the same as originally published by me." Recent articles by other

authors have given many other instances of secondary enrichment which

fall in line with the above illustrations, but which in this treatment of

principles need not be repeated. Some of the more notable contributions

upon this subject are those by Emmons, •* Weed," Ransome,-^ and Bain.^

Upon the hypothesis that the rich ores of the upper parts of deposits

usually result from secondary action of descending solutions upon material

no richer than the deeper parts of the deposits, the extent and richness of

such deposits may give an approximate idea of the minimum denudation

which a district has suffered. For example, at Ducktown, Tenn., to

produce the rich oxidized products of copper above the level of ground

water, and the very rich sulphides at and near it, from the lean, cuprifer-

ous pyrrhotite below, which bears about 2 per cent of metallic copper,

aSpurr, cit., p. 841.

i! Douglas, James, The copper resources of the United States: Trans. Am. Inst. Min. Eng., vol. 19,

1891, p. 694.

c Van Hise, C. E., Some principles controlling the deposition of ores: Trans. Am. Inst. Min. Eng.,

vol. 30, 1901, pp. 128-134.

(« Emmons, S. F., Secondary enrichment of ore deposits: Trans. Am. Inst. Min. Eng., vol. 30, 1901,

pp. 177-217.

«Weed, W.H., Enrichment of mineral veins by later metalhc sulphides: BuU.Geol. Soc. Am., vol.

11, 1900, pp. 179-206.

/Bansome, F. L., Ore deposits of the Rico Mountains, Colorado: Twenty-second Ann. Eept. U. S.

Geol. Survey, pt. 2, 1901, pp. 229-397. Report on the economic geology of the Silverton quadrangle,

Colorado; Bull. U. S. Geol. Survey No. 182, 1901, pp. 265.

ffBain, H. F., with Van Hise, C. R., and Adams, Geo. I., Preliminary report on the lead and zinc

deposits of the Ozark region: Twenty-second Ann. Eept. U. S. Geol. Survey, pt. 2, 1901, pp. 23-227.
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there must have concentrated in the shallow deposits at the surface an

amount of copper which was originally distributed through a vertical

distance "oi hundreds of meters. At Butte, Mont,, the production of the

rich sulphide deposits characteristic of that district must also have required

enormous denudation. In this case where the belt of weathering is depleted

in copper, it may be supposed that during the secondary concentration the

major part of the copper originally distributed through a great vertical

distance was carried downward and reprecipitated ; and that the losses in

consequence of denudation were not great. But in other cases, where

geological studies show that great denudation must have taken place, the

amount of em-iched material is comparatively small. For example, in the

Sierra Nevada gold belt, the enriched product has a thickness of not more

than 30 meters and is not more than five times as rich upon the average as

the sulphides of the first concentration below. It would therefore follow

that the gold distributed through 150 meters of the first concentration

would be sufficient to account for all of the enriched product, but Lindgren

places the extent of the denudation in this district as about 3,000 meters.

Hence in this case but a small part of the gold has been taken into solution

by descending waters and transported below and reprecipitated. It

therefore follows that the larger part of the gold produced by the original

concentration has been carried away from the fissures by the processes of

denudation, and correlative with these great losses to the veins are the

placer deposits of California. While the material was mainly carried away

from the veins, it was in great measure segregated in the beds of streams,

past and present, from which deposits it is being extracted.

These instances of the relation of depth of denudation and amount of

em'iched deposits, where the evidence seems to be particularlj^ clear, are

mentioned with a view of suggesting an interesting line of stud)?- with

reference to ore deposits rather than with an idea of giving' exact or

comprehensive data upon the subject.

GENERAL STATEMENTS.

It is believed to be a very general rule, if a long enough scale be used,

that ore deposits diminish in richness with depth. But it is well known

that above the level of ground water the valuable materials may be almost

wholly dissolved and deposited at or below the level of ground water
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by tlie reactions above stated, as at Ducktown, Tenn., or partly dissolved

and transported below, as at Butte, Mont. Thus for a certain depth the

ores may increase in richness. This exception, however, does not affect

the common rule as to diminution of richness with increasing depth.

Penrose," in 1894, in discussing the superficial alteration of ore

deposits, says

:

As a result of these various changes, certain materials are sometimes leached

from the upper parts of ore deposits, which have become porous by alteration, and
carried down to the less pervious unaltered parts. Here they are precipitated by
meeting other solutions, or in other ways, and hence- the richest bodies of ore in a

deposit often occur between the overlying altered part and the underlying unaltered

part. This is not always the case, but it is true of some copper, silver, iron, and
other deposits.*

De Launay," in 1897, emphasizes the frequent occurrence near the

surface of rich deposits, which in some cases are oxidized products and in

others are sulphides. He explains the richness of the deposits by the

abstraction of more soluble materia,! This frequently results, he thinks, in

transforming a low-grade product into a rich ore. By this process a poor

sulphide may be changed to a rich sulphide, as, for instance, cupriferous

pyrites or chalcopyrite may be transformed to covellite or chalcocite by
abstraction of iron sulphide. It is a natural deduction from de Launay's

explanation'* that the volume of the material is decreased, although he

does not make this point.

De Launay further emphasized the point that the metallic material of

veins may have been repeatedly transferred from one place to another, and

suggests that a part of the material now found in veins may have been

transferred from vein material which was once above the present surface of

denudation.

Le Conte " suggested that the rich belt may be explained by supposing

that precipitation by ascending waters does not occur at great depth,

because the solutions do not get saturated until comparatively near the

level of underground water. But it is to be remembered that the upper

a Penrose, R. A. F., jr., The superficial alteration of ore deposits: Jour. GeoL, vol. 2, 1894, pp.

288-317.

Ji Penrose, cit. p. 294.

"Launay, M. L. de, Contributions a I'^tude des gites m^talliferes: Annales des Blines, 9th ser.,

vol. 12, 1897, pp. 151-152.

f' Launay, de cit. p. 194.

" Le Conte, Jos., On the genesis of metalliferous veins: Am. Jour. Sci., 3d series, vol. 26, 1SS3, p. 12.
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part of a fissure receives ahundant lateral waters which have been trans-

ported a comparative!}^ short distance under conditions of low pressure and

temjjerature ; whereas the solutions lower down have taken a long-er journey

under conditions of high pressure and temperature. If Le Conte's explana-

tion be satisfactory, one would expect the most insoluble constituent to be

precipitated at the greatest depth. In the case of the lead-zinc-iron deposits

this would make the galena abundant at depth, the sphalerite abundant

at a higher level, and the iron sulphide the dominating constituent at the

highest levels. In the case of the copper-iron deposits the rich sulphides

of copper would be in the lower levels and the cupriferous pyrites at the

higher levels.

From the foregoing it is apparent that there has been a general under-

standing that a rich upper belt has been produced in many ore deposits.

My explanation of a rich upper belt is, mainly, that oxidized soluble com-

pounds are produced in the belt of weathering, and that these in situ or

lower down react upon the lean sulphides and tellurides. In this way a rich

belt is formed. Later, in consequence of denudation, these rich sulphides and

tellurides pass into the belt of weathering. Here they are again exposed

to the oxidizing forces, are largely transformed in situ to oxides, carbonates,

etc., and a belt of rich oxidized products is formed above the ground water.

In part, when oxidized, the materials are taken into solution, again trans-

ported downward, and again react upon the sulphides and tellurides. In

arid regions, where the amount of downward-moving water is small, the

oxidized products formed from the rich sulphides and tellurides are likely

to remain in large part in situ; but in humid regions, where water is abundant,

the metals, after oxidization, are in large measure carried downward and

again react upon the sulphides and tellurides below and further broaden and

enrich this belt. Thus, under different climatic conditions, we may have

a rich oxidized zone, a rich sulphide and telluride zone, or both, in varying

proportion.

It is notable that the vertical distribution of the sulphides in the rich

zone is precisely that which should be expected from the affinity of the

metals for sulphur In the lead-zinc-iron districts the galena is found at

the highest horizon, lower down is the sphalerite, and still lower the iron

sulphide. In the copper-iron lodes the high-grade copper sulphides,

chalcocite aiad bornite, are at higher levels; lower these are intermixed
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with chalcojjyrite; still lower the clialcopyrite is mixed with pyrite; and in

the deepest levels the pyi'ite is dominant. Apparently this vertical arrange-

ment of the sulphides can not possibly be explained by precipitation by
ascending- waters. From such waters we would expect exactly the reverse

distribution.

While the reaction between the oxidized products and the sulphides

has been strongly emphasized, because it is believed to be the most funda-

mental of the causes producing a rich upper belt, it is understood that

other factors may also help in this process. As already pointed out,

reduction and precipitation of the metals of descending solutions may take

place through the agency of organic matter or other reducing materials

contained in the rocks, or by meeting ascending solutions carrying precipi-

tating agents. Near the surface more than an average amount of oi'iginal

precipitates from ascending solutions is a possibility in some cases. (See

p. 1077.)

Concluding, it appears to me that the existence of a rich upper belt

in many deposits, and the frequent diminution of the ores in richness in

passing from the surface to some distance below the level of ground water,

can not be the work of ascending or descending waters alone, but is due to

ascending and descending waters combined. Ascending waters produce a

first concentration. A second concentration by descending waters produces

the rich deposits. These rich products are found in the few meters or few

hundred meters of the outer crust of the earth. When it is remembered

that the greater part of the ores which have yet to be abstracted from the

earth comes from the first 500 or 700 meters, and when it is further con-

sidered that the effect of descending waters may be felt to these depths, it

becomes evident that the process of second concentration by descending

waters is a very important one indeed, so far as the economic value of ore

deposits is concerned. Indeed, as a result of it there is concentrated in

the extreme outer shell of the crust of the earth a large portion of the

products which during the first concentration may in many cases have been

distributed over 1,500 or 3,000 meters or more, but which have now been

largely removed by erosion. We therefore conclude that for a large class

of ore deposits a second concentration by descending waters can not be

said to be one whit less important in the genesis of ores than a first concen-

tration by ascending waters.
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It follows from the foregoing that one of the most important classes of

ore deposits is that produced by the joint action of ascending and descending

waters. First comes the action of the downward-moving, lateral-moving

waters, mainly of meteoric origin, which take into solution metalliferous

material. In regions of recent volcanism these waters may be joined by

subordinate amounts of water exuded during the crystallization of magmas

;

and such waters may be rich in metallic material. The waters, after

collecting metals from any or all of the rocks with which they come into

contact, are converged into trunk channels and there, while ascending,

may deposit ore of the first concentration. During and after this first

concentration many of the ore deposits which are worked by man have

undergone a second concentration not less important than the first as a

result of descending lateral-moving waters. In some cases a concentration

by descending lateral-moving waters alone is sufficient to explain ore

deposits. It, therefore, appears more clearly than heretofore that an

adequate view of ore deposits must not be a descending-water theory, a

lateral secreting water theory, or an ascending-water theory alone. The

descending, lateral-moving, and ascending waters alike are driven mainly

by gravity. Each performs its own work.

SUBCLASS 3. ORES PRECIPITATED FROM DESCENDING AQUEOUS SOLUTIONS.

For the sake of simplicity and continuity of exposition, the eff'ects

produced by descending waters have been applied to deposits which have

been first concentrated by ascending waters. However, it is perfectly clear

that a concentration by descending waters alone may be adequate to

produce ore deposits. The more important ores which are produced by

descending waters alone are those of iron and manganese. The ores of

these metals thus formed are chiefly oxides, and so far as iron and

manganese are concerned are largely hydrated oxides.

IRON ORES.

The ores of iron, unlike those of the other metals, occur in such large

masses that they properly belong with the rocks, hence their general

development has been already considerered in Chapters IX and XI. It

remains here only to summarize the special factors which have been of

consequence in their segregation. Of the ore deposits which it has been
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shown are prodnced by descending- waters alone, tliose of the Lake

Superior i-egion are unquestionably of the greatest importance.

In another place I have fully discussed the segreg-ation of these

iron-ore deposits." Withoiit exception the great iron-ore deposits of the

Lake Superior region are found resting upon impervious formations. In

the great majority of cases these impervious formations are in pitching

troughs. (See PI. XIII.) Thus the trunk channels of circulation are

formed. For the most part these troughs are somewhat close and have

steep pitches, but in the Mesabi district the troughs are less definite in form

and have a very shallow pitch. The impervious basement for an iron ore

deposit may be an impervious sedim^ent such as a slate, may be an igneous

rock, or a combination of the two. The essential thing is that the basement

shall be relatively impervious to water as compared with the iron-bearing

formation in which the ores occur. The source from which the iron oxide

is obtained is the original rock of the iron-bearing formation, either siderite

or hydrous ferrous silicate, greenalite. As the water starts on its down-

ward journey the oxygen it contains is exhausted in the oxidation of the

iron carbonate or ferrous silicate, thus producing the ferruginous slates and

cherts, at the same time liberating the carbon dioxide of the carbonates.

The waters from which the oxygen is exhausted and which are enriched in

carbon dioxide are now able to take the ferrous carbonate and hydrated

ferrous silicate into solution. Where impervious basements exist in pitch-

ing troughs, the downward-moving waters are deflected toward these, and

thus are converged into such troughs. Other waters more directly from

the surface which have not come into contact with iron carbonate and iron

silicate, and therefore bear oxygen, are also converged into the troughs.

The mingling of the two classes of waters in the troughs results in the

precipitation of the hydrated hematite and limonite, the reaction in the

case of the iron carbonate being:

2FeCOs-f-nH20+0=Fe203. nH^O+SCO^

At the same time the abundant watei's converged in the trunk channels

dissolve the silica, and thus the ores are depleted in that compound. So

far as there was iron carbonate or iron silicate in the pitching troughs the

ferrous oxide is largely oxidized in situ. Thus, the ore deposits are the

a Van Hise, C. E., The iron-ore deposits of the Lake Superior region: Twenty-first Ann. Eept.

U. S. Geol. Survey, pt. 3, 1901, pp. 305-134.
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PLATE XIII.

IRON ORE DEPOSITS IN PITCHING TROUGHS.

(Both ore exploited and ore now in mine are represented as ore, since the purpose of this plate

is to show the manner of the development of the ore rather than the present stage of exploitation.

)

Fig. 1. Vertical north-south cross section of Chandler mine, showing relations of the ore deposit

to the soap rock, Ely greenstone, and ore-bearing formation. The iron ore is in a broad

U-shaped trough, bottomed by soapstone or paint rock which grades down into greenstone.

It is capped by the ore-formation material. At the place where the cross section is made
the ore does not extend to the surface along either limb. Therefore, at the particular place

where this cross section exists, although there is a very large ore deposit below the surface, at

the surface the only rocks which are found are the greenstone, soapstone and iron-bearing

formation.

Scale: 1 inch equals 250 feet.

Fig. 2. Vertical east-west longitudinal section of Chandler mine, showing the same relations as fig. 1.

The figure very well illustrates how the ore body increases in size from the surface. Where
the ore reaches the drift its area is small; and this great ore deposit, which extends eastward,

where it constitutes the Pioneer mine, is below a heavy capping of the ore-bearing for-

mation.

Scale: 1 inch equals 250 feet.
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result largely of the transportation of iron carbonate to the pitching troughs,

the iron being there precipitated, and partly of oxidation of ferrous carbonate

or silicate in place. Simultaneously with these processes the silica is dis-

solved and abstracted.

It is to be noted that the precipitation of iron ores by the above process

is due essentially to the mingling of solutions from two different sources.

The solutions from one source have taken a longer journey, or else have

passed through rocks more capable of abstracting oxygen, so that they

early acquired the properties of deep solutions—an excess of carbonic acid

and an absence of oxygen. Under such circumstances they carry iron car-

bonate precisely as do the deep solutions of the first concentration in ores

produced by ascending waters. The solutions from the other source pass

through material in which the iron has already been oxidized to the ferric

form, and therefore do not have the oxygen extracted. The course of this

water is not necessarily shorter than that of the other waters, but upon the

average is likely to be so. When the two solutions come together the iron

oxide is precipitated, in consequence of the mingling of solutions. While

for the Lake Superior iron ores apparently the solutions from both sources

were descending to the point where they became mingled, in iron-ore

deposits in other regions it may be found that the precipitation of the iron

oxide was due to the mingling of ascending solutions bearing iron carbonate

with descending solutions bearing oxygen.

For instance, at certain localities the iron ores are magnetite instead of

hydrated hematite. In Chapter IX the various ways in which magnetite

may be produced are discussed, but it may be suggested that magnetites

may be due to the direct precipitation of ascending solutions bearing iron

carbonate and descending solutions bearing an insufficient amount of

oxygen for transformation to the ferric oxide, the reaction being as follows:

3reC03+0=Fe3044-3C02.

Perhaps the most notable magnetite deposit in the United States is that

of the Cornwall mine in Pennsylvania. Here the ore is a replacement of

Silui'ian limestone, and rests upon a trap dike as an impervious basement.

The Mesozoic rocks are faulted against the limestone and ore. A plausible

suggestion as to the origin of this deposit is that ascending waters bearing

iron carbonate, moving up along the fault and through the limestone, met
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descending waters bearing oxygen and following the impervious basement,

and as tlie oxygen was not in sufficient quantity to oxidize the iron to the

ferric oxide it was thrown down as magnetite.

It has been pointed out (pp. 845-846), that magnetite may be pro-

duced in two other ways—by the reaction of siderite and pyrite upon

each other, or by the partial oxidation of pyrite or pyrrhotite. In the

Cornwall deposits" sulphur is a constant associate in small percentage

except at the surface, and this fact suggests the possibility that the reactions

between iron carbonate and iron sulphide or between iron sulphide and

oxygen may have been also instrumental in the production of the magnetite

;

but the amount of residual sulphur is so small that the theory of the

derivation of the deposit in large measure from pyrite has scanty support.

To what extent the pi-iuciples worked out in reference to the Lake

Superior ores are applicable to the iron-ore deposits of other parts of the

world it is yet too early to say, but, as just suggested, the descriptions of

the Cornwall deposit show that it has many features in common with the

ores of the Lake Superior region. Many of the Silurian deposits of the

Appalachian region are at contacts of limestones with shale or slate. In

some places these latter are certainly in such positions as to furnish imper-

vious basements, and thei'efore the ores present many features analogous to

those of the Lake Superior region. But a much more extended study of the

iron-ore deposits of other regions must be made before any generalization

can be made with reference to them.

MANGANESE OKES.

The manganese deposits, like the iron-ore deposits, are very largely

secondary segregations by descending waters. Indeed, iron and manganese

are very closely associated. Many of the iron-ore deposits are manganifer-

ous, and some of them sufficiently so locally that they also become ores of

manganese. For instance, in the Grogebic district of Michigan 'a small

amount of the iron ore was sufficiently inanganiferous to be sold as a man-

ganese ore rather than an iron ore. Manganese ores are always associated

with iron oxide. The amount of iron is variable, running from a small

percentage to an amount considerably in excess of the manganese.

"Lesley, J. P., and d'Invilliers, E. V., Report on the Cornwall iron-ore mines, Lebanon County.

Ann. Rept. Geol. Survey Pennsylvania for 1885, pp. 533-534.
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Manganese is present in the original igneous rocks in very much
smaller quantity than iron, and therefore the manganese deposits are much
smaller than those of iron; but so far as can be made out, the segregation of

mang-anese and iron are strictly parallel processes. Thus in the secondary

rocks manganese is found only as traces in the sandstones and shales, but

in the limestones—carbonate rocks—it is more than half as abundant as in

the original rocks. Since the limestones are so small in mass, only a small

fraction of the manganese of the original rocks is in the limestones.

Apparently the great mass of the manganese of the original rocks has been

segregated in the ores of manganese and iron and in the iron formations.

In view of all the foregoing facts it is thought to be extremely probable

that the manganese is largely transported as a carbonate from the original

rocks to lagoons, and is there precipitated as an oxide. By this process

bog ores of manganese are produced just as are the bog limonites. But to

a large extent the manganese oxide is reduced to the manganous form by
the organic matter, reunites with carbon dioxide, forming cai'bonate, and in

this form is built up into carbonate formations. From such carbonate

formations it is segregated by underground solutions which have different

sources and mingle in the trunk channels. Some solutions bear the manga-

nese carbonate and others the oxygen. When these two meet the manga-

nese is precipitated as hydrated oxide according to the following reaction

:

MnC03+0+nH20=Mn02 . nHjO+CO^.

It is yet too early to state to what extent the manganese ores have been

concentrated on impervious basements in pitching troughs.

IV. SPECIAL FACTORS AFFECTING THE CONCENTRATION OF ORES.

Thus far the discussion of ores deposited from aqueous solutions has

not taken into account a number of the special factors which affect the

concentration of ores. The general discussion may need great modification

to adapt it to a particular district. To illustrate raj meaning, it may be

well to consider some of the additional factors affecting the deposition of

ores, and to point out the more obvious possible modifications of the general

theory which may result from them. There will be briefly considered the

effect of (1) variations in porosity and structm-e, (2) the character of the

topography, and (3) physical revolutions.



1200 A TREATISE ON METAMORPHISM.

VARIATIONS IN POROSITY AND STRUCTURE.

It has been fully explained that a vigorous circulation is essential for

the production of aqueous ore deposits. It has been pointed out that in

order to produce an ore deposit the amount of water which must flow

through the openings is many thousands of times the volume of the ores

deposited. Also it has been explained that waters do not produce channels.

In order to have a vigorous circulation original and continuous channels

must exist. Thus initial porosity in rocks is an essential factor in the devel-

opment of ore deposits. In the foregoing discussion the existence of trunk

channels has been recognized, but otherwise it has been assumed that

the rocks were equally porous in all directions. As a matter of fact, the

rocks range between the widest extremes in porosity; from those in which

the openings are subcapillary and which are substantially impervious to

those which are as open as a sieve in all directions.

The different masses of sedimentary rocks, igneous rocks (especially

the lavas), and metamorphosed equivalents of either sedimentary or igneous

rocks may differ in porosity." The contacts of rocks of different kinds fre-

quently furnish trunk channels for circulating water. Bedding partings

produced by shearing stresses during deformation furnish sheet channels

parallel to the strata, or openings on the anticlines or synclines. Some

strata when deformed may 5^ield by fracture, furnishing channels for water

circulation, while interlaminated strata may yield by flowage, thus remain-

ing relatively impervious. These various irregularities may combine in

difFerent ways.

All irregularities in porosity and structure require modification of the

simple general statements of the present paper (see pp. 129-156, 571-589)

concerning the character of underground circulation and the concentration

of ore deposits. At some time it may be jDOSsible to divide the modifica-

tions of the general circulation due to variation of porosity and structure

into classes, but at present this can not be done. The modifications of the

general circulation which occur in many districts must first be studied and

described individually, after which generalizations may possibly be made.

At present some statements inaj'' be made in reference to certain modifica-

tions of the underground circulation.

"Compare Emmons, Structural relations of ore deposits: Trans. Am. Inst. Min. Eng., vol. 16,

1888, pp. 804-839.
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DISTRIBUTION AND SIZE OF OPENINGS.

From the foregoing general statement it is clear that one of tlie essen-

tial conditions for the production of large ore deposits is that openings should

be of adequate size. As will be seen, these openings may be original or

they may be largely secondary. A close analysis of the manner in which

the waters work shows that it is not of advantage in ore deposition to have

equal porosity in all directions. Were the rocks equally porous in every

direction there would be no reason for the concentration of the water in

trunk channels, and therefore the conditions which have been discussed as

essential for the mingling of solutions of different kinds would not exist.

Oftentimes the essential condition is to have considerable masses of rocks

nonporous or moderately porous adjacent to or associated with other areas

which are very porous. Oftentimes where the porous belts are too numer-

ous there is a segregation of a small amount of ore in them all, and not an

adequate segregation in any one.

The most frequent combination of porous and relatively nonporous

rocks favorable to the production of ore dejDOsits is to have certain belts

with openings of adequate size associated with more extensive areas in which

the openings are much smaller, although they may be equally continuous.

As illustrations of such combinations we may have layers of sandstone or

conglomerate between igneous rocks or shale. The large openings may be

furnished by fault fissures.

For many reasons trunk channels may vary greatly in size and con-

tinuity. For instance, fault fissures, in consequence of the irregularity of

the fractures and the displacements, may range in width from great rooms

to mere seams. The effect of the dip upon fissures is of great impoi'tance.

Where the dips are vertical or nearly so, the veins may be wide; whereas;

where the dips are flat, the veins may be relatively narrow. This is a nat-

ural consequence of the effect of gravity. The more inclined the veins the

more forcibly does gravity pull down the overhanging wall, and thus tend

to close the openings. This association of wide veins with steep dips, and

narrow veins with low dips, is beautifully illustrated at the Smuggler Union

mine, of southwestern Colorado.

MON XLVII—04 76
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COMPLEXITY OF OPENINGS.

In the general discussion an ore deposit has been spoken of as if it were

a single continuous mass formed in a large opening. An ore deposit in a

single large opening is exceptional. Ore deposits show all gradations of

openings from large single ones to those of 'an extraordinarily complex

character. A trunk channel may be a set of distributive faults ; a group of

parallel or intersecting sets of joint openings; the minute parallel openings

of fissility; a group of openings along bedding planes; the shrinkage open-

ings formed within or along the borders of cooling magma; the openings in

an autoclastic rock or reibungs breccia; the multitude of openings of a

sandstone or a conglomerate; or the very minute openings between the

mineral particles of a limestone, schist, gneiss,~~or other dense rocks.

Trunk channels may vary from vertical to nearly horizontal attitudes.

Ore deposits ordinarily have important vertical components, although they

may be found in nearly horizontal positions. In the latter case the trunk

channels forming the deposits probably have vertical components some-

where else.

It is hardly necessary to give illustrations of ore deposits for each of

these complex conditions, but, as very excellent instances of veins of a very

composite character maybe mentioned the Cripple Creek deposits" and the

gold-quartz veins of Nevada City and Crass Valley, Cal.'' The essen-

tial point, so far as the discussion of the foregoing pages is concerned,

is that ore deposits commonly occur at places where there are trunk chan-

nels for ascending or descending waters, or both. In order that metallifer-

oiis material shall be brought to a place and deposited in large quantity,

there must be long-continued circulation. It matters not whether a trunk

channel is a single passage or is composed of an indefinite number of minor

passages, the principles given on the previous pages are applicable to the

deposition of ores in such trunk channels.

In various regions the conditions are so exceedingly complex that ore

deposits close together may difPer greatly in their mineral content.

This is the best evidence that, notwithstanding their continuity, the under-

aPenrose, E. A. F., jr., Mining geology of the Cripple Creek district, Colo.: Sixteenth Ann. Kept.

U. S. Geol. Survey, pt. 2, 1895, pp. 137-153.

6 Lindgren, Waldemar, The gold-quartz veins of Nevada City and Grass Valley, California : Seven-

teenth Ann. Kept. U. S. Geol. Survey, pt. 2, 1896, pp. 158-160, 259.
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ground systems of water circalation have been, if not independent, at least

partly so. This is well illustrated by the ore deposits of Butte, Mont.

Apparently the metallic contents of the individual feeding streams and even

the trunk channels were very different within short distances. There are

two main zones of mineralization. The more important product of one of

these mineral zones is silver sulphide, which is associated with sulphides of

lead, zinc, and iron, and with silicate of manganese. The chief product

of the other mineral zone is copper, which can-ies silver in important

amounts."
PREEXISTING CHANNELS AND REPLACEMENTS.

When it is understood that ore deposits from aqueous solutions ordi-

narily form in trunk channels the question as to whether ores are deposited

in preexisting openings or are replacements is easily answered, as a general

proposition. It has been shown that such channels are not originally

formed by aqueous solutions. (See pp. 1007-1008.) Original channels for

underground circulation are primarily due to the structures of rocks or to the

effects of deformation. It therefore follows that ores are, to some extent at

least, deposited in preexisting openings. However, the. conditions favoring

vigorous circulation are also those causing reactions on the wall rocks. It

has been fully explained that solution and deposition are commonl}^ simul-

taneous processes. Wherever there is a trunk channel it is certain that the

walls of the openings are dissolved to some extent, and at the same time, or

subseqiiently, metalliferoiis minerals are precipitated. Indeed, either enlarge-

ment by solution and subsequent precipitation of ore, or synchronous solu-

tion and precipitation by which the wall rocks are replaced in various

degrees, molecule by molecule, by the ore, or both together, are almost

universal phenotnena.

I therefore believe that the large majority of ore deposits, if not all,

are partly deposited in preexisting openings and are partly replacements of

the wall rocks. However, in some cases the filling of the preexisting cavi-

ties is more important, and in other cases substitution for the wall rocks is

the dominant process.

Other things being equal, ore deposits which are largely in preexisting

cavities are more likely to occirr in strong refractory rocks, such as quartzite,

a Emmons, S. F., Notes on the geology of Butte, Montana: Trans. Am. Inst. Min. Eng., vol. 16,

1888, p. 54.
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granite, and porphyry; and ore deposits which are largely replacements

are more likely to be found in easil}^ soluble rocks, such as limestone. The

gold-quartz veins of California give an excellent illustration of the deposi-

tion of ores in preexisting cavities in refractory rocks, such as siliceous

argillite, diabase, diorite, and granodiorite. " This case is all the more

interesting since the wall rock itself is greatly modified, and has lost and

gained various elements. The San Juan district of southwestern Colorado

furnishes another excellent illustration of veins deposited in openings of

hard, refractory rocks. Here great continuous lodes in preexisting open-

ino-s are known to extend for a vertical distance of 1,000 meters or more;

but even here there is very. frequently complex fracturing or even breccia-

tion, as a result of which the veins form either a series of sheets separated

by layers of wall rock or breccia cemented by vein material. Ore deposits

which are largely replacements in easily soluble rocks are well illustrated by

the silver-lead deposits of Eureka, Nev.,'' and Leadville" and Aspen," Colo.

Replacements are likely to be important also in proportion as the

trunk channels are complex rather than simple. This follows from the law

of mass action. In proportion as a trunk channel is complex, the surface

of action upon the Avall rock for a given quantity of solution is large.

As conspicuous examples where there are large surfaces of action may be

mentioned sandstones and conglomerates and the reibungs breccias, or

crushed rocks along fault zones. Where the trunk channels are very

complex, the rocks, even if refractory, may be replaced to a considerable

extent by the metalliferous ores. A conspicuous instance of this in a

sedimentary rock is that of the copper conglomerate deposits of Lake

Superior, where many grains, pebbles,' and bowlders of porphyry are partly

or wholly replaced by metallic copper. On some bowlders the metallic

copper occurs as partial or complete skulls surrounding the fragments of

porphyry; in others these skulls are thicker, and in still others the entire

masses of the bowlders, as described by Pumpelly, ' are fully replaced by

aLindgren, oit., pp. 172-257, 259, 261; also pp. 146-157.

6 Curtis, J. S., Silver-lead deposits of Eureka, Nev.: Men. U. S. Geol. Survey, vol. 7, 1884, pp.

93-106.

'Emmons, S. F., Geology and mining industry of Leadville: Mon. U. S. Geol. Survey, vol. 12,

1886, pp. 565-569.

''Spurr, J. E., Geology of the Aspen mining district, Colorado: Mon. U. S. Geol. Survey, vol. 31,

1898, pp. 231-234.

«Pumpelly, E,., Copper district: Geol. of Michigan, vol. 1, pt. 2, 1873, pp. 37-38. Pumpelly, R.,

The paragenesis and derivation of copper and its associates on Lake Superior: Am. Jour. Sci., 3d series,

vol. 2, 1871, pp. 348-355.



PKEEXiSTING CHANNELS AND REPLACEMENTS. 1205

the metallic copper. While the conglomerate deposits of Lake Superior

are in part replacements, they also are in large part fillings of preexisting

cavities between the clastic particles. An excellent example of replacement

in igneous rocks where there is wonderfully complex distributive faulting

and folding, and thus a large surface of contact for substitution, is furnished

by the Cripple Creek district, in which, according to Penrose," ore mainly

occurs replacing and blending into various igneous rocks.

By substitution a rock may be completely replaced by ore. This is

particularly likely to occur where the rock is uniform in structure and com-

position, as limestone or dolomite. Where, ou the contrary, the rock is of

complex composition, such as granite or porphyry, or where there are

different kinds of rock present, as, for instance, diorite and granite, the

replacement is usually largely selective. This selective replacement may
apply to the mass of the wall rock, to the individual fragments of it, to

clastic fragments of sandstones or conglomerate, and to the different con-

stituent minerals in a single fragment. The particular minerals or masses

which are most soluble in the solutions present are most rapidly dissolved.

Where the wall rock varies greatly in the solubility of its minerals the

selective replacement of the country rock may extend for some distance

from the central deposits. The readily soluble minerals are dissolved, and

in place of them are precipitated the metalliferous minerals. This process

is ordinarily called im23regnation. Selective replacement of this kind is

well illustrated by the Butte, Mont, granite, in which "the basic constitu-

ents of the granite are naturally attacked first, then the feldspars, and

finally the quartz itself may be removed, so that in some parts there are

found large masses composed entirely of metallic minerals.'""

In regions of heterogeneous rocks the frequent occurrence of main

masses of the ore deposits in the more soluble rocks is due in part to its

greater solubility. For instance, where limestone occurs in intimate asso-

ciation witli sandstone, with quartzite, with diorite, with trachyte, with

porphyry, with granite, or with almost any other rock, and ore deposits are

found, the ore is likely to be largely in the limestone, partly because it is

^Penrose, R. A. F., jr., The mining geology of Cripple Creek, Colorado: Sixteenth Ann. Rept.

U. S. Geol. Survey, pt. 2, 1895, pp. 140-141, 144-146, 161-162.

''Emmons, S. F., Notes on the geology of Butte, ^lontana: Trans. Am. Inst. Miii. Eng., vol. 16,

1888, p. 57.
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more soluble than tlie other rocks." But other factors enter into the

matter. It has ah-eady been explained that country rock, especially lime-

stone, may furnish solutions which react on the mineral-bearing solu-

tions and thus cause precipitation or furnish the metallic material. (See

pp. 1086-1087.) Furthermore, where limestone and stronger rocks are

deformed together, the limestone, having less strength, is more likely to be

crushed and broken in a complex manner and thus furnish trunk channels

for circulation.

Change in the level of ground water may be an important factor in

opening up rooms in which ores may be deposited later. It is explained

(pp. 409-411, 565-566) that for various reasons the level of ground

water may vary greatly, and that above it large openings, such as caves,

are formed. (See pp. 484-487.) If, later, the level of ground water for~

any reason rises, these openings pass into the belt of cementation and

in them large ore bodies, including sulphides, may be deposited. This

may be the history of the great cave-like ojDenings, lined with gigantic

geodal crystals, which are found in the lead and zinc districts of Missouri,

and which were below the level of ground water before pumping was begun.

While the larger caves apparently have not been especially favorable places

for ore deposition, in some of the smaller ones ores have been deposited.

Probably this history applies to +he Butte district. Emmons'' says

that for this district the level of ground water was once very much lower

than now, possibly as much as 300 to 600 meters. Doubtless much of the

solution occurred when the water was at a lower level. Later, when the

ground-water level was raised, the openings formed by solution were xitilized

by the ore precipitated from descending waters transporting material from

higher levels. This process may have been important in the development

of the large sulphide bodies now below the level of ground water.

In conclusion, I hold that ores deposited from aqueous solutions form

where there existed original trunk channels of circulation. Ore deposits

« Wendt, Arthur F., The copper ores of the Southwest: Trans. Am. Inst. Min. Eng., vol. 15, 1887,

pp. 25-77. Curtis, J. S., Silver-lead deposits of Eureka, Nevada: Men. U. S. Geol. Survey, vol. 7,

1884, pp. 64-79. Emmons, S. F., Geology and mining industry of Leadville: Men. U. S. Geol. Survey,

vol. 12, p. 540-543.

''Emmons, S. F., The secondary enrichment of ore deposits: Genesis of ore deposits, Am. Inst.

Min. Eng., 2d ed., 1902, pp. 444-445. See also Weed, W. H., The enrichment of gold and silver veins:

loc. cit, p. 497.
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formed along trunk channels occur commonly, if not universally, to some

extent in preexisting openings and to some extent as a substitution for the

wall rock. Where the trunk channels are simple and the rocks refractory,

the ore deposits may be largely in preexisting openings. Where the trunk

channels are complex and the rocks soluble, the ore deposits to a large

extent are likely to be replacements.

IMPERVIOaS STRATA AT VAKIOTJS DEPTHS.

Slichter's theoretical investigations on the motions of ground waters

show that, in order to discuss the flowage under any given set of condi-

tions, it must be assumed that it is limited only by an impervious stratum."

It is, of course, understood that there are no strata which are

absolutely impervious, but there are many which are practically so.

Wherever there is an impervious stratum the effective underground circula-

tion is there limited or divided, whether the stratum be at the depth of 100

or 1,000 or more meters. The impervious stratum may be a plastic shale

which yields to deformation without fracture, or it may be a rock intruded

after deformation has occurred, thus making a barrier. Of course there

are all gradations, from practically impervious strata to strata which merely

check the circulation. It is believed that in the average case the limit of

effective circulation is probably much less than the theoretical limit of

10,000 meters given by the depth of the zone of fractured

If an impervious stratum be but 100 meters from the surface and fissures

1)0 limited to that depth or interrupted, the laws given (pp. 1021-1028)

apply to the circulation above the stratum. Therefore, such a fissure may
be occupied by ascending water in the lower part and by descending- water

in its upper part. Hence an ore deposit contained in such a shallow fissure

may be the result of a single concentration by ascending or descending

waters, or of two concentrations, the first by ascending and the second by
descending waters.

The foregoing statement in reference to the practical limits of under-

ground circulation for the ore deposits of a given district may be true even

if below the impervious stratum there are other strata, fed from a distance,

in which circulation is occurring. Such lower pervious strata may have

«Slichter, C. S., Theoretical investigation of tiie motion of ground waters: Nineteenth Ann.
Eept. U. S. Geol. Survey, pt. 2, 1899, 329-357.
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circulations of their own, independent of the higher circulations, and this

circulation maj produce ore bodies. This is beautifully illustrated by the
'

Enterprise mine, of Rico, Colorado (see fig-. 29), described by Rickard"

and Ransome,'' in which the ore is confined to fissured and broken lime-

stones, gypsum, and sandstone below a black shale, which, when bent, did

not fracture, and therefore afforded no channels for water circulation.

In this connection it may be well to mention the Mercur district of

Utah (see pp. 1213-1214), where a

silver ledge and a gold ledge, about

30 meters apart, occur in limestone,

each below a shale-like stratum of

altered por^jhyry. Spun- regards

the silver ledge as produced during

an earlier mineralizing joeriod, and

the gold ledge during a later one."

It may be suggested that the true

explanation of the existence of two

mineral ledges so near together and

of such different mineral character

is that in this district there were two

independent circulations separated

by impervious strata—the upper

one, producing the gold ledge,

lying between the two impervious

porphyry belts; while the lower

one, forming the silver deposit, was

below the lower impervious layer.

The lead and zinc ores of the Mississippi Valley'' furnish another illus-

aRickard, T. A., The Enterprise mine, Rico, Colo.: Trans. Am. Inst. Min. Eng., vol. 26, 1897,

pp. 918, 960-973, 976-977.

SRansome, F. L.. The ore deposits of the Rico Mountains, Colorado: Twenty-second Ann. Rept.

U. S. Geol. Survey, pt. 2, 1901, pp. 299-397.

''Spurr, J. E., Economic geology of the Mercur mining district, Utah: Sixteenth Ann. Rept.

U. S. Geol. Survey, pt. 2, 1895, pp. 367-369.

ciBeim, PI. F., with C. R. A^an Hise and G. I. Adams, Preliminarj' report oia the lead and zinc

deposits of the Ozark region: Twenty-second Ann. Rept. U. S. Geol. Survey, pt. 2, 1901, pp. 33-227.

Van Hise, C. R., Some principles controlling the deposition of ores: Trans. Am. Inst. Min. Eng., vol. 30,

1900, pp. 102-109. Van Hise, C. R., and Bain, H. F., The lead and zinc deposits of the Mississippi

Valley: Trans. Federated Inst. Min. Eng., England, 1902, pp. 1-60.

Sandstone

Sandy shale

Sandstone

Black shale '

Blankef

Blanket limestone

Black shale

Sandstone

Sandy shale

Sandstone

Sandy shale

Sandstone

Sandy shale

Sandstone

Sandy shale

Sandstone

Sandy shale

Fig. 29.—Diagrammatic section of Enterprise mine, Colo-

rado, and its blanket pay slioot. After Ransome.



INFLUENCE OF IMPERVIOUS STRATA. 1209

tration in which impervious layers are of the greatest importance. TaMng
this region as a whole, and considering only the lithology, we have the

following succession in descending order: (1) Thick shale formation; (2)

limestone, bearing ore bodies; (3) shale; (4) limestone, bearing ore bodies;

(6) shale, often interstratified with limestone; (6) sandstone; and (7) pre-

Cambrian. As illustrating the influence of the impervious strata in the

formation of the ores, we can consider more particularly two districts, the

Missouri-Kansas district and the uj)per Mississippi Valley district.

In the Missouri-Kansas district the descending- succession of strata is

:

(1) Undifferentiated Carboniferous sandstones and shales; (2) Lower Car-

boniferous (Mississippian) limestones; (3) Devono-Carboniferous shales;

(4) Cambro-Silurian limestones; (5) Cambrian sandstones; (6) pre-

Cambrian. In this area there was an artesian circulation in the Cambro-

Silurian limestones and sandstones under the Devono-Carboniferous shales,

and in the Lower Carboniferous limestones under the Carboniferous

Fig. 30.—Illustrating mingling of circulations of two limestones separated by a shale.

sandstones and shales. (See fig. 30.) Probably the deposition of the ores

began in consequence of a connection of the circulations of the Cambro-

Silurian and the Carboniferous limestones by faults cutting the impervious

Devono-Carboniferous shales. The ores of the district are deposited in the

Carboniferous limestone, which is not dolomitic. The Cambro-Silurian

limestone is strongly dolomitic. A very important gaugae mineral deposited

with the ores in the Carboniferous is dolomite. It is therefore believed

that the metals for the ores and the dolomite alike were derived from ,the

Cambro-Silurian limestone and were precipitated in the Lower Carbon-

iferous limestone in consequence of the reducing action of the solutions

furnished by it and by the direct action of the organic matter in the shales

and limestones. At an early stage of erosion, when the Cai'boniferous

shales and sandstones were removed, the artesian water under pressure

arose along joints, faults, and other trunk channels to the surface, and thus

the first concentration of the sulphides in the Carboniferous limestone took
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place. In some places in the district where the capping shale still remains,

apparently little or no secondary concentration has taken place; but at

many places the capping shale has been largely removed, and in such areas

descending waters have produced the oxidized ores above the level of ground

water, have enriched the sulphides below it, and have formed the vertical

arrangement of the lead and zinc ores described on pages 1144-1145.

In the upper Mississippi Valley district it is believed that the lead and

zinc have undergone two concentrations, as in the Missouri-Kansas district,

although the evidence is not quite conclusive. Here Galena limestone is

overlain by the Cincinnati shale, in Iowa called the Maquoketa shale,

surface

Fig. 31.—Ideal vertical section of flow of underground water in the Galena limestone of the upper Mississippi Valley.

When the surface was at A A' A" the first concentration by ascending water took place; when erosion had
reduced the surface to B W the second concentration hy descending water occurred.

a,nd is underlain by the Trenton limestone, with an oil-bearing shale

between. When the impervious overlying shale was partly removed an

artesian circulation was inaugurated which resulted in the first concentra-

tion. Later, when the overlying shale was largely removed, a second

concentration by descending waters took place, which has continued to the

present time. (See fig. 31.)

The main difference between the upper Mississippi Valley and Missouri-

Kansas districts is that in the upper Mississippi Valley district the important

metals are believed to have their chief source in the limestones in which



PITCHING TROUGHS AND ARCHES. 1211

the deposits are now found ; whereas, as has been pointed out, in the

Missouri-Kansas district the source of the ore is beUeved to be the Silurian

dolomite and the deposits are in the overlying Carboniferous limestone.

The lead and zinc deposits of central and southeastern Missouri are more

nearly analogous in their history to the Upper Mississippi Valley district

than to the Missouri-Kansas district.

PITCHING TROUGHS AND ARCHES.

Another interesting special case of influence of porosity and structure

is that where alternately pervious and impervious layers are in a set of

pitching folds. The varying porosity may follow from original difference

in the porosity of the layers, or it may result from the deformation itself

The more rigid strata may be deformed by fracture, and the less rigid by
flowage. The convex sides of the brittle layers are likely to be more

fractured, and therefore more porous than the concave sides. For synclines

this would place the more porous parts of a stratum at the bottom and for

anticlines at the top. ^

Where strata are deformed so as to produce a set of similar or nearly

similar folds, if no openings are produced at the synclines and anticlines,

the layers on the limbs of the folds must be thinned and those on the arches

and troughs thickened, or both. But more frequently, in the zone of

fracture, instead of the layers on the limbs being thinned and the arches and

troughs thickened sufficiently to occupy all the space, openings form on the

anticlines and synclines, thus furnishing trunk channels. Where the folds

are large, on account of their being less weight above an arch than above

the corresponding syncline, the openings of the anticlines tend to be larger;

but this does not apply to anticlines and synclines which are at the same

level.

Any combination of porous layers with impervious layers in folds is

likely to give trunk channels for underground water in the troughs above

impervious strata, and at the crests below impervious strata. When
descending waters come into contact with an impervious stratum, they are

deflected toward the synclines, and there finding trunk channels, they follow

the troughs downward along the pitch. When ascending waters come into

contact with an impervious stratum they are deflected toward the anticlines,

and there finding trunk channels they follow the arches upward along the

pitch. Therefore, ore deposits produced by descending waters are often
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found ill pitching tronglis underlain by relatively impervious strata ; and

ore deposits produced by ascending waters are often found in pitching

arches overlain by impervious strata.

If this statement be reversed we have the suggestion that where ore

deposits occur in connection with pitching anticlines and synclines, their

positions furnish a criterion by which it may be decided whether their first

concentration was accomplished by ascending or descending waters. Where

the ores occur in pitching arches bounded above by impervious strata, the

presumption is that they were concentrated by ascending waters; where the

ore deposits occur in pitching troughs bottomed by impervious strata, the

inference is that they were concentrated by descending waters, for it is dif-

ficult to see how waters can be converged at such positions by moving in

the reverse directions. Of course this criterion can not be too rigidly applied,

for independently of the impervious strata, openings which so frequently

occur on anticlines and synclines might furnish trunk channels which could

be taken advantage of by ascending or descending waters.

The Lake Superior iron ores furnish an admirable illustration of the

concentration of ores by descending waters in pitching troughs which are

on impervious basements. Since these ore deposits, which fully illustrate

the principles of concentration of ores by descending water in pitching

impervious troughs, have already been discussed, ores of this class will not

be here further considered. (See PI. XIII.)

A case in which ore is probably deposited by ascending waters in

arches, because there concentrated by impervious roofs, is furnished by the

Bendigo gold district of Australia." The typical position for the gold in

the district, according to Richard, is immediately below a slate, on top of

a sandstone. The slate is the impervious stratum and the sandstone the

pervious stratum. In this district there are a large number of alternations

of pervious and impervious strata, as a result of which concentrations have

occuixed at a number of horizons, one above the other. While Rickard does

not specifically speak of the pitch of the anticlines, the longitudinal sections

show that they do have a marked pitch.

It is not supposed that the location of ore deposits in pitching arches

below impervious strata is wholly controlled by the existence of the impervi-

ous roofs, for, as already explained, when a heterogeneous mass of strata is

a Rickard, T. A., The Bendigo gold field: Trans. Am. Inst. Min. Eng., vol. 20, 1892, pp. 463-545.
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folded, openings are likely to be formed at the anticlines and synclines.

Rickard's explanation of the location of the ores is that the apices of the

anticlines furnish more open passages than the synclines. As already

explained, if it be assumed that there be less load above the anticlines

than above the synclines, this would be favorable to the production of larger

openings at the anticlines. This explanation may possibly be to some

extent applicable, but the pitching arches concentrating the ascending

solutions below impervious strata are believed to be an important factor in

the localization of the ores. Various other factors—for instance, intersecting

fractures—may be very important in the process. The Bendigo gold fields

are very interesting in a scientific way in that such a large number of

bonanzas have been found at a depth of 600 to 700 meters." At the present

time information is not available which adequately explains these bonanzas.

A pervious layer or other opening furnishing a trunk channel for cir-

culating waters may be bounded on both sides by impervious strata. An
excellent illustration of ore deposits at the openings of anticlines between

relatively impervious strata, presumably formed by ascending waters, are

the gold-bearing quartz ores in the slates and quartzites of Nova Scotia,

described by Faribault.'' Here are a great many parallel deposits

directly at the anticlines or on some parts of the anticlinal folds, the de-

posits being separated by layers of relatively impervious slate. Fiirther-

more, the largest deposits are located on the great pitching anticlines rather

than on the subordinate ones.

Another excellent illustration of ascending ore solutions concentrated

by an impervious roof is furnished by the Mercur district, Utah, described

by Spurr," where two ore-bearing beds, one called the silver ledge and the

other the gold ledge, about 30 meters apart, occur in a limestone below

seams or beds of very much altered porphyry resembling shale. The ores

are especially localized where fissures reach these beds, and thus displace

them, and in some cases, form local arches. Moreover, the entire ore dis-

trict is located upon a general anticline, furnishing a gently pitching arch.

sRickard, T. A., The Bendigo gold field: Trans. Am. Inst. Min. Eng., vol. 20, 1892, pp. 538-539.

''Faribault, E. R., The gold measures of Nova Sootia and deep mining: Paper read before the

Canadian Mining Institute, March, 1899; published bj' the Mining Society of Nova Scotia, 1899.

("Spurr, J. E., Economic geology of the Mercur mining district, Utah: Sixteenth Ann. Rept.

U. S. Geol. Survey, pt. 2, 1895, pp. 365-367, 395, 399-401, 449, 454; see also Pis. XXV and XXXIV,
and figs. 44 and 45.
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No better illustration could be furnished of an impervious pitching arch

than that of the Elkhorn mine described by Weed. (See fig. 32.) Here the

ore is at the contact of limestone and an overlying argillaceous rock which

Weed calls hornstone. The deposit is altogether below the hornstone, and

extends down an irregular distance into the limestone which it replaces."

It can hardly be doubted that this deposit received its first concentration

by ascending waters.

If the criterion that ores in troughs are deposited by descending

waters and ores in arches are deposited by ascending waters be applied to

the Leadville ore deposits, the conclusion is that the sulphides of Leadville

were originally deposited by ascending waters. These ores occur below a

relatively impervious porphyry in a much-broken limestone, mainly the

Blue limestone.* Later, when the second concentration by downward-

FiG. S2.—Ore deposit in limestone beneath impervious shale, Elkhorn mine, Montana. After Weed.

moving waters occurred, the material which in many places was on denuded

anticlines was in part carried down the limbs of the folds under the

porphyry into the limestone. At this time, doubtless, also, the limestone

was largely dissolved, the ores were carried down, not only along the dip

but across the beds, thus producing the very great ii-regularities which are

characteristic of the deposits. If the above explanation be correct, the

Leadville ores present another case in which both ascending and descending

waters were concerned."

« Weed, W. H. , Geology and ore deposits of the Elkhorn mining district, Jefferson County, Mon-
tana: Twenty-second Ann. Kept. U. S. Geol. Survey, pt. 2, 1901, pp. 472-483.

b Emmons, S. F., Geology and mining industry of Leadville, Colo. : Mon. U. S. Geol. Survey, vol. 12,

1886, pp. 539-584.

«Blow, A. A., Geology and ore deposits of Iron Hill, Leadville, Colo.: Trans. Am. Inst. Min. Eng.,

vol. 18, 1890, pp. 173-181.

y
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In this connection it may be suggested that the positions of the ores

in reference to the limestone and porphyry in the Leadville district are

remarkably similar to those of the ores in the Mercur disti'ict in reference

to almost identical formations. The forms of the deposits, their irregular

under surfaces in the limestone, and the regular surfaces at the porphyry are

all identical. Both Emmons and Spurr agree that the ore in the Mercur

district was deposited as sulphides by ascending waters. If this be true,

the same explanation is probably applicable to the Lead\dlle district.

Another exceedingly interesting illustration of the deposition of ores

below an impervious stratum in pitching arches is that furnished by the

Enterprise mine of Rico, Colorado, described by Rickard" and Ransome.''

In this district above the ore bodies is an impervious shale, which is very

rarely broken by the fissures. The ore occurs in two places: First, ore in

nearly vertical fissures extends indefinitely downward below the shale, but

not upward into it. The verticals are cut by cross fissures, and where the

intersections occur the fissures ai-e likely to be unusually rich. (See p. 1084.)

Second, the larger masses of ore are in crushed or fractured limestone

below the black shale, but the rich blanket of ore replaces gypsum.*

These ore bodies are narrow laterally, some being parallel to the strike of

the verticals and others parallel to the cross veins. Fig. 29 shows that

they occur below anticlinal flexures of the shale made by the deformation

resulting in the fracturing and faulting in the more brittle rocks. Rickard

regards the deposits as the result of ascending waters, since the fissures

continue downward but do not extend upward into the shale. The anticlinal

arches have a pitch. Probably the waters issuing from the verticals and the

cross fissures followed these arches upward until the pitch somewhere

brought them to the surface, at which places the waters escaped as springs,

for the waters of the ascending circulation must have somewhere escaped,

and that they could not do through the impervious shale.

Porous pitching troughs below, above, or between impervious strata

may have different origins from those mentioned. Very frequently such

troughs are produced in part or in whole by intrusive igneous rocks. For

instance, if an impervious sedimentary stratum has a monoclinal dip and a

"Rickard, T. A., The Enterprise mine, Eico, Colo.: Trans. Am. Inst. Min. Eng., vol. 26,

pp. 918-973.

SRansome, F. L., The ore deposits of the Rico Mountains, Colorado: Twenty-second Ann. Rept.

U. S. Geol. Survey, pt. 2, 1901, pp. 254-302.
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dike cuts across the stratum, a pitching trough may be produced, as, for

instance, in the Penokee-Grogebic district of Michigan and Wisconsin." An
intruded igneous rock may follow the contact between folded strata and

thus furnish a trough or arch bounded by an impervious formation. Various

other ways will occur to one in which pitching troughs or arches with

impervious basements, or roofs, or both, may be produced. A trough or

arch, no matter how formed, is favorable to the concentration of ores, pro-

vided a porous stratum or an opening between the layers furnishes a trunk

channel. Of course, other favorable conditions must cooperate with these

in order to produce an ore deposit.

Combinations of pervious and impervious strata, united with joints,

faults, and other structures which affect some impervious strata and not

others, furnish extraordinarily complex sets of conditions which will

undoubtedly yield interesting results when studied in special cases.

GENERAL STATEMENTS.

The importance of variation in porosity and structure is sufficiently

illustrated in the foregoing pages to show that one of the first steps in study-

ing the genesis of ore deposits formed by aqueous solutions is to investigate

the underground circulation. If a geologist wishes to know whether or

not adequate supplies of underground water can be obtained for a city, he

should at once begin to study the strata, in order to ascertain their varying

porosity, their accessibility, the amount of water they carry, their import-

ance as water bearers and water restrainers, and the possible sources

of supply: in short, he should make a complete investigation of all of the

factors which influence the underground circulation for tliat district. Fre-

quently this would involve the study of the stratigraphy for extensive areas,

often for entire geological provinces. From my own point of view it is

equally important, in order to ascertain successfully the genesis of the ore

deposits of a given district, to begin by studying the stratigraphy in all its

bearings, especially with reference to underground systems of circulation.

I'he problems of stratigraphy and underground circulation being solved,

including both the ascending and descending currents, the geologist will

have gone far toward the solution of the problem of the genesis of the ores

"Irving, R. D., and Van Hise, C. R., The Penokee iron-bearing series of Michigan and Wiscon"

sin: Mon. U. S. Geol. Survey, vol. 19, 1892, pp. 268-275.
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for that district. But for some districts not only is it necessary to solve the

problem of the present circulation of the underground water, but it is essen-

tial that possible past circulations should be studied. Thus, where there are

impervious strata which have been largely removed by erosion, the condi-

tions for circulation are very different before and after the removal of the

impei'vious stratum. To illustrate, it has already been pointed out that in

various districts in the lead and zinc region of the Mississippi Valley the

first concentration took place under conditions of artesian circulation, the

upper confining stratum being an impervious shale. Subsequent to that

time this shale has been removed from most of the region and a second

concentration has taken place by descending water under very different

conditions of circulation.

OHAKACTER OF TOPOGRAPHY.

EFFECT OF VERTICAL ELEMENT.

Where the relief is marked, the underground circulation is likely to

penetrate much deeper than in regions where the variations in relief

are slight.

In mountainous and elevated plateau regions the lithosphere is likely

to have more numerous, larger, and deeper openings than low-lying areas.

Elevated areas are usually those of comparatively recent orogenic or

epeirogenic movement. Therefore, they are regions in which the rocks

have recently been fractured, and hence the processes of cementation

are less likely to have closed the openings. In regions of very steep

topography the tendency for the material to glide down the slope under

the stress of gravity also tends to widen openings which have been once

formed. Such movements are known to be effective to the depth of

hundreds of meters. It is hence clear that elevated and rough regions

are those in which the underground circulation is likely to find large,

numerous, and deep openings. Further, elevated and mountainous regions

are those in which the underground water has the greatest difference in

head, and this is favorable to deep circiilation.

Thus, in mountainous regions, like the Cordilleras, it is to be expected

that the underground circulation, both ascending and descending, is

effective to greater depths upon the average than in regions of gentle

topography. The Cordilleran region is well illustrated by the San Juan

MON xxvn—04 77
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district, where the topography is very rugged. It has been pointed out

that oxidizing effects are here produced to a depth of a thousand meters,

and it can hardly be doubted that the breadth of the belt of effective

ascending circulation is great. In the lead and zinc district of south-

western Wisconsin the topography is gentle, and here the effective

circulation, ascending and descending, was confined to a vertical distance

of not more than 150 meters; but this is partly due to impervious strata.

EFFECT OF HORIZONTAL ELEMENT.

The horizontal position of an ore deposit with reference to topography

often has an important influence upon its richness and magnitude. If the

correct theory of circulation of underground waters and the deposition of

ores has been given, certain corollaries follow with reference to this point-

(1) Commonly ores deposited by ascending waters should be formed

below the valleys, or at least below the lower parts of the slopes; for

these are the places where waters are ascending- in the trunk channels.

(2) Commonly ores deposited by descending waters should be formed

below the crests or below the upper slopes of elevations; for these are the

places where water would be descending. Probably the upper slopes are

more favorable places than the crests; for at an annulai- belt on the

upper slope of an elevation tlie quantity of descending waters would be

greater than at the crests. (3) Commonly ores which receive a first

concentration by ascending waters and a second concentration by

descending waters should be on the slopes, probably in many instances

nearer the valleys than the crests. At such places the meteoric waters

falling at the higher elevations have sufficient head to search deeply the

zone of fracture for ores. Therefore, the ascending circulation in trunk

channels is strong. Further, at such places the level of ground water is a

considerable distance below the surface, and abundant descending waters

are concentrated in the upper parts of the openings. (See fig. 26, p. 1076.)

The downward migration of the belt of weathering furnishes the final

favorable condition for the accumulation of a large amount of second

concentrates by descending waters.

Admirable illustrations of ore deposits corresponding to the second of

the corollaries are furnished by the iron-ore deposits of the Lake Superior

region. 'These are the products of descending waters, and the great major-

ity of the ore deposits are found near the tops of hills or upon the slopes.
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For instance, in the Gogebic and Menominee districts of Michigan,

where the drainage is across the range, the great ore deposits reach the sur-

face on the slopes or crests, and comparatively little ore has been discovered

below the strong cross drainage lines where the waters are probably ascend-

ing. All of the great iron-ore deposits reach the surface, but many of them

have a pitch wliich carries them below the rocks. An ore deposit which at

the surface starts on a slope or crest may extend below a subordinate cross

valley. In such cases the water had head sufficient to carry it down and

make it effective below the valley; but, so far as I know, it has yet to be

proved that any great deposit continues in force across the valley of an

important stream."

The topography in the Mesabi range of Minnesota exerts a somewhat

different influence. The productive portion of this range extends from a point

west of Hibbing to Embarrass Lake. Here the Giants range to the north is

strongly emphasized, and there are good drainage lines to the south. West

of Hibbing the Giants range is much less marked ; indeed, for much of the

distance to the Mississippi River is almost imperceptible.' While ore depos-

its have been discovered in this part of the range, they are not nearly so

numerous and extensive as in the area to the east, and the ores which have

been found are sandy (indicating an imperfect removal of the silica).

There is no known stratigraphic reason why the ore deposits should not

have developed as extensively between Hibbing and the Mississippi River

as to the east. The only suggestion which has occurred to me in reference

to the matter is that because of the dying out of the Giants range and the

lack of sufficiently marked elevation and good slopes to produce a vigorous

circulation, the groundwater circulation has not been sufficiently vigorous

to concentrate the iron oxide and to remove the silica to the same extent as

farther east.

An excellent illustration of the third corollary is furnished by the

San Juan district of Colorado. In that district the richer parts of the lodes

are generally below the middle slopes of the mountains. Nearly all of

the great lodes have been opened on veins which outcropped in the so-called

"basins" at altitudes of 3,000 to 3,500 meters. Above these basins are the

Van Hise, C. R., The iron-ore deposits of the Lake Superior region: Twenty-first Ann. Kept. U. S.

Geol. Survey, pt. 3, 1901, pp. 329-330.

6 Van Hise, cit., Section on the Mesabi district, by C. K. Leith: pp. 352-353.
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high peaks, rising- to 4,000 and 4,300 meters. Below the mines are the

towns at altitndes from 2,300 to 2,700 meters—that is, the outcrops of

the veins are 700 to 1,000 meters above the main valleys.

Another illustration of deposits which are on slopes and are the result

of two concentrations is furnished by the lead and zinc district of the upper

Mississippi Valley. Chamberlin" notes that in the valleys of the Wisconsin

part of the district the waters generally ascend to the surface ; therefore, at

such places only a first concentration would be expected. It is the general

impression among miners in this district that a lode makes better on the

slope of a hill "than at the summit or at the foot of a hill."^ Also, it is

held by the miners that the lodes which run parallel to a contour of a hill

"like an eave trough'" are more likely to be rich than those which run

toward the summit of the hill. When considered in connection with the

topography both of these practical conclusions of the miners are fully

explained by the theory of a first concentration by ascending waters and a

second concentration by descending waters. This case of the Wisconsin

lead and zinc district must not be too strongly insisted upon, for at many

places the streams have cut through the lead-bearing limestone into the

St. Peters sandstone below, which is a barren formation.

In regions in which there have been recent important changes in the

positions of the drainage lines and elevations, the generalizations concern-

ing the relations of ore deposits and topography ai-e only partly applicable.

It is well known that in consequence of the varying liardness of rocks,

of structure, of the unequal strength of streams and of unequal declivity,

drainage lines are almost constantly shifting, in many regions somewhat

rapidly. Another way in which the position of the drainage lines with

reference to ore deposits may be shifted is by base leveling and subsequent

uplift. After a region has been cut down to the level of the sea and is

again uplifted it is well known that some of the streams are likely to be

along old drainage lines, but that others will be in new positions. It fol-

lows that when the second cycle of erosion is well inaugurated an ore deposit

which during the first cycle of erosion was in a valley may be on a crest,

and vice versa. When it is remembered that there have been various

« Chamberlin, T. C, The ore deposits of southwestern Wisconsin: Geology of Wisconsin, vol. 4,

1882, p. 565.

!> Chamberlin, cit. p. 563.
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epochs of extensive base leveling from pre-Cambrian to Tertiary time, it is

seen that shifting of drainage lines in consequence of different cycles of

topographic erosion may be of gi'eat consequence.

Doubtless in consequence of changes in drainage many ore deposits

which, when below valleys, received a first concentration by ascending

waters, are now well up on slopes or even at ci-ests. A change of this

kind is especially favorable to the development of ore deposits which are

formed by two concentrations, the first by ascending and tlie second by
descending waters. In an early stage of the history of a deposit it may be

in a favorable place to receive a first contribution of ore. Later, if in con-

sequence of a topographic change, it be on higher ground, it is then in a

favorable place for the work of descending waters. Although it is difficult

to prove, I have little doubt that many ore deposits have had this history.

Where a region has been base leveled it is very difficult to reconstruct

the topographic conditions which led to the concentration of the ores. To
illustrate, the Lake Superior copper deposits are believed to have been

deposited by ascending waters. The waters may have made their way
down along fault fractures and through the minor pores to the sloping con-

glomerate beds and have risen along the beds which had their surface out-

crop at a lower elevation than the feeding areas. But all this is purely

hypothetical, for the region has been base leveled and the copper deposits

unquestionably developed before the end of the base-leveling period. Since

that time the region has been uplifted and the present topography incised

in the base-leveled plateau. So far as one can see the present topography

has no recognizable relation to tlie ore deposits.

From the foregoing It is apparent that the relation of topograph}^ to

ore deposits is an important one, and also that in many districts its deci-

pherment is a difficult problem.

PHYSICAL REVOLUTIONS.

The genesis of many ore deposits is undoubtedly further complicated

by physical revolutions of various kinds. After an ore deposit has partly

formed, either by ascending or descending- waters, or both, the region may
go through a physical revolution, and after the revolution the concentration

of the ores may again be taken up by nature's processes.
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After an ore deposit has been formed the country may pass below the

level of the sea by denudation and subsidence, may be deeply buried

under sedimentary rocks, and may be again uplifted and undergo a second

cycle of reactions which affect the nature of the ore deposits. An ore

deposit partly formed may be buried deep imder volcanic rocks. This

undoubtedly has occurred on a great scale in the great region of Tertiary

volcanism in the Cordilleras of the West. The ore deposits there buried

are placed in a new environment and are undergoing a second cycle of

concentration or depletion. In that district it is entirely possible, indeed

probable, that ore deposits formed in the pre-Tertiary A^olcanic rocks, and

with a very complex history involving the work of both ascending and

descending waters, are now receiving additions of ores from ascending

waters, or, on the contrary, are being depleted, and in consequence are

contributing metals to waters which are rising. Such waters may deposit

the metals in openings within the volcanic rocks, thus making new ore

deposits. When in the future denudation shall have stripped off these

volcanics, or the upper part of them, these ore deposits will be at the

surface. In this connection it is to be remembered that in the Yellowstone

Park and other areas there are extensive Tertiary volcanic tuffs in almost

every respect like formations which in the San Juan district of Colorado

bear important ore deposits, but the San Juan region was so elevated that

denudation has thoroughly dissected the volcanic material. Indeed, the

major streams have cut down throug-h the volcanics to the sediments below.

It may be suggested that when denudation of the volcanic series shall have

progressed as far in various other Tertiary volcanic regions as in the San

Juan region ore deposits will be exposed, but this may not occur while man

occupies the earth.

It is well known that fissures are places of weakness, and that move-

ment has again and again recurred along the old planes. Thus favorable

conditions for ore concentration may recur in the same places through

various revolutions. Physical changes of various other kinds may take

place. Each of the complex changes in physical history produces its

effect upon an ore deposit.
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r. GENERAL STATEMENTS.

It is clear from the foregoing that an ore deposit may have a wonder-

fully complex history. It may not represent the work of a single period of

ascending or of descending waters, or one cycle of ascending and one cycle

of descending" waters, but may be the result of a number of cycles of depo-

sition by ascending or descending waters, or both.

Thus irregularities in certain of the ore deposits in very ancient rocks

may be explained. But in many cases it appears probable that the main

work in an existing- ore deposit has been done by continuous concentration,

.first by ascending waters, second by descending waters, although in such

cases part or even all of the metals may have been derived from earlier

concentrations.

Any of the special and local factors above discussed and others not

considered may in an individual case be so conspicuous as to ajapear to be a

controlling factor in the formation of an ore deposit. One might say that

the existence of a given trough was the cause of the production of an ore

deposit. The truer statement would be that the factor under consideration is

one essential among many. The porosity of a formation, the existence of a

pitching trough, favorable topography, the presence of igneous rocks fur-

nishing heat to make the waters active, and many other special factors may,

in a given case, all be essential, and without the help of any one of them an

ore deposit would not have been produced, but no combination of factors

will form an ore body if a source of the metal is not available upon which

the underground waters may act. In short, each case of the development

of an ore deposit requires the fortunate combination of many favorable

factors, working harmoniously together, the absence of any one of which

may prevent the concentration of the ore deposit.

VI. ORE SHOOTS.a

No fact is better known concerning ore deposits than^ tlfat' they vary

in the most remarkable fashion, both in size and richness. Moreover, these

variations are both vertical and hori zontal. Frequently rich deposits decrease

in size or are wholly cut off with extraordinary abruptness. Other equally

rich deposits may appear somewhere else on the same level or on another

"For a general discussion of ore shoots in fissures, see Penrose, B. A. F., jr.. The mining geology

of the Cripple Creek district, Colorado: Sixteenth Ann. Eept. U. S. Geol. Survey, pt. 2, 1895, pp.
162-166.
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level in an equally strange and apparently inexplicable manner. The ore

masses of exceptional richness are generally called ore shoots. Sometimes

they are spoken of as pay streaks, at other times as bonanzas, at other times

as chimneys. In this paper ore shoot is used as a general term to include

all deposits of exceptional richness or size, of whatever origin. At various

places in this paper factors have been mentioned which produce ore shoots.

However, because of the very great economic importance of ore shoots, it

seems to me advisable to consider under one heading some of the more

prominent features of ore shoots deposited from aqueous solutions, even at

the risk of repetition.

Ore shoots may be grouped into those which are largely due to

structural features, to the influence of the wall rocks, and to secondary

concentration by descending waters.

One large class of ore shoots may be explained principally by structural

features. These structural features may be the varying size of openings,

varying complexity of fractures, flexures, intersections of fractures, and

later orogenic movements.

A fracture through a mass of rocks is necessarily uneven. Where
there are movements, it follows that the walls are not adjusted to each

other. Where convex surfaces are opposite each other, a fissure may be

represented by a mere seam. Where, on the other hand, two concave sur-

faces are opposite each other, a widening may ocjcur which in some cases

is sufficient to produce a great room. This is beautifully illustrated by
the Comstock lode. This lode showed remarkable variations in its width,

here being represented by a narrow seam of clay, there by a great

bonanza. The story that tells how Fair and Mackay, with persistent

courage, drove along a little seam of clay, at places almost unnoticeable,

for hundreds of meters, from the 360-meter level of the Gould and Curry

mine to the great bonanza, is one of the romances of mining.'' The clay

seam marked a place where two protuberances of the walls had been

jammed together so that there was no opening through which circulating

waters could pass, whereas the great bonanza represented a place where

both walls bowed outward and thus gave ample space for the deposition

of the great deposit. Rooms may be produced also partly or largely by
solution, and may be connected by comparatively large channels.

«Lord, Eliot, Comstock mining and miners: Mon. U. S. Geol. Survey, vol. 4, 1883, pp. 309-314.
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It has been shown, other things being equal, that the underground cir-

culation follows the larger openings. Thus the abundant circulation is

converged wherever there are rooms, especially where they are connected

with passages of considerable width. Moreover, the solutions of such a

circulation are likely to be derived from various sources. Hence, upon the

average, in the large openings the ore is in greater quantity and very

frequently richer than in the narrower ones, where the solutions are both less

abundant and less complex.

It is evident from the above that there may be every variation in the

width of an ore deposit due to uneven walls, from zero to many feet.

Ore shoots are frequent where the fractures, instead of being simple, are

complex; that is, where there is a crushed zone, or zone of brecciation and

mashing. It has been pointed out (pp. 1086-1088) that some ore deposits

are largely due to reactions between the solutions and the rocks through

which they pass. Such an ore deposit is most likely to be rich at a crushed

zone, where the interaction between the solutions and the rocks through

which they circulate is much greater than at a point where there is a single

fracture, even if the latter furnishes a larger space than the multitude of

smaller openings. (See pp. 1213-1215.)

The Cripple Creek district is an excellent illustration of a region in

which the fracturing is of an extremely complex character. The ores and

gangue are largely impregnation and replacement products of the rocks in

which they occur, including granite, andesite, plionolite, basalt, etc. The

solutions in this district evidently followed the innumerable minute

fractures of all kinds and had a very large surface of contact." A condition

for the deposition of the ore and gangue was the previous enlargement of

the openings by solution.

Very frequently the rich shoots of ore are located by flexures, the ore

being either at the crests of anticlines or at the bottoms of synclines. As

pointed out (pp. 1206-1212), this is especially likely to be the case where,

in connection with the folds, there are impervious strata. Under such

conditions, as has already been fully explained, ore is likely to be

converged from ascending solutions in the arches of pervious strata below

impervious strata, and from descending waters in troughs of pervious

strata above impervious strata. In the cases cited, such as those of

a Rickard, T. A., The lodes of Cripple Creek: Trans. Am. Inst. Min. Eng., vol. 33, 1903, pp. 613-618.
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Australasian and Nova Scotian gold ores and the Lake Superior iron ores,

these relations are perfectly clear. Doubtless in many mines there are

minor flexures which have been overlooked, but which may be suflicient

to control the movement of the circulation, and thus produce the

chimneys of ore. These minor flexures may be parallel with the dip of

a deposit, or they may pitch to the right or to the left as one looks

down the -dip.

The intersections of fractures furnish one of the most frequent explana-

tions of ore shoots. The intersections may be those of faulted fissures,

those of fissures and joints, or the intersections of joints. In many instances

one set of fractures carries the larger ore deposits, and the intersecting set

or sets of fractures are known as side fractures. In some instances deposits

may occur in two or more sets of intersecting fractures, and in others one,

of the intersecting sets may be barren of deposits.

In all cases where intersecting fractures occur solutions are contrib-

uted from two or more sources. The solutions invariably have diff"erent

compositions, and therefore precipitation is likely to occur at or near the

junctions. In some cases metalliferous material may be furnished by more

than one set of fractures, while in other cases it may be contributed by one

set of fractures and the precipitating agents by the others. In those

instances where the intersecting veins all carry ore it is easy to see why the

deposits at the intersections are unusually large and rich. Where the side

veins are small or are wholly filled with gangue material their importance

in the genesis of ore deposits has been very generally overlooked. In

many instances there is little doubt that the metallic material was precip-

itated in a main fissure at or near the point where the side veins join,

through the influence of the solutions contributed by the latter veins. A
very clear case of the influence of barren side veins is that already cited of

the Enterprise mine, of Rico, Colo., where the pay shoots are especially rich

in the main fissures at the places where barren side veins intersect them.

Not infrequently, where a side fracture intersects a vein carrying the

main deposit, the high values are not exactly at the intersection, but a

little way from it. This is a natural consequence of the laws of circulating

waters. Where two streams come together from diff"erent sources they are

sure to have different heads. If the side fracture which furnishes the pre-

cipitating solution has the greater head its water will occupy the maiiv
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fissure for some distance on either side of it, the sokitions furnished by the

main fissure being exckided; but at a greater or less distance from the

intersection the solutions from the two sources become mingled and precipi-

tation takes place, thus producing rich ore shoots. This relation is veiy

well illustrated at the Silver Age mine, at Idaho Springs, Colo. Here the

ore shoots are connected with intersecting fractures. They are in the main

vein at places near, but not directly at intersections of the subordinate

fissures. Again, at the Last Dollar mine in the Cripple Creek district the

main vein is cut by numerous cross veins, which upon the whole have not

been very profitable; but at numerous places the very rich values are found

in the main -veins comparatively close to the cross veins; that is, at distances

from them varying from 15 to 60 meters. Where ore shoots are found to

be connected structurally with barren side veins a consideration of the

minerals of the main vein and of the side veins ought to lead to more exact

knowledge concerning the manner of the precipitation of the metal; for

presumably the precipitation of the metals was connected with some of the

compounds which occur as gangue, and hi the side veins these may be

different from those of the main vein.

Side fractures may be at right angles to the main fractures or incline

to them. They may extend directly down the dip or pitch to the right or

left along the dip. Therefore almost any curious distribution of the rich

shoots may occur. All of these relations of fractures with lodes are beau-

tifully illustrated in the San Juan district. Here some fractures strike

parallel with the lodes, but dip at considerable angles with them. There

are also cross fractures which differ from the lodes both in strike and dip."

Usually side streams bearing either metals or precipitating agents or

both do not issue equally all along the faults or joints, but may be largely

converged into large channels, and under such circumstances strong springs

enter the fissures. Where such springs empty into a room produced by

the structural features, discussed on pp. 1224-1225, bonanzas may be

formed, such as those of the Comstock lode.

While the relative influence of the different sets of intersecting frac-

tures is very complex, in an individual mine a close study of the number,

order, and relations of the fractures and joints, many of which are, perhaps,

«Ransome, F. L., A report on the economic geology of the Silverton quadrangle, Colorado: Bull.

U. S. Geol. Survey No. 182, 1901, p. 59.
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almost imperceptible, may furnish rules which will enable one to more

intelligently search for ore.

Between the two cases of trunk channels produced by flexures

(described on pp. 1225-1226) and by cross fractures (described on pp.

1226-1228) there are complete gradations.

Late orogenic movements explain certain ore shoots. After openings

have received a first contribution of ore, and are, perhaps, fully cemented

by ore and gangue materials, orogenic movements frequently recur, which

again fracture the ground and produce openings. Some parts of a deposit

may escape fracture, while other parts may be broken. The fracturing of

the broken parts may be simple or complex. The latter may produce

zones of parallel fractures, zones of intersecting fractures, brecciated zones,

or even zones in wliich the material is finely mashed. Between the parts

of a deposit where fracturing is absent and those where it is most complex

there may be all gradations. The fractures may be confined to a narrow

belt of a deposit or to one side of it, and to varying limits laterally or

vertically. Entirely new sets of openings may be produced in the wall

rock. All of the above statements in reference to a main deposit apply

equally well to intersecting deposits. Therefore an ore deposit which has

received a first contribution and is subjected again to orogenic movements

is in such a condition that it may again receive a contribution of ore

material under the same complex laws as at first. The late fractures may

be filled with new contributions of metals from the original source; they

may be fed by the solution of the deposits before formed; or they may

derive metal both from the oi'igiiial source and from the earlier deposit.

The new ore may be distributed very irregularly through the older

ore, may be superimposed upon the old material where there are openings,

may be deposited as relatively small secondary veins, or any combination

of these may take place. The original irregularities in the tenors of the

veins, combined with the irregular deposition of the secondary material,

may give extraordinary and apparently inexplicable variations in richness.

Excellent examples showing how secondary fracture produces very rich

subordinate veins are furnished by the San Juan district of Colorado. At

the Smuggler Union, deep in the mine, in a secondary fracture adjacent

to the main vein, are found extraordinarily rich deposits of free gold in

quartz, having an exceedingly irregular and "pockety" distribution of

values. It seems probable that in this fracture the gold has been precipi-
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tated as a result of reducing solutions furnished by the adjacent sulphides

of the main vein. At the famous Camp Bird mine there are thin black

seams deep below the surface, which are extraordinarily rich in gold." The

main part of the vein has its gold and silver values in copper sulphides,

galena, blende, and other base sulphides and in tellurides, but the fine

black material in the small veins apparently contains free gold, as is shown

by the fact that 75 per cent of the value of the ores is collected on the

plates. It seems perfectly clear that these minute seams of rich gold-

bearing material are the results of precipitation in secondary fractures.

Ore shoots in many cases are explained by the influence of the wall

rocks. It is well known that where ore deposits intersect a complex set of

rocks the pay shoots are likely to have a decided preference for one rock.

For instance, if a fissure passes from granite to diorite, or from either of

these to limestone, or from any of these to sandstone, the character and rich-

ness of the deposit may vary greatly as the rock changes. For this vari-

ability, due to the character of the wall rocks, different explanations apply

in different cases. In some instances the restriction of the ore shoots to one

rock is largely explained by its more ready solubility. This is particularly

applicable to the substitution deposits, the wall rock being dissolved in

advance of or pari-passu with the deposition of the ore. By the solution of

, the soluble rock sufficient room is furnished for a larger ore deposit. The

above is undoubtedly the partial explanation in many cases of the occui-rence

of the ores in limestone rather than in the adjacent more insoluble rocks.

Gypsum is even more readily soluble than limestone. Of the Enterprise

mine of the Rico district, Ransome'' says the rich blanket of ore is "due

essentially to the removal by solution of a massive bed of gypsum which

may have been from 16 to 80 feet [5 to 10 meters] in thickness." All

stages of the process of replacement are seen.

In other instances the occurrence of the rich and large bodies with one

wall rock rather than with another is due to the fact that the wall rock itself,

by reaction upon the solutions, precipitates the ore material. This also

partly explains the preference of certain ore deposits for limestone, for, as

already explained (pp. 1116-1117), calcium carbonate probably accelerates

"Kansome, F. L., A report on the economic geolog^y of the Silverton quadrangle, Colorado: Bull.

U. S. Geol. Survey, No. 182, 1901, pp. 89-90.

6Eansome, F. L., The ore deposits of the Rico Mountains, Colorado: Twenty-second Ann. Kept.

U. S. Geol. Survey, pt. 2, 1901, pp. 278-295.



1230 A TllEATlSE ON METAMORPHISM.

the precipitation of metals as sulphides from their oxidized salts by iron

sulphide.

In still other instances the wall rock itself furnishes solutions contain-

ing metalliferous material which is precipitated in the trunk channels or

furnishes solutions capable of precipitating metalliferous material in the

trunk channel. Either of these may be true for igneous rocks. Also

igneous wall rocks may furnish heat and thus in a very important measure

promote segregation, as explained on pages 1015-1016.

An excellent illustration of the influence of the wall rock is exhibited

by the Lake vein of the San Juan district, near Telluride. This vein,

profitable in the volcanic tuff, extends through the tuff into the limestones

below, and through them into the sandstones. In passing from the tuff

into the limestones the vein changes from a quartz vein to a calcite vein,

and as it goes into the sandstone it gradually changed again to a quartz

vein. There can be no better illustration than this of the influence of the

wall rock and of the dominatioii of the law of mass action. The vein

material deposited in the limestone and sandstone has essentially the same

composition as the rock through which it passes, showing that the minerals

deposited in this vein were dependent upon the solutions derived from the

adjacent formations. Each formation contributed as its chief material

compounds which could be derived from it. Solutions entering the vein

from other sources were subordinate to those derived from the wall rock.

The influence of the wall rock is further illustrated by the fact that so long

as the vein remains in the tuff's it is of economic importance, aud as soon

as it passes into the sedimentary rocks the amounts of gold and silver

become so small that it is valueless.

A third class of ore shoots are those jsroduced by the process which has

been so fully explained in this paper, viz, the secondary enrichment of

deposits by descending waters, the first concentration of which was pro-

duced by ascending waters. This process produces rich ore bodies, either

oxidized or sulphureted, or partly each, which are limited in depth by the

distance to which the descending waters are effective.

GENERAL STATEMENTS.

Of necessity, in this analysis, the various factors which may produce

ore shoots have been separately treated. In a given case it is rare, indeed,

to find that the entire explanation lies in the application of a single one of
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tliem. To explain an ore shoot of an individual mine, ordinarily a number

of the above causes need to be combined, and in some cases doubtless,

other causes which have not been treated. No study is more important

economically, more fascinating, or more difficult than to ascertain the par-

ticular combination of factors which produced the ore shoots in a given

district or mine.

From the foregoing it is plain that no general statement can be made

in explanation of ore shoots. In each district, in each mine, in each part of

a mine, all the phenomena nnist be studied closely in the light of correct

theories of ore deposition in order to reach an explanation applicable to

the particular case.

It is well known that in the districts which are mineralized the work-

able ore deposits are ordinarily confined to relatively small areas, although,

so far as one can see, the amount of metalliferous material furnishing ore

deposits may have been the same throughout the districts. The absence of

workable ore deposits for the larger parts of the districts ordinarily is due

to lack of favorable combination of the various special factors mentioned,

and- doubtless many others which have not been considered. As better

illustrating my meaning, I may again mention the iron and copper ores of

the Lake Superior region. The iron-bearing formation has an extensive

occurrence through the Lake Superior region, but the workable iron ores

are confined to small areas which have been subject to ancient and recent

metamorphism, and in which there are favorable structural features. The

Lake Superior copper deposits equally well illustrate the principle. All of

the mines now being exploited are confined to an exceedingly narrow area

on Keweenaw Point, while the copper-bearing rocks occupy an extensive

belt about nearly the entire Lake Superior basin. Moreover, these

copper-bearing rocks are mineralized in many places, as is shown by the

widely disseminated copper. But, unfortunately, in many areas a little

copper is concentrated in many amygdaloid or sandstone belts, rather than

in a single amygdaloid or sandstone. For instance, in certain districts

scores of amygdaloidal flows lie upon one another. In each of these beds

the scoriaceons upper surface bears metallic copper, but in none is it in

sufficient amount to make the copper a workable deposit. Had the copper

deposited in a number of these amygdaloid formations been concentrated

in one of them, a workable ore deposit would have been produced.
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From the foregoing it is clear that an investigation of the local factors

in a district should include both those which are favorable and unfavorable

to the concentration of ores, for a study of the latter in many districts may
prevent the expenditure of large sums in exploration where the mineraliza-

tion is general, but the conditions are not such as to have concentrated the

valuable matei'ial in sufficient quantity at any one position to warrant

exploitation.

A treatise on ore deposits, including- descriptions of individual districts,

necessarily deals with the special factors which are important in each

district. These special factors may be considered so conspicuous that the

entire attention is given to them. But it is to be remembered that each of

these is subordinate to the general principles controlling the deposition of

ore deposits in all districts.

SUMMAEY AISTD COKCLUSION.

I shall now make a summary statement of the genetic classification of

ore deposits proposed, and consider briefly the relations of these different

classes of deposits. It is proposed that ore deposits be divided into three

divisions: (A) Sedimentary ores, (B) igneous ores, and (C) metamorphic

ores. The sedimentary ores may be divided into two classes: (1) Chem-

ical preci]Ditates, and (2) mechanical concentrates. The mechanical con-

centrates may be divided into (a) residuary deposits, (b) stream deposits,

and (c) beach deposits. As yet criteria have not been formulated by which

igneous ores may be subdivided, and therefore there is only one class (1)

magmatic segregations. Metamorphic ores are divided into two classes:

(1) Graseous solution ores, and (2) aqueous solution ores. The aqueous

solution ores are subdivided into (a) ores deposited by ascending waters,

(b) ores deposited by descending waters, and (c) ores deposited by ascend-

ing and descending waters combined. The scheme is therefore as follows:

Classification of metallic ore deposits.

1(1)
Chemical precipitates,

[(a) Residual deposits.

(2) Mechanical concentrates.
| (b) Stream deposits.

((c) Beach deposits.

(B ) Igneous ( 1 ) Magmatic segregations.

(1) Deposits from gaseous

solution.

,„, „ -i - f
(a) By ascending waters.

(2) Deposits ^from aqueous h^^ By descending waters.

I (c) By ascending and descending water.,.

(C) Metamorphic .

.
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Of the sedimentary ores the important chemical precipitates are those

of iron, manganese, and aluminum. Of the mechanical concentrates the

residuary deposits include ores of iron and tin; the stream deposits include

ores of gold, of tin, and of platinum; the beach deposits include ores of

gold and magnetite.

In igneous ores—magmatic segregations—we can only certainly include

titaniferous iron ores and the aluminum ores which occur in corundum

syenite.

In the metamorphic ores deposited from gaseous solutions are probably

to be placed those impregnation deposits associated with which there have

contemporaneously developed the heavy anhydrous minerals, such as gar-

net, wollastonite, amphibole, pyroxene, biotite, and tourmaline. Doubtless

many if not all of the ores here belonging developed under the conditions

of the zone of flowage or anamorphism. This class is a subordinate one,

but includes a number of mines in various districts. Copper seems to be

the most important metal of this class, but zinc, lead, gold, silver, etc., occur.

The class of aqueous solution ores is believed to be more important

than all others combined. The criteria by which these ores are to be

recognized are as follows

:

(1) The major portion of the material of the ore deposits, and especially

the gangue minerals, is the same as the general cementation materials which

fill the openings of rocks of all kinds, from fissures to subcapillary openings.

General cementation is universally recognized as the work of aqueous

solutions.

(2) The gangue minerals of the ores are dominantly hydrous silicates,

carbonates, and oxides, such as are now being produced by aqueous solu-

tions in innumerable localities throughout the world, as, for instance, in the

Yellowstone National Park, the Mississippi Valley, Iceland, etc.

(3) At some of these localities in which the gangue minerals are being

formed on an extensive scale, metallic ores are also being deposited in small

quantities by the aqueous solutions, as at Steamboat Springs, Sulphur

Bank, and Boulder Hot Springs.

All of the three subclasses of ores deposited by aqueous solutions are

important. Ores of the first subclass, those which at the point of precipi-

tation are deposited by ascending waters alone, comprise ores of gold, silver,

and copper, the sulphides of all of the valuable metals, and the tellurides of

MON XLVII—04 78
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gold and silver. This subclass is of very great importance. It is illustrated

by the copper ores of the Lake Superior region, by all but the superficial

portion of the pyritiferous gold veins of the Sierra Nevada, and by the

deposits of many other regions.

The ores which are deposited by descending waters alone are the most

important subclass, both as to volume and as to importance to mankind.

These ores are chiefly oxides, anhydrous and hydrous. The^Gominant ores

here placed are those of iron. While subordinate amounts of iron ores

belong in other divisions, certainly more than 90 per cent and probably

more than 95 per cent of the iron ores yet exploited are in this subclass.

The ores of manganese also are mainly oxides produced by descending

watei's.

The ores deposited by ascending and descending waters combined con-

stitute a very important subclass. The materials of this subclass include

oxides, carbonates, anhydrous and hydrous silicates, and chlorides, chiefly

above the level of ground water; sulphurets and tellurides chiefly below,

but often also above it, and native metals both above and below it. There

is frequently a transition belt of considerable breadth between the various

products. At or near the level of ground water all of these products are

often intermingled. Important ores of copper and zinc are included in the

oxides; of lead, zinc, and copper in the carbonates; of zinc, copper, and

nickel in the hydrous silicates; of silver in the chlorides; of iron, zinc, lead,

copper, nickel, mercury, and silver in the sulphides; of gold and silver in

the tellurides. The metals include important ores of gold and silver, and

subordinate amounts of copper.

It is believed that the ores deposited by ascending and descending

waters combined are more numerous than those of any other subclass, even

if they do not occur in such great volume and are not of the same impor-

tance to man as the ores deposited by descending water alone. I suspect

that a close study of the origin of ore deposits will show that of ores formed

by underground water the most numerous subclass is not made up of ores

deposited by ascending waters alone, but is composed of ores which have

undergone a first concentration by this process and a second concentration

by descending waters. As a result of this there is found in the upper 50 to

500, or possibly even 1,000, meters of an ore deposit a large portion of

the metalliferous material which originally had, as a result of the first

concentration, a much wider vertical distribution.
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It is to be noted that the ores assigned above to the work of descending

waters alone do not include any sulphides. It is by no means asserted that

sulphide ores belonging to this subclass do not exist, but I know of no

sulphide deposit which can be certainly placed here. If more careful

investigation shall show that no important sulphide ores are deposited by
descending waters ^lone it will follow that all aqueous solution sulphide

ores belong either to the class deposited by ascending waters or to the class

produced by ascending and descending waters combined. It would

therefore follow that in the production of all sulphide ores ascending waters

are concerned. To my knowledge the only sulphide ores which are held

to be the result of descending waters alone are those of the Monte Cristo

district of Washington, described by Spurr." But Spurr's statement does

not seem to me to prove the conclusion. The mining has extended to only

a moderate depth in this district. So far as the facts are known, one might

explain the ores as being first concentrated by ascending waters and recon-

centrated by descending waters, or as prodiTced by ascending waters

alone. It seems to me more probable that the interpretation should be

along the line applicable to so many other districts—a tirst concentration

of the sulphides by ascending waters and a later concentration by
descending waters.

If the conclusion be established that ascending waters are concerned in

the production of all sulphide ores, to this extent the contention of

Posepny, who strongly insisted that all sulphide ores are the work of

ascending waters, is confirmed. His error would be that he overlooked

the importance of the concentrating effect of descending waters. Since

the tellurides are so closely associated with the sulphides it is highly

probable that they also will be found to be produced not by descending

waters alone, but by either ascending waters alone or by ascending and

descending waters combined.

To the foregoing classification objections will at once occur. It may
be said that there are no sharp dividing lines between the divisions, classes,

and subclasses. But transitions are everywhere the law of nature. In a

previous chapter (see pp. 786-787, 904-905) I have explained that there

are gradations between different classes of rocks, and this statement

applies equally well to ore deposits.

«Spurr, J. E., The ore deposits of Monte Cristo, Washington: Twenty-second Ann. Eept. U. S.

Geol. Survey, pt. 2, 1901, p. 857.
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There may be complete gradations between ores deposited by processes

of sedimentation and those produced by processes of metamorphism, and

between ores apparently most widely separated. Even ores of igneous

origin and those deposited by aqueous solutions may grade into each other.

It has been fully explained that ore deposits produced by processes of

sedimentation may grade into those produced by processes of metamor-

phism. Illustrating this, it may be recalled that a placer deposit formed

by mechanical concentration may be profoundly modified by the circulating

waters of the belt of cementation. Such circulating waters may add greatly

to or subtract much from the amount of gold in a mechanical concentration

deposit. It is highly probable (as explained on pp. 1042-1043), that the

gold conglomerates of the Rand and the deep placers of California have

this composite origin. It is also conceivable that ore deposits primarily

produced by sedimentation may also be modified by the actions of gaseous

solutions, but this is probably much less common than the modification by

aqueous solutions.

If it be agreed that ore deposits are produced by magmatic segre-

gation, by gaseous solution, and by aqueous solution, it is certain that a

deposit may be partly segregated by one of these processes, and this work

supplemented by one or both of the other processes. This may be true

of a deposit which is the result of continuous segregation. It is hard

to see how an ore deposit produced by magmatic segregation can be formed

wholly independent of the action of gaseous and aqueous solutions. If at

the time a magma solidifies, magmatic segregation of some valuable metal

takes place to a certain extent, after solidification is complete the tempera-

ture is still above 365° C. for a considerable time, and the conditions are

almost certainly those favorable to the action of gaseous solutions. These

may continue the process of segregation for a long time, but finally the

temperature falls below 365° C, and then when the temperature is still high

and hot water potent, the aqueous solutions begin their work. This work

of aqueous solutions may contiiuie to the time the ores are exploited.

Thus an ore deposit partly formed by magmatic segregation is sure to

be be subsequently modified by the action of gaseous and aqueous solu-

tions. The modification may be by addition or subtraction of the valuable

material; that is, in the direction of further enrichment or in the direction of

depletion. For the titanic magnetites and the corundum-syenite ores it is not



SUMMARY AND CONCLUSIONS. 1237

supposed that the action of the gaseous and aqueous solutions is usually of

great consequence; but for the sulphide ores and the gold ores which have

been held to be produced by magmatic segregation alone, I hold the work

of the solutions to be a necessary and in most instances the dominant part

of the process.

Whether ore deposits produced by magmatic segregation are likely to

be altered mainly by gaseous solutions or by aqueous solutions will depend

largely on the zone in which the igneous rocks are intruded. If the rocks

are batholiths in the zone of anamorphism the magmatic segregations which

there form are likely to be modified by gaseous solutions, and so long as

they remain in that zone aqueous solutions are likely to be unimportant.

Where the igneous rocks are intruded into the zone of fracture the con-

ditions are not favorable for action of gaseous solutions for any length

of time, but are especially favorable for the long-continued action of

aqueous solutions. Thus we would expect that magmatic-segregation ores

would be especially likely to be modified by gaseous solutions in the zone

of anamorphism, and by aqueous solutions in the zone of fracture.

Metamorphic ore deposits formed mainly by gaseous solutions or by
aqueous solutions, or by the two combined, may form without any implica-

tion that they are partly due to magmatic processes. Often after igneous

rocks are intruded ores do not begin to form until gaseous solutions are

active, or much later, when aqueous solutions are at work.

Not only are there transitions between ore deposits produced by
sedimentary, igneous, and metamorphic processes, but there are transitions

between the classes and subclasses. To illustrate, there are transitions

between chemical precipitates and mechanical concentrates; between

residual, stream, and beach deposits; between the deposits produced by
gaseous and aqueous solutions; between deposits produced by ascending

waters, descending waters, and ascending and descending waters.

The chemical precipitates and mechanical concentrates are connected

by the residual deposits. Very frequently chemical solution of a rock in

which the ore was disseminated is of equal or greater importance than the

mechanical concentration. The residual iron ore mantling Iron Mountain,

Missouri, is quite as much due to the solution of the porphyry as to its

mechanical disintegration. The tin ore in the alluvium of the Malay

Peninsula is probably concentrated more extensively by chemical than by
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mechanical processes. Thus one might consider that the residual deposits

which are classified as mechanical concentrates are partly chemical concen-

trates, and on this basis chemical deposits might be divided into chemical

precipitates and residual concentrates. However, residual deposits are

placed with the mechanical concentrates mainly because of their close

alliance with stream and beach dejDosits, which are plainly mechanical

concentrates. -

This leads to the transition between residual, stream, and beach

deposits. It is well known that a residual deposit on a hill or slope may

pass by imperceptible stages into the concentrates at the bottom of a stream.

It is known also that stream deposits may extend along the stream until

the ocean is reached, where a beach deposit may exist. It is therefore clear

that there is every possible gradation between residual, stream, and beach

de230sits.

An ore deposit which is formed mainly by gaseous solutions may be

modified by aqueous solutions, for when the temperature has fallen so that

the water is below its critical temperature, it is little short of certain that

the processes of segregation may and usually will be continued by aqueous

solutions, just as in the case of magmatic ores. Thus ore deposits are

probably seldom formed solely by gaseous solutions without any subse-

quent modification by aqueous solutions. Probably very often ore

deposits, perhaps inaugurated by precipitation from gaseous solutions, have

been profoundly modified by aqueous solutions. Like the ore deposits

first segregated by magmatic segregation, the later water action may be in

tlie direction of addition or subtraction. As to the importance of siibse-

quent action by aqueous solutions upon ore deposits partly formed by

gaseous solutions, there may be difi"erence of opinion. It is possible that

rocks which do not freely permit the circulation of underground water may

be more pervious to gaseous solutions, and that in very dense rocks deep

within the earth gaseous solutions may segregate ore deposits—such as those

associated with heavy anhydrous silicates or gangue minerals—which while

in that position are not materially modified by the subsequent action of

aqueous solutions. But ore deposits which are formed in the zone of

anamorphism must pass well up into the zone of fracture, if not to the

surface, before they are accessible to man. They are now in the zone in
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which aqueous solutions are active, and while migrating they may be

profoundly modified. The amount of subsequent modification, while

migrating from the deep zone to the sui'face, depends upon the conditions

of fracture, water circulation, and all the other factors which have been

discussed in connection with the deposition of ore deposits by aqueous

solutions. The modifications in the zone of fracture of an ore deposit the

concentration of which was begun in the zone of flowage, may be, therefore,

inappreciable or of dominating importance.

Ore deposits formed by aqueous solutions are not nearly so likely to

be modified by gaseous solutions as are the latter by aqueous solutions.

Under normal conditions an aqueous ore deposit would not be modified by

gaseous solutions, but if there were sufficiently powerful orogenic move-

ments or great igneous intrusions adjacent to an ore deposit pai'tly formed

or primarily produced by aqueous solutions, it is conceivable tha,t the water

might be raised above its critical temperature and thus a further concentra-

tion take place as a result of the work of gaseous solutions. It might be

supposed also that an ore deposit partly formed by aqueous solutions might

become so deeply buried as to pass into the zone of anamorphism and there

be modified by gaseous solutions. Thus, while it is admitted that modifi-

cation of aqueous solution deposits by gaseous solutions is possible, it is

believed that it is exceptional.

Ore deposits which are precipitated almost solely by ascending waters

often grade into those in which descending waters have produced an

important effect. Thus there is transition between the ores deposited by

ascending waters and those deposited by ascending and descending waters.

Similarly there is every gradation between ore deposits formed by ascend-

ing waters and those produced by descending waters, and between ore

deposits formed by descending watei's and those precipitated from ascending

and descending waters. It may not infrequently happen that a single fissure

may fall partly in one subclass and partly in another. Thus a single ore

deposit may belong partly in the subclass of ores formed by ascending-

waters, and partly in the subclass of ores produced by ascending and

descending waters. However, most aqueous deposits belong chiefly to one

of the tlu'ee subclasses.

Finally, not only are there gradations between different varieties of the

ore deposits among themselves, but there are gradations between the ore
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deposits and the rocks, for the ore deposits in many cases are not sharply

separated from the country rocks, but grade into them in various ways.

Therefore it appears that not only are there no hard and fast lines

between ore deposits of different modes of origin, but that a single ore

deposit may be produced by various combinations of most widely diverse

processes. Indeed, it is certain that many ore deposits are not produced

by a single process, but by several processes, one following another, or

even by more than one cycle of processes. Thus, ore deposits which

receive the first concentration by magmatic segregation may be concen-

trated further by gaseous solutions, still further by aqueous solutions, still

further by sedimentary processes, and again by aqueous solution. It is

clear that there may be every gradation between ore deposits produced

solely by magmatic segregation and solely by aqueous solutions.

For the production of many ore deposits in their present condition

there have been many stages of concentration by various processes. One

cycle of concentration may have followed another through a large part of

geological time in accordance with the general law for the segregation of each

of the metals in certain formations. (See pp. 947-948.) Many iron-ore

deposits have certainly, and many deposits of other metals have probably,

been produced as the result of the work of several cycles.

While a part of the metals for many and perhaps most of the ore

deposits have an exceedingly composite history, in the majority of cases a

final process is dominant, and ore deposits may therefore be fairly classified

on the basis of the last permanent process. For instance, there is no ques-

tion that the Lake Superior iron ores were deposited by descending aqueous

solutions; the copper deposits of the same region by ascending aqueous

solutions, and the lead and zinc deposits of the Mississippi Valley by

ascending and descending aqueous solutions.

Looked at broadly from the above point of view, the total mass of

existing ore deposits of all kinds taken together represents the accumulation

of the valuable metals of all previous processes of concentration. The

processes of segregation are continuous. We catch the series of cycles

at a certain stage, and upon the basis of the existing facts we classify

them. In coming geological periods existing ore deposits will be sources

from which, by various processes of segregation, the ore deposits of that

distant time will derive a portion of their material. Another source of
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material for such ores will be the igneous rocks which in the future enter

the upper part of the lithosphere from the centrosphere.

In conclusion the merits of the classification proposed may be sum-

marized as follows:

First, the classification is strictly genetic, and is based upon a

consistent plan.

Second, the primary divisions of metallic ore deposits are parallel with

those of rocks. Just as there are sedimentary, igneous, and metamorphic

rocks, so there are sedimentary, igneous, and metamorphic ores. If this

division of rocks be logical the division of ore deposits is equally logical.

Third, the classification recognizes the gradation and connection

between different classes of deposits, one of the most fundamental laws of

geology. Recognizing that many ore deposits have a long complex history

in which many processes have been concerned, it makes the basis of the

classification the last process which resulted in the deposition of the ores

where they are now found.

Fourth, it is believed that the classification offered, being strictly

genetic and recognizing gradation, is enlightening from a scientific point of

view and gives a better idea of the relations of various ore deposits to one

another than classifications heretofore proposed.

Fifth, it is believed that the classification will assist mining engineers

and geologists in accurately describing deposits, and will give rules to

guide them in the exploration and exploitation of ore deposits.

As an illustration of the practical usefulness of the classification is

the connection between genesis and depth for those ore deposits in which

descending waters were an important factor in concentration. Ores depos-

ited by ascending waters alone are likely to continue to great depth.

Therefore, where a given ore deposit has been shown to belong to this

class, the expenditure of money for deep exploration may be warranted.

Where a deposit is produced by descending waters alone the extent in

depth is probably much more limited. In such cases, when the bottom of

the oxidized product is reached, it would be folly to expend money in

deep exploration with the expectation of finding otlier rich oxidized masses.

Where the ore deposit belongs to the third class, that jjroduced by ascend-

ing and descending waters combined, there is a rich upper belt which we
can not hope will be .duplicated at depth. However, this class of deposit
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may grade into the first class, and after the transition the deposit may be

rich enough to warrant exploitation at depth. If such work be undertaken,

it must be understood that the rich upper products peculiar to the belt of

weathering and to the belt of sulphide and telluride enrichment will not be

duplicated at depth. It therefore appears to me that the determination

to which of the classes of ore deposits produced by underground waters a

given deposit belongs has a direct practical bearing upon its exploration

and exploitation.

Again it has been seen that the ores produced by magmatic segrega-

tion and those which are produced by gaseous solutions form a relatively

sm.all class, and not only so, but that the ore deposits themselves are

usually rather circumscribed. When, therefore, deposits have either of these

origins, experience does not justify the belief that they will be of great

importance. For instance, if a copper deposit is associated with heavy

anhydrous gangue minerals, and has irregular boundaries, it can not be

expected to prove comparable in richness and extent to the great copper

deposits produced by aqueous solutions.

It is my hope that mining engineers and geologists will study ore

deposits in various regions with reference to the principles discussed in this

treatise. It appears to me that he who does this will be capable of inter-

preting better than before the phenomena which he finds in the ore body

or bodies with which he is particularly concerned.

In addition to the points specially emphasized in this volume, accurate

descriptions should be made of the relations of the different minerals of ore

deposits, of the occurrence of each ore mineral with reference to the wall

rocks, and of the variations of the ores in composition and richness at

various depths, reckoning both above and below the level of ground water.

Moreover, such a study should include close observation of the gangue

minerals in their relations to one another and to the valuable minerals, for

in many instances they give important testimony as to the origin of the ore

deposit. A study should be made of the stratigraphy, including the changes

of country rocks and wall rocks, the pervious and impervious formations,

the phenomena of deformation, such as folding, faulting, jointing, breccia-

tion, secondary structures, etc. The volcanism of the district should be

fully investigated. Finally, the general metamorphism should be worked

out. In short, my point of view is that the principles controlling the
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deposition of ores must be interpreted in the light of the general principles

of geology and especially of metamorphism. It is believed that when a

comprehensive study of various ore-bearing districts has been made from

this point of view a more satisfactory treatise upon ore deposits may be

written than has yet appeared.

Such a study of ore deposits must be a difficult one, involving as it

does a working knowledge of stratigraphy, of physical geology in its

broadest and most intricate aspects, of petrology, including igneous, sedi-

mentary, and metamorphic rocks, of mineralogy, and of modern physical

chemistry. Undoubtedly many ore deposits will be found to be exceedingly

complex and not to come fully within the scope of the principles discussed.

So far as any ore deposit fails to do this, it will give data upon which to

state a more nearly complete theory of ore deposits than that here proposed.
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in soils, amount of, necessary to prevent agri-

culture 543

migration of , to surface, process of.. 546

prevention of deposits of 546

susceptibility of, to weathering 532

Alkaline rooks, susceptibility of , to weathering.. 532-533

AUanite, alterations and alteration products of 323

chemical and physical constants of 195, 320

occurrence of 322

AUophane, chemical and physical constants of . . . 195, 254

sources and mode of formation of 369,389

Almandite, alterationsand alteration products of. 372, 375

chemical and physical constants of 195,299

occurrence of 300-301

Almandite and pyrope, alterations and alteration

productsof 375,383,390,401,404

Almandite, melanite, and pyrope, alterations and
alteration products of . . 375, 383, 387, 390, 396

1245
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Page.

Altei-ation of minerals, chemical I'eactions and vol-

ume changes involved in, table show-

ing _ 375-394

classification of, with volume changes. 395-408

general nature o£ - - 202-206

products of , tables showing -. 372-374

with addition or subtraction of material, cate-

gories and examples of.. 203-206

with change in chemical composition, character

and conditions of 202-206

without addition or subtraction of material,

categories and examples of 203

without change in chemical composition, char-

acter and conditions of 202

Alterations of rocks, general nature of -- 31-38

geological f.actors affecting _ - 40-44

.See also Metamorphism.
Aluminates, deposition of 541

Aluminum, in earth's crust, amount and percent-

age of.... 934,936,937,938,983-986

in rocks of different kinds, proportions of 984

minerals containing 628

decomposition of, in rock weathering, order

of.. .— 536

Aluminum ores, formation of 541, 1037

Aluminum-silicate group of minerals, character,

occurrence, formation, and altera-

tions of .--- 316-319

Amesite, alterations and alteration products of.. 347-348

chemical and physical constants of 196,345

occurrence of— 346-347

source and mode of formation of 302,

304, 328, 369, 390, 393, 399, 403

Ammonia, production of, from urea, formula for

reaction 465

Amorphous compounds, crystallization and conden
sation of - 103

Amphiboles,alterations and alteration products of. 282, 354

chemical and physical constants of 195, 197, 281

formation of, from limestones 822

from pyroxenes — 276-278

occurrence of 281-282

percentage of, in igneous rocks 937

sources and mode of formation of 274,

276-278, 354, 380, 383, 394, 822

See also names of minerals of the group, Actino-

lite, etc.

Amphibolegabbro, mineral composition of, and
volume changes possible in 632-633

Analci te, alterations and alteration products of . . 333-335,

366,372,376,401

chemical and physical constants of 195, 330

occurrence of 331-333

sources and mode of formation of 260, 266,

267, 292, 293, 295, 296, 334, 3*5, 366, 369,

375, 3S6, 388, 392, 397, 398, 400, 402, 404

Analcite and quartz, alterations and alteration

products of 375,407

production of, from albite, volume change inci-

dentto 632-633

Anamorphism, propriety of use of term 169

zoneof,chemical changes and reactions in 93-94,

168, 171, 180, 181, 186, 590, 675-707, 764-766

chemical reactions in, heat effects of 110-111

common tozone of katamorphism and . 181-182

opposed to those taking place in zone of

katamorphism 181, 366-369

thermal and volume conditions and ef-

fects of 167,170,186

Page.
Anamorphism, zone of, circi^lation of gaseous solu-

tions in 1020-1021

zone of, condensation of volume of rocks in 169

conditions and materials in _ 668-670

deBnitionof 43,167,170,657-659

deformation in 1011-1012

energy required for 769-774

dehydration in. 178-179,180

deoxidation in 169,955

factors dominant in 167

gaseous solutions in, circulation of 1020-1021

gradation between, and zone of katamor-
phism 191

igneous work in 707-748

materials and conditions in 668-670

mechanical work in 670-675

minerals formed in... 169,363-364

oxidation and deoxidation in, thermal and
volume changes involved in 172

relation of, to zones of fracture and flow-

age 187,190

to zone of katamorphism 170-186,766-768

rockflowagein 748-764

rocks formed in, character of. 169

silication in 176-177

specific gravities of minerals in 169,363-364,924

temperature conditions in 168,170

thermal effects of chemical reactions in 170

volume changes in 107,182-183

water in, circulation of 128,129,661-668

condition of 659-661

quantity of 661

work in, chemical 675-706

igneous 707-748

mechanical 670-675

Anatase, alterations and alteration products of 230-

231, 374, 388

chemical and physical constants of 199,230

occurrence of 230

sources and modes of formation of 227,

228, 230-231, 355, 371, 385, 386, 393, 396, 405

Andalusite, alterations and alteration products
of 317-319,372*399,402

chemical and physical constants of 195, 316

occiirrence and mineral associates of 316

Andesine, mineral composition and physical con-

stants of... 259

occurrence, alterations, and alteration products
of 259-260

Anglesite, reaction of, on calcium carbonate, equa-

tion showing 1147

Anhydrite, alterations and alteration products of.. 357,

372,402

chemical and physical constants of 195, 357, 788

source and mode of formation of 357,

358,369,384,400,788-789

Anthophyllite, source and mode of formation of . . . 310

Anhydrous minerals, order of decomposition of 533

Animals, abundance of, favorable to decomposition

of rocks 503-504,505-506

phosphates and nitrates producedby 542-543

scarcity of, favorable to rock disintegration

without decomposition 500

work of , in soils 447-451,456-457,504-506

Ankerite, alterations and alteration products of. 242-243,

372,405,406

chemical and physical constants of 195,237

formation of actinolite from, chemical reaction

involved in 837
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Page.

Ankerite, formation of sahlite from, chemical reac-

tion involved in 837

sources and modesof formation of. 342-243,625,833-829

Ankerite and parankerite, alterationsand alteration

productsof - - 376

Ankerite and quartz, alterations and alteration

productsof 376,407

Ankerite, parankerite, and quartz, alt -'rations and
alteration products of - " 376

Anorthite, alteration of, to gismondite, volume
change incident to. .- 633

alteration of, to thomsonite, volume change in-

cident to 633

alterations and alteration productsof 260,

261. 264, 367, 372, 376, 377, 402, 404

chemical and physical constants of 195,259

occurrence of _ 259-360

sources and modes of formation of 260, 264, 367

Anorthite, trisilicic, alterations and alteration prod-

ucts of 262

chemical and physical constants of . _ _ 201

Anorthite, albite, and leucite, alterations and alter-

ation products of 375,376,386,397

Anorthite, albite, and microcline, alterations and
alteration productsof 389

Anorthite, albite, and orthoclase, alterations and
alteration products of 375,377,389,404

Anorthite and albite, alterations and alteration

productsof 375,376,377,397,398

Anorthite and calcite, alterations and alteration

productsof.. 377,400

Anorthite and hematite, alterations and alteration

productsof 377,402,404

Anorthite and olivine, alterations and alteration

productsof 388,408

Anorthoclase, alterations and alteration products Of 358-

259, 369, 370, 371, 372, 377, 398

chemical and physical constants of. 195,253

occurrence of.. _ 257-258

sources and modes of formation of 358

Anorthoclase and gibbsite, alterations and altera-

tion products of .. . 377,400,401

Anorthoclase, hematite, and calcite, alterations and
alteration products of 377

Anthon, E. F., on order of disappearance of the
metals on oxidation 1141

on precipitation of sulphides 1114, 1116

Anthophyllite, alterations and alteration products
of. 282,372,377,378,404

chemical and physical constants of 195,381

occurrenceof 281-282

sources and modes of formation of. 268,

270, 271, 282, 309, 310, 354, 369, 379, 382, 388, 399, 406

Ants, work of. on soils 448,449

Apatite, alterations and alteration products of 356,

372,378

occurrence of 356

chemical and physical constants ot 195,356

Aphrosiderite, chemical and physical constants of 195, 327

sources and modes of formation of 303,

304-305, 369, 376, 383, IfflO, 404

Apo, definition of term 776-777

Apophyllite, alterations and alteration product of, 333,

334,373,378,401

chemical and physical constants of 330

occurrence of 331-333

Aqueous solutions, ascending, ores precipitated

from 1072-1139

Page.
Aqueous solutions, ascending and descending, ores

precipitated from 1139-1193

circulation of 1021-1029

descending, ores precipitated from 1193-1199

formation of 59

metamorphic work of 63-158

minerals now in coui-se of deposition by 1059-1060

ores deposited by 1058-1234

metals of, sources of 1069-1072

modification of, by gaseous solutions 1239

precipitation of minerals by reactionsbetween 116-119

precipitation of minerals by reactions between
gases and 119

source of water of.... 1065-1069

work of, in segregating ores 1073-1 199

Aragonite, alterations and alteration products of.. 245-

246,372,378,399

chemical and physical constants of. 195, 245

occurrence of 245,793
sources and modes of formation of 345

Arches in strata, influence of, on ore deposition. 1311-1216

Arctic regions, disintegration of rocks in 498-499

Arfvedsonite, alterations and alteration products
of 289,372,378

chemical and physical constants of 195, 283

occurrence of 285
Argentite, alteration of, to silver sulphite, equation

showing 1167

formation of, equation showing 1168

Argillite, association of gold with 1095, 1096

losses in, by weathering, analyses showing. 510, 315, .522

Arid regions, accumulation of alkalies in 545-546

disintegration of rocks in . _ 497

ground-water level in, as affecting depth of ore
deposits iiso

soils of, composition of 497-498

Arizona, copper deposits of, secondary enrichment
of.. .- _ 1184

Arkansas, limestone froih, losses in, by weather-
ing .— 513,523

syenite from, losses in, by weathering, analyses
showing. . 508,522

Arkansas Eiver, ground water of, rate of flow of . . . 584
Arrhenius, Svante, on climatic effect of increased

amount of carbon dioxide in atmos-
phere. 464

Arkose, deposits of , origin and character of 874-875

Arkoses, metamorphosed, discrimination of 909-910

Arkose-gneiss, depositsof , originand character of. 875-876

Arkose-schist, deposits of, originand character of. 875-876

Artesian water, flow of, loss of head in 143

Artesian wells, section showing requisite conditions
for.. 577

Ascending aqueous solutions, ores deposited by 1072-

1139,1235

See also Water, ground, ascending.

Ascending and descending aqueous solutions, ores
deposited from 1139-1193,1234,1235

Aspen district, Colorado, silver-lead deposits of,

theory of formation of 1084

Atmosphere, chemical composition of 944

percentage of known matter ot globe formed
by 933

Auge, on bauxite deposits 985

Augite, alterations and alteration products of 373

377-280, 372, 378, 397. 399, 408

chemical and physical constants of 195,371

occurrenceof 372
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Augite, source aud mode of foi'mation of __ 272,

286,289,309.385,408

Augite, sidei'ite, and inagnesite, alteration products

of 378,408

Austin, L. "W., and Thwing, C. B., on volume of

water at different temperatures 147

Australia, gold fields of, secondary enrichment in

1185-1186

ore deposits of, influence of organic matter of

wall rock on deposition of 1087-1088

Axinite, chemical and physical constants of 195,323

occurrence of - 323-324

Azurite, formation of , from malachite 1159

Bacteria, work of, in disintegrating plant and ani-

mal remains _ 455-456,457

work of, in plant growth.. 453,453

Bain, H. F., figure cited from 1156

on chert beds of Missouri . 851

on dolomitization of limestone by ascending

waters - 800,807

on lead and zinc ores of the Mississippi Val-

ley 1145,1208

on precipitation of lead and zinc ores by min-

gling of solutions 1114

on precipitation of lead and zinc ores by organic

matter 1111,1114

on reduction and precipitation of oxidized prod-

ucts by organic matter. 1157

on secondary enrichment of ore deposits 1188

on secondary sphalerite in the Joplin district. . . 1152

Bain, H. F., and Calvin, Samuel, on dolomitization

of limestone 800

Ball, S. H., aid rendered by, in measurement of

grains of sandstone. 861

on density of saturated solution of sodium chlo-

ride .*. 147

on granulation of anorthosite 675

on size of grains of feldspar in original and gran-

ulated rocks 739

on size of particles of sand composing sand-

stone 892

Bancroft, G. J., on precipitation of gold by tellu-

rides 1097

on tellurides in the Kalgoorlie district of West
Australia 1119

Banner mine, California, vein quartz from, figure

of . 1156

Barium, percentage of, in earth's crust 936, 1002

Barium oxide, pei'centage of, in earth's crust 938

Barker, G. F., on capillary and molecular attrac-

tion.. ._ 150,151

on strength of surface tension of water 150

Barlow, A. E., on fusion of sedimentary rocks 734

Barlow, A. E., and Adams, F. D., on schist-conglom-

erates. a59

Barometric; pressure, influence of, on ground-water
level 428

Barus, Carl, on decrease of volume of glass and hot
water on solution _ 78

on miscibility of water with rock magma 723

on nonaction of steam on diabase 493

on potentialization of energy in strained min-
erals. 96,691

on solubility of glass in water 79,80,

112, 630, 637, 692, 723, 740, 749, 750

Page.
Barus, Carl, on temperature increase with increase

of depth 593

on temperatures required for aqueo-igneous
fusion 729

Basalt, losses in, by weathering, analyses showing. . 509,

515,522

Bascom, Florence, on devitrification 247

. on use of term "apo" 776,777

on weathered dikes 527

Basement complex, rocks of, hypotheses as to origin

of 37

Bases, definition of. 84

strength of, dependence of , on degree of dissocia-

tion 94

strong and weak, discussion of 92

substitution of, alterations produced by 408

Basic salts, instance of 84

Bastite, chemical and physical constants of 195

sources and mode of formation of 268, 270,

275, 278, 282, 285, 286-287, 288, 290, 369,

375,378,379, 381,382,391, 398, 399, 404

Bauxite deposits, formation of 1037

Bayley, W. S., on arkose-gneiss deposits of Lake
Superior region ., 876

on biotite and chlorite, mutual replacement of 179-180

on fusion of rocks on Pigeon Point, Minn 732,733

on schist-conglomerates 860

on schists of Lake Superior region 904

on water content of rocks as affecting granula-
tion and recrystallization 743

Beaumont, Elie de, on ore production by gaseous
solutions ._ 1053

on origin of pegmatites 722

term "agents mineralisateurs " first used by ... 59

Beck, R., on formation of cassiterite 1127

on igneous origin of certain ore deposits 1049-1050

on ores deposited from gaseous solutions 1054

Becke, F., chemical reactions given by 261,264

on alteration of olivine to anthophyllite 310

on alteration of orthoclase and plagioclass to

albite and other minerals _. 264

on enlargement of mineral particles 644

Becker, G. F., figures cited from 643,882

on bowlder-like masses produced by weather-
ing 527-528

on consolidation of rocks 596

on contact metamorphism 715

on precipitationof mercury sulphide. 1109

on serpentinization 219, 646, 881

on solubility of gold 1090

on solubility of sulphides 1106

on strain, flow, and rupture of rocks 600,753

on Witwatersrand banket 1041

Bedding partings, size of _ 138

Bedding planes, importance of, in ground-water
circulation ., 130

Bell, Robert, on volume changes in rocks by weath-
ering 524

Belt of cementation, weathering. See Cementation;
Weathering.

Belt, Thomas, on rock decomposition in tropical

regions : 476,530-531

Bendigo gold district of Australia, ores formed be-

neath impervious arches in 1213-1313

Berea sandstone, strain in, shown by quarrying 598

Berlanite, source and mode of formation of .. 347,369,380

Berthelot, Marcellin, on production of heat in

chemical changes 106-107



INDEX. 1249

Page.

Beta spodumene,alterations and alteration products

of 3:^-97,405

chemical and physical constants of 200, 380

sources and mode of formation of . 280-281,369,392,408

Biddle, H. C, on precipitation of copper 1102

Bingley, C. W., on devitrifleation 248

Biotite, alterations and alteration products of ... 339-343,

354,r72, 378,379,396,- 97,399,402

chemical and physical constants of 195, 336

occurrence of 339

soTifces and modes of formation of 255,257,278,280,

286, 312, a54, 369, 377, 378, 385, 387,

389,393, 394, 397, : 99, 400,401,405

Biotite and hematite, alterations and alteration

products of
'.

379,396,398,401

Biotite-chlorite, chemical and physical constants of. 195

source of 36,1,379,397,401

Biotite-graywacke, photomicrographs of 888

Biotite-slate, photomicrograph of 903

Birkinbine, John, on magnetite beach sands of New
Zealand 1039

Bischof, Gustav, on carbonation of silicates 175-176

on carbon dioxide in earth's crust 474

on carbonic acid in groundwaters 610

on carbono-silicic cycle of metamorphism. 176-177, ISl

on decomposition of silicates by alkaline car-

bonates 476-477

on interchange of cai'bon dioxide and silica in

chemical reactions at different tem-
peratures 108

on magnesium content of corals and marine
shells 798

on oxygen contained in ground waters, amount
of 605

on penetration of basalt by water 123

on precipitation of calcium and magnesium car-

bonates, order of 799

on replacement of carbonic acid by silicic acid, 94

on sea water, density of 147

Dlake, R. F., on effect of work of burrowing ani-

mals on soils ._ 450

Blake, R. F., and Letts, E. A., on amount of oxygen
in soils 470

on bicarbonates in zone of weathering 536

on carbon dioxide in the atmosphere 962

on carbon dioxide in soils _- _ 475

Blake, W. P., on ore deposits at Ducktown, Tenn -. 1182

on organic matter, action of, in reducing and pre-

cipitating oxidized products 1157,1158

on precipitation of lead and zinc by organic
matter lUl

Blende, secondary, figure showing _ 1156

Blow, A. A., on ore deposits of Leadville, Colo 1214

Blue Mountains, Oreg., copper deposits of 1055-1056

Bog iron ore, formation of deposits of._ 550

Bohemia, basalt from, losses in, by weathering. . . 509, 522

phonolite from, losses in, by weathering . 512

Boration, definition of 206

Bornite, production of, reactions showing 1162

zone of deposition of - 1160

Bomstein, Hans, and Landolt, Richard, on viscosity

of water at different temperatures. . 141

Boulder Hot Springs, Mont., mineral vein forma-

tion at - 1059-1060,1064,1066,1068

sources of water of _._ 1068

Boussingault, J. B., on amount of carbon dioxide

emitted by volcanoes 969
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Page.
Boussingault, J. B., and Lewy, B., on carbon dioxide

in soils 474

Bowlder, gravel, and pebble deposits, discussionof . 863-860

Bowlders of disintegration, production of _ 537-53B

Branner, J. C, on ants and termites, burrowing
work of... ..., 448,449,456

on bowlders and m.ountain3 of disintegration in

Brazil 538

on carbon dioxide brotightdownby rain, amount
of.. 453

on disintegration of rocks by changes in tem.-

perature _.._ 439

on diurnal change of temperature in Brazil 436

Brauns, R
.
, on formation of webskyite 350

Breccias, pore space in 127

Brecciation. See Fracture.

Breunnerite, sources and mode of formation of .. 309,369

Brewster, David, on devitrification of glass 248

Briggs, L. J., on absorbent power of soil for carbon
dioxide 475

Brogger, W. C, on alteration of arfvedsonite to

acmite. 286

on pegmatization. 731,725

Bromide of magnesium. See Magnesium bromide.
Bromine, in earth's crust, amount and percentage

of 978,1003

in ocean, amount and percentage of.. 936.944,978

in sea salt, percentage of 942, 943

Bronzite, alterations and alteration products of. 268-371,

372,379,399,404,405

chemical and physical constants of _ 196,367

occurrence of.. 268

Bronzite, calcite, and quartz, alteration products
of 379,407

Brookite, alterations and alteration products of 230-

231,372,379

chemical and physical constants of 196, 330

occurrence of 230

sources and mode of formation of 231

Brown, R. CiOn ore deposits of Butte, Mont 1183

Brucite, alterations and alteration products of 235,

373,379,396

chemical ancl physical constants of 196,334

occurrence of _ 335

sources and mode of formation of, 325,

349, 369, 380, 385, 391, 396, 403, 404

Buckley, E. R., figure cited from 814

on crushing strength of Berlin rhyolite-gneiss

and Niagara limestone 534

on effect of freezing on rocks, as influenced by
pore space 441

on pore space in sandstones. 134,126,569,863

Burrowing animals, work of, on soils 447-451,456

Butte, Mont., copper ores at, secondary enrichment
of - 1183-1183

mineralized zones at, copper and silver ores

separately borne by 1081

ore deposits of, contiguous mineral zones in,

bearing different ores 1203

Bytownite, character, occurrence, f'-rmation, and
alterations of 259-265

C.

Cacti, disintegrating effects of, on rocks. 445

Calamine, formation of.. 838

Calcite, alterations and alteration products of . . . 238-340,

373,379,380,407,408
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Page.

Calcite, change of, to dolomite, volume effects of._, 801

chem.ical and physical constants of 196,337

mobility of.. T54-755

occurrence of _ ^7-338

sources and modes of formation of ... . 216, 237-238, 241,

245-246, 273, 274, 282, 285, 286, 298, 312,

322, 358, 369, 375, 376, 377, 378, 379, 381

,

382, 383, 384, 385, 387, 390, 391, 393, 394,

396, 397, 398, 399, 402, 407, 408, 624-625

Calcite and anorthite, alterations and alteration

products of 377,400

Calcite and quartz, alterations and alteration prod-

ucts of 380,407

Calcite, anorthoclase, and hematite, alterations and
alteration products of __- -.- 377

Calcite, bronzite, and quartz, alterations and altera-

tion products of 379,407

Calcite, diaspore, and quartz, alterations and altera-

tion products of.. -. 882,407

Calcite, forsterite, and quartz, alterationsand altera-

tion products of . 383,407

Calcite, gibbsite, and quartz, alterations and altera-

tion products of 383,407

Calcite, hematite, and microcline, alterations and
alteration products of 389 , 401

Calcite, hematite, and orthoclase, alterations and
alteration products of 389, 401

Calcite, hypersthene, and quartz, alterations and
alteration products of 379, 407

Calcite, ilmenite, and quartz, alterations and altera-

tion products of.. _ 385,408

Calcite, olivine, and quartz, alterations and altera-

tion products of. _ _ _ 388,407

Calcite,^quartz, and corundum, alterations and al-

teration products of 381,408

Calcite, quartz, and rutile, alterations and altera-

tion products of.. 391,407

Calcium, agricultural benefits of, in soils 93

in earth's crust, amount and percentage of 934,

936,990

in ocean, amount of _ 944

in sea salt, percentage of 943

occurrence and combinations of 990-993

Calcium-bearing minerals, deposition of 637

Calcium carbonate, amount of, annually removed
from soil 486

deposition of 487,550

deposits of, metamorphism of 795-797

in ocean _ 943

in salts of sea water 943

solution and precipitation of... 119,539,557-558

Calcium-magnesium-carbonate family of rocks, de-

posits composing 791-823

Calcium oxide, percentage of, in earth''scrust. . 934, 937, 938

See also Lime.

Calcium sulphate, amount of, annually rem.oved

from soil 486

amount of, in ocean 943

in salt of sea water 943

production of, equation showing reaction for... 1147

solubility of. In salt water 119

California, depth of disintegration of rocks in 531

ground water in, rate of flow of 585

Calvin, Samuel, and Bain, H. F., on dolomitization

of limestone 800

Cameron, F. K.,on absorption of carbon dioxide by
soils -. 475

Page.
Cameron, F. K., on adsoi-ption 64

on alkaline reaction of sodium silicate in solu-

tion. 86

on hydrolysisin case of aluminatesand ferrates. 87

on osmotic pressure : 73

on precipitatjon of alumina and ferric oxides. . . 541

on solubility of gypsum and calcium carbonate
in saltwater 119

on solutions.. _ 58

Camp Bird mine, Colorado, ore seams in secondary
fractures at 1329

Cancrinite, alterations and alteration products of . . 294-

295 373.379,402

chemical and physical constants of 196,392

occurrence of 294

Capillarity, definition of 153

effect of, on level of ground water 413

influence of, in ground-water circulation 151-153

upward transfer of material by 549

Capillary openings in rocks, flow of water in 138-143

Capillary, subcapillary , and supercapillary openings
in rocks, sizes of 135-136,138,145-146

Carbon, chemical relations of, to silicon, discussion

of 173-177

in atmosphere 963,968,970,971-974

in earth's crust 936,938,962-974

in igneous rocks 968,969

in meteorites 964

in ocean... 944,963,965,967-968

in sea salt 943

oxidation of, in belt of weathering 461-465

replacement of, by silicon, discussion of 175-177

segi'egation of, modes and extent of 964-967

Carbon-bearing minerals, deposition of 628

Carbon compounds, specific volumes of, compared
with volumes of similar silicon com-
pounds 175

Carbon dioxide, action of, in metamorphism... 60,

61,62,71,165

action of solutions of, on minerals 475^76

appropriation of, by plants, effects of 453

emitted by fumaroles and solfataras, sources of, 493

gravitational gathering of, from interstellar

space 973

in atmosphere, amount of 472, 474, 963-963

increase of, by human agencies 457,463-465

now and formerly, amount and proportion

of 949-950,956,964-965

in earth's crust, percenta.ge of _ 938

in rain water, amount of.. 474

in rocks, as liquid 746-747

in salts of sea water, percentage of 942

' in sedimentary rocks 965,966,973

in soils.. 474

increasing amount of, thrown into atmosphere,

results of 464-465

influence of pressure on action of 71

liberation of, by erosion 969-970

pressure of, at earth's surface 71

production of , conditions favoring 609

by combustion of coal 404,972-973

replacement of, by silicon dioxide 173-177

replacement of silicates by 175-176

segregation of, by gravity from interstellar

space 973

sources of, in metamorphism . . 164, 609, 610, 950, 967-974

work of , in metam.orphism 60,61,63,71,165
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Carbonaceous rocks, occurrence of gold at intersec-

tion of quartz veins with 1094-1095

Carbonate of lime. See Calcium carbonate.

Carbonate order of roots, deposits of 791-843

Carbonates, cement-forming, in belt of cementa-

tion, enumeration of 621

character, occurrence, formation, and altera-

tions of .. -,- — 236-245

chemical relations of, to silicates -- 173-177

decomposition of, by silica - - 176-177

deposition of, conditions of - 624-625

formation of, extent of - 971-973

in belt of cementation... .-. 165

with decomposition of silicates 93

gangue-forming, deposition of 113S-1129

in waters of mineral springs, content of 1 ... 611

solubility of, increase of, by pressure 78

Carbonation, alteration produced by 396

definition of 204r-305

depth and pi-essure at which silication re-

places 180-181

discussion of 473^80,608-612

extent of --. 964-966

as compared with extent of silication 971-972

in belt of weathering 163,479

in belt of cementation 164

methods of 475

method and extent of, in zone of katamorphism, 161

,

163, 164^165

of silicates, discussion of 175-176

relations of, to vegetation 477

source of carbon dioxide for, in zone of kata-

morphism 161

volum.e changes incident to 478-479

Carbonation and defluoridation, alteration pro-

duced by .. - 396

Carbonation and dehydration, alterations pro-

duced by . i 396

Carbonation and deoxidation, alterations produced
by 396

Carbonation and desilication, alterations produced
by 396

Carbonation and hydration, alterations produced
by '.

397

Carbonation, deoxidation, and dehydration, altera-

tions produced by _ 396

Carbonation, dehydration, and desilication, altera-

tions produced by _ 396

Carbonation, dehydration, and desulphation, altera-

tions producedby 396

Carbonation, hydration, and dechloridation, altera-

tions produced by 398

Carbonation, hydration, and desilication, altera-

tions produced by 398-399

Carbonation, hydi-ation, oxidation, and desilica-

tion, alterations produced by 399

Carbonation, hydration, and desulphation, altera-

tions produced by 399

Carbonation, hydration, and silication, alterations

produced by,- 399

Carbonation, oxidation, and hydration, discussion

of 483^84

Carbonation, oxidation, dehydration, and desilica-

tion, alterations produced by 399

Carbonic acid, acids replaced by... 205

dissociation of , equation showing _ 85

importance of, in metamorphism 85

Page.

Carbonic acid, in ground water, presence of 93

in ground-water solutions, work of 93

in salts of sea water, percentage of 942

replacement of, by silicic acid 94

replacement of, by silicic acid, volume changes
resulting from 93

See also Carbon dioxide.

Carrara marble, deformation of, experiments in . 811-816

deformation of, photographs showing effects of. 814

Casehardening of rocks, an illustration of chemical

action between solids.. ___ 56

discussion of 546-549

Cassiterite, deposition of, from, gaseous solutions. ._ 1054

formation of ._ 1127-113S

Caves in lead and zinc district of Missouri, features

of 565

Cavities containing liquid, cut showing 746

Cazin, F. M. F., on ore deposition 1111

Cellulose, composition and geological effects of 453

oxidation of, acids produced by 461-463

Cementation, belt of, aqueous solutions in, circula-

tion of 1024^-1028

belt of, boundaries of 565-566

belt of weathering contrasted with 166-167

carbonation in 164^165

chemical changes in, variation of amount of,

with varying porosity 655-656

chemical reactions in 164^167, 603-604

thermal effects of... 590

circulation in, aqueous solutions. 571-593,1024-1028

gaseous solutions 1019-1020

water 571-593

conditions and materials in, variability of , . 594

definition of 163,164,562-565

deoxidation in _ 164-165

gaseous solutions in, circulation of 1019-1020

hydration in 164-165,613

igneous work in... 646-653.

limits of .-- 43

materials and conditions in, variability of.. 594

metamorphic agents in.. 64

name of, reasons for choosing 563^

oxidation in 604r-603

processes at work in 563-563, 594r-652

silicification in, dominance of 176,630'

transfer of material from belt of weather-

ing to 538;

transition from belt of weathering to 560-561

variable materials and conditions of 594

water in, amount of 569-571

circulation of 571-593

condition of 566-569

work in, chemical 602-646

igneous 646-652

mechanical 594^603

causes of ..._ 629-640

discussion of _ 617-640

in zone of anamorphism, discussion of 681-683

methods of- 619-621

methods and materials of 563-564

operation of, by igneous injections 634

in conjunction with metasomatism 654

rate of 618-619

relations of diffusion to 636-639

time necessary for _ 618-619

Cementing materials in belt of cementation, discus-

sion of 621-62T
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Cementing materials in belt of cementation, distri-

bution of - 628

distribution of elements in 627-628

precipitation of
,
principles of --- -- 629

similarity of, to rocks cemented 628

Centrosphere, definition of term 31,658

Ceplialonia, sea mills of, cause of water power of . . , 149

Cerargyrite, production of, equation showing 1167

Chabazite, alterations and alteration products of . . 334,

373,380,401

chemical and physical constants of 196, 331

occurrence of , --- 331-333

sources and mode of formation of 262,

398, 299, 369, 375, 377, :«4, 398, 399

Chalcedony, alterations and alteration products

of._ , 223

sources and mode of formation of 222,

273,369,389,400

Chalcedony and chert, alterations and alteration

products of 380

Chalcocite, alteration of, to metallic copper, equa-

tion showing - 1158

production of copper from, equation showing . . 1158

production of, from cuprous and cupric sul-

phates, equations showing reactions

for.. —- — nil

reactions involving 1162, 1163, 1164

zone of deposition of 1160

Chalcopyrite, reactions involving 1161,1163,1163

zone of deposition of 1160

Chalk, pore.space in, amount of 125

Challenger expedition, citations of scientific results

of... 794,942,943,944,964,967,974,991,997

Chamberlin, T. C, on carbon dioxide drawn from
interstellar spaces by gravitation . . . 973

on carbon dioxide in air and in the ocean, bal-

ance between 968

onclimatic effect of increased amount of carbon

dioxide in atmosphere caused by use

of coal 464

on ground water, systems of 578

on hydrogen in atmosphere 954

on hydrogen sulphide in artesian waters issuing

near Lake Michigan 607

on hydrosulphuric acid in artesian waters.. 1112-1113

on loess of Mississippi Valley 501

on minerals associated with lead and zinc ores. . 1144

on ore deposits of southwestern Wisconsin 1320

on organic matter as an agent in reducing and
precipitating oxidized products _ 1157,1158

section cited from, showing requisite conditions

for artesian wells 577

Chamberlin, T. C, and Salisbury, B. D., on size of

particles of loess 433

on thickness of residual clay in upper Missis-

sippi Valley — 530

Chandler iron mine. Lake Superior region, figures

showing occurrence of ores at 1196

Chapman, E. M., aid by, in mathematical computa-

tions 39,208,210

Chemical action, importance of heat in 105-110

metamorphic effectsof 45-46

production of heat by „ 54

relation of, to mechanical action and heat— 110-11

3

through solutions, definition of 66

Chemical changes in earth's crust, temperature ef-

fects of .

1013-1014

Page.

Chemicalcomposition of rocks, changesin, 507-518,764-766

changes in, variation of, with porosity 6.55^656

effect of , on rate of weathering 532-533

importance of, in metamorphism 359

use of, as criterion for discriminating metamor-
phosed sedimentary and igneous
rocks 914-915

Chemical composition of earth's crust, discussion

of — - 193-301

Chemical compounds, heat of formation of 106

Chemical effects of heat, discussion of 56

Chemical elements, distribution of, as affected by
metamorphism 933-1003

in earth's crust, percentages of, tables showing. 934,

936,938

redistribution of 947-1003

relative abundance of.. 193-193

Chemical energy, metamorphic effects of 45-46

Chemical precipitation, ore formation by 1037

Chemical reactions, categories of, in zone of kata-

morphism 161-162

complementary, examples of „ 204,206

effect of pressure on 100-104,168

heat involved in 106

reversibility of 87-90,110-111

equations illusi^rating 88,110

speed of increase in, with increase of tempera-
ture 107-108

stoppage of, by pressure and heat generated by
the reactions themselves 89

thermal aspects of, in zones of metamoi-phism . . 183

volume changes consequent on, energy factors

involved in 170-171

principle applicable to 209

table showing, as applied to minerals 375-394

Chemical solutions, increase of solubility of, with

increase of heat.. 116

Chemical work, combination of, with mechanical

work, in metamorphism 495-496

in belt of cementation, discussion of 602-646

in belt of weathering, agents and their work
in 451-188

in metamorphism, combinations and relations

of, to mechanical and igneous work. 653-

655

in zone of anamorphism, discussion of 675-706

Chemical-physical factors on which nature of alter-

. tionsdepends 359-365

Chemical-physical principles applicable to action of

ground water. 65-133

Chert, alterations and alteration products of 222

concretionary, photomicrograph of 836

definition of. 816

deposits of, origin and features of 847-853

ferruginous, origin of 839,830-831

sources of 333,389,400

Chert and chalcedony, alterations and alteration

products of 380

Cherty limestones, weathered forms of 539

Cherty limestones, dolomites, and marbles, fea-

tures and origin of 816-830

Chicago, artesian wells at, concjusions drawn from
.flow of, as to friction of water flow in

Potsdam sandstone 587

lossof head of artesian watersat... 143

Chicago, University of, aid by students of 29

Chile, nitrate depositsin 543
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Chloridation, alterations produced hy , _ 4U0

definition of 206

Chloride of maguesium. See Magnesium chloride.

Chloride of sodium, ^'ee Sodium chloride.

Chloride order of rocks, deposits composing 789-790

Chlorine, emission of, during volcanic eruptions, ob-

servations on 789-790

in earth's crust and in the ocean, amount of.. 978-979

in earth's crust, percentage of. 936,978-979

in ocean, amount of 944

in sea salt, percentage of 942,943

Chlorophyllite, chemical and physical constants

of 196,291

source and mode of formation of 291 , 370, 386, 402

Chlorites, alterations and alteration products of . . . 347-

348,373,380

chemical and physical constants of 196,345-346

occurrence of 346-347

sources and modes of formation of 273, 275-276,

278, 285, 287, 290, 302, 303, 304, 322, 324,

326, 327, 328, 339, 340, 341, 343, 343, 347,

353, 354, 369, 375, 378, 381, 382, 384, 386,

389, 390, 391, 393, 398, 402, 403, 404, 625

See also names of niinerals of the group, Ames-
ite, etc.

Chloritoid, alterations and alteration products of.. 345

chemical and physical constants of_. __ 196,344

occurrence and source ot.jL. 345

porphyritic, thin section of 704

sources and modes of formation of 345

Chondrodite, alterations and alteration products of. 325,

373,380,403

chemical and physical constants of 196, 325

occurrence of __.-. 325

Chromite, occurrence of __ 228,229-230

chemical and physical constants of 196,228

source and mode of formation of 309, 370

Chromium in earth's crust, percentage of _ 936, 1003

Chrustschoff, K. von, on laboratory production of

certain minerals 685

on minerals obtainable from water solutions at

high temperature and pressure 1057

Chrysolites, alterations and alteration products
of... 308-311

chemical and physical constants of _. 199, 308

occurrence of ._ 308

Cimolite, chemical and physical constants of 196, 254

sources of 254,370,389

Circulation of ground water, causes of, summary.. 152

factor opposing _. 153-154

foi'ces and movements involved in 146-152,416-423

influence of sizeand continuity of rock openings
on speed of.. 154-155

rapidity of factors determining. 154-155

See a/so Ground water; Water.
Clarke, F. W., on alterations of albite and anorthite. 264

on atmosphere, hydrosphere, and litrosphere,

chemical composition of 933

on carbon in earth's crust 963

on carbon in shales _ 897

on chemical action in solutions, throry of 68

on chlorophyllite, formation of, from iolite 291

on clays and soils, average chemical composi-
tion of 891

on "crust of the earth," definition of term 192

on depth limit of oljservat ion of earth's structure 31

Page.
Clarke, P.W., on earth's crust, chemical composi-

tion of . . 192-193, 934^938, 959, 974, 975, 981, 983,

984, 986, 987, 989, 990, 992, 993, 999, 1000, 1002

on feldspar minerals, abundance of 252

relations of, to zeolites 261

on ferric oxide in clays and shales, amount of.. 898

on igneous and crystalline rocks, average chem-
ical composition of 889,890

on iron (metallic) in original igneous rocks,

amount of 1045

on lithosphere, limits of... 932

on mesolite... 262

on ocean, chemical composition of 944

on oxygen in earth's crust, percentage of 948

onpenninite, composition of _ 344

on quartz, abundance of 217

on shales, average chemical composition of... 890,891

on silicates, alkaline reaction of 86,87

on tourmaline, constitution of 326

on water combined in rocks, amount of. 163

on zeolites, alterations of 333

composition of 329

Clarke, F. "W., and Hillebrand, W. F., on chemical
action in solutions, theory of 68

on rock analyses _ 693

on rocks of Pigeon Point, Minn., composition of. 733

on slate, chemical composition of 895

on water content of rocks, relation of, to recrys-
tallization .-.i743,744

Clay, chemical composition of 891

pore space in _. igg
volume changes requisite to produce 523-524

Clay soils, effect of freezing on... 443

Cleavage, display of, by weathering 525
meaning of 760

monoclinal, existence of, over extensive areas. 928-931

Clements, J. M., on cementing material and rock
cemented, similarity of.. 638

on chert rocks of Lake Superior region 851
on contact metamorphism q^q
on Crystal Falls volcanics ]078

on devitrification 247
on schists of Lake Superior region go4
on secondary sulphides and magnetite, associa-

tion of ___ 11J2
Cleopatra's Needle, Central Park, New York, effect

of freezing and thawing on 44.1-442

Climate, effect of, on metamorphism 41
Climatic changes, influence of, on level of ground

water 424
Clinochlore, alterations and alteration products

of --- 347-348
chemical and physical constants of 196,346
occurrence of 346-347
sources and modes of formation of 344, 370, 390

Clinohiimite, alterations and alteration products
of 325,373,380,403

chemical and physical constants of , 196, 325
occurrence of 305

Clintonites, alteration and alteration products of. . . 345
chemical and physical constants of 344
occurrence, sources, and modes of formation

of --- -- 344-345
Clintonite group of minerals, character, occurrence,

formation, and altei-ationsof. 344-345
See also Chloritoid; Margarite; Ottrelite.
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Coal, carbon in, amount of _ 966

carbon dioxide produced by combustion of,

amount of 464,973-973

Coal beds, formation of 472

Coarse-grained rocks, rate of weathering of, as

compared with that of fine-grained

rocks _ 533-531

Cohesion, influence of, in ground-water circula-

; tion -- 150-153

Colloidal silica, silicification by _ 540,547

Colorado, Aspen district of, silver-lead deposits of. 1084

San Juan district of. See San Juan district.

Comey, A.M., on solubility of the sulphates 1075,1108

Comminution, effect of, on amount of soluble ma-
terial in soils ._ _ 495

Complementary reactions, examples of 304,206

Composition, chemical, importance of, in metamor-
phism 359

Comstoek lode, history of exploitation of. 1224

precipitationof metals at, hypothesis concerning 1083

water in _ __. 1132

width of , variations in 1224

Concentration, second, conditions favoring 1177-1179

See also Second concentration; Secondary en-

richment.

Concenti'ation of soluble material by ground water,

discussion of __ 543-551

Concretionary chert, photomicrograph of___ 836

Condensation with recrystallization and mineral
changes, features of 103-103

Conductivity of rocks as regards heat, degree of, - . 53

Consolidation of rocks, methods of 595-597

Contact metamorphism, direct contact effect of.. 489-490

exomorphic and endomorphic effects of 488

extent of , conditions governing 649-652

features of 648

indirect contact, effect of _ _ 490-494

Conglomerate, original structure in, preservation

of, after weathering.. _ 526

Conglomerates, origin and character of a55-857

Conglomeratesand pseudo-conglomerates, discrimi-

nation between, criteria for.. 910

Conglomerate-schist, origin and character of 857-860

Conn, H. W., on nitrogen compounds, decomposi-
tion of _ 465

on nitrogen in soils, loss of, by manufacture of

explosive powders 466

Copper, solution and precipitation of _ 1101-1104

Copper and iron compounds, association of U5S-1163

Copper ores, formation of.. 1062,1158-1166

of Lake Superior region, features of 1204-1205

origin of.- 1136

of Oregon, types of 1055-1056

secondary enrichment of 1184

Copper Queen mine, Arizona, secondary enrichment
at 1184

Coquand, Henri, cited on bauxite deposits 985

Coral limestones, dolomitization of 799-800

Corals, magnesium content of 798

Cordierite, alterations and alteration products of:. 291,

373,386,402

chemical and physical constants of. 198,291

occurrence of 291

Cornwall, Pa., iron ore deposits at 1198

Corundophilite, alterations and alteration products

of 347-348

chemical and physical constants of 196, 345

Page.
Corundophilite, occurrence of 346-347

sources and mode of formation of 318,347

Corundum, alterations and alteration products
of 223-225,373,380,381,402,408

chemical formula of, physical constants of, and
other data concerning 196,223

occurrence of _ 223

sources and mode of formation of 232,

235-236, 318, 328, 367, 370, 381, 383, 400, 624

Corundum and magnesite, alterations and altera-

tion products of 381,4(10

Corundum and quartz, alterations and alteration

products of ^ 381,406

Corundum, quartz, and calcite, alterations and al-

teration products of 381,408

Corundum, quartz, and potassium carbonate, alter-

ations and alteration products of ._ 381,408

Corundum-syenite, deposits of 1045

Cotta, B. von, on contact metamorphic origin of

ores.- 1050

Covellite, zone of deposition of 1160

Cramer, Prank, on strain in rocks 98,598

Credner, H., on origin of pegmatites 722

Cripple Creek mining district, Colorado, fracturing

in, complex character of 1225

gold ores of 1172-1174

ore deposits at, origin of .-- 1085

ore shoots near, intersecting fractures in 1227

oxidation in, depth of - 1181

replacement of igneous rocks by ores in 1205

Crosby, W. P., and Crosby, W. O., on cause of water
power of sea mills of Cephalonia 149

Crosby, "W, O., on induration of Pikes Peak granite

along joints 649

on red color of soils, cause of 482

Crosby, W. O., and Fuller, M. L., on origin of peg-

matites 722,723

Cross, Whitman, on fluviate origin of psephites of

Cordilleras. 854

Cross, Whitman, Iddings, J. P., Pirsson, L. V., and
Washington, H. S., on mineral com-
position of amphibole-gabbro 633

Crustification, examples of 1146

Crystalline rocks, average chemical composition

of..-- - 890

Crystalline and igneous rocks, analyses of 934-935

Crystalline form, symmetry of, influence of, on sta-

bility of minerals. . - - 360-361

Crystallization, alteration of rocks by 203

effect of pressure on - 103

effect of temperature on - 78

importance of , in metamorphism --- 76

methods of -.- 74-76

Culver, G. E., and Hobbs, W. H., on decomposition
of olivine-diabase in South Dakota .. 560

Cummingtonite, alterations and alteration prod-

ucts of.. 285,287,373,381,404

chemical and physical constants of 196,283

occurrence of ....._ 284

Cupric salts, reactions involving 1161,1162,1163,1164

Cupric sulphate, prodtiction of chalcocite from,

equation showing reaction for 1111

reactions involving. 1161,1162

reversible reaction of, with ferrous sulphate... 1102

Cuprite, production of, equation showing 1158

Cuprous chloride, precipitation of gold by, equation
showing 192,1082
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Cuprous sulphate, production of cbalcocite from,

equation showing reaction for 1111

reactions involving 1161, 1163, 1163, 1164

Curtis, J. S., on genesis of ore deposits 1206

on ore deposits of Eureka, Nev 1204

on Wittvatersrand banket 1041

Cushing, H. P., on effects of freezing and thawing
on rocks in Alaska 443

Cyanite, alterations and alteration products of.. 318-319,

373,381,403

chemical and physical constants of 196,316

occurrence and associations of _ _ 317

sourcesandmodes of formation of. 323, 324, 325, 232, 236,

317,318,319,370,376,381,382,383,399,406,407

Cym.atolite, source of 370

r>.

Dale, T. N., on cleavable marbles .__ 810

Dale.T. N., Pumpelly, Raphael, and "Wolff, J. E.,on

crystallographic orientation of por-

phyritic feldspars 698

Dall, W. H., and Harris, G. D., on phosphates 976

Dalmar, K., on zonal arrangement of metamorphic
minerals peripheral to intrusive

masses 719

Damourite, sources and modes of formation of 323,

224, 225, 255, 318, 319, 327, 328, 353, 370,

376, 381, 389, 393, 400, 403, 403, 406, 408

See also Muscovite.

Dana, E. S., on chlorine in sodalite... 978

Dana, J. D., on composition of dolomitic coral lime-

stone 799

on magnesiau deposits of coral reefs 803

on red color of soils, cause of 483

on sedimentary rocks, thickness of 939

on water contained in rocks 128

use made of System, of Mineralogy of 211

Dana, J. D. and E. S., on Hautefeuille's experiments
producing rutile group of minerals . 231

on garnet, products of fusion of 300

on scapolites 312

on wernerite _ 265

on zeolites _ 329

Dana, Mount, disintegration of rock at, by freezing

and thawing _ 443

Daniell, Alfred, on capillary flow 140

on dissipation of energy 57

on fI'iction between ground water and contain-

ing rocks 153

on gaseous solutions.. 59

on heat production in all transformations of

energy _ lU
on size of rock openings available for water flow. 134

on surface tension of water 150

on water flow in rock openings.. 137

Darton, N. H., on flow of artesian water 142

on level of ground water 410

Darwin, Charles, on effect of work of earthworms
on soils 448

Darwin, G. H., on "stress difference" 672

on tidal forces of the past 931

Daubree, A., on combined effect of chemical and
mechanical action on minerals 495

on penetration of rock by water gas under pres-

sure 144,665,666

on serpentine, formation of 367

Page.

Daubree, A., on tin ores, formation of 1058

on trituration of rocks, limit of 432

on zeolites, artificial formation of 333

Davis, W. M., on fluviate origin of psephites of Cor-

dilleras 854

Davison, Charles, on effect of work of lobworms on
soils 448

Dawson, G. M., on peripheral structure 716

Deboration, definition of 206

Deboration and decarbonation, alterations pro-

duced by 400

Decarbonation, alterations produced by. 400

definition of 205

in zone of katamorphism _ 162

Decarbonation and deboration, alterations pro-

duced by 400

Decarbonation and hydration, alterations pro-

duced by 401-402

Decarbonation and titanation, alterations produced
by 400

Dechloridation, definition of 206

Dechloridation and hydration, alterations produced
by 403

Dechloridation, carbonation, and hydration, altera-

tions produced by 398

Dechloridation, decarbonation, and hydration,

alterations produced by 403

Decomposition of minerals in rocks, order of 518-521

of rocks, regions favorable to 501-506

Decomposition and solution, relations of disintegra-

tion to 494-507

Dedication of work 29

Deep circulation, deposits of, criteria for discrimi-

nating... 1132-1138

Defluoridation, definition of 206

Defluoridation and carbonation, alterations pro-

duced by 396

Defluoridation and hydration, alterations produced
by 403

Deformation of minerals, relation of pressure to

rapidity of 741

of rocks, diagram illustrating 769

energy required for, in zones of katamorphism
and anamorphism 769-774

lag of recrystallization behind... 696-698

mechanical energy a cause of 95-98

pressure a cause of 657-659

speed of 188-189

temperature effects of. _ 1013-1014

time relation of recrystallization to 696-698

Dehydration, alterations produced by 400

conditions and effects of _ 89, 169

definition of ._ 204

depths necessary for 178

discussion of 482-483

examples of 179-180

in belt of weathering 163,164

in zone of anamorphism 178,662,679-680

in zone of katamorphism 162

Dehydrationandcarbonation,alt6i*ations produced
by 396

Dehydration, deoxidation, and carbonation, altera-

tions produced by 396

Dehydration, desilication, and carbonation, altera-

tions produced by 396

Dehydration, desulphation, and carbonation, alter-

ations produced by 396
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Dehydration, carbonation, oxidation, and desilica-

tion, alterations produced by 899

Dehydration and decarbonation, alterations pro-

duced by -- 401

Delamar mine, Nevada, secondary enrichment in,

showing former presence of circulat-

ing waters _ 1178-1179

Delesse, A., (?) on decrease of density by vitrifica-

tion 103

on nonaction of dry steam on minerals 493

Demorphism, belt of, name proposed for belt of

weathering 163

Density of minerals composing rocks, increase of

with increase in depth 182-1S5

Denudation, belts of ores deposited at different

levels by reason of__ 1139-1140

influence of, on ground-water level 426

Deoxidation, alterations produced by 401

definition of 204

in belt of cementation . . 165

in belt of weathering ._. 163

in zone of anamorphism 172,676

in zone of katamorphism _. 162

of iron compounds in soils, examples of 471-472

Deoxidation and carbonation, alterations produced
by.. 396

Deoxidation, carbonation, and dehydration, altera-

tions, produced by 396

Dephosphation, definition of 206

Deposition, discussion of 487

in belt of cementation, discussion of .. 165-166,612-617

Depth from earth's surface, density of minerals as

determined by 182-185

effect of, in metamorphisra. 43-44

increase of temi^erature with increase of 578

limits of, to which rocks have been observed... 31

Depth of no annual variation in temperature, prob-

able coincidence of, with level of

ground water . 590

Derby, O. A., on hydration of rocks 481

Desert varnish, reference to.. 547

Descending waters, depth of effect of 1179-1181

ores precipitated from 1193-1199,1234

Desilication, agents and processes of 475-476,480

alterations produced by 401

definition of _ 205

Desilication and carbonation, alterations produced
by. 396

Desilication and hydration, alterations produced
by... 404

Desilication, carbonation, and dehydration, altera-

tions produced by 396

Desilication, carbonation, and hydration, altera-

tions produced by 398-399

Desilication, carbonation, hydration', and oxidation,

alterations produced by 399

Desilication, carbonation, oxidation, and dehydra-
tion, alterations produced by 399

Desmine. See Stilbite.

Desulphation, definition of _ _ 205

Desulphation, dehydration, and carbonation, alter-

ations produced by 396

Desulphation, hydration, and carbonation, altera-

tions produced by 399

Desulphidation, definition of 205

Detitanation, definition of : 205

Deville, H. St. Claire, "agents mineralisateurs" de-

fined by _ 59

Page.
Devitrification of glass, conditions governing 248-249

heat and volume, relations of 251

minerals produced by 251

scale, rate, and zonal place of 247-252

Diabase, losses in by weathering, analysis showing. 509,

510-511,515,522

Diallage, alterations and alteration products of 274,

373,381

Diaspore, alterations and alteration products of .., 232,

373,381,400

chemical and physical constants of 196, 331

occurrence of 232
sources and mode of formation of 223,235-236,

292, 296, 298, 299, 312, 318, 337, 343, 353, 370, 379,

380, 383, 388, 390, 392, 397, 398, 400, 401, 402, 624

Diaspore and magnesite, alterations and alteration

products of 381,401

Diasi)ore and quartz, alterations and alteration

products of 381,382,407

Diaspore group of minerals, character, occurrence,
formation, and alteration of 231-234

Diaspore, quartz, and calcite, alterations and alter-

ation products of .. 382,407

Diaspore, quartz, and potassium carbonate, altera-

tion products of _ 382,407

Dichroite. See Tolite; Cordierite.

Dickson, C. W., on ore deposits of Sudbury, Canada. 1047

Diffusion, influence of, in cementation of rocks ._ 636-639

Diffusion by solution, discussion of 82-83

rates of, table showing . _ 83

Diller, J. S., figure cited from 814

Diopside, alteration of, to talc, quartz, magnetite,
and calcite, volume change incident

to 633

alterations and alteration products of 278,

274-275, 277, 278, 373, 382, 398, 408

chemical and physical constants of 196, 271

formation of, from dolomite, chemical reaction

involved in 822

occurrence of 272

source and mode of formation of . . 241 , 272, 370, 382, 407

Diopside and magnesite, alterations and alteration

products of 382,408

Diopside-augite series of minerals, character, oc-

currence, formation, and alterations

of 272-280

Diorite, losses in, by weathering, analyses showing. 610,

515,522

Dip, steepness of, effect of, on width of fissures 1201

Disintegration of rocks, regions favorable to 496-501

relations of decomposition and solution to 494-507

temperature changes producing, examples of. 434-439

Dissociation, theory of 84-85

Dissociation of salts in water, phenomena of 73

Dissolved materials resulting from weathering, dis-

tribution of 536-554

Disthene, alterations and alteration products of.. 318-319

chemical and physical constants of 196,316

Sec also Cyanite.

District of Columbia, granite from, losses of con-

stituents in, by weathering 507, 522

Dittmar, William, on calcium in the ocean, amount
of 991

on carbon in atmosphere, amount of _ 964

on carbon dioxide in the ocean and the air,

amount of 967

on chlorine in the sea, amount of.. 979

on ocean, chemical composition of 944
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Dittmar, William, on ocean, volume of 943

on sea salt, amount and composition of 943, 943

on sea water, composition of 794

on sodium in the ocean, amount of 997

Doelter, C, on gold, solubility of 1089-1090

on sulphide minerals, artificial production of . .. 1114

on sulphides, solubility of . 1106,1107

on zeolites, solubility of, in water . _ _ 113

Dolomite, alterations and alteration products of. 241-342,

373,383,407

chem,ical and physical constants of -.- 197,237

cherty, featiu'es and origin of 816-820

formation of, from limestone, volume change
involved in 209

formation of diopside from, chemical reaction

Involved in 832

formation of tremolite from, chemical reaction

involved in_ 833

sources and modes of formation of 238-239,

340-241, 370, 379, 380, 408, 624-635, 798-808

Dolomite and quartz, alterations and alteration

products of 383,407

Dolomitization, conditions of 803-808

magnesium for, source of. 803

occurrence of, at sea bottom 803-804

subaerial 804-808

Don, J. R., on gold deposits of Australia 1170,1185

on gold ores and sulphides, association of . . 1095-1096,

1099

on occurrence of gold at intersection of quartz

veins and carbonaceous shales. .. 1094-1095

Douglas, James, on copper deposits of Arizona 1086,

1183,1184,1188

on gypsum in Arizona mines 1141-1143

on oxysulphurets 1165-1166, 1182

Doveton, G.D., Purington, C. W., and Woods, T.H.,
on occurrence of rhodonite at the
Camp Bird mine, Colo 1115-1116

Dry mines, mistaken inferences concerning 1063-1065

Ducktown, Tenn., copper deposits at, secondary en-

richment of 1182,1188-1189

Dudleyite, formation of 345

source of 370,387

Dynamic action, metamoi*phic effects of 42-43

Dynamic metamorphism, definition of. 47

use of term, discussion of 763

Earth, specific gravity of, discussion of facts bear-

ing on 364^365

Karth movements, effect of, on temperature of

ground water 590

Earth's crust, chemical composition of 192-193, 933-948

deformation of 1005-1014

density of 933

elements in, order of abundance of, compared
with order of abundance of elements

In meteorites 947

relative abundance'of 193-193

movem,ente of, in mountain making, discussion

of.... 934-931

percentage ofknown matter of globe formed by. 933

Earthworms, effect of work of, on soils 448,456

Eldridge, G. H., on origin of phosphates 976,977

Elements (chemical) in earth's crust, percentages

of, tables showing 193, 934, 936, 938

in earth's crust, relative abundance of ,.. 192-193

Page.
Elements (native), occurrence of, as minerals. 212

Elkhorn mine, Mont., ores form,ed beneath imper-
vious arches in 1214

Emerson, B. K., on fusion of schist by granite in

Massachusetts 735-736

on minerals formed by igneous intrusion 717, 718

on peripheral structure _,. 716

on porphyritic gneisses 705

Emmons, S. F., on carbonic acid in underground
waters 1128

on mineral veins at Butte, Mont 1081

on ore deposits, genesis of 1183,1200,1206

on ore deposits of Butte district, Mont 1183-1183,

1303,1305

on ore deposits of Delamar mine, Nev 1178-1179

on ore deposits of Leadville district, Colo .. 1168-1169,

1186,1204,1314

on ore production from igneous rocks 1043

on psephites of Cordilleras, fluviate origin of... 854

on secondary enrichment of ore deposits 1188

on tellurides associated with gold ores 1119

Endomorphic effect of igneous intrusion, definition

of 648

Endomorphism, definition of 648

Energy factors of zones of metamorphism, consid-

eration of 170-171

Enlargement of minerals in rocks by deposition of

new matter, discussion of 619-631

Enophite, source of.. 347,370,380

Enstatite, alterati(ms and alteration products of .„ 268,

369,373,383,397,404

chemical and physical constants of... 197,267

sources and modes of formation of 268,

302, 304^05, 307, 367, 370, 386, 390

Enterprise mine, Rico, Colo., ore deposits at 1084,

1208,1215,1229

Environment, adaptation of minerals to 33-35

importance of, in metamorphism 42

Epeirogenic movement, influence of, on ground-
water level 426

Epidote, alterations and alteration products of... 322-323,

373,383,383,398

chemical and physical constants of 197, 330

occurrence and associations of 331

sources and modes of formation of 255,

360, 263, 264, 265, 273, 374, 275-276. 285, 288, 303,

305, 313, 313, 331, 339, 340, 341, 342, 353, 354, 370,

377, 378, 379, 381, 382, 383, 384, 3a5, 387, 389, 390,

391, 394, 396, 398, 399, 401, 403, 404, 405, 406, 625

Epidote group of minerals, character, occurrence,

formation, and alterations of 320-323

hydi'ation of, degree of 635

Epistilbite, chemical and physical constants of... 197,330

occurrence of ._ 331-333

sources and modes of formation of 333,

370,375,377,397

Equilibrium, chenaical, notes on 90

Erosion, belts of ores deposited at different levels

in consequence of 1139-1140

Eucryptite, chemical and physical constants of 197

source and mode of formation of 381,370,392,405

Evaporation, influence of, on ground-water
level - 425-426

Exomoi-phic effect of igneous intrusion, definition

of 648

Exomorphism, definition of 648

Expansion reactions, discussion of. 031 -643
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Faribault, E. R., on gold ores of Nova Scotia 1213

Farrington, O. C, cited on meteorites 945,946,947,964

Fassaite, source and mode of formation of 314,370,383

Fault openings, size of. _. 138

Fault planes, importance of, in ground-water circu-

lation 130

Faults, importance of, in ground-water circula,-

tion ..- 130-131

pore space added to rocks by 137

Fayalite, alterations and alteration products of 308

chemical and physical constants of -- 197,308

occurrence of --- - 308

Federal Loan mine, sulphureted hydrogen at 1107

Feldspar, alteration of, to quartz and mica, thin

section showing - 704

fragment of, cut showing enlargement of 626

in igneous rocks, percentage of 937

Feldspar group of minerals, character, occiirrence,

formation, and alterations of 252-265,

394,353,380,381,625-627

Feldspar-porphyry, weathered, original structure

preserved in -. 526

Feldspathoid class of minerals, alterations and
alteration prodiicts of 352-353

Ferrates, deposition of -. 541

Ferric chloride, hydrolysis of, equation showing. . . 108

Ferric oxide in earth's crust, percentage of . . . 934, 937, 938

in sedimentary and igneous rocks, ratio of, to

ferrous oxide 950-951

red or yellow soils produced by 469

sources and modes of formation of 172, 467,540-541

Ferric sulphate, formation of, chemical reaction in-

volved in - - 826,838

reversible reaction of, with ferric sulphate, in

presence of silver 1100

solution of silver by, equation showing 1099

Ferrodolomites, formation of 342-243,625

Ferromagnesian silicates, alterations of 353

Ferromagnesian sands, deposits of, character and
origin of -— - 877-879

Ferrous carbonate, formation of, chemical reaction

involved in 828

origin of, from basic ferric sulphate, chemical

reaction involvedin 828

Ferrous chloride, precipitation of gold by, equation

showing _ 1092

Ferrous compoxinds, oxidation of : 172

precipitation of copper by 1101

work of, in metamorphism 165

Ferrous oxide, decomposition of, in rock weathering 536

in earth's crust, percentage of 934,937,938

in sedimentary and igneous rooks, ratio of, to

ferric oxide 950-951

occurrence of 467

oxidation of.. 467

precipitation of 540

FeiTOus silicate, formation of, chemical reaction in-

volved in - 828

Ferrous sulphate, precipitation of gold by, equation

showing 1093

precipitation of silver by, equation showing. 1082, 1100

reversible reaction of, with cupric sulphate 1102

reversible reaction of, with ferric sulphate, in

presence of silver 1100

Ferruginous cherts, origin of 829,830-831

Ferruginous shales, origin of 829-830

Page.
Fine-grained rocks, rate of weathering of, as com-

pared with that of coarse-grained

rocks 533-534

Fischer, Alfred, on bacterial action in decomposi-
tion of carbohydrates 463

on bacterial action in plant growth 452, 453

on carbon dioxide in rain water, amount of 474

on iron bacteria 826

on nitrogen compounds, decomposition of 465

Fissility, display of, by weathering .525

See also Fracture.

Fissility openings, importance of, in ground-water
circulation. 131

size of 138

Fissures, width of , effectof dipon 1201

Flexibility of rocks, conditions affecting 188-189

Flexures, occurrence of rich ore shoots near . . . 1225-1226

Flow of ground water, rate of 582-588

See also Ground water; Water.
Flow of rocks, effectof, on texturesand structures. 760-762

Flowage, zone of, circulation of water in 1029

zone of, deformation in _ 1011-1013

relation of zones of anamorphism and kata-

morphism to 187,190

upper limit of.. 187-191

Fluid inclusions in rocks, figure showing 1 746

sizes of cavities containing 658

Fluoridation, definition of 206

Fluorides, character,occurrence, and alterations of . 216

Fluorine, percentage of, in earth's crust 936, 1002

Fluorite, alterations and alteration productof . 373, 383, 396

chemical and physical constants of 197, 316

occurrence and alterations of 216

Foerste, A. F., Shaler, N. S., and Woodworth, J. B.,

on occurrence of graphitic coals 212

Forces of metamoi-phism, consideration of. 39-40, 44, 45-57

Forcbhammer, Georg, on magnesium content of

corals and marine shells forming
limestone deposits. 798,804

on potassium silicate, dissolution of, in water . . 113

Forsterite, chemical and physical constants of . . . 197, 308

occurrence and alterations of 308,311

Forsterite, calcite, and qiiartz, alterations and alter-

ation products of 383,407

Friction, internal, of ground water, character and
influence of 1.53-154

Fracture, secondary, veins produced by 1328

zone of, circulation of aqueous solutions in. . 1032-1038

features of, and chemical reactions in. . . 1005-1009

openings in 1006-1008

relation of zones of anamorphism and kata-

morphism to 187,190

Fracture and flowage, zone of, aqueous circulation

in.. 1038-1029

zone of, phenomena in... 1009-1011

Fractures of rocks, causes and character of.. 599-603

direction of 601

intersections of, ore shoots at or near 1326-1227

pore space added to rocks by 127

spacing of 600

Fragmental rocks, classification of 784-787,853-904

deposits composing 853-904

France, basaltfrom, losses in, by weathering 509,623

Franklinite, formation of 1125

production of, from Smithsonite, equation show-
ing 1136

Freezing, likeness of, to precipitation 113
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Freezing and tliawing, eifect of, on rocks 440-444

Fuller, M. L., and Crosby, W. O., on origin of peg-

matites.. 722,723

Fumaroles, alums produced by 1 '193

chlorides produced by 493

gases emitted by, sources of 491-492

metamorphic work of 490-194

products of 493-494

Furlonge, W. H., on depth of decomposition of rocks

in the Transvaal 531

Fusion and absorption of intruded rocks, discussion

of. 728-736

Futterer, Karl, iigure cited from 704

on new minerals formed in rocks... 753

on quartz grains (flat) in rocks 692

on recrystalization of quartz in quartz-porphyry 738

G-abbro, mineral composition of,andvolumechanges
possible in 632-633

Galena, occurrence and genesis of 1148-1151

secondary, figure showing 1156

Galena limestone, strain in, shown by quarrying. . . 598

Gangue minerals of aqueous solution ores, enumer-
ation of 1233

Gangue minerals of ore deposits, citations concern-

ing 1055-1057

Gannett, Henry, on range of temperature inAlaska. 437

Gardner, F. D., and Means, T. H., on effectof alka-

lies in soils 478,543

Gardner, F. D.,and Stewart, John, on calcium chlo-

ride and sodium carbonate in soil at

Great Salt Lake 542,543

Garnet, absorption of other minerals in rocks by :. 701

alterations and alteration products of. 302-307, 373, 383

chemical and physical constants of 197, 299

occurrence of 300-302,1057

sources and mode of formation of ... 300-301,

353,370,380,393,903

Gas, water, in zone of anamorphism, action of 660-661

Gas content of rocks, effect of, on metamorphism. . 41

G;as60us solutions, cii'culation of 1018-1021

formation of 59

metamorphism by ... , 59-63, 490-494, 648-649

ores produced by 1052-1058

work of, in belt of cementation 648-649

Gaseous and aqueous solutions, precipitation by re-

actions between 119

Gases, chemical and physical principles applicable '

to action of 60-62

important in rock alteration, list of 59

inclusions of , in rocks, figure showing 620

metamoi-phic work of 59,61,62-63

mixturesof, propertiesof 60

precipitation between aqueous solutions and . . . 119

pressure of, importance of, in metamorphism.. 61-70

quantity of, dissolved by liquid, proportional to

pressure 70

solubility of, as affected by temperature 72

solution of, in ground waters 68-73

temperature of, importance of, in metamor-
phism 61-63

Gedrite, chemical and physical constants of 197, 381

occurrence of 381-283

sources and mode of formation of 283

Gehlenite, alterations and alteration products of . . . 314,

373,383,406

Page.
Gehlenite, chemical and physical constants of 197,314

occurrence of 314

Gehlenite and quartz, alterations and alteration

products of 383,406

Geikie, Archibald, on dolomitezation of Carbonifer-

ous limestones in England 800

on graywackes of Great Britain 882

on hydrogen of volcanoes, source of. 492

on lavas, temperatures of 652

term schist defined by. .' 779,780

Geographicconditions, effectof, on metamorphism. 41

Geological factors affecting alteration of rocks,

enumeration of 40-44

Geological work of ground water, factors influenc-

ing 156-158

Geology, data composing gi-eat volume of 31-32

Georgia, depth of decomposition of rocks in 530

granites from, losses in, by weathering 533

Geyserite, deposits of, reference to 550

Gibbsite, alterations and alteration products of 235-

236,373,383,400

chemical and physical constants of 197, 198, 234

occurrence of 235

sources and modes of formation of 323,

234^335, 23,5-236, 254, 2.55, 356, 258, 260, 361, 263, 364,

285, 292, 293, 294, 296, 298, 299, 304, 313, 313, 318, 319,

333, 333, 338, 337, 338, 339, 341, 343, 353, 370, 375, 376,

377, 378, 379, 380, 381, 383, 384, 386, 387, 388, 389, 390,

392, 393, 394, 397, 398, 399, 400, 403, 403, 404, 406, 634

Gibbsite and albite, alterations and alteration prod-
ucts of 375,400

Gibbsite and anorthoclase, alterations and altera-

tion products of 377,400,401

Gibbsite and magnesite, alterations and alteration

productsof 383,401

Gibbsite and microcline, alterations and alteration

products of. 389,400

Gibbsite and orthoclase, alterations and alteration

products of 389,400

Gibbsite and quartz, alterations and alteration

products of 3&3,407

Gibbsite, magnesite, microcline, and siderite, alter-

ations and alteration products of.. 389,401

Gibbsite, magnesite, orthoclase, and siderite, alter-

ations and alteration products of 389

Gibbsite, quartz, and calcite, alterations and altei-a-

tion products of 383,407

Gibbsite, quartz, and potassium carbonate, altera-

tions and alteration products of . . . 383, 407

Gibbsite. See also Hydrargillite.

Gismondite, alterations of 335,367

chemical and physical constants of.. 197,331

occurrence of 331-333

sources and modes of formation of 263,

333, 367, 370, 376, 403, 633

Gilbert, G. K., on climatic changes in the Far "West
in Pleistocene time 1178

on contact metamorphism 651

on deposits of Lake Lahontan .554

on exfoliation of rocks in Sierra Nevada (note). 438

on magnesium in salts of Great Salt Lake 994

on post Glacial anticlinal arches in shale and
limestone 598

on potassium in the Dead Sea 1000

on shore deposits 795

on warm or hot springs of Cordilleran region. 591-.593

Glaciers, disintegrating work of 498
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Glass, alteration of, minerals produced by 251

devitrification of, phenomena of 247-252

heat and volume relations of... 251-252

natural, occuiTence, and alterations of 246-352

solubility of, in water.. 79,

80, 112, 630, 637, 692, 723, 740, 749, 750

strain in, example of 691

Glauconite, character, occurrence, and alterations

of .--- 351

chemical and physical constants of 197, 351

Glaucophane, chemical and physical constants of. 197, 283

occurrence, sources, and modes of formation
of 283,285

Gmelinite, character and occurrence of 331-333

Gneiss, definition of 782-783

featuresof 782-783

losses in, by weathering, analysis showing 508,515

metamorphic, igneous, and sedimentary rocks

often combined in 911-912

minerals of, development of 899

photomicrograph of 902

Gneiss-arkose, depositsof, originand character of. 875-876

Gneiss-graywacke, depositsof, character and origin

of 883-886

Gneiss-pelite, deposits of, origin and character of. 894-904

Gneiss psephite, origin and character of 857-860

Gneissic tuffs, discrimination between sedimen-
tary gneissic rocks and 909,913

Gold, association of, with argillite 1095,1096

association of, with base metals 1169-1174

deposition of , by ascending solutions 1089-1099

forms of occurrence of ._ 1169

precipitation of 1091-1099

solubility of 1075,1089-1091,1171

Gold-bearing quartz veins, origin of, by magmatic
segregation, theory concerning.. 1048-1049

Gold deposits, formation of, possible modes of.. 1041-1042,

1048-1049,1050

Gold ore of Sierra Nevada, origin of 1084

Gold placer deposits, formation of 1040-1043

Gogebic districts of Michigan, iron ore deposits of,

as affected by topography 1219

Gordon, H. A., on gold deposits of New Zealand 1042

Grain, silica potash, soda, etc., in 4,54

Grain of rocks, effect of, on rate of weathering .. 533-534

See also Recrystallization.

Grains and grasses, disintegration of rocks by 445

Granite, induration of, along joints '.

549

injected, example of... 647

losses of constituents of, by weathering .. 507,522,523

strain in, shown by quarrying.. .._ 598

Grant, U. S., on action of organic matter in reduc-
ing and precipitating oxidized prod-
ucts 1157

on agency of igneous intrusions in producing
iron-silicite rocks 840

on zonal arrangement of metamorphic minerals
peripheral to i :. trusive masses 719

Granulation of minerals, energy factors involved
in.. 770-771

relation of recrystallization to 737, 748

temperatures favorable to.. 740

water content of rocks as affecting 741-748

Graphite, character, occurrence, and alterations of. 212

chemical and physical constants of 197

Grasses and grains, disintegrating effects of, on
rocks 445

Gi-ass Valley, Cal., gold veins of, constant tenor of. 1137
secondary enrichment of gold ores at 1184-1185

Page.
Gravel, pebble, and bowlder deposits, discussion

of 853-860
Gravity, metamorphic effects of 46-50

ground-water motions as affected by . . 146-147, 148-149

Gravity, specific. See Specific gravity.
Grays Peak, Colo., disintegration of rock at, by

freezing and thawing 443
Graywacke, deposits of, character and origin of. . 880-883

metamorphosed, character and origin of 883-886

discrimination of 909-910

photomicrographs of 888

serpentinized, formation of 881-883

Graywacke-gneiss, deposits of, character and origin

of

Graywacke-schist, deposits of, character and origin
of..

Graywacke-slate, deposits of, character and origin

of 883-886

Great Basin, deposits in, reference to 559

ground water of , rate of flow of 585

streams and lakes of, soluble material trans-

ported and deposited in 551-554

Great Salt Lake, calcium chloride depositsof 542

precipitation of salts in 552,553

Greenalite, character and occurrence of.. 284

photomicrograph of 836

Gri9wold,L. S., on whetstones of Arkansas 853

Grits, deposits of, character and origin of 879-880

Groddeck, A. von, on contact metamorphic origin

of ores 1050

Grossularite, alterations and alteration prodiicts

of 302,303,305,307,373,384,398

chemical and physical constants of 197, 299

occurrence and associations of 301

sources and modes of formation of. 301, 314, 370, 383, 406

Grossularite and melanite, alterations and altera-

tion products of 383,384,387,398

Grossularite, pyrope, and melanite, alterations and
alteration products of . . 383, 384, 387, 390, 398

Groth, P. H. , on composition of zeolites. 329

Ground water, absence of, in ore-bearing districts,

mistaken inferences from 1063-1065

acids present in 93
channels traversed by , size of 580-582, 1201

chemical and physical principles controlling ac-

tion of 65-123

circulation of . 123-158, 416-429, 571-593, 661-068, 1021-1029

causes of, summary of 152

channels of, variations in size and continuity
of 1201

character and conditions of 129,

137,139-146,572-579

concentration of soluble material by 543-551

conditions governing 129-158

downward movements of, factors influ-

encing. 417-419

factors or forces influencing 146-156,416-417

adhesion 150-152

friction 153-154

gravity 146-147,578

gravity and heat... 148-149

heat 147-148

limiting formations 576-578

mechanical action 149

molecular attraction 150-152

openings in rocks 129-146

temperature 157

vegetation 152,422-423

rate of 154-156,1



INDEX. 1261

rage.

Ground water, circulation of, sections (diagrams)

showing 570,571

tree-like system, of _ - - 583

upwardmovements of,factors influencing . 419-423

vigor of --- 571-572

compounds present in.. 76-77

deposition of minerals from - 613-617

dissolution of material by 613-617

effect of, in cases of igneous intrusion 650

evaporation of, effect of cultivation on... 431,432

gases present in 68-69

geological work of 156-158

ions present in 93

large channels preferred by 580-583

level of, change in, influence of, on ore deposition . 1206

depth of 409^11

factors affecting or determining 433-429

agriculture 437

barometric pressure 438

capillarity 413

denudation _ 436

evaporation.. ._ 425-426

man 427-428

rainfall 423^26

seepage 425

temp3rature 428

uplift and subsidence 426

form of 411-413

in arid and humid regions, as affecting ore

deposits 1180

ore deposition as affected by change in 1206

relations of, to topography 410, 411-413

variation in 423-429,1180

importance of, in lead and zinc regions

of Mississippi Valley 439

materials added to, in belt of weathering 617-618

metamorphism by. 65-123

movements of 123-158,

416-439,571-593,661-668,1031-1039

in transporting metals 1075-1081

speed of j. 583-588

vertical and horizontal, relative length of. 579-580

See also Ground water, circulation of.

pressures, temperatures, and depths of, table

showing relations of 567

principles of chemical reactions applicable to.. 84-123

principles of solutions apphcable to 65-83

rate of flow of 583-588

silica in, large amount of, where vegetable mat-
ter is abundant 476

solution of gases in ...: 68-72

solution of solids in 73-81

source of _ 138-129

temperature of, asaffectedby earth movements. 590

importance of 615

increase of, with depth 578-579

on entering and issuing from the earth . . , 589-593

thermal effects of 589-593

upward movements of 419433

forces influencing, vegetation 423-423

molecular attraction 419-423

universal presence of 133-124

See also "Water; Ascending waters; Descending
waters.

Grove, Sir William, on segregation of carbon diox-

ide from interstellar spaces by gravi-

tation 973

Page.
Griinerite, alterations and alteration products of.. 384,

373,384

chemical and physical constantsof 197,383,384

occurrence and associations of 284

origin of, from iron carbonate, chemical reaction
involved in .., 834

source and mode of formation of 344,

345, 384, 370, :^3, 407

Griinerite-magnetite-quartz rocks, origin of 834^841

Griineritic marbles, origin of 833

Giimbel. K. W. von, on iise of term "epi" 777

Gypsum, alterations and alteration products of 358,

373, 384, 396, 400, 788-789

chemical and physical constants of 197, 357, 788

occurrence and associations of 357

solubility of, in salt water 119

source and mode of formation of 357-358,

370,376,402,788-789
H.

Hague, Arnold, on calcareous deposits in Yellow-
stone National Park 551

Hahn, Julius, on annual range of temperature 437

Halite, chemical and physical constants of 197

Halite and albite, alterations and alteration prod-
ucts of 375,400

Halite and nephelite, alterations and alteration

products of. 388,400

Hall, R. D., and Lenher, Victor, on precipitation of

gold 1091-1092, 1096-1U97, 1098

on telluride of silver, artificial production of . . . 1124

on tellurides, formation of 1120-1131,1124

Hallock, "William, on variations in rigidity of bodies
accordant with degree of pressure . . . 673

Halloysite, chemical and physical constants of 197

sources and mode of formation of 253, 254, 370, 389

Hambuechen, Carl, on potentialization of energy in

strained metals and minerals.. 97,691

Hammond, J. H., on Witwatersrand banket.. 1041

Hann, Julius, on temperatures at surface of the
earth 52

Harmotome, character, occurrence, formation, and
alterations of 330-335

Harris, G. D., and Ball, "W. H., on phosphates 976

Hautefeille, Paul, experiments of, producing rutile

group of minei-als 331

Haiiy, R. J., on rock nomenclature 785

Haiiynite, alterations and alteration products of. 298-299,

373,384,399

chemical and physical constants of 197,395,297

occurrence of ; 297-398

Hayes, C. "W., on bauxite deposits 985,1037

on colors of soils of Nicaragua as indicating pres-
ence of ferric or ferrous oxide 470, 471

on Nicaraguan streams, lack of sediment in 504

on origin of phosphates 976,977

on quartz crystals, corrosion of 218

on solution of silica.. 76,848

Heat, absorption and liberation of, by solution 81

chemical effects of 56, 89, 105, 113, 208, 362

conductivity of rocks for 53

derived from the sun, metamorphic effects of __ 51-53

derived from within the earth, metamorphic
effects of 53-54

increase of, effect of, on chemical reactions 89

liberation of, dominance of reaction causing . . . 362

mechanical effects produced by, in belt of ce-

mentation 595
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Heat, metamorpMc effect of 51-56

phenomena of , in chemical action-54, 105-110, 182, 208, 363

production of, by mechanical action in rocks,

importance of, in metamorphism. .54, 99-100

relation of, to chemicaland mechanicalaction. 110-113

work of, in ground-water circulation 147-149

Heat toning of chemical reactions, mathematical

statement of - 10®

Heat and gravity, work of, in ground-water circula-

tion... - - -— li8-149

Heat and light, metamorphic effect of - — 51-56

Hedenhergite, occurrence of - 273

chemical and physical constants of .._.... 197, 271

Hematite, alterations and alteration products of . . . 338-

227, 373, 377, 379, 384, 401, 403, 408

chemical and physical constants of 197, 223, 843

formation of, chemical equations showing, . . 830, 1126

from cupric sulphate and ferrous sulphate

solution, chemical equations show-

ing... 1102

from iron carbonate, chemical equations

showing ^^^

from siliceous siderite, etc., chemical equa-

tions showing... 830

formation of magnetite from, chemical reac-

tion involved in 846

residual deposits of.. 10^9

sources and modes of formation of 214, 235-226,

237, 229, 233, 242, 244, 245, 268, 269,282,303,

309, 313, 328, 342, 370, 375, 376, 377,378,379,

384, 385, 386, 387, 390, 391, 398, 399,400,404,

405, 467, 468, 633,830,843-845,846,1102,1126

specular, origin of - 844-845

Hematite and anorthite, alterations and alteration

products of 377,402,404

Hematite and biotite, altei-ations and alteration

products of 379,396,398,401

Hematite and meiorite, alterations and alteration

products of 387,403

Hematite, anorthoclase, and calcite, alterations and

alteration products of 377

Hematite, calcite, and microcline, alterations and
alteration products of 389,401

Hematite, calcite, and orthoclase, alterations and
alteration products of 389, 401

Hematite-schist, origin of 845

Henrich, C, on ore deposits of Ducktown, Tenn 1183

Hercynite, chemical and physical constants of 198

source of - '^'^^

Hess, W. H., on origin of nitrates in cavern earths. 543

Heterogeneous andhomogeneous chemical systems,

notes on — 90-91

Heulandite, alterations and alteration products of. 333,

334,373,384,400

chemical and physical constants of 198, 330

sources and modes of formation of 363,

331-333,370,375,376,397

High lands, disintegi-atdon of rocks in 499-500

HUgard, E. W., on amount of soluble salts con-

tained in soils in California 545

on decomposition of rocks in arid regions 501

on decomposition of silicates in calcareous and

noncalcareous soils 477

on endurance of plants to alkalies 478

on soils of arid regions 497

•Rill
, R. T., on systems of circulating underground

water 578

Page.

Hillebrand, W. F., and Clarke, F. "W., on chemical

action in solutions, theory of 68

on chemical composition of slate 896

on rock analyses. 693

on rocks of Pigeon Point, Minn. 733

on water content of rocks, relation of, to crys-

tallization 743,744

Hills, R. C, on ground-water level in Cripple Creek

district 1173

Hinde, G-. J., on cherts of organic origin 847

on silicification at Spitzbergen 646

Hitchcock, Edward, on schist conglomerates 869

Hobbs, W. H., on enlargement of mineral particles. 644

on regeneration of mineral particles 705

Hobbs, W. H., and Culver, G. E., on decomposition

of olivine-diabase in South Dakota . . 560

Hoff, J. H. van't, on heat of chemical reactions 107

on osmotic pressure 73,74

on reactions 90

on solutions 74

on thermal effects of chemical reactions athigh

and low temperatures 168

Homogeneous and heterogeneous chemical sys-

tems, notes on 90-91

Hoover, H. C, on ore deposits of western Australia. 1185-

1186

Horizontal movement of ground water, limits of. 679-580

Hornblende, alterations and alteration products

of 285-286, 287, 388, 289, 290, 373, 384, 385, 398

chemical and physical constants of... 198,283

fragment of , cut showing enlargement of 626

occurrence of 284-385

sources and modes of formation of... 274,279,285,303,

305-308, 370, 376, 378, 383, 387, 390, 396, 408, 62,5-637

Hornblende and quartz, alterations and alteration

productsof 385,399,405

Hoskins,L.M.,on flow and fracture of rocks 671

HoskinSjL.S., on shearing of rocks 763

Howell, E.E., onwarm or hot springs of Cordilleran

region.. 591-692

Hubbard, H. L., on hydi'ous silicates in the Lake
Superior region 1130

Hudson schists, igneous and sedimentary rocks

combined in 912

Human influences on ground-water level, charac-

ter of 437-438

Humic acid, formation and action of, in soils 462-463

Humid regions, decomposition of rocks in 601-502

level of ground water in, as affecting depth of

ore deposits 1180

Humidity, importance of, in decomposition of

rocks 501-502

Humites, alterations and alteration products of.. 325,

373,385,403

chemical and physical constants of 198, 335

occurrence of 325

Hunt, T. Sterry, on carbon dioxide formerly in at-

mosphere 964^965

on carbon dioxide of mineral springs, source of. 678

on carbon dioxide segregated from Interstellar

spaces by gravitation.. 973

on origin of pegmatites. - 733

on silica in underground water 476

Huttonian principles of geology, application of, to

metamorphism 35-36

reversal of, as applied to metamorphism 36-37

Hyalosiderite, chemical and physical constants of.. 199
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Hydrargillite, chemical and physical constants of. 198, 234

occurrence, sources, and alterations of 235-236

See also Gibbsite.

Hydration, alterations produced by - - 401

conditions favorable to — 89

definition of -- 204

depth and pressure required for reversal of . . 180-181

discussion of - 481^183

examples of - -- - 179-180

extent of, in belt of cementation 164,165,166,612

limitation of, by expansion of volume. _ _ 481

occurrence of, in zone of katamorphism 178

water fixed by, amount of.. 161-162

Hydration and carbonation, alterations produced

by ..-- 396

Hydration and decarbonation, alterations produced
by 401^02

Hydration and dechloridation, alterations produced

by 403

Hydration and defluoridation, alterations produced
by 403

Hydration and desilication, alterations produced
by 404

Hydration and oxidation, alterations produced by . . 404

Hydration and silieation, alterations produced by.. 405

Hydration, carbonation, and dechloridation, altera-

tions produced by _ 398

Hydration, carbonation, and desiHoation, altera-

tions produced by . 398-399

Hydration, carbonation, and desulphation, altera-

tions produced by _ _ 399

Hydration, carbonation, and oxidation, discussion

of.. 483-484

Hydration, carbonation, and silieation, alterations

produced by 399

Hydration, decarbonation, and dechloridation, al-

terations produced by 403

Hydration, dechloridation, carbonation, and desili-

cation, alterations produced hy 403

Hydration, desilication, and decarbonation, altera-

tions produced by 401

Hydration, oxidation, and desilication, alterations

produced by 405

Hydration, oxidation, carbonation, and desilica-

tion, alterations produced by 390

Hydrobiotite, chemical S and physical constants

of --,. 198

source and mode of formation of 339,

340,342,370,378,397

Hydrogen in earth's crust, amount of _ 981-982

in earth's crust, percentage of 934,936

in sea water, percentage of 942

occurrence and combinations of 981-983

of volcanoes and fumaroles, sources of 492

oxidation of, in belt of weathering 461-465

Hydrogen sulphide, sources and importance of. 1112-1114

Hydrolysis, increase of amount of, with increase of

temperature 108

importance of, possible, in naetamorphism 108

of sodium silicate, observations on 67

phenomena of 86-87

Hydromagnesite, chemical and physical constants

of 198

sources and modes of formation of 235, 370, 379, 398

Hydromuscovite, sources and modes of formation
of 255,293,312,353,370

See also Finite.

Page.

Hydronephelite, chemical and physical constants

of 198,329

occuiTence and associations of 331-.333

sources and modes of formation of 292,

295, 331-333, 370, 388, 392, 397, 398

Hydrophlogopite, chemical and physical constants

of.. 198

source and mode of formation of 343, 370, 389, 397

Hydrosulphuric acid, oxidation of, by bacteria, for-

mula for reaction ...J... 468

production of.. 468

solubility of sulphides in - 1106

Hydrosphere, percentage of known matter of globe

formed by 933

See also Ocean.
Hydrotalcite, source and mode of formation of... 309-370

Hydrous silicates, alterations and alteration prod-

ucts of 519

Hygrometric water in rocks, definition of.. ..- 124

Hypersthene, alteration of, to talc, magnetite, and
quartz, volume change incident to— 633

- alterations and alteration products of 268-271,

373,379,385,399,404,405

chemical and physical constants of 198, 267

occurrence and associations of 268

sources and modes of formation of 268,

302, 339, 342, 370, 375, 376, 379, 383, 390, 396, 401

Hypersthene, calcite, and quartz, alterations and
alteration products of , 379,407

I.

Ice, change of water to. See Freezing.

Idaho, South Mountain district of, ore deposits and
gangue minerals of 1056

Idaho Springs, Colo., ore shoots near, intersecting

fractures at. 1227

Iddings, J. P., Cross, Whitman, Pirsson, L. V., and
Washington, H. S., on mineral com-
position of amphioble-gabbro.. 632

Igneous and crystalline rocks, analyses of 934-935

Igneous Intrusion, features of 488^494, 646-652, 707-736

ground-water temperature as affected by 690-591

metamorphic effects of 42,54,716-736,1014-1017

factors influencing, composition of intrusive

and intruded rocks _ 650

depth of intrusion 652

groundwater... 650

length of time of intrusion 651-652

porosity of rocks. 649-6.50

pressure 652

size of intrusive masses 651

temperature of intrusive. 652

minerals formed by 717-720

water released by, in zone of anamorphism 662

work of, ih belt of cementation. 646-652

Igneous processes, ores produced by 1043-1052,1233

Igneous rocks, chemical composition of 890

classification and nomenclature of 904^906

effects of , in metamorphism 43

importance of, as sources-of ore deposits. . , 1030-1034

metamorphosed, and metamoi*phosed sedimen-
tary rocks, discrimination between,
criteria for _. 908-917

minerals in, percentages of 9.37

ore deposition as affected by 1014-1017

ore deposits in 1030-1034
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Igneous rocks, relations of stratigrapliy to 923-924

See also Igneous intrusion.

Igneous work, character and extent of, in belt of

cementation 646-653

in zone of anamorphism -. 707-736

relations of, to chemical and mechanical work
in metamorphism 653-655

See also Igneous intrusion.

Xlmenite, alterations and alteration products of. . 327-328,

373,385,386,405,408

chemical and physical constants of 198-323

occurrence of -. 227

sources and modes of formation of _. 237,

331, a55, 370, 389, 391, 400, 405

Hmenite, calcite, and quartz, alterations and altera-

tion products of 385,408

Imbibition, capacity of rocks for, an index to power
of transmission --- 155

water of, definition of 124,155

Impervious strata, effect of, on ore deposition... 576-578,

1307-1211

Induration of rocks, subsurficial, by injection of

molten magma --- 647

surficial, method of 546-549

Injection, igneous, in belt of cementation , 646-653

igneous, in zone of anamorphism 707-736

Inorganic compounds, oxidation of 466-469

Insolation, conditions favorable to 438

importance of topography in 439

origin of term -- 437

resistance of rocks to, varying power of 439

Insoluble compounds, precipitates formed by 540-541

Intruded rocks, composition of, a factor in meta-

morphism 713-715

Intrusion, igneous, manner of, in zone of anamor-
phism 708-710

igneous, metamoi*phic effects of 43,54,

488--494, 646-653, 716-736, 1014-1017

metamorphism resulting from 711

minerals formed by 717-720

temperature effects of... 712

water present during effects of 712-713

work of, inbelt of cementation- 646-652

Intnisive rocks, composition of, a factor in meta-
morphism 713-715

ground water temperature as affected by 590-591

Intrusive masses, size of 711-712

Invilliers, E. V. d\ and Lesley, J. P., on Cornwall

iron-ore mines 1198

Iblite, alterations and alteration products of 291,

373,386,402

chemical and physical constants of 198,291

occurrence of 391

iOnic theory of solutions, change of view required

by -. 67-68

statement of 116-118

Ions, definition of 66

separation of acids, bases, and salts into 85

Iron, amount of, dissolved from rocks in weather-

ing 517

compounds of, oxidation of 172

in earth's crust, amount of 986-988

in earth's crust, percentage of 934,936

occurrence and combinations of 986-989

oxidation of, methods of 467-468

oxygen consumed in 950-951,955

precipitation of copper by 1101

Iron and copper compounds, association of 1158-1166

Page.

Iron-bearing carbonate family of rocks, deposits

composing 823-843

Iron-bearing minerals, deposition of 637

Iron-bearing rocks, photomicrographs of 836

Iron bisulphide, reactions involving 1161,1163,1163

Iron carbonate, formation of, modes of 233-234,

239, 341, 242, 827, 843, 844, 1176

oxidation of 467

Iron compounds, decomposition of, in rock weath-
ering 517,536

deosidation of 471-473

Iron Mountain, Mo., process of weathering at 520-521

Iron ores, bog deposits of, formation of 550

conditions of occui-rence of, figures showing . . . 1196

formation of, by ascending solutions 1089

by chemical precipitation 1037

by reprecipitation and solution .. 541

modes of 560-561,1044^1045,1061,119^-1198

residual deposi ts of 1039

titaniferous, deposits of._. 1044^1045

Iron oxides, ferric and ferrous, ratios of in sedi-

mentary and igneous rocks 950-951

formation of , 241-242,283,285,286,333,540

forms of deposition of 633

removed from soil annually, amount of 486

source of 370

surface induration of rocks by.. 548-549

Iron-oxide family of rocks, deposits forming 843-846

Iron sulphate, production of 468

Iron sulphides, oxidation of 468, 952

reactions involving... 953,1143,1149,1150,1161,1162,1163

volume changes incident to production of 418-469

Iron, zinc, and lead compounds, association

of 1144^1158

Irrigation, migration of alkalies to surface caused

by - 546

Irving, A., on alterations of rocks by contact meta-
morphism 489-490

on classification of matmoi*phism 39

Irving, J. D., on tellurides associated with Potsdam
gold ores of the Black Hills 1119

Irving, R. D., on alterations of rocks by contact

metamorphism 489-490

on cementing materials of rocks, similarity of,

to rock cemented 628

on copper (native) and magnetite, association

of 1103

on copper deposits of Keweenaw Point, Mich., 1087

on metasometism in the Keweenawan series 641

on ore depo.sits of the Penokee-Gogebic district

of Michigan and Wisconsin 1316

on production of openings at contact of igneous

and intruded rocks 655

Ii'ving, R. D., and Van Hlse, C. R., on actinolite,

growth or penetration of, into quartz 219

on alteration of clastic rocks 184

on enlargement of mineral particles,..'. 644,874

on diabase from Michigan, losses in, due to

weathering 511

on iron-ore deposits, origin of 831

on iron silicate rocks, agency of igneous intru-

sions in producing 840

on recementation of rocks 564

on recrystallization of quartz and development

of mica in rocks.- 694

on rock textures (original), preservation of,

after metasomatic alteration 644

on schists of the Lake Superior region 904



INDEX. 1265

J. Page.

James Eiver Valley, S. Dak., loss of head of arte-

sian waters in _ 142

Jaspilltes, origin of 829,831-833

Lake Superior region, metamorphic histoi^y of. 38

Jenney, W. P., on chemistry of ore deposition 1111

on lead and zinc deposits of Mississippi Val-

ley 1083, lOSi

John, C. von, and Teller F., on zonal arrangement
of metamorphic minerals peripheral

to intrusive masses 719

Johnson, S. W., on disintegration of granite by
lichens 454

on silica, potash, soda, etc., in grain and straw . 454

Johnston, John, on spontaneous movements, due to

strain, in sandstones 598

Johnstone, A., on carbon dioxide solutions, action

of, on micas 476

Jointing, ground-water circulation as affected by. . 127,

i:«-1.31,138
See also Fracture.

Joints, ground-water circulation as affected by 130-

131,138

pore space added to rocks by 127

Jones, H. C, on chemical reactions 89

Joplin district of Missouri, water in mines of . _ 1132,

1133,1134

Judd, J. W., on eolian action in rounding sand
grains .-. 432

on Nile delta deposits 500,501

Jadelte, chemical and physical constants of , 198

Julien, A. A., on bending of marble slabs by pres-

sure 658-659

K.

k + andk— , signification of , in equations 210

Kahlenberg, Liouis, on electrolytic dissociation and
chemical change 67,85

on osmotic pressure _ 74,82

Kahlenberg, Louis, and Lincoln, A. T., on silicates

in solutions 67,87,115

Kaolin, alterations and alteration products of 317, 352

chemical and physical constants of 198,352

formation of, from potassium feldspar, equa-
tion showing _. 1070

occurrence of .-- ._ _ 353

sources and mode of formation of 2.53, 260, 263, 264,

265, 266, 292, 293, 294, 297, 312, 313, 314,

318, 319, 322, 323, 339, 340, 352, 353, 370,

375, 376, 377, 378, 381, 382, 386, 387, 388,

389, 392, 393, 394, 397, 398, 399, 402, 403

Kaolin and quartz, formation of, by alteration of

orthoclase, volume change incident

to 632

Kaol'inite, alterations and alteration products of. 317,352

chemical and physical constants of 198,352

occurrence of __ _ 353

sources and modes of formation of 2,53, 260, 363,

264, 265, 266, 292, 293, 294, 297, 312, 313, 314,

353, 370, 375, 376, 377, 378, 381, 382, .386, 387,

388, 389, 392, 393, 394, 397, 398, 399, 402, 403

Katamorphic, katamorphism, propriety of use of

terms 162

Katamorphism, zone of, belts composing 162-163

zone of, chemical reactions in . . _ 161-163,

166-167, 171, 180, 181, 186, 1008-1009

MON XLVII—04 80

Page.
Katamorphism, zone of, chemical reactions in, heat

effects of 109,111

chemical reactions in, occurring also in zone
of anamorphism _ 181-182

reversed in zone of anamorphism . . 181, 366-369

thermal and volume effects of 186

thermal conditions of ._ 167

circulation of aqueous solutions in 1022-1028

definition of 43,160,162

deposition of silica in._ 176

energy required for deformation in, com-
pared with energy required for defor-

mation In zone of anamorphism . . . 769-774

features of, and chemical reactions in . . . 1005-1009

gradaton between, and zone of anamor-
phism 191

hydration in 178-180

minerals of 162,363

specific gravities of - - 363,364

openings in 1006-1008

oxidation in, minerals orcompounds affected

by 171-172,955-956

oxidation and deoxidation in, thermal and
volume changes involved in 173

phenomena occurring in 160-167

relation of zone of anamorphism to _ 170-

186,766-768

relation of zones of fracture and flowage
to 187,190

specific gravities of minerals in 363, 364

subdivisions of _ 43,156

volume changes consequent upon chemical
reactions In .__ 182-183

See also Cementation, belt of; Weathering,
belt of.

Kekekabic Lake, Minnesota, enlargement of horn-
blende crystals of volcanic tuffs at , . 626

Kelvin, Lord [William Thomson], on potential en-

ergy of certain forms of minerals. . 360-361

Kelyphite, formation of _ __ 303

Kemp, J. F., on nickel mines of Lancaster Gap, Pa . 1186

on ore formation.. 1063

on telluride gold ores 1098,1119

on tltanlferous iron ores 1044

on willemite in the New Jersey zinc deposits. . . 1131

on zincite and frankllnite, occurrences of 1125

Kerrlte, formation of 343

Keweenaw Point, Mich., copper at 1062,1087

Keweenawan sandstone, cementation of, by feld-

spar 626

Keweenawan series, metasomatism In 641

Killinite, sources and modes of formation of 393

King, F, H., diagram cited from 410,411

on ground water 413,421,428,581

on pore space in rocks. 125,126
on waterflow through capillary openings 140

Koene, C. J., on carbon dioxide now and formerly
in atmosphere 949,950,956

Kyanite. See Cyanite.

L.

Labradorite, character, occurrence, formation and
alterations of 259-265

Lacrolx, A., on alteration of hornblende to augite. . 286

on formation of calcite from anthophyllite 283

on minerals produced in alterations of horn-
blende to chlorite 287
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Lafar, Franz, on action of bacteria in metamor-
pMsm 467,473,826

Lake Superior region, changes in rocks of 35

copper deposits of... 1032, 1103-1104, 120«205, 1231

iron ore deposits of. 560-561, 606, 1193-1198, 1218-1219, 1231

Lake vein, SanJuan district, Colorado, influence of

wall rook on ---- 12.30

Lakes, concentration of soluble materials in 551-554

tufa deposits in 793

Lancaster Gap, Pa., diminution of richness of sul-

phurets with depth in nickel mines
of- - - 1186

Landolt, Hans, and Bornstein, Eiehard, on viscosity

of water at different temperatures. . 141

Last Dollar mine. Cripple Creek mining district,

ore shoots near intersecting frac-

tures in --- --- 1227

Lateral secretion, importance of, in first concentra-

tion of ore deposits 1078

Latitudes, high, disintegration of rocks in. -. 498-499

low, decomposition of rocks in .- 502

Laumontite, alterations and alteration products

of 334,373,386,396,400,401

chemical and physical constants of 198, 331

occurrence of.. -.- 331-333

sources and modes of formation of 262, 376, 397

Launay, L. de, on contact metamorphic origin of

ores --- 1050

on genesis of ore deposits 1190

on Witwatersrand banket 1041-1042

Lavas, openings or pore spaces in 127,134

Lawson, A. C, on contact metamorphism 653

on Franciscan cherts 852

on fusion of sedimentary rocks.. 734

on peripheral structure 716

Lead and zinc deposits of Mississippi Valley, forma-

tion of, conditions of.... 1083-1084,1208-1209

secondary enrichment of 1186

topography as affecting 1220

Lead and zinc district of Mississippi Valley,caves in_ 565

grou nd-water level, changes in 429

silicate of zinc formed in 480

Lead carbonate, production of, equation showing
reaction for .-. 1147

Lead ores, associated minerals of 1144-1145

Lead sulphates, reactions involving 1149-1150

solubility of 1075

Lead sulphide, occurrence and genesis of 1148-1151,

1154-1158

Leadville, Colo., secondary enrichment of ores at.. 1186

silver ores at... . 1168-1169

Lead, zinc, and iron compounds, association of. 1144-1158

Le Chatelier, Henri, on chemical reactions 89

on relation of pressure to solidification 102

Le Conte, Joseph, on boric acid at Sulphur Bank,

Cal.. 1107

on formation of magnetite by oxidation of iron

sulphide 846

on ore deposition at Sulphur Bank, Cal 1110, 1176

on ore deposits, genesis of 1031, 1118, 1128, 1190

on silication of carbonates 667

Lecoq, Henri, on carbon dioxide exhaled by mineral

springs of Auvergne 678,971

Lehmann, Johannes, on pegmatites - 722, 723

Leith, C. K., acknowledgments to 29

figures cited from 704,810,8-36,888,902

on cleavage 756,757,760,778,903

Page.

Leith, C. K., on greenalite 284,827

on hydration, temperature of, as determined by
Hampe 483

on igneous intrusions as an agency in produc-

ing iron-silicate rocks 840

on iron-ore deposits of Lake Superior region 1319

on quartzite-schists, diameters of particles of . . 869

on water content of hematite 843

Leith, C. K., and Van Hise, C. R., on agency of

igneous intrusions in producing iron-

silicate rocks - 840

Lemberg, J., dissolution of zeolites in water by 112

on artificialtransformation of leucite to analcite. 267

Lenher, Victor, on gold, salts, and soluble fluorides,

reactions between __ 1133

on insolubility of gold in hydrofluoric acid 1133

on precipitation of silver by tellurous salts 1125

on solubility of gold 1090

Lenher, Victor, and Hall, E. D., on precipitation

of gold 1091-1092,1096-1097,1098

on telluride of silver, artiflcial production of . . . 1124

on tellurides, formation of 1120-1121, 1124

Lepidomelane, source of 370,378

Lepsius, C. G. R., on Attic marbles, structureof ... 815

on oxygen contained in ground waters 605

on recrystallization 706-707

Lesley, J. P., and d'Invilliers, E. V., on Cornwall
iron-ore mines 1198

Letts, E. A., and Blake, R. F., on bicarbonates in

zone of weathering 536

on carbon dioxide in atmosphere 962

on carbon dioxide in soils 475

on oxygen in soils 470

Leucite, alterations and alteration products of . . 366-367,

373,386,402,408

chemical and physical constants of 198,266

occurrence of... 366

sources and modes of formation of 366

Leucite, albite, and anorthite, alterations and alter-

ation products of 375, 376, 386, 397

Level lands, decomposition of rocks in 602-503

Leverett, Frank, on artesian waters, flow of 142,587

on underground water 578

Levy, A. Michel, on pegmatization 736

Lewy, B., and Boussingault, J. B., on sodium dioxide

in soils. -- 474

Lichens, disintegrating effects of, on rocks 444-445

Life, work of, in metamoi-phism .. 503-504,505-506,5^57-558

See also Plants; Animals; Vegetation.

Light and heat, metamorphic effect of 51-56

Lime, in earth's crust .-. 934,937,938

in grain and straw .-. 454

in salts of sea water - 943

Limestone, analyses of - 938

cherty , features and origin of - 816-820

weathered forms of 529

dolomitizationof-- 798-808

volume changes involved in ..- 309

formation of, mode of 558, 791-795, 991-993

formation of Wallastonite from, chemical reac-

tion involved in. - 833

losses in, by production of clay 533-534

by weathering.... 513,523,524

material of, source of 791

metallic ores associated with 1086-1087

metamorphism of 795-797,822

photomicrograph of. __ 814
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Limestone, pore space in, amount of 124

solution of 539-540

strain in, shown by quarrying 598

thickness or mass of, contained in earth^s crust. 941

transformation of, to silicate rocks 823

weathering of , features of 5IW

losses by 513,523,524

Limestone regions, solution and precipitation of cal-

cium carbonate in __ 539-540

Limonite, alterations and alteration products of - . . 373,

386,396,400

chemical and physical constants of _ 198,231,842

formation of, chemical reactions showing 826,

830,843,846

occurrence and character of 332-233, 843-843

sources and modes of formation of 314,

215, 216, 326, 227, 329, 232-233, 234, 242, 244,

268, 282, 303, 309, 338, 371, 376, 377, 378, 379,

380, 383, 384, 385, 386, 387, 390, 391, 398, 402,

404, 406, 467, 550, 623, 624, 826, 830, 842-843

Lincoln, A. T., aid by, in mathematical computa-
tions 29,208,210

Lincoln, A. T., and Kahlenberg, Louis, on silicates

insolutions 67,87,115

Lindgren, Waldemar, figure cited from 1156

on calcium carbonate, solubility of _ 78

on deposition of cassiterite 1127

on gold deposits of the Sierra Nevada 1084,

1094, 1095, 1096, 1137, 1170, 1184, 1185, 1202, 1204

on heat at contact of intrusive with sedimentary
rocks 1054

on hydrogen sulphide in minesof Sierra Nevada. 1107

on hydrous sulphate of aluminum in gold veins

of California 1143

on igneous origin of certain ore deposits 1049-1050

on metasomatic changes in fissure veins. 603, 1069-1070

on minerals accompanying ore deposits 1055-1066

on ore deposits, genesis of 1111

on origin of ores by metasomatic replacement- . 1047

on silicates in fissure veins 1130

on tellurides associated with gold deposits. . 1119, 1174

on titanic iron-ore deposit at Iron Mountain,

Wyo -- -- 1044

Lippinoott, J. B.,on flow of water through sands. 142-143

Liquid-filled cavities in rocks, cuts showing 620,746

sizesof 658

Liquid solutions, formation of i 59

Liquids and solids, graduations between _ 81

Lithium, percentage of, in earth's crust 936, 1002

Lithium oxide, percentage of, in earth's crust 938

Lithosphere, chemical composition of 933-947

, definition of term. _ 31,933

deformation of 1005-1014

volume of 932-933

See also Earth's crust.

Llversidge, A., on precipitation of gold by sulphide

minerals 1096-1098

Loams, pore space in __ 126

Lobworms, effect of work of, on soils 448

Loess of Mississippi Valley, character of 433,501

Logan, W. E.,ongraywackes of Lake Superior re-

gion 881-882

London shaft. Mineral Point, Colo., cross section of

vein near _ 1135

Lord, Eliot, on the Comstock lode 1224

on water in Comstock lode 438

on weathered dikes 527

Page.
Los Angeles Eiver, ground water feeding, flow of . 142-143

Lessen, K. A., on zonal arrangement of metamor-
phic minerals peripheral to intrusive

masses 719

Loughridge, E. H., on proportion of soluble material
in soils to degree of comminution ... 495

Low landsi decomposition of rocks in 502-503

Lugworms, effect of work of , on soils 448

m:.

McCaflery, E. S., and Yung, M. B., on copper de-

posits of New Mexico 1056

McGee, "WJ, on arkose 497

on quartz-feldspar sands 873

on rook disintegi-ation by changes in tempera-
ture 439

Magma, miscibility of, with water.. 114-115

water derived from 1065-1069

Magmatic segregation, ores produced by 1043-1052

ores produced by , alterations of 1237

Magnesia in earth's crust 934,937,938

in grain and straw 454

in salts of sea water 942

See also Magnesium oxide.

Magnesite, alterations and alteration products of . . . 343-

244,386

chemical and physical constants of.. 198,237

occurrence of.. 243

sources and modes of formation of 243, 304,

309, 349, 350, 366, 371, 378, 383, 384,

387,388, 390, 391, 396, 397, 398, 399

Magnesiteand corundum, alterations and alteration

products of 381,400

Magnesite and diaspore, alterations and alteration

products of. 381,401

Magnesite and diopside, alterations and alteration

products of 382,408

Magnesite and gibbsite, alterations and alteration

products of 383,401

Magnesite, gibbsite, microchne, and siderite, altera-

tions and alteration products of . . . 389, 401

Magnesite, gibbsite, orthoclase, and siderite, alter-

ations and alteration products of 389

Magnesite, microcline, and siderite, alterations and
alteration products of 389,401

Magnesite, orthoclase, and siderite, alterations and
alteration products of 389, 401

Magnesite, sahlite, and siderite, alterations and
alteration products ot 391,408

Magnesium in corals and marine shells 798

in earth's crust 934,936,992-994

in limestones 800-801,802

in ocean 944

in sea salt 943

in soils, agricultural benefits of 92

occurrence and combinations of 992-996

precipitation of, in the sea, discussion of. 788-789

replacement of, by calcium, phenomena of... 279-280

Magnesium bromide, amount of, in the ocean and in

sea salt 943

Magnesium carbonate removed from soil annually. 486

Magnesium chloride in the ocean and in sea salt . . . 943

Magnesium oxide in earth's crust 934, 937, 938

in ocean and in salts of sea water 942

Magnesium sulphate in ocean and in salts of sea

water , 943

revei*sible reaction of, with sodium carbonate.. 88
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Magnesium-bearing minerals, deposition of 627

Magnetite, alterations ami alteration pi-oducts of. . 239,

373,386,396,404,405

chemical and physical constants of 198, 228, 842

formation of, chemical reactions involved in . . . 838,

845, 846, 1102, 1112, 1126, 1197

occurrence and character of 229,623-634,1197-1198

precipitation of silver by 1100-1101

sources and modes of formation of 214, 215, 216,

226, 227, 239, 242, 244, 245, 268, 269, 374, 286, 303,

309, 336, 342, 371, 376, 378, 379, 381, 384, 385, 387,

388, 390, 391, 392, 393, 399, 401, 404, 405, 406, 408,

468, 623-624, 838, 845, 846, 1113, 1126, 1197-1198

Magnetite and rutile, alterations and alteration

products of 391,405

Magnetite, augite, and siderite, alterations and

alteration products of 378, 408

Magnetite beach sands, utilization of 1039

Malachite, alteration of, to azurite, equation show-

ing. 1159

formation of, from tenorite 1159

Malacon, chemical and physical constants of .- 198

source and mode of formation of 315, 371, 394, 402

Malay Peninsula, tin deposits of --- 1054-1055

Mallet, Robert, on liquefaction of rocks by mechan-
ical action --- --- - 99

on source of molten matter of volcanoes 729

Mammoth Hot Springs, sources of water of 1068

Man, effect of work of , on soils 450-451

influence of work of, on ground-water level . . 427^28

Manganese in earth's crust -. - 936-989

occurrence and combinations of 989-990

Manganese minerals, occurrence of 1116

Manganese ores, genesis of 1037, 1198-1199

Manganese oxide in earth's crust 938

Manganese silicate, occurrence of - - - 1131

Manganese sulphide, importance of, in precipitation

of ores --- 1116

Marcano, V .
, onamount of nitrates in soils oftropical

countries 465-466

Marble, deformation of - - 658-659, 811-816

deformation of, photomicrographs showing ef-

fects of .. 814

formation of - -- 808

Marbles, actinolitic, origin of 833

cherty, features and origin of -__ 816,820

griineritie, origin of -- 833

schistose, occurrence of 810-811

silicated, origin of - ---- 820-821

Marcasite, alterations and alteration products

of 214-216,373,387,399,406

chemical and physical constants of 198, 313

occurrence of. -- 213-214

precipitation of copper sulphide from cuprio

sulphate by -. 1116

source and modes of formation of.. 213,

214, 215, 2-26, 237, 371, 384, 408, 627, 1153

Marcasite and sidei-ite, alterations and alteration

products of - 392,406

Marcano, A., and Miintz, V., on origin of nitrates of

Chile 543

Margarite, alterations and alteration product of . . , 345,

373,387

chemical and physical constants of 198,344

occuiTence of - - 344

sources and modes of formation of 223,

234, 225, 232, 236, 371, 381, 382, 383, 407, 408

Page.

Marialite, alterations and alteration products of. 313-314,

373,387,403

chemical and physical constants of 198,311

occurrence of .-- - -- - 313

sources and modes of formation of. 263, '265, 313, 375, 400

Marmorosis, an example of alteration of rocks with-

out change in chemical composition. 202

Marsh, G-. P., on effects of man's work on soil 451

Martite, formation of 467

Maryland, argillite from, losses in by weathering.. 510,

522

Mashing of rocks, discussion of 763-764

Mass mechanical action, definition of... 47

metamorphism by 49-50,685-698

Mass-static conditions, alterations of rocks un-

der 698-706

Massachusetts, diabase from, losses in, by weather-

ing. 509,532

Means, T. H., on saUne incrustation of soils 544

Means, T. H., and Gardner, F. D., on effect of alka-

lies in soils 478,543

Means, T. H., and Whitney, Milton, on endurance
of plants to alkalies 478

Mechanical action in rocks, ground-water circula-

tion as affected by 149

heat generated by 54

metamorphic effect of 46-50,95-104

relation of, to chemical action and heat 110-113

Mechanical concentration, formation of oresby. 1038-1039

Mechanical effects of heat and light on rocks, state-

ment of 55-56

Mechanical work in belt of cementation, discussion

of. 594-602

Mechanicgrl work in metamoi*phisni, combinations

and relations of, to chemical and

igneous work 495-496,653-655

Meionite, alterations and alteration products of 373,

387,397,406

chemical and physical constants of 198, .311

occurrence of 312

source and mode of formation of 263,

265, 302, 303, 312, 371, 377, .384, 396, 400

Meionite and hematite, alterations and alteration

products of 387,402

Melanite, chemical and physical constants of 199, 399

occurren(;e of .-- 302

Melanite, almandite, and pyrope, alterations and
alteration products of.. 37.5,383,387,390,396

Melanite and grossularite, alterations and altera-

tion products of 383, 384, 387, 390, 398

Melanite, grossularite, and pyrope, alterations and
alteration products of .. 383, 384, 387, 390, .398

Melilite, chemical and physical constants of 199

sources and mode of formation of 314

MendelSefE, D., on carbon dioxide in the atmos-

phere 944,962

on dehydration of silicic acid 617

on soil's absorptive power for potassium 1001

on solution of calcium carbonate by carbonic

acid ..- 794

on solutions --- '^4

Meniscus, retarding influence of, in capillary flow. 141

Menominee district of Michigan, iron-ore deposit of,

as affected by topography 1319

Mercnr mining district of Utah, ore deposits

in 1208,1213

Merrill, F. J. H., on Hudson schists 904
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Merrill, G. P., on acids in soils --. 463

on bacteria, increased activity of, in tropical

couiitries - - 466

on burrowing animals, effect of work of, on
soils .- 449,450

on carbon dioxide in rain water, as determined

by Fischer 474

on carbon dioxide in soils, as determined by
Boussingault and Leroy 474

on casehardening of rocks 549

on diatom deposit of chert at Richmond, Va 818

on disintegration of rocks, depth of... 530

by changes in temperature 439

on removal of pressure 104

on freezing as an agency in removing disinte-

grated-rock material 443

on hydration of granite rocks 481

on man's work on soil 451

on nitrate deposits of Chile 543

on pore space in chalk 125

on preservation of original textures and struc-

tures in decomposed rocks 525-526

on pressure as affecting character of rocks 363

on solubility of sihca 516

on soluble material in soils, proportion of to de-

gree of comminution 495

on "Uplift of overlying material by a hydrating
rock 171

on trituration of rocks, limit of 432

on vegetation, effect of on motions of ground
water 422

on weathering, end products of 521

on weathering, losses of constituents of rock
by 507,522-523

Mesolite, alterations and alteration products of . . 333-334,

373,387,401

chemical and physical constants of 199, 329

occurrence of 332

sourcesand modes of formation of.. 262,

332,371,375,377,398

Meta. definition of term 776

Metals, occurrence of forms of._ 172

precipitation of, methods of 1081-1088

solution of 1073-1075

soui-cesof 1030-1036,1069-1072

transportation of 1075-1081

Metamorphic action of intruded magmas, discus-

sion of 648

Metamorphic ore deposits, enumeration of 1233

Metamorphic processes, ores produced by 1052-1232

Metamorphic textures of rocks, plate showing 704

Metaraorphism, agents of 33,34-35,39-40,44,58-158

belts and zones of, definitions of 159,

160, 163, 164, 167, 189-190

chemical elements, distribution of, as affected

by 932-1003

classification of.. 39-40

contact, direct contact effect of 489-490

discussion of 488-494

exomorphic and endomorphic effects of 488

indirect contact effect of -._ 490-494

definition of... _. 32

extent of, by igneous intrusion in belt of cemen-
tation 649-652

factors affecting _ 40-44

forces of-...-- 39-40,44,45-57

general principles of 3^-38

Page.

Metamorphism, geological factors affecting 40

in belt of cementation 563-656

in belt of weathering 409-561

in zone of anamorphism 657-774

in zone of katamorphism 409-656

ores produced by 1052-1233

rate of 36

relations of oi*e deposit to 1004-1343

relations of stratigraphy to 907

relations of, to distribution of the chemLical ele-

ments 933-1003

structures and textures produced by 37-38

variations in, within one district , 917-921

variations in nature of, with depth 160

zones of, definitions of 159, 160, 163, 164, 167, 189-190

Metamorphibm by igneous intrusion, conditions

governing extent of 649-652

See also Alteration.

Metasomatism, conditions favorable to _ 641-642

definition of... 631,640

extent of 640-641

growth of large mineral individuals by, with
preservation of original textures.. 643-645

in zone of anamorphism, methods of 683-683

minerals formed in 683-685

minerals produced by 642-643

operation of, in conjunction with cementation . 654

segregation of individual minerals by 645-^46

volume change by, illustration of „ 633

Meteorites, constituents of 945-947, 970, 975, 978

Metia, island of, magnesian coral reefs at 799,803,804

Mexico, copper and copper-gold deposits in 1056

Micas, character, occurrence, and alterations of . 336-344

sources and modes of formation of , 328, 256,

326, 337, 338, 339-344, 371, 374,

380, 383, 392, 393, 394, 625-627

authigenic nature of 693-694

percentages of, in igneous rocks 937

Michigan, diabase from, losses in, by weathering. 510-511

Microcline, alterations and alteration products
of 253-257,373,389,398

chemical and physical constants of 199, 253

occurrence of 253

sources and modes of formation of. 253, 281, 371, 392, 397

Microcline, albite, and anorthite, alterations and
alteration products of 389

Microcline and gibbsite, alterations and alteration

products of 389,400

MicrocUne and orthoclase, equation showing pro-
duction of muscovite from 1070

Microcline, calcite, and hematite, alterations and
alteration products of _ 389, 401

Microcline, magnesite, and siderite, alterations and
alteration products of , 389, 401

MicrocUne, magnesite, siderite, and gibbsite. altera-

tions and alteration products of . . . 389, 401

Miller, W. G., on corundum deposits 223

on corundum-syenite 1045

Mineral composition of earth's crust, discussion

of -. 192-201

Mineral composition of rocks, effect of, on rate of

weathering 533

use of, as criterion for discriminating metamor-
phosed, sedimentary, and igneous
rocks 915-917

Mineral growth in rocks, examples of 643-645

methods of 619-621



1270 INDEX.

Page.
Mineral particles, regeneration of 705-706

Mineral Point, Colo., cross section of vein near Lon-
don shaft at 1135

Min3ral springs, carbon dioxide emitted from 971

carbonates contained In, amount of 611

silica in water of , amount of 573

See also Springs.

Mineral stability, factors determining 359-362

Mineral-vein formation, examples of, now in prog-

ress.... _. 1059-1060

Mineralizers, or mineralizing agents, definition of.. 59-60

equivalent term used by Elie de Beaumont and
H. Ste. Claire Deville 59

Minerals (rock-making), adaptation of, to environ-

ment 33-34

alterations of, chemical reactions and volume
changes involved in 375-394

classification of, with volume changes 395-408

general nature of 303-206

alterations and alteration products of, tables

showing 372-374

accompanying ore deposits, citations concern-

I

ing 1055-1057

chemical formulas for 195-201

classification of 193

consideration of, in detail 193-408

deposition of, now in progress... 1059-1060

enlargement of, by deposition of new mat-

ter... 619-631

formation of, by igneous intrusion 717-720

conditions affecting 33-35

growth of 619-631

in igneous rocks, percentages of 937

in zone of anamorphism, enumeration of 363-364,

683-685

in zone of katamorphism, list of __ 363

list of, showing chemical composition, specific

gravity, etc 195-301

loss of, by weathering, order of 518-531

table showing quantities of 516

molecular volumes and weights of 195-201

solubility of , order of 518-521

sources of, discussion of.. 207-208

table showing.. 369-372

specific gravities of 195-201

Mines, dry, mistaken inferences concerning... 1063-1065

ground water in 1064-1065

Mining operations, influence of, on ground-water

level - 428

Mississippi Valley, loess of, character of 501

zinc and lead deposits of. See Lead; Zinc.

Missouri, lead and zinc district of, caves in 565

oxidation in, depth of _ — 606

See ofeo Lead; Zinc.

Molecular attraction, influence of, on ground-water
circulation 150-153, 419^22

Molecular change and change of symmetry, altera-

tions produced by 399

Molecular division, alterations produced by 405

Molecular mechanical action, definition of

metamoi'phic effect of 47-49

Molecular rearrangement, alterations in rocks by . . 202

MoUusks, magnesium contents of shells of 798

Monoclinal cleavage, existence of, over extensive

areas 928-931

Monoclinic amphiboles, character, occurrence, for-

mation, and alterations of 288-390

Page.
Monoclinic pyroxenes, character, occurrence, for-

mation, and alterations of.. 271-281
Monson granite, strain in, shown by quarrying 598
Montara granite, disintegration of, extent of.. 530
Monte Cristo district of Washington, richness of

ores in, decrease of, with increase of

depth in 1187-1188

second concentration of ores in, conditions fa-

voring 1177-1178

silver ores in.. ngg
Moore, C. J., on ore deposits of Cripple Creek dis-

trict 1173,1173
Mosses, disintegratory effects of, on rocks. 44 1 445
Mountain making, relations of rock flowage to. . . 924-931

Mountainous regions, disintegration in 499-500

Mountains, limitation of height of, by disintegra-

tion ._ ....^. 499,528

Mountains of disintegration, production of 528

Mousson, A., on pressures required to hold water
liquid at temperatures below freez-

ing point 440

Movement, metamorphic effects of 42-43

Mud family of rocks, character and origin of 886-892

average chemical composition of 890

Mueller, Richard, on chemical action of carbon di-

oxide solutions on minerals . . 61, 71, 475-476

Milgge, O., on deformation of crystals 695

Miintz,A.,on nitrates in soils of tropical countries 465-466

Miintz, A., and Marcano, V., on origin of nitrates

of Chile 543

Miintz, A., and Schloessing, T., on bacteria, activ-

ity of, temperature favorable to 466

Murray, John, and Eenard, A. F., on silica in sea

water 866-867

on source of silica for marine organisms 848

Muscovite, alterations and alteration products of. 337-338,

353,374,387,388,403,408

chemical and physical constants of 199, 336

formation of, from orthoclase and microcline,

equation showing. 1070

occurrence of '. 336-337

sources and modes of formation of. 333, 234, 225,

232, 236, 254, 257, 264, 265, 266, 281, 293, 397,

312, 313, 318, 319, 327, 328, 353, 371, 375, 376,

377,381,382,383,386,387,388,389,392,393,

394, 397, 398, 400, 402, 403, 404, 406, 407, 408

See also Damourite.
Muscovite-biotite-quartz-sohist, photomicrograph

of 902

Nason, F. L., on iron ores of Missouri 1039

Native elements, occurrence of, as minerals. . 212

Natrolite, alterations and alteration product of 333,

334,374,388,401

chemical and physical constants of '. 199, 329

occurrence of -.- 331-333

sources and modes of formation of 261,

292, 294, 295, 296, 298, 334, 335, 371, 375, 379,

380, 384, 388, 392, 397, 398, 399, 401, 402, 404

Naumann, C. F., on rock nomenclature... 785

Naumann, C. F., and Zirkel, Ferdinand, on forma-

tion of smaragdite 274

Nephelite, alterations, andalteration products of. 392-294,

297,374,388,397,400,403

chemical and physical constants of 199, 393
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Nephelite, occurrence of - 392

sources and modes of formation of -- 266,

267,292,371,886,408

Nepielite and halite, alterations and alteration

products of -- 388,400

Nephelite and quartz, alterations and alteration

products of - 388,406

Nepheline-syenite, weathered formsof 528-529

Nernst, "Walter, on chemical changes produced by-

mechanical action 49

on chemical reactions 87,88,89,90

on chemical systems, homogeneous and hetero-

geneous - -- -- 90-91

on diffusion of substances in solution 82, 83

on electrolytic dissociation as a measure of re-

action capacities of substances 94

on freezing and crystallization, identical char-

acter of- - - -- 113

on freezing point of solutions, lowering of by
crystallization of contained materials 116

on heat effects connected with chemicalaction. 81,

. 105,106,107

on molecular attraction in gases -_ 660

on osmotic pressure - 72

on precipitation by reactions between solutions

and solids _.- 120

on precipitation, laws of 118

on pressure, effect of, on chemical reactions 100

on pressure, relations of, to solubility 77,101

on proportion of volume of liquids occupied by
their molecules -- 365

on separation of salts into their ions 66

on solubility, increase of, by increase of temper-

ature 79

Nevada, lake deposits in 553

Nevada City, Cal., gold veins of, constant tenor

of 1137

New Caledonia, nickel ore of ,_. 1131

Newell, F. H., on proportion of run-off to rainfall.. 414

Newman, George, on number of bacteria in soil 455

New Mexico, copper deposits of 1056

New South Wales, gold deposits of 1098-1099

Newtonite, chemical and physical constants of 199

sources and mode of formation of 253, 254, 371, 389

New Zealand, magnetite beach sands of 1039

Nicaragua, depth of disintegration of rocks in 531

Nickel In earth's crust _ 936,1002

Nickel ores, formation of 1046-1048

Nickel silicate, occurrence of 1131

Nickel sulphides, formation of ores of 1046-1048

Nicolson, J. T., and Adams, F. D., on deformation

of calcite crystals... 675

on deformation of rocks under pressure. . . 49, 670, 681,

'

696, 747, 772, 809, 811, 812, 814, 815, 816, 1012

on mobility of calcite _ 754

Niles, W. H., on strain in rocks 598

Niter family of rocks, deposits composing 787

Nitrates, occurrence and origin of 542-543, 980

Nitrogen in atmosphere 944

in earth's crust 980

in ocean 936

occurrence of 980

oxidation of, consumption of oxygen of air by.. 954

methods and products of. _ 465-466

sources of, for plants 452

Nonfragmental rocks, classification of 784-863

Page.

Norites, nickeliferous, deposits of 1046-1047

Noselite, alterations and alteration products of . 298-299,

374,388,399

occurrence of 297-298

chemical and physical constants of 199, 295

Novaculite, character of 865

Nova Scotia, gold ores of 1213

O.

Ocoee series, metamorphism in, variations of 919,920

Octahedrite, alterations and alteration product
of 230-231,374,388

chemical and physical constants of 199, 230

occurrence of 230

sources and modes of formation of 227,228,

230-231, 355, 371, 385, 386, 393, 396, 405

Ocean, carbon dioxide in 967

chemical composition of 944

limestone formations deposited in 793-795

salts in 942,943,944

source of water of 953-954

Oligociase, character, occurrence, formation, and
alterations of 259-265

See also Andesine.

Olivine, alteration of, to serpentine, magnetite, and
quartz, volume change incident to. . . 633

alterations and alteration products of 308-311,

35t, 366, 374, 388, 399, 404, 405

chemical and physical constants of 199,308

occurrence of 308,367

sources and modes of formation of 308, 367, 380, 386

Olivine and anorthite, alterations and alteration

products of 388,408

Olivine and quartz, alterations and alteration prod-

ucts of 388,406

Olivine, calcite, and quartz, alterations and altera-

tion products of 388,407

Omphacite, alterations and alteration products
of 274

Opal, alterations and alteration products of 221-222,

388,389,400

chemical and physical constants of 199,221

occurrence of 221

sources and modes of formation of 221,

309,349,371,391,540

Openings in rocks, character, distribution, forms,

and sizes of 129-136,

143-146, 1.55, 618, 658, 1201, 1203

filling of 564-565

flow and work of water in.. 136-143,154-155

second concentration of ores favored by 1177-117^

Ore deposits, classification of 1005, 1232

contiguous, difference in mineral content of. 1202-1203

derivation of, from igneous rocks 1030,1034

from sedimentary rocks 1033,1036

genetic classification of, table showing 1232

igneous, enumeration of 1233

metamoi-phic, enumeration of.. 1233

openings occupied by, character of 1078, 1201, 1202

position of, as affected by topography 1217-1221

present formation of 1233

relations of metamorphism to 1004-1232

rich upper belts of 1182-1193

sedimentary, enumeration of 1233

superficial alteration of 1190
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Ores, concentration of , special factors affecting:, 1199-1223

formation of, by aqueous solutions 1058-1334

by chemical precipitation . 1037

by different processes, transition be-

tween 1335-1340

by gaseous solutions, discussion of 1053-1058

by igneous processes, discussion of 1043-1052

by mecbanical concentration 1038-1039

by metamorpbic processes 1053-1333

by sedimentation _ 1037-1043

metals of, sources of 1335-1240, 1069-1072

Ore shoots, formation of, in secondary frac-

tures 1228-1339

frequency of. near complex fractures. . _ 1325

influence of wall rocks on formation of 1239

location of, factors determining 1083

occurrence of, near flexures 1325-1336

origin of some, during late orogenic movements. 1338

variations in size and richness of 1223-1334

Oregon, copper deposits of 1055-1056

Organic matter, importance of, in ore deposition. . . 1146

oxidation of 461-466,606-607

precipiUtion of gold by 1094-1095, 109S-1099

precipitation of ores by 1110-1111

Orientation "of mineral particles in recrystallized

rocks, discussion of 688-689

Orogenic movements, ground-water level as effected

by 426

ore shoots formed by i 1338

Orthite, chemical and physical constants of 195

Orthoclase, alteration of, to kaolin and qiiartz, vol-

ume change produced by 632

alterations and alteration products of 253-257,

374,389,398,404

chemical and physical constants of 199,253

occiirrence of 253

sources and modes of formation of 253, 266,

333,334,335,371,376,384,386,393,397,400,401,408

Orthoclase, albite, and anorthite, alterations and
alteration products of 375, 377, 389, 404

Orthoclase and gibbsite, alterations and alteration

productsof 389,400

Orthoclase and microcline, equation showing pro-

duction of muscovite from . _ 1070

Orthoclase, calcite, and hematite, alterations and
alteration products of 389,401

Orthoclase, magnesite, and siderite, alterations and
alteration products of . _ _ _ 389, 401

Orthoclase, magnesite, siderite, and gibbsite, altera-

tions and alteration products of 389

Orthorhombic pyroxenes, character, occurrence,

formation, and alterations of 267-271

Osmotic pressure, character of__ 72-74

Osteolite, source and mode of formation of... 366,371,378

Ostwald, W., diagram cited from, showing quanti-

tative relations between solution and
temperature 80

on acid reaction of solutions containing strong
acid and weak base 87

on acids, character of _ 93

on acids and bases 84

on acids and bases, strength of, as a measure of

reaction capacities 94

on adsorption 121

on bases, character of 92

on carbonic acid, absence of second stage of dis-

sociation in 85

Page.
Ostwald, W., on chemical reactions, nature and

speed of _ 91

on crystallization from solutions 75

on diffusion in solutions __ _ _ 83,83

on gas absorption by water as affected by solids

held in solution 72

on heat phenomena of chemical solutions 106, 107

on hydrolysis . - 86,87,108

on osmotic pressure ___ 73,74

on precipitation 115,117-118

on pressure in gas dissolved in liquid . _ 70

on separation of salts into their ions _ 66-67

on solutions _ 58,77,79

on surface tension of water 150

on temperature, effect of, on solubility 72

Ottrelite, chemical and physical constants of 199,344

occurrence and alterations of 345

Oxidation, alterations produced by 405

belt of, coincidence of, with belt of weathering. 1143

compounds affected by, in zone of katamor-
phism 171-172

deflnitionof. _... 204

depth and pressure required for reversal of.. 180-181

depth of 606

in belt of cementation 164,165,166,604^608

in belt of weathering 163,461-473

materials affected by _ 172

method of, in zone of katamorphism 161

of carbonaceous matter, carbon dioxide pro-

duced by 973-974

of inorganic compounds, discussion of 466-469

of organic compounds, discussion of 461-466

oxygen for, source of, in zone of katamor-
phism 161,163,165

substances affected by _ 606

Oxidation and decarbonation, alterations produced
by .,. 405

Oxidation and desulphidation, alterations produced
by ._._ 406

Oxidation and hydration, alterations produced by. 404

Oxidation and titanation, alterations produced by. 405

Oxidation, carbonation, and hydration, discussion

of 483-484

Oxidation, carbonation, dehydration, and desilica-

tion, alterations produced by 399

Oxidation, carbonation, hydration, and desilication,

alterations produced by 399

Oxidation, decarbonation, and desulphidation, al-

terations produced by.. 406

Oxidation, hydration, and decarbonation, altera-

tions produced by 406

Oxidation, hydration, and desulphidation, altera-

tions produced by 406

Oxide order of rocks, deposits forming 843-853

Oxide ores, genesis of 1135-1128

Oxides, character, occurrence, formation, and al-

terations of -- 317-336,520

Oxides cementing rocks in belt of cementation,

forms and conditions of deposition

of 623-623

Oxygen, amount of, in atmosphere 944

in atmosphere, depletion of, causes of 949-956

in earth's crust 934,936

in earth's crust, sea, and atmosphere 948

in sea salt and sea water 943,943,944

sources of 944,948-949,956

work of in naetamorphism 60,61,63



INDEX. 1273

I>.

Packard, R.L., on occurrence of nickel as a silicate. 1131

Paragonite, chemical and pliysical constants of . . . 199,

336,338

occurrence and alterations of. 338

sources and modes of formation of 258,

260, 261, 337, aS8, 371, 375, 377, 388, 400, 401, 408

Parankerite, alterations and alteration products
of 242-243,374,376,405,406

chemical and physical constants of 199, 237

occurrence of 242

sources and modes of formation of 242, 823-829

Parankerite and ankerite, alterations and altera-

tion,products of 376

Parankerite and quartz, alterations, and alteration

products of--.. 376,407

Parankerite, ankerite, and quartz, alterations and
alteration products of 376

Park Ranges, uplift of, discussion of 929-930

Parker, E. W., on amount of coal mined and used . . 464

Pectolite, chemical and physical constants of 199,271

occurrence of 273

source and mode of foi'mation of 273,

280,333,334,371,378,401

Peale, A. C, on carbonates in waters of mineral
springs 611

on chemical action taking place in solutions 68

on ferrous iron in sulphate-bearing mineral
waters _ __ _ 1093

on silica in spring water 572,867

Pearlash. See Potassium carbonate.

Peat beds, production of , 472

Pebble, gravel, and bowlder deposits, discussionof . 853-869

Pebbles, quartz, simulation of, by sheared quartz
fragments _. 911

Pecos Valley, New Mexico, prevention of alkaline

deposits in, methods adopted for 546

Pegmatite veins, possible relation of to ore deposits. 1050

Pegmatites, production of, by contact metamorph-
ism ..., 720-728

Peirce, on greater tidal forces of the past 931

Pelite-gneiss, deposits of, origin and character of, 894-904

Pelite order of rocks, families of 785

deposits composing :__ 886-892

Pelite-schist, deposits of, origin and character of. 894-904

Pelite-slate, deposits of, origin and character of.. 894-904

Pelites, definition of _ 785

photomicrographs of 1 902

Penck, A., on limitation of heights of mountains by
disintegration 499

Penfleld, S. L., and Sperry, F. L., cited on aphro-
sideriteat Spurrmine..- 303,305

Penninite, formation, alterations and alteration

products of 347-348

chemical and physical constants of 196,344,345,346

occurrence of _. 346-347

sources and modes of formation of 343,344,371,390

Penokee-Gogebic district, diabase from, losses in,

by weathering 510-511

photomicrographs of rocks from 836

Penokee series of Michigan, diabase dikes in, meta-
morphism of _ _ 43

Penrose, R. A. F., jr., on copper deposits of Arizona. 1184

on difference in effects of displacement on differ-

ent kinds of rock 1010

on ore deposits, Cripple Creek district, . 1085, 1169, 1205

on ore deposits, superficial alteration of 1190

Page.
Penrose, R. A. F., jr., on ore shoots in fissures 1223

on manganese silicate 1131

on phosphates, origin of 976

on sulphates, formation of 1141

on telluride gold ores of Cripple Creek, Colo 1119

on tellurides and fiuorite, association of 1122, 1123

on tellurides and sulphides, association of 1120

on tin deposits of Malay Peninsula 1039, 1054-1055

on veins of Cripple Creek district 1202

Peridot, chemical and physical constants of 199

Peridotites, ore deposits in 1047

Perovskite, alterations and alteration products of, 355,

374,389

chemical and physical constants of 199, 354

occurrence of 355

source and mode of formation of 355, 371, 393, 401

P^rry, J. H., on occurrence of graphite.. 213

Phillipsite, chemical and physical constants of... 199,330

sources and modes of formation of 262,

332,371,375,376,386,397

Phipson, T. L., on carbon dioxide nowand formerly
in atmosphere 949,950,956

on oxidation of hydrogen by plants 953

Phlogopite, alterations and alteration products
of 343-344,374,389,390,397,403

chemical and physical constants of... _^ 199,336

occurrence and associations of. 343

Phlogopite-chlorite, chemical and physical con-

stants of 199

source and mode of formation of . _ 371

Phonolite, losses in, by weathering, analyses show-
ing. 512

Phosphates, character, occurrence, formation, and
alterations of . .-. 356, 542-543, 976-977

Phosphation, definition of _ 206

Phosphoric acid, percentage of, in grain and straw, 454

presence of, in ground waters 93

Phosphorus, in earth's crust 936,975

in meteorites. 975

in original and sedimentary rocks 975-976

Phosphorus pentoxide, percentage of, in earth's

crust _ 937,938

Physical and chemical principles applicable to ac-

tion of ground water 65-123

Physical-chemical factors affecting rock alter-

ation. 359-365

Physical revolutions, effect of, on ore depos-

its 1221-1222

Physics, principles of, applicable to motions of

groundwater 65-123

Pickering, S. P. U., on precipitation of basic ferric

sulphate 826

Picotite, chemical and physical constants of.. 200

Piedmontite, character, occurrence, formation, and
alterations of ., 320,321-323

Finite, chemical and physical constants of 200

source and mode of formation of 291,

293,313,371,386,397

Pirsson, L. V., and "Weed, "W. H., on tellurides asso-

ciated with gold ores of Judith and
Little Rocky mountains, Mont. 1119

Pirsson, L. V., Cross, Whitman, Iddings, J. P., and
Washington, H. S., on mineral com-
position of amphibole gabbro 632

Pitching arches, influence of, on ore deposition. 1211-1216

Pitching troughs, influence of, on ore deposition . 1211-1216

origin of 1215-1216
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Placer deposits, metals derived from 1038

sea-beach deposits so designated - - . 1038

Plagioclases, alterations and alteration products of. 374

Plagioclase feldspars, character, occurrence, forma-

tion, and alterations of 269-265

Plants, abundance of , favorable to decomposition. 503-504

chemical work of , in soils.. 453-456

disintegrating effects of , on rocks 44^447

geological work of 504-506

ground-water circulation affected by 417, 422-423

material abstracted from soil by .' 537-538

sparseness of, favorable to rock disintegration

without decomposition 500

work of, in maintaining soils 505-506

Plateau, J., on molecular attraction between water
and walls of its container 144

Pleonaste, chemical and physical constants of 200

Poiseuille, J., laws of water flowage formulated

by.... 139,140

Polar regions, disintegration of rocks in 498-499

Pore space of rocks, amount of 124-128

form of openings constituting, diagrams show-
ing 132,133

influence of amount of, on effects of freezing. . . 441

size of openings constituting 134-146

Porosity of rocks, effect of, as regards metamor-
phism 40-41,641-642

effect of, in cases of igneous intrusions 649-650

influence of, on ore deposition 1201

variations in 1200-1217

Porphyritic chloritoid, thin section of 704

Porphyritic minerals in rocks, development of . . . 699-705

occurrence of , in schists, significance of 697

Porphyritic schists, dissemination of 910-911

Porphyritic textures, development of 699-705

Portland mine. Cripple Creek, Colo., ground water
in.... 1064-1065

Posepny, F. , on copper deposits of Australia 1087

on crustiflcation .1 1134^1135

on ore classification 1073

on ore deposits, genesis of 1060,

1065, 1076, 1128, 1160, 1181, 1235

on production of sulphide ores by ascending
waters 1235

Potash, percentage of , in grain and straw 454

percentage of, in salts of sea water 942

Potassa, amount of, in original and sedimentary
rocks 1000

See also Potassium carbonate; Potassium oxide.

Potassium, in earth's crust 934,936,999-1001

in lithosphere 933,934

in ocean 944

inseasalt 943

minerals and rocks containing 1000

occurrence of 999-1002

Potassium-bearing minerals, deposition of 627

Potassium carbonate, chemical composition of and
other data concerning 200

Potassium carbonate, quartz, and diaspore, altera-

tion products of 382,407

Potassium carbonate, gibbsite and quartz, altera.

tion products of 383,407

Potassium carbonate, quartz, and corundum, altera-

tion products of 381,408

Potassium feldspar, equation showing production of

kaolinfrom 1070

Potassium minerals, order of decomposition of, in

rock weathering 536

Page.
Potassium oxide, in earth's crust 934, 937, 938

in salts of sea water 942

Potassium sulphate in the ocean 943

Potassium sulphide in salts of sea water 943

Potentialized energy resulting from strain, discus-

sion of .. 96-97

Potsdam sandstone, gi'ound water in, rate of flow

of 585-586,587

Potter, W. B., on preservation of original structure

in decomposed rocks 526

Powell, J. W., on fourfold structural character of

the earth 31

on proportion of run-off to rainfall 414

on springs of G-rand Canyon of the Colorado 411

on tempei*ature required for aqueo.igneous fu-

sion 729

Pratt, J. H., onchromite ores 1047

Precht, H., on amounts of magnesium salts mined
at Stassfurt 994

Precipitates, organic, formation of 792-793

Precipitation, ascending waters favorable to 115, 116

by change of pressure, phenomena of 114-115

by change of temperature, phenomena of 79-81,

115-116

by reactions between aqueous solutions, phe-

nomenaof. 116-119

by reactions between aqueous solutions and
gases, phenomena of 119

conditions governing 116-118

cycles of, influence of on ground-water level ... 424

heat effect in.... 105-106

laws of 116-123

likeness of , to freezing 113

of abundant compounds in a solution, law of . . . .539

of cementing material, principles of. 629

of material in belt of weathering, discussion

of . 539-.5.54

of metals, methods of 1081-1088

of minerals from solutions, causes of 1078

ores formed by 1037

phenomena of 113-123

selective, discussion of 634-636

supersaturation necessary to 113-114

Prehnite, alterations and alteration products of . .. 324,

374,390,404

chemical and physical constants of 200, 324

occurrence of 324

sourcesand modes of formation of . 260, 263, 324, 333, 3.34,

335, 371, 376, 377, 386, 387, 388,391, 401, 404, 625

Pressure, decrease of, precipitation of metals

by 1081-1082

effect of ,' on chemical reactions 100-104, 168

on crystallization 103

on metamorphism by igneous intrusion 652

on ore deposition 1073,1074

on production of minerals 363-365

on solution 77-78,101

importance of, in chemicalwork in belt of weath-
ering 460-461

increase of, effect of, on chemical reactions 89

of gases, importance of, in metamorphism 70-71

osmotic, character of 72-74

precipitation by change of 114-115

range of, at which work of water solutions is

done 603

relation of, to rapidity of deformation of rocks. 741

to solubility 77-79

See also Strain; Stress.



INDEX. 1275

Page.

Preston, Thomas, on pressures necessary to keep

water liquid at different tempera-

tures --- ,- 568

Prestwich. Joseph, on dolomitization of Carbonif-

erous limestones in Ireland .._ 799-800

on ground-water transmiESion as influenced by
size of openings in rocks - - 154

on retention of decomposed potassium feldspars

by rocks -- 1001

Prochlorite, chemical and physical constants of.. 196,.346

occurrence and alterations of 346-348

Przibram mining district, ground water in mines ^

of - 1063,1077

Psammite order of rocks, deposits forming. . . 785, 860-886

Psephite gneiss, origin and character of 857-860

Psephites, deposits composing 785, 853-860

Pseudo-conglomerates, discrimination of, from true

conglomerates 910

Pumpelly, Raphael, figure cited from 923

on aphrosiderite at Spui-r mine 803

on cementing materials, similarity of to rocks

cemented 628

on copper deposits of the Lake Superior re-

gion 1101,1204

on hydroussilicatesintheLakeSuperiorregion. 1130

on metasomatism in the Keweenawan series . . . 641

on replacement of silica by copper in rocks of

Lake Superior region 77

on substitution of copper for porphyry pebbles. 656

Pumpelly, Raphael, "WoUE, J. E., and Dale, T. N., on
crystaUographic orientation of por-

phyritic feldspar 698

Purington, C. W., Woods, T. H., and Doveton, G. D.,

on occurrence of rhodonite at the

Camp Bird mine, Colo 1115-1116

Pyrite, alteration of, to magnetite. 845, 846, 1112

altei'ations and alteration products of 214-316,

374,390,406

association of gold deposits with 1095, 1096

chemical and physical constants of 200,213

occurrence of 213-214

precipitation of copper sulphide from cupric

sulphate by, equation showing reac-

tion for 1116

sources and modes of formation of 213-216,

226, 227, 371, 384, 387, 390, 399, 408, 627, 1153

Pyrite and siderite, alterations and alteration

products of 392,408

Pyrope, alterations and alteration products of 302,

374, 376, 390, 397, 399, 401, 403, 404

chemical and physical constants of. 200,299

occurrence of 301

sources and modes of formation of... 386

Pyrope, almandite, and melanite, alterations and
alteration products of.. 375,383,387,390,396

Pyrope and almandite, alterations and alteration

products of 375,383,390,401,404

Pyrope, grossularite, and melanite, alterations and
alteration products of . . 383, 384, 387, 390, 398

Pyrophyllite, sources and modes of formation of .. 25'',

254,371,389

Pyroxenes, alterations and alteration products of . 275-

278,279

character, occurrence, formation, and altera-

tions of... 267-281,380,383,394,822

percentage of , in igneous rocks 937

Pyroxenite, losses in, by weathering, analyses

showing 510,515,522-523

I'uge.

Pyrrhotite, alterations and alteration products
of 214^216,374,390,391,406,408,849

chemical and physical constants of 200, 213

chemical reactions involving 846,1161

occurrence of. 213-214

sources and modes of formation of 213-214

Q.

Quadrupeds, burrowing, effect of work of, on soils. 450

Quarry water of sandstones, surface induration

caused by evaporation of.. 549

Quartz, alterations and alteration products of 218-220

cementation by, preponderance of 634^-636

chemical and physical constants of 200, 217

clastic, penetrated by sei*pentine, figure show-
ing 643

in igneous rocks, percentage of 937

mobility of 755

occurrence of 217-218

sources a;nd modes of formation of 218,220-221,

254, 260, 261, 264, 269, 273, 282, 285, 286, 304,

305, 306, 307, 309, 312, 322, 339, 349, 353, 366,

371, 375, 376, 377, 378, 379, 380, 381, 383, 383,

.384, 385, 387, .388, 389, 3E0, 391, 393, 394, 396,

398, 399, 400,401,403,404,405,540,622-623

vein, figure showing 1156

Quartz and analcite, alterations and alteration

products of 376,407

Quartz and ankerite, alterations and alteration

products of 376,407

Quartz and calcite, alterations and alteration

products of 380,407

Quartz and corundum, alterations and alteration

products of 381,406

Quartz and diaspore, alterations and alteration

products of 381,382,407

Quartz and dolomite, alterations and alteration

products of 382,407

Quartz and gehlenite, alterations and alteration

productsof 383,406

Quartz and gibbsite, alterations and alteration

productsof 383,407

Quartz and hornblende, alterations and alteration

productsof 385,399,405

Quartz and nephelite, alterations and alteration

productsof 388,406

Quartz and olivine, alterations and alteration

products of 388,406

Quartz and parankerite, alterations and alteration

productsof 376,407

Quartz and siderite, alterations and alteration

productsof 392,407

Quartz, ankerite, and parankerite, alterations and
alteration products of 376

Quartz, bronzite, and calcite, alterations and altera-

tion products of 379,407

Quartz, calcite, and corundum, alterations and al-

teration products of 381,408

Quartz, calcite, and forsterite, alterations and al-

teration products of 383,407

Quartz, calcite, and hypersthene, alterations and
alteration products of 379,407

Quartz, calcite, and ilmenite, alterations and altera-

tion products of 385,408

Quartz, calcite, and olivine, alterations and altera-

tion products of 388,407

Quartz, calcite, and rutile, alterations and altera-

tion products of - 391,407
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Quartz, corundum,and potassium carbonate, altera-

tions and alteration products of... 381,408

Quartz, diaspore, andcalcite, alterations and altera-

tion products of 382,407

Quartz, diaspore, and potassium carbonate, altera-

tions and alteration products of... 382,407

Quartz-feldspar sand, deposits of 870-874

Quartz-feldspar sand family of rocks, deposits com-
posing 870-876

Quartz, gibbsite,and calcite, alterations and altera-

tion products of 383,407

Quartz, gibbsite, and potassium carbonate, altera-

tions and alteration products of. . . 383, 407

Quartz, porphyry, mashed, thin section of, show-
ing elongated quartzes.. 704

Quartz rocks, deposition of 847-853

Quartz-sartd rocks, deposits forming 860-870

Quartz-schist, view of thin section of, showing liquid

and gas filled cavities 620

Quartzite, character and origin of 865-868

photomicrograph of _ 872

Quartzite-schist, character and origin of 868-870

Quincke, M., on molecular attraction between water
and walls of its container 143-144

Rainfall, amount of, in different sections 413-414

cycles of, influence of, on ground-water level... 434

seasons of, influence of, on ground-water level . 424

Rain water, carbon dioxide in, amount of _ _ , 474

Ransome, F. L., figure cited from 1135

on ore deposits of the Enterprise mine, Rico,

Colo 1084,1208,1315,1229

on ore deposits of the San Juan district, Colo-

rado 1187,1227,1229

on rhodochrosite, occuiTences of, in connection

with gold. 1116

on secondary enrichment of ore deposits _ 1188

Raoult, F. M., on lowering of freezing point of

liquids by addition of material for

dissolution ._ 115

Raymond, R.W., on genesis of ore deposits 1160

Reactions, chemical, discussion of 87-90

compounds present in, consideration of 91-94

effect of pressure on 100-104,168

importance of, in metamorphism 88-89

of expansion, discussion of... 631-634

nature and speed of 91-113,107-108

phenomena of 87-90

reversibility of 87-90,110-1X1,366-369

speed and nature of 91-113

speed of, increase in, with increase of tempera-

ture 107-108

stoppage of, by pressure and heat generated by
the reactions themselves 89

See also Chemical reactions.

Reade, T. Mellard, mountain-making theory of, as

affected by theory of increase of den-

sity of minerals with depth 185

on limestone contained in earth's crust, thick-

ness or mass of 941

on mountain ranges, origin of 924

on salts abstracted from soil by solution, amount
of.. 485-486

on sedimentary rocks, thickness of 939

Eecrystallization of minerals in rocks, alterations

effected by 202

Page.
Recrystallization, diagram, illustrating 753

discussion of 705-706

energy factors in 771-773

facts concerning 686-690

lag of, behind deformation 696-698

processes of 751-759

relation of granulation to 737-748

temperatures favorable to 740

theory of 690-696

time, relation of, to deformation 696-698

time required for 750-751

under mass-mechanical action 686-698

under mass-static conditions 698-706

water content of rocks as effecting 741-748

Recrystallization of quartz, phenomena of 318

Recrystallization and condensation, with mineral

changes, features of 102-104

Renard, A. F., on submarine formation of phil-

lipsite 333

Renard, A. F., and Murray, John, on silica in sea

water 866-867

on source of silica for marine orgamsm,s 848

Replacement of wall rock by ores, examples of . 1203-1207

Reprecipitation of material in belt of weathering,

discussion of 539-554

Residuary deposits, burial of, under marine deposit*,

example of 559

reference to 559

Reuter, M., and Treadwell, F. P., on solubility of

calcium carbonate in salt water 119

Reversibility of chemical reactions, observations

on 87-90.110-111,366-369

Beyer, E., on origin of pegmatites 722

Rhodochrosite, occurrence of, in connection with

ore deposits, significance of. 1115-1116

Rhodonite, occurrence of 1131

occurrence of, in connection with ore deposits,

significance of 1115-1116

Rhombic pyroxenes, character, occurrence, forma-

tion, and alterations of 267-271

Rickard, T. A., on indicator veins of Bendigo reef,

Australia 1111

on lodes of the Cripple Creek district 1225

on ores of the Bendigo gold district, Australia.. 1312,

1213

on ores of the Enterprise mine, Rico, Colo 1084,

1208, 1315

on precipitation of gold by organic matter. . 1094, 1095

on precipitation of gold by tellurides 1097

on telluride ores of Kalgoorlie 1123

on water in veins 1063

Rico, Colo. , ore bodies at Entei'prise mine at 1084,

1208, 1215

Riebeckite, chemical and physical constants of.:. 200,283

occurrence of.. 285

Rock-making minerals, chemical formulas for ... 195-201

consideration of 207-358

list of, showing chemical formula, specific

gravity, etc 195-201

molecular volumes of 195-201

molecular weights of 195-201

specific gravities of , logarithms of 195-201

Rock-salt family of rocks, features of deposits com- -

posing -- 789-790

Rocks, alteration of
,
geologic factors affecting 40-44

alterations of
,
general nature of.. 31-3&

analyses of 1 934-938
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Rocks, capacity of, for imbibition of water, an in-

dex to power of transmission 155

deformation of, speed of _ 188-189

diminution of volume of, methods of 101-104

disintegration of, by changes in tempera-

ture - 434r439

expansion of, with increase of temperature, rate

of 434

flow of, character and conditions of 748-759

effect of, on textures and structures 760-763

mashing by _ ._ .-. 762-764

relations of, to mountain making 924r-931

igneous, analyses of __ 934

losses of, constituents of , in belts of weathering 507-518

metamorphic, nomenclature of 776-784

openings in, capillary, flow of water in . _ 138-143

capillary, subcapillary, and supercapillary,

sizes of 135-136,138,145-146

diagrams showing form of 132,133

due to faults, joints, and flssility, relative

size of 155

form and continuity of 139-134

influence of, on speed of water transmission 154-155

percentage of rock occupied by 12^139, 146

size of 134-146,155

subcapillary _ _ 143-146

supercapillary , flow of water in 137-138

work of water in, variable in amount with
variation in size 136

pore space in, diagrams showing form of open-
ings constituting 132,133

sedimentary, analyses of 938

thickness, volume, and weight of 939-941

solid, penetration of, by water .- 123

Rolker, C. M., on tin deposits. 1038

Roots of plants, disintegrating effects of, on rocks. 411 147

Rosenbusch, H., on alterations of chlorite 347

on definition of psammites 785

onkalk-silikat-hornfelseof theHarz Mountains. 823

on zonal arrangement of metamorphic minerals
peripheral to intrusive masses 718-719

Rossland, British Columbia, auriferous pyrite de-

posits of... 1047

Run-off, effect of agriculture on 415

material abstracted from belt of weathering
by 538

Rupture of rocks by strain, discussion of 599-602

Russell, I. C, on cause of red color of soils 469,482

on chemical composition of alkaline earth car-

bonates of Lakes Lahontan and
Bonneville 799

on climatic changes in far West in Pleistocene

time 1178

on deposits of Lake Lahontan 554

on present formation of tufa deposits in salt

lakes 793

on preservation of original textures and struc-

tures in decomposed rocks 526

on subtuberant mountains , 709

Rutile, alterations and alteration products of 231,374

chemical and physical constants of 200, 330

sources and mode of formation of 327,

328,230,231,355,371,379,385,388,393,396,405

Rutile and magnetite, alterations and alteration

products of - 391 , 405

Rutile and siderite, alterations and alteration prod-

ucts of 391,400

Page.
Rutile, calcite, and quartz, alterations and altera-

tion products of 391,407

Rutley, Frank, on Paleozoic limestone beds, dwin-
dling and disappearance of 524

on whetstones of Arkansas 853

S.

Sahlite, alterations and alteration products of 373,

274, 275, 277, 378, 379, 374, 391, 399, 408

chemical and physical constants of 200, 371

occurrence of... _ 272

origin of, fi'om ankerite, chemical reaction in-

volved in 837

sources and modes of formation of 342,

243,273,371,376,407

Sahlite, siderite, and magnesite, alterations and al-

teration products of. 391,408

Salisbury, R. D., on loess of Mississippi Valley 501

Salisbury, R. D., and Chamberlin, T. C, on size of

particles of loess. 433

on thickness of residual clay in Upper Mississippi

Valley 5;:J0

Salt, common, amount of, annually removed from
soil 486

deposits of 789-790

Salt Lake Valley, lands rendered alkaline in, by ir-

rigation 546

Salton Basin, Cal., soluble salts in soil of 545

Salts, acid, example of 84

basic, example of 84

definition of. 66

dissociation of, in water. 73

formation of, mode of _ 84

in ocean, total amount of 943,944

in sea water _. 943

pi-ecipitation of, in belt of weathering 542

soluble, amount of , contained in soils 545

solution and abstraction of, in soils 485-486

solutions containing, phenomena of 116-119

San Bernardino spring, amount of silica in water of, 573

San Joaquin Valley, Cal., lands rendered alkaline in,

by irrigation 546

San Juan mining district of Colorado, decrease of

values with increase of depth in. 1186-1187

depth of oxidation in 606,1181

Lake vein in, variations in, with variations in

character of country rock 1071

ore deposits of 1304

as affected by topography. 1319-1320

ore shoots in 1337,1328

secondary enrichment of ores in 1186-1187

wall rock in, influence of, on veins in 1230

Sand dunes, formation of 862

Sand grains, size of smallest particles of 432-433

Sandberger, F., on source of metals. 1030

Sands, ferromagnesian, deposits of, character and
origin of 877-879

pore space in 125

Sandstones, analyses of 938

casehardening of 546-549

character and origin of 860-865

induration of surface of, by iron oxide 548-549

photomicrograph of 873

pore space in, amount of ._ _ 134,136

quarried, surface induration of, caused by evap-

oration of quarry water 549

strain in, shown by quarrying 598
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Saville-Kent, W., on composition and cemen1:ation

of Barrier Reef of Australia 796

Scapolites, alterationsand alteration products of. 312-314,

374

occurrence of 31JJ

sources and mode of formation of . 260, 263, 265, 353, 371

Scheerer, C. J. A. T., on origin of pegmatites 722

Schist, definition of 778,779-781

photomici-ograph of 902

Schistrarkose, deposits of, origin and character

of.- 875-876

Schist conglomerate, origin and character of 857-860

Schist-graywacke, deposits of, character and origin

of.. .- 883-886

Sohist-pelite, deposits of, origin and character of. 894-904

Schist-quartzite, chai-acter and origin of 868-870

Schistose tuffs, discrimination between sedimen-

taiy schistose rocks and 909-913

Schistosity , display of , by -weathering _ 525

Schists, metamorphic, igneous and sedimentary
rocks often combined in 911-913

minerals of, development of 899

porphyritic, discrimination of 910-911

Schloessing, T., on activity of bacteria, temperature
favorable to 466

on carbon dioxide the ocean, ratio of, to that in

the atmosphere 967-668

Schiirmann, E., on order of disappearance for the

metals by oxidation 1141

on precipitation of sulphides 1114, 1116

Scolecite, alterations and alteration products of . . . 333,

334,374,391,401

chemical and physical constants of. 200, 330

occurrence of 331,333

sources and mode of formation of 262,

331^333,371,377,397

Sea, chemical composition of f44

See also Ocean.

Sea-beach deposits of gold, term "placer " usedfor. 1038

Sea salt, chemical composition of 942,943

Sea water, salts contained in 942

Seas, inland, tufa deposits of 793

limestone formations deposited in 793-795

Seashore regions, disintegration in 500-501

Secondary enlargement of minerals in rocks, dis-

cussion of ... - 619-621

Secondary enrichment of ore deposits, discussion

of 1139-1193

of ores, illustrations of 1182-1189

Secondary fracture, veins produced by 1228

Sedimentary metamorphosed rocks, relation of

stratigraphy to 917-921

Sedimentary ore deposits, enumeration of 1233

metamorphic alterations of 1039-1043

edimentary rocks, analyses of 938

chemical composition of materials of 556-557

classification of 784-787

material in solution forming. 557-558

material in suspension forming 556-557,558

metamorphosed, and metamorphosed igneous
rooks, discrimination between, cri-

teria for 908-917

ore deposits in 1033-1036

relations of belt of weathering to 555-560

thickness, volume, and weight of 939-941

Sedimentation, ores produced by 1037-1043

Seelheim, F., on pore space in clays 136

Page.
Seepage, amount of, influence of, on ground-water

level 435

Segregation, magmatic, ores produced by 1043-1052

Segregation of individual minerals, disctission of. 645-646

Segregation of ores, discussion of 1036-1232

Selective precipitation, discussion of 634-636

Selenite. See Gypsum.
Selenium, precipitation of gold by ._ 1092

Sei-pentine, alterations and alteration products
of . . . . 349-a50, 353, 354, 367, 374, 391, 396, 402, 404

chemical and physical constants of 200, 348

occurrence of 349

penetration of quartz by, figure showing. 643

sources and modes of formation of 219,

238, 368, 269, 273, 274-275, 278, 285, 286, 288-

289, 302, 308-309, 325, 337, 339, 340, 353, 366,

371, 378, 379, 380, 382, 385, 387, 388, 390, 391,

392, 397, 398, 399, 402, 403, 404, 4a5, 625

Sei*p6ntinization, example of 646

Serpentinized graywacke, formation of 881-882

Serpentinized peridotites, ore deposits in 1047

Shaler, N. S., on ants, work of , on soils 449

on igneous and vein material in certain New
England regions, amount of 137

on increase of rock volume by cementation,
metasomatism, and injection 654

on man's work on soil 451

on trituration of rocks, limit of.. _ 432

Shaler, N. S., Woodworth, J. B., and Poerste, A. P.,

on occurrence of graphitic coals 212

Shales, carbon in. 966

chemical analyses of 890,891,938

deposits composing 892-904

origin and character of 893-904

feri-uginous, origin of 839-830

Sharpies, S. P., on chemical composition of corals.. 798

Shearing, use of term, discussion of 763

Shrubs, disintegrating effects of , on rocks 445

Siderite, alteration of , to magnetite 845

alterations and alteration products of 244-245,374,

378,391,392,405,406

chemical and physical constants of 200, 337

occurrence of. 244

sources and modes of formation of 236,339,333,

234, 244, 286, 309, 372, 384, 386, 396, 398, 408, 472,

625,823-829.

Siderite and marcasite, alterations and alteration

products of.. 392,406

Siderite and pyrite, alterations and alteration prod-
ucts of 392,406

Siderite and quartz, alterations and alteration prod-

ucts of 393,407

Siderite and rutile, alterations and alteration prod-

ucts of _. 391,400

Siderite, augite, and magnesite, alterations and al-

teration products of 378,408

Siderite, gibbsite, magnesite, and microcline, altera-

tions and alteration products of - . . 389, 401

Sidei-ite, magnesite, and microcline, alterations and
alteration products of 389,401

Siderite, magnesite, and orthoclase, alterations and
alteration products of 389, 401

Siderite, magnesite, gibbsite, and orthoclase, altera-

tions and alteration products of 389

Siderite, sahlite, and magnesite, alterations and al-

teration products of... 391,408

Sideritic rock, photomicrograph of 836
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Sierra Nevada, disintegration of rooks in, depth

of 530

gold ore of, origin of... 1084

injected granite of 647

Silica, amount of, annually removed from soil 486

colloidal, silicification by 540,547

crystallization of, form of, dependence of, on
depth 185

deposition of, forms of 6ii3-623

in earth's crust 934,937,938,960-962

in grain and straw 454

in mineral-spring waters 573

in solutions, state of 67

in underground water, large amount of, where
vegetable matter is abundant 476

liberation of, by action of carbon dioxide 480

solubility of 516-617

solution and precipitation of. . . 540, 547, 848-849, 960-961

source of, for marine organisms 848

Silica family, deposits composing.. 847-853

See also Silicate rocks; Silicates.

Silicate of zinc, formation of 480

Silicate rocks, origin of, from limestones and dolo-

mites. 823-823

Silicated marbles, origin of 820-821

Silicates, action of carbon-dioxide solutions on 475-

476,611

alkaline reactions of certain solutions of 86-87

alterations of , summary 352-354

anhydrous, deposition of 625-637

behavior of, on dissolution 67

carbonation of 175-176

cementation by... 621,634-636

character, occurrence, formation, and altera-

tions of 246-354

chemical relations of, to carbonates... 173-177

deposition of, conditions of 625-627,1129-1132

hydrolysis of 86

hydrous, alterations of 519

deposition of 625

solubility of, increased by pressure 78

Silication, alterations produced by 406

definition of.. 168,205

depth and pressure at which carbonation re-

places 180-181

examples of 218-219

extent of, as compared with extent of carbona-
tion 971-972

illustrations of 169

in zone of anamoi-phism, discussion of 677-679

of carbonates, discussion of 176-177

volume results of 177

Silication and decarbonation, alterations produced
by 407

Silicationand dehydration, alterations produced by. 407

Silication and hydration, alterations produced by . . 405

Silication, carbonation, and hydration, alterations

produced by 399

Silication, dehydration, and decarbonation, altera-

tions produced by 407

Silication, hydration,and decarbonation, alterations

produced by 408

Silication, oxidation, and decarbonation, alterations

produced by 408

Siliceous sinter, deposits of 550,848

Silicic acid, acids replaced by 205

chemical activity of, at depths.. 67

colloidal, dehydration of 616-617

I'a.ije.

' Silicic acid, oxides, uniting with. 205

presence of, in ground waters 93
production and deposition of 540
replacement of carbonic acid by. n
replacement of carbonic acid by,volume changes

resulting from 93
work of , in ground-water solutions 93

Silicification, definition of 205
example of g4g
of calcareous formations, example of 850

Silicon, chemical relations of, to carbon, discussion
of _ 173_177

in earth's crust 934,936,9.59-962

replacement of carbon by, discussion of 175-177
Silicon-bearing minerals, deposition of 628
Silicon compounds, specific volumes of, compared

with volumes of similar carbon com-
pounds . X75

Silicon dioxide, replacement of, by carbon diox-
ide... 173-177

Sillimanite, alterations and alteration products
of-. 318-319,374,392,402,403

chemical and physical constants of 200, 316
occurrence of 316-317
sources and modes of formation of 223, 224, 225,

232,317,339,342,372,379,381,383,396,406,407
'

Silver, association of, with base metals 1166-1169
native, genesis of U67-1168
precipitation of 1082,1100-1101
salts dissolving io75
solution of 1099-1100
solution of. by ferric sulphate, equation showing 1099

Silver Age mine, Idaho Springs, Colo., ore shoots
near intersecting fractures at 1237

Silver-lead deposits of Aspen district of Colorado,
originof _. iom

Silver sulphate, reduction of, to silver sulphide,
equation showing reaction for 1111

Slate, definition of 778-779
photomicrographs of... 902

Slate-graywacke, deposits of, character and origin
of... 883-886

Slate-pelite, deposits of, origin and character
of 894-904

Slates, chemical analyses of 895,896
deposits of , origin and character of 892-904
minerals of, development of 898

Slichter, C. S., diagrams cited from, showing open-
ings in rocks , 133,183

on arrangement of particles of mechanical
sediments 596

on flow of ground waters 572, .576, 577, 582, 584, 1207

on flow of water through capillary tubes 139-140

on most compact arrangement of molecules 362
on openings in rocks 125, 131-1.32, 137, 863, 864
on pressure of underground water 587

Slope, effect of, on metamorphism 41

Smaragdite, source and mode of formation of. 274, 372, 381

Smith, F. C, on teUurides associated with Potsdam
gold ores of Black Hills 1119

Smith, J. G , on penetration of soil by alfalfa. 445

Smith, W. N., acknowledgments to 29

Smlthsonite, occurrence and associations of 1147,1150

sources and modes of formation of 828, 1147

Smuggler Union mine, San Juan district of Colo-

rado, ore shoots produced by second-
ary fracture in 1228

watorin 1133
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Soda ingrain and straw 454

Soda in rocks of various kinds 997

Soda in salts of sea water __ _ 943

See also Sodium oxide.

Sodalite, alterations and alteration products of . . 295-297,

374,392,398,403

chemical and physical constants of .- 200,295

occurrence of ._ -- 295

source and mode of formation of . . 294, 295, 372, 388, 400

Sodium, in earth's crust 934,936,996-997

in sea salt and in the ocean 943,944

minerals and rocks containing , 997,999

occurrence of -. 996-999

Sodium-bearing minerals, deposition of 627

Sodium carbonate, hydrolysis of _ 86

presence of, in soils 543

reaction of, with zinc carbonate on iron sul-

phide, equation showing 1143

reversible reaction of, with magnesium sul-

phate --- 88

solubility of sulphides in 1108

Sodium chloride, deposits of 789-790,979

in sea salt and in the ocean 943

in soils. - 543

removed from soil annually _. 486

Sodium, minerals, order of decomposition of, in

rock weathering 536

Sodium oxide, in earth's crust 934, 937, 938

in salts of sea water 942

Sodium silicate, alkaline reaction of in solution 86

hydrolysis of - 67

Sodium sulphide, action of sulphuric acid on, equa-

tion showing. 1176

solubility of sulphides in 1106,1108

Soils, alkaline deposits in, prevention of ._:... 546

alkaline deposits in, effect of on agriculture 543

calcium in, agricultural benefits of. _ ^2

carbon dioxide in, amount of 474

chemical composition of.. 891

concentration of minerals in, by ground water. 544, 550

effect of agi'iculture on .., 451

effect of freezing on 443

maintenance of, by plants and animals 444-451

456-457,504^506

materials abstracted from, by plants 537-538

number and surface area of grains of _ 496

of arid regions, composition of 497-498

salts (soluble) contained in, amount of 545

soluble material in, as effected by comrainution. 495

Solfataras, alums produced by 493

chlorides produced by 493

gases emitted by, sources of 491-492

nietamorphic work of. 490-494

products of ..498-494

Solid solutions, formation of 59

Solids, precipitation by reactions between solutions

and 120-123,1086-1088

solution of , in groundwater 73-81

Sohds and liquids, gradations between 81

Solids held in solution, effect of on absorption of gas

by water, of solution 73

SoUas, W. J., on cherts of organic origin 847

Solubility, relations of, to absortion and liberation

of heat _. 81

relations of, to pressure 77-79,80,101

to temperature 79-81

See also Solution.

Page.
Solution, definition of _ 72

discussion of 484^-487

heat of, defined 105

extent and importance of, in belt of weather-
ing 163,164,165

in belt of cementation. 612-617

materials transported in.. 557-558

promotion of, by pressure 77-79,101

quantitative relations between deposition and . 613

quantity of material that may be held in 79-81

relations of, to absoi*ption and liberation of heat 81

to pressure 77-79, 101

to temperature 79-81

speed of, as affected by temperature 79

volumechange resulting from.. ' 78

Solution and decomposition, relations of, to disin-

tegration 494r-507

Solution and deposition in zone of anamorphism . 680-681

Solution and suspension, materials transported
in 558

Solutions, aqueous, circulation of 1031-1029

aqueous, formation of 59

metamorphic work of 63-158

precipitation by reactions between 116-117

source of water of 1065-1069

ascending, compounds deposited by 1088-1132

ores precipitated from 1073-1139, 1334, 1335

ascending and descending, ores precipitated

from 1193-1199

chemical action through, definition of 66

chemical composition of, impoi-tance of 359

chemical work of, in belt of weathering 457-461

circulation and work of 1017-1030

composition and properties of 58-59

gaseous, circulation of 1018-1021

formation of 59

metamorphism by 59-63

mineral species present in, advantages held
by 123-123

minerals now in course of deposition by 1059-1060

mingling of, precipitation of metals by 1082-1085

mixture of, heat phenomena produced by 106

ores deposited by 1058-1234

metals of, sources of 1069-1073

modification of, by gaseous solutions 1339

precipitation by reactions between solids and. 130-123

precipitation of abundant compounds in... 539

principles of, applicable to ground waters 65-83

saturated, crystallization from 74-76

solid, formation of 59

solubility of, increase of, with increase of heat._ 116

strength of, a factor in metamorphism 94-95

water of, source of 1065-1069

Solutions and solids, precipitation by reactions be-

tween 120-123, 1080-1088

Sorby, H. C, on enlargement of mineral particles . 644

South Mountain district of Idaho, ore deposits and
gangue minerals of 1056

Spodumene, alterations and alteration products

of- 280-281,374,392,397,405,408

chemical and physical constants of 200,271

occurrence of 373

Specific gravity of minerals, in different zones of

metamoi-phism, discussion of 182-185

influence of, on stability 360

of zone of anamorphism 363-364

of zone of katamorphism 363,364
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Spencer, J. W., on depth of decomposition of rocks

in Georgia - 530

Sperry, F. L., and Penfleld, S. L., on aphrosiderite

at Spurrniine 303,305

Spessartite, chemical and physical constants of - . - 200, 289

occurrence of - — 301

Sphalerite, occurrence and genesis of 1151-1152

Sphene, chemical and physical constants of 195

Spheres, compactly packed, diagram showing, to

illustrate continuous openings in

rocks - - - 133

Spinel, alterations and alteration products of. 228, 374, 392

chemical and physical constants of 200, 228

occurrence of --- -- 228

soiirces and modes of formation of 233, 224,

225, 228, 232, 236, 302, 304, 307, 309, 341, 372, 375,

376, 379, 381,883, 388, 390, 396, 400, 401, 402, 408

Spring, Walther, experiments of, in compaction of

clay - 100,101

on production of chemical changes by mechan-
ical action. --, 48,49

Springs, carbon dioxide exhaled by 970-971

carbonates contained in 611

tufa deposits of -. -. 793

Spurr, J.E., on dolomitization of limestone 800,807

on gold-quartz veinsonYukon Eiver,Alaska. 1048-1049

on ore deposits, genetic classification of 1053

on ore deposits of Aspsn mining district, Colo-

rado.. -- - 1084,1204

on ore deposits of the Mercur mining district,

Utah 1208,1213,1215

on ore deposits of the Monte Cristo district,

Washington .. 1033,1169,1178,1187-1188,1235

on ore production from igneous rocks 1043

on oxidized belt in Monte Cristo district, coinci-

dence of, with belt of weathering 1143

Stability of minerals, dependence of, on chemical
composition 359

dependence of, on chemical composition of ad-

jacent minerals 359

on chemical composition of circulating solu-

tions 359

on specific gravity 360,361-363

on symmetry :... 360-363

Stable and unstable minerals, examples of 3,59, .360

Staurolite, absorption of other minerals in rocksby , 701

alterations and alteration products of 327-339,

374,393,403,406

chemical and physical constants of 200,327

occurrence of 337

sources and modes of formation of 337,353,380

Steamboat Springs, Nov., mineral vein formation
at... 1059,1060,1064,1066

sulphides in solution at 1106

Steatite, sources and modes of formation of 318,

326, 337, 350-351, 372, 376, 381, 393, 393, 403, 403

See also Talc.

Stevenson, J. J,, on warm or hot springs of Cordil-

leran regions 591-593

Stewart, John, and Gardner, F. D., on calcium chlo-

ride deposits near Great Salt Lake .. 542

on sodium carbonate in soil at Great Salt Lake. 543

Stilbite, alterations and alteration products of 334,

374,393,400

chemical and physical constants of. 200,3.30

occurrence of 331-333

Page.
Stilbite, sources and modes of formation of 263,

298, 372, 375, 377, 397, .399

See also Desmine.
Stokes, H. N., on metals, precipitation of 1082,

1087,1093,1102,1149

on precipitation of sulphides 1113,1116-1117

on production of sodic sulphide from reaction
of sodic carbonate on iron sulphides. 1107

oupyriteand marcasite.. 1126-1127

on reaction of zinc carbonate and sodium car-

bonate on iron sulphide 1143

on reversible reaction of ferric and ferrous sul-

phates in presence of silver 1100

on solubility of gold 1090

Storer, F. H., on chemical action of plants on soils . 454

on disintegration of rocks by plants. 445, 454

Strain in minerals, metasomatism produced by . . 641-643

potentialization ofenergyby 690-691

Strain of rocks, discussion of 46-47,

49-.50, 95-98, 597-602, 641-643, 671-675

Strain and stress, metamorphic effect of 46^7
Statigraphy, igneous rocks as related to 933-924

metamorphic sedimentary rocks as related to. 917-931

metamorphism asrelatedto 907-9.31

Straw, percentage of potash, soda, lime, etc., in 454

Streams, concentration of soluble materials by.. 551-554

Stream-transported materials deposited inland, dis-

cussion of 559

Stress, discussion of 597-603

metamorphic effect of ^ 46-47

See also Strain.

Sti'etching of rocks, use of term, discussion of 763-764

Strontium, percentage of, in earth's crust. 936, 1003

Strontium oxide, percentage of, in earth's crust ... 938

Structures of rocks, category of, produced by meta-
morphism 37

coarse, favorable to permanency 40

emphasis of , by weathering. 534^-526

obliteration of , by weathering 526-527

preservation of, after metasomatic alteration. 644-645

rock flow as affecting 760-763

variations in 1200-1217

Struve, F. A. A., on action of carbon dioxide solu-

tions on rocks 61,71,476

Subcapillary openings in rocks, flow of water in.. 143-146

Subsidence and uplift, influence of, on ground-
water level 426

Substitution of bases, alterations produced by 408

Sudbury, Canada, nickel ores at 1046-1047

Sulphate of iron, production of 468

Sulphate ,of lime. See Calcium sulphate.

Sulphate of potash. See Potassium sulphate.

Sulphate order of rocks, features of 788

Sulphates, alkaline, amount of, annually removed
from soil.. 486

Sulphates, character, occurrence, formation, and
alterations of 357-358,

472,952,935,957,958-9:9

Sulphation, definition of 205

Sulpbidation, alterations produced by 408

definition of. 205

Sulphidation, deoxidation, and carbonation, altera-

tions produced by '. 408

Sulphide ores, occurrence and genesis of 1148-11.53

Sulphides, cementing action of, in belt of cementa-
tion 633
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Sulphides, character, occurrence, formation, and
alterations of 212-316, 472,632,

637,957,9:8-959, 1075, n04-110.j, 1108-1118

formation of, from sulphates 473

oxidation of, oxygen consumed in 951-952, 955

precipitation of gold by 1095-1096

solution of _... 1106-1108

Sulphides of iron, oxidation of iron of 468

volume changes incident to production of 468-469

Sulphides of metals, process of extracting 1174

Sulphur, in earth's crust 936,938,957

in ocean and sea salt - 943-944

in rocks and meteorites _. 957-959

oxidation of.. ^ 468,951-953,955

Sulphur Bank, California, mineral vein formation

at 1059,1060,1064,1066

sulphides in solution at 1106

Sulphur-bearing minerals, deposition of 628

Sulphur compounds, oxidation of. 606

Sulphur trioxide, percentage of, in earth's crust... 938

Sulphuret mines, diminution of richness in, with
increase of depth _ 1188

Sulphuric acid in salts of sea water 943

formation of 468

Sulphuric oxide. See Sulphur trioxide.

Sulphurous acid in ground water 93

formation of 468

Sunlight and sun heat, metamorphic effect of 51-53

Surface induration of rocks, discussion of 546-549

Surface tension of water, strength of 150

Suspension, materials transported in _ 556-557

Suspension and solution, materials transported in. . 558

Symmetry of crystalline forms, change of, in min-
erals, and molecular change, altera-

tions produced by... 399

mineral stability determined by 360-362

Syenite, losses in, by weathering, analysis showing. 508,

515,533
T.

Taconic controversy, causes of 920

Talc, chemical and physical constants of 200, 348

occurrence of 350-351

sources and modes of formation of. . . 228, 368, 370, 373,

274, 278, 383, 285, 286, 290, 303, 303, 309, 313, 314,

318, 319, 327, 328, 337, 343, a51, .3.53, 354, 372, 375,

376, 377, 379, 381, 382, 383, 3a5, 387, 390, 391, 393,

393, 394, 397, 398, 399, 402, 403, 404, 405, 406, 635

See also Steatite.

Talmage, J. E., on a remarkable occurrence of sele-

nite 788

Teller, F., and von John, C, on zonal arrangement
of metamorphic minerals peripheral

to intrusive masses 719

Telluride of gold, production of gold from, equation
showing 1169-1170

Tellurides, genesis of, speculations concerning.. 1130-1135

occurrence and associations of 1119-1125

precipitation of gold by 1096-1098

Tellurium, association of, with gold 1170

precipitation of gold by 1091

Temperature, annual range of 437

change in metamoi-phic effects of 53

chemical changes and deformation as affected

by 1013

chemical work in belt of weathering as affected

by - 458-460

decrease of, precipitation of metals by 1081-1083

Page.
Temperature, gases, activity of, as affected by 61-62

sohibility of, as affected by increase of 72

granulation and recystallization as affected by. 740

ground-water action as affected by 157

ground-water level as affected by ._ 428

increase of, with increase of depth from earth ""s

surface 578-579

ore deposition, as affected by 1015-1016,1073-1074

precipitation by 115-116, 1081-1082

rock disintegration as affected by 434-439

range of, at which work of water solutions is

done 603

relations of, to solubility.. 79-81

zone of constant, in eaz'th, depth of 590

Temperature and solution, relations of 79-81

Temperature of earth at surface and below, aver-

age 51-52

Tenorite, alteration of, to malachite, equation show-
ing 1159

formation of, equation showing 1158

Tension. See Strain.

Termites, effect of work of, on soils 448, 449, 456

Textures of rocks, category of, produced by meta-
morphism 37-38

coarse, favorable to permanency 40

rock flow as affected by 760-763

weathering as affecting 534-537

preservation of, after metasomatic alteration. 644-645

Thawing and freezing, effect of , on rocks 440^44
Thermal factors involved in chemical changes, dis-

cussion of 182,208,362

Thomson, Sir "William. See Kelvin.

Thomson, W., and Tait, P. G., on effects of "stress

difference" 672

Thomsonite, chemical and physical constants of . 201,329

formation of, from anorthite, volume change
incident to 633

occurrence of 331-333

soiu'cesand modes of formation of... 261,

292, 293, 295, 296, 373, 376, 388, 393, 402, 403

Thwing, C. B., and Austin, L. W., on volume of

water at different temperatures 147

Tidal forces, effect of, on movements of earth's

crust 930

Tilden, W. A., on carbon gases inclosed in rocks . 968,969

Time as a factor in metamorphism, importance of. 41-43

Tin deposits, character of 1038-1039

Tin ores, formation of, modes of 1054^1055, 1058

Titanates, character, occurrence, formation, and
alteration of 354-355

Titanation, definition of _. 205

Titanation and decarbonation, alterations pro-

duced by.... 400

Titaniferous iron ores, deposits of 1044^1045

Titanite, alterations and alteration products of 355,

374,393,396,401

chemical and physical constants of 201, 354

occurrence of 354

sources and modes of formation of 237,

238, 231, 354, 372, 385, 391, 407, 408

Titanium, in earth's cru«it and in original and sedi-

mentary rocks 933, 936, 974-975

Titanium dioxide, percentage of, in earth's crust. 937, 938

Tolman, C. P., on balance between carbon dioxide

in air and that in the ocean 968

on pressure, effect of, on crystallization 103

on Spring's experiments in compaction of clay. 100
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Topaz, alterations and alteration products of. 318, 374, 393

chemical and physical constants of 2(11,316

occurrence of _ 316
Topography, character of, effect of, on ore de-

posits — 1217-1221

Tourmaline, alterations and alteration products

of - 326-327,374,393,400

chemical and physical constants of 201,326

occurrence of -. 326

sources and modes of formation of 326,380

Transmission of water, capacity of rocks for, de-

terminable by capacity of imbibi-

tion 155

Transportation of material, agency of water solu-

tions in___ - - _ 64

Transvaal, depth of disintegration of rocks in 531

Travertine, deposits of, reference to 550

Treadwell, P. P., and Reuter, M., on solubility of

calcium carbonate in salt water 119

Tree-like system, ground-water circulation in 583, ,588

Trees, disintegrating effects of, on rocks 445-447

Tremolite, alterations and alteration products of . . 285,

286,290,374,393,397

chemical and physical constants of. 301,383

formation of, from dolomite, chemical reaction

involved in 822

occurrence of 283-384

sources and modes of formation of _ . _ 241 , 242,

374, 277, 279, 283-384, 309, 354,

373, 383, 383, 386, 407, 408, 832

Tridymite, chemical and physical constants of. . . 201, 220

occurrence and modifications of 320-231

Trisilicic anorthites, chemical and physical con-

stants of 201

Tropical lands, decomposition in 502

Troughs,pitching,influence of,on ore deposition. 1311-1216

Trunk channels of ground-water circulation, atti-

tudesof 1203

size and continuity of, variations in 1201

Tschermak, Gustav, on enorphite and berlanlte 347

on olivine 308

Tufa, formation of 550,553,793

Tuffs, cementation of 1025

character of _ .596-597

consolidation of 597

gneissic, discrimination of _, 909

schistose, discrimination of _ _ 909

TJ.

Unaka Mountains, variable metamorphism in 920

Underground circulation, variation in size and con-
tinuity of channels for 1201

See also Ground water.

Uplift and subsidence, influence of, on ground-water
level __ _. 426

Urea, transformation of, to auamonia, formula for
reaction producing. _. _. 465

Uvarovite, chemical composition of, and other data
concerning 201,299

occurrence of. 303

Van Hise, C. R., on alteration of clastic,rocks 184

on belt of cementation, depth of. 657

on cementing material, similarity of, to rock
cemented 628

Page.
Van Hise, C. R., on chlorine, emission of, during

volcanic eruptions 789

on cleavage 778

on closure of rock openings at depths 566

on crustal shortening 774
on deformation of rocks placed In unusual posi-

tions. ._ ._ 188
on earth movements 111,140,774,934,926,927

on enlargement of mineral fragments 625,636,644
on granulation and recrystallization, influence

of rock character on.. 740

on igneous intrusion, periods of, coincidence of,

with periods of rapid erogenic move-
ments 709

on igneous intrusions, agency of, in producing
iron-silicate rocks 840

on gravity, domination of, in earth movements. 46
on iron-ore deposits of the Lake Superior re-

gion 831,1194,1216,1219
on ore deposition _. 1031,1308
on ore deposits, secondary enrichment of 1188

on liquid inclusions, secondary character of 746
on magnetite deposits of Michigan 624
on mashing of rocks 762-764

on metals, source of 1030'

on metamorphism, variations in, within short
distances 919

on miscibility of rock and water 723,1030'

on movements of earth's crust 924, 926, 927
onpegmatization... _ 73,5,

on peripheral structure 716,717
on porphyritic crystals in schists 703
on quartz grains (flat) in rocks 693
on recrystallization of quartz and development

of mica in rocks _. 694
on residual cores of recrystallized quartz grains

of rocks 752
on replacement of quartz by iron oxide 220
on rook alteration in intermediate belt between

zone of katamorphism and zone of
anamorphism 76g:

on rock cleavage 760'

on rock flowage 743,

on schists of Lake Superior region 904
on schist-conglomerates 860
on secondary enrichment of ore deposits 1188
on strain and fracture of rocks 600
on strain in minerals, effect of 97
on zones of fracture and flowage, subdivision of

outer part of earth into 187
Van Hise, C. R., and Irving, R. D., on actinoUte,

growth or penetration of, into
quartz 219

on alteration of clastic rocks.. _ 184
on diabase from Michigan, losses in, due to

weathering 511
on enlargement of mineral particles 644, 874
on igneous intrusions, agency of, in producing

iron-silicate rocks 840
on iron-ore deposits, origin of 831
on recementation of rocks 564
on crystallization of quartz and development of

mica in rocks 694 :

on I'ock textures (original), preservation of ,after
i

metasomatic alteartion 644
on schists of the Lake Superior region 904
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Van Hise, C. E., and Lelth, C. K., on igneous intru-

sions as an agency in producing iron-

silicate rocks - --- 840

Valley filling, influence ot, on ground-water level . . 426

Variations in metamorphism within a single dis-

trict, discussion of -- 917-931

Varnish, desert, reference to -- 547

Vegetation, carbonation of soils promoted by 477

ground-water motion as affected by. . . 152, 417, 422-423

rock decomposition and solution by , . . 444-447, 505-506

upward transfer of material by 550

Vein quartz, figure showing.. 1156

Venezuela, diabase from, losses in, by weathering. 508i

509,522

Vermiculite, alterations and alteration products

of - 853

source and mode of formation of 337 , ;S53, 373, 388

Vertical movement of ground water, limits of . . . 579-580

Vesuvianite, alterations and alteration products

of.. 315,374,393

chemical and physical constants of 201,315

occurrence of.. .- 315

Virginia, diorite from, losses in, by weathering 510,

515,522

gneiss from, losses in, by weathering, analyses

showing 508

pyroxenite from, losses in, by weathering 510

Viscosity of solutions, importance of degree of, in

ground-water circulation 153

Viscosity of water, decrease of, with increase of

depth fi'om surface... 578-579

decrease of, with increase of temperature. . 140-141, 153

table showing, for various temperatures 141

Vogt, J. H. L., on cassiterite, deposition of 1127

on ore deposits, production of, from igneous

rocks. 1044,1049-1050,1051

on ores deposited from gaseous solutions 1054

on precipitation of silver by ferrous iron of sili-

cates---. 1101

Volcanism, effects of, on ore deposition 1014^1017

Volcanoes, carbon dioxide emitted by 969

vapors from, sources of 492

Volume, changes in, chemical reactions as affecting 93,

170-171,182-182,208-211,375^08,632

changes in, metasomatism as affecting. 632

weathering as affecting 523-524

diminution of, in rocks 101-104

pressure, effects on 363-365

Wadsworth, M. E., on casehardened sandstones 547

"Walcott, C. D., on source of silica for marine or-

ganisms 848

Walker, T. L., on nickel ores of Canada 1046

"Wall rocks, ore shoot formation as affected by. 1086-1088,

1229

Wallich, G. C, on cherts ot organic origin.. 847

Walther, Johannes, on deposits of ferromagnesian

sands 877

on disintegration of rocks by changes in tem-

perature 437,439

Washington, H. S., Cross, Whitman, Iddings, J. P.,

and Pirsson, L. V., on mineral compo-

sition of amphibole-gabbro 632

Washington, Monte Cristo, district of. .See Monte

Cristo district.

Page.

Water, combined, in rocks, proportion of 123

deep, deposits made in, compared with deposits

made in shallow water 1134

dissociation and dissociative power of 66-67, 86

dissociation of salts by 73

expansion of, with increase of temperature 149

flow of, through rock openings 137-146

gravitative action of, metamorphism by 50

ground, ascending, carbon dioxide exhaled

by... 970-971

ascending, deposits by, criteria for discrimi-

nating... 1132-1138

first concentration of ores by 1079

descending, deposition of ores by 1079,1080

circulation of, forces producing 146-152

See also Ground water,

hot, work of, in solution and recrystallization.. 692

in minerals, granulation and recrystallization

as affected by 741-748

iu belt of cementation, condition of 566-569

in mines, features of 1132-1134

in rocks, amount of 123,934,937,938,981-983

metamorphism as affected by 41

in zone of anamorphism, condition, quantity,

and surfaces of 659-662

miscibility of, with rock magma 114^-115,723

movement of, below zone of anamorphism 668

of the ocean, source of 953

pressure necessary at different temperatures to

maintain liquidity of 440,568

shallow, deposits made by, compared with de-

posits made in deep water 1134

surface, concentration of soluble materials by 551-554

work of, in metamorphism 482

viscosity of, at different depths from earth's

surface 578-579

at different temperatures 141,153

Water bubbles in rocks, figure showing 746

Water gas, in zone of anamorphism, action of 660-661

penetration of rocks by 144-145

Water solutions, metamorphism by 602-656

pressure range at which work is done by 603

temperature range at which work is done by . . 603

Watson, T. L., on losses of granites by weathering. 523

on weathering of granitic rocks of Georgia 520

Wavellite, chemical and physical constants of 198

Weathering, acids going into solution during 536,537

additions made to rocks in.. 523

belt of, alterations in, contrasted with those of

belt of cementation 166-167

belt of oxidation coincident with.. 1142

carbon dioxide in, amount of 474

chemical reactions in 163-166, 451-488

circulation in 416-423, 1018, 1023

definition of... 162,163,409-411

gases in, circulation of 1018

limits of. - 43,529

material abstracted from, by run-off 5.38-539

material dissolved and reprecipitated in.. 539-.554

materials and conditions in 429,431

mechanical work in 164,431-451

metamorphism in..' 429-527

agencies of . 64,430-431

mineral concentration in 544-550

openings in, promotion of second concentra-

tion of ores by 1177-1179
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"Weathering, belt of, phenomena of 409,561

reactions of - 1140-1141

relations of, to sedimentary rocks 555-560

residual material in, distribution of 554-555

rbcks produced from material of, without

transportation to the sea 559-560

temperatures in -- 431

thickness of - - 534^535

transfer of material from, to belt of cementa-

tion - - -- ---- 538

transition from belt of cementation to 560-561

water in, amount and source of - - - 413-416

depth and degree of 529-533

dissolved materials resulting from, distribution

of 536-554

effect of , on structures and textures 524-526

forces and agents of --. 532

gains and losses in __
'. 522-524

minimum and maximum, regions of 531-532

rate of..---- 532-536

rock constituents lost by 516

stages of , discussion of _- - 535-536

surfaces produced by --- 527-528

ultimate products of - 521

volume changes in rocks by - 532-524

Webskyite, formation and sources of-- 349,350,372,391,403

Weed, W. H., figure cited from - 1214

on copper deposits in Mexico 1056

on ore depositsof the Elkhorn mining district.. 1214

on ores, genetic classification of 1053

on present mineral vein formation 1060, 1066, 1068

on secondary enrichment of ore deposits 1188

on travertine deposits of Mammoth Hot Springs. 1032

Weed, W. H., and Pirsson, L. V., on tellurides asso-

ciated with gold ores of Judith and
Little Rocky mountains, Mont 1119

Weidman, Samuel, on agriculture as affecting

ground-water level 427

on deformation of rocks by combined flowage

and fracture 1009

on devitrification ;.. 247

on regeneration of mineral particles 705

Weight. See Specific gravity.

Welding in zone of anamorphism, extent of 670-671

Wells, influence of, on ground-water level-- 427-428

Wells, artesian, section showing requisite conditions

for.- - - 577

Wendt, Arthur F., on genesis of ore deposits 1206

Wernerite, character, occurrence, formation, alter-

ations, and alteration productsof. 311-314,

394
Whitney, .T. D., on residual clay in upper Missis-

sippi Valley 530,1148

on volume changes in rocks by weathering 524

Whitney, Milton, on rainfall and run-off, relations

of 414

on sand grains and clay grains in residual lime-

stone subsoil, number and surface

areaof 496

on soils, size of particles of 136,892

on water in arid soils.. 413,418,419

Whitney, Milton, and Means, T. H., on endurance
of plants to alkalies 478

Whittle, C. L., on enlargement of mineral particles. 644, 705

on schist conglomerates... 859

Wiechmann, F. G., on atomic weights 936

Page.

Willemite, depositsof. 1131

Williams, G. H., dedication of monograph to 29

on devitrification 247

on enlargement of mineral particles 644

on metasomatism.. - 682

on origin of pegmatites -_ 721-722
.

on pegmatization--- -- 727

Willis, Bailey, onHamilton shale, origin of 886-892

on limestone deposits in the ocean , formation of - 793

Winchell, A. N., on Duluth gabbro, content of iron

ore in 1045-1046

Winslow, Arthur, on flexibility of rocks 189

on lead and zinc in limestone - 1034

Wisconsin, ground water in Potsdam sandstone in,

rate of flow of 585,587

lead and zinc district of, conditions in, favoring

second concentration of ores 1177-1178

Wisconsin, University of, aid by students of 29

Wolff, H. C on capillary flow of water, retarda-

tion of, by meniscus- --- 141

on water in dry soil, motion of - 418

Wolff, J. E., on albite crystals in Hoosac schist,

orientation of - - 876

on albite-pelite-gneiss of Hoosac Mountain 899

on poi-phyritic texture in schist --- 687

on regeneration of mineral particles 705

on schist conglomerates --- 860
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