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PREFACE

For some years the authors of this book have been giving to students
of civil engineering in their respective universities a special course in
geology as applied to engineering. The method followed by them has
met with much success, and since the plan adopted has gradually been
put into operation at other universities it has encouraged them to
believe that it might be of service to others to prepare the present work.

There are probably but few people of observation and practical
experience who doubt the value of proper geological training for the
engineer, since he must be prepared to meet and often to solve many
problems which involve geological principles. For such knowledge it
is necessary that the engineer should have adequate training in at least
those fundamental principles of geology which relate to engineering
problems.

Among the important questions which the engineer has to consider are
the character of the common rocks in their use for building stone and
road material; the structure of rocks in relation to tunneling opera-
tions, dam and reservoir foundations, landslides, etc.; the geological
conditions affecting and controlling underground water supplies; the
relation of soils to sewage disposal and water purification, etc. More-
over, some familiarity with such materials-as fuels (coal, oil and gas),
clays, cements, etc., is also necessary.

There may be difference of opinion as to whether the civil engineer
should be grounded in abstract geological principles and afterwards
allowed to apply them in the field, or whether the exposition of the
necessary principles should be illustrated in each instance by actual
cases, which show the application of the principle. The first method
does not usually appeal to those who have had much practical experience,
nor does it find much favor with the engineering student; moreover, it
can hardly be considered successful from the pedagogic standpoint.

The authors have attempted to emphasize throughout the book the
practical application of the topics treated to engineering work, because
hitherto in many engineering courses of study the subject of Geology
has not been given the attention which they think it should receive
from both professors and students.
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iv PREFACE

Although this book is intended primarily for civil engineers, it is
hoped that it may be of use to others interested in applied geology.
For this reason certain parts of the work contain more detail than may
seem necessary for the actual requirements of the civil engineer, but
any one using it for purposes of instruction will find it convenient to
eliminate as much or as little of the subject matter as is desired to meet
the special requirements of his course.

For permission to reproduce illustrations from their works, the
authors desire to make grateful acknowledgment to Professor L. V.
Pirsson, for figures 3, 6, 7, 8, 11, 12, 13, 17, 18, 25, 26, 28, 29, 30, 31, 37,
38, 40, from Rocks and Rock Minerals; to Professor W. E. Ford for
figure 1 from Dana’s Manual of Mineralogy; and to Professor E. S.
Dana for figures 2, 4, 5, 9, 10, 14, 15, 16, 19, 20, 21, 22, 23, 24, 27, 32,
33, 34, 35, 36, 39,-41 and 42, from A System of Mineralogy. The authors
are similarly indebted to Professor J. S. Grasty for the photographs
reproduced as plates XCII, XCIII, CI and CIII, and to the Macmillan
Company for the loan of cuts from Ries’ Economic Geology. For the
loan of other cuts acknowledgment is made under each illustration.
Mr. R. E. Somers gave much assistance in the preparation of the
work.

ItrACA, N. Y., and CHARLOTTESVILLE, VA.
March 16, 1914,
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ENGINEERING GEOLOGY

CHAPTER 1
THE ROCK-FORMING MINERALS

Introduction. — Of the seventy-odd elements known to the chemist
only sixteen enter largely into the composition of the outer solid portion
of the earth so far as it is accessible to observation. It has been esti-
mated that 98 per cent of the earth’s crust is made up of eight elements
(Scott). Arranged in their order of abundance the percentages of these
elements, as calculated by Professor F. W. Clarke, are:

Oxygen sy, oo N0 A 47T Caleamy. . . 4o et 55 3.42
SiliconE=gs S s Sa gl 28.00 Potassium............. 2.49
Aluminum. . ......... S SO, -2 el oA 2.43
Tront B 1 e et o 4.44 Magnesium........... 2.97

Titanium, carbon, sulphur, hydrogen, chlorine, phosphorus, man-
ganese and barium, are much less abundant, but of importance. With
only few exceptions these elements occur combined with each other form-
ing compounds called minerals.

All rocks, with the exception of the glassy igneous ones, are composed
of minerals, and since these minerals not only make up the rocks but
vary in their resistance to weather, it is necessary that we have a good
knowledge of the characters and properties of® the important rock-
forming ones, in order to be able to identify rocks and judge their value.
The present chapter is devoted first, to an account of the general proper-
ties of the common rock-forming minerals that are of use in their meg-
ascopic determination, and second, to individual descriptions of the
more important rock-forming minerals. :

Definition of a mineral. — A mineral may be defined as any natural
inorganic substance of definite chemical composition. It is usually a
solid, generally having definite crystalline structure, and may or may
not occur bounded by crystal faces. - As a rule external form (crystal
faces) is not developed in minerals as they ocecur in rocks, but usually

as crystalline grains marked by irregular boundaries or outlines, because
1
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of interference with one another during growth. Crystalline grains are
commonly referred to as anhedrons, signifying absence of crystal faces.
Altogether about a thousand definite kinds of minerals are known; but
the more common rock-forming minerals number less than thirty.

Definition of a crystal. — A crystal may be defined as a solid bounded
by flat and somewhat smooth surfaces, called faces, symmetrically
grouped about imaginary lines as axes. By axes are meant imaginary
lines which connect the centers of opposite faces, edges, or solid angles,
and which intersect at some point within the crystal. Such a polyhedral
form results when the molecules of that particular substance of definite
chemical composition possess such freedom of movement as to arrange
themselves according to mathematical laws, which result in internal
crystalline structure and the outward expression of plane surfaces or
faces. Under such conditions the minerals will usually crystallize with
outward crystal form, such as cubes, octahedrons, prisms, etec. In the
formation of rocks the conditions are sometimes present which permit of
definite arrangement of the molecules, and one or more of the minerals
assume outward crystal form, as shown in certain types of igneous and
metamorphic rocks.

The number of crystal forms is large and yet when they are grouped
in their relations to the erystallographic axes they fall into six systems.
The names usually given to the six systems of crystal forms and their
axial relations are:

I. Isometric system having three axes of equal lengths and inter-
secting one another at right angles. .
- II. Tetragonal system having three axes intersecting at right angles,
the two lateral axes being of equal lengths, while the vertical axis is
longer or shorter than the two lateral ones. :

ITI. Hexagonal system having four axes, the three laterals being of
equal length and intersecting at angles of 60°, while the vertical axis
is perpendicular to and longer or shorter than the three laterals.

IV. Orthorhombic system having three axes intersecting at right
angles and of unequal lengths.

V. Monoclinic system having three axes of unequal lengths, the two
lateral ones at right angles to each other, while the vertical axis is
oblique to one of the laterals.

VI. Triclinic system having three axes of unequal lengths making
oblique intersections with one another.

Twinning. — Crystals frequently appear not to be simple or single
forms but compound, in which one or more parts regularly arranged are
in reverse position with reference to the other part or parts (Dana).
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This peculiar grouping is known as twinning, the different members of
such a crystal appearing as if revolved 180° about a line known as the
twinning azis. The plane normal to the twin axis is called the twinning
plane, and the plane of union of the two parts is called the composition
plane. Many minerals frequently exhibit twinning, and in some it
serves as an important means in determining them. Feldspars very
often show several kinds of twinning, two of which are of importance
in megascopic determinations, namely, Carlsbad and albite (multiple)
twins (see Figs. 4 to 8, pages 9 and 10). Multiple twinning is character-
istic of the plagioclase or soda-lime feldspars, and affords the surest
means of distinguishing them from orthoclase (see under feldspar group).
Carlsbad twinning may be developed in any variety of feldspar, but is
generally more frequent in orthoclase than in plagioclase.

General Physical Properties of Rock-making Minerals

The important physical properties of rock-making minerals which
are of value in their megascopic determination are hardness, cleavage,
luster, streak, color, crystal form, and specific gravity. These have not
equal weight in determining minerals. The behavior of minerals
before the blowpipe and with chemical reagents is an important means
of determining them and is comprised under that division of the
subject known as determinative mineralogy.

Hardness. — Hardness is an important property of minerals and is
of great value in their rapid determination. It may be defined as the
resistance of a mineral to abrasion or scratching. The hardness of
minerals is usually determined by comparing with Moh’s scale, which
comprises ten minerals arranged in the order of increasing hardness,
as follows: 24
Feldspar

1. Tale 6.

2. Gypsum 7. Quartz

3. Calcite 8. Topaz

4. Fluorite 9. Corundum
5. Apatite 10. Diamond

In testing the hardness of a mineral care must be taken to select a
fresh fragment, and not mistake a scratch for a mark left by a soft
mineral on the surface of a hard one. If an unknown mineral scratches
and in turn is scratched by a member of the scale, its hardness is the
same as that of the scale member. Again if the unknown mineral
scratches fluorite its hardness is greater than 4, but if it does not seratch
apatite and is scratched by it, its hardness is between 4 and 5, approxi-
mately 4.5.
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In the absence of a scale, the hardness of a mineral may be approxi-
mated by use of the following materials: The finger nail will scratch
gypsum (2), but not calcite; a copper coin will just scratch calcite(3);
and the blade of an ordinary pocket knife will scratch apatite (5).

Minerals sometimes show different degrees of hardness, depending
upon the direction in which they are tested. Thus cyanite shows a
hardness of 4-5 when scratched in one direction, and of 7 at right angles
to this direction.

Cleavage. — When properly tested most minerals exhibit more or
less readiness to part or cleave along one or more definite planes. In
most minerals possessing crystalline structure the molecules are so
arranged that the force of cohesion is less along a particular direction
or directions than along others. This property is called cleavage. It
is a fairly constant property of minerals and is of great value in deter-
mining them. Cleavage does not occur at random in a mineral, but
is always parallel to possible crystal faces, and is so described. Thus we
have cubic cleavage (galena), octahedral cleavage (fluorite), rhombo-
hedral cleavage (calcite), prismatic cleavage (amphibole), basal cleav-
age (mica). All minerals do not possess cleavage, and comparatively
few exhibit it in an eminent degree. Quartz and garnet do not show
cleavage, but such minerals as feldspar, amphiboles, pyroxenes, and
calcite are distinguished chiefly by their cleavage. Such terms as
perfect, tmperfect, good, distinct, indistinct and easy are frequently used
in accordance with the manner and ease with which cleavage is obtained.

Luster. — The luster of a mineral is the appearance of its surface
in reflected light, and is an important aid in the determination of min-
erals. Two kinds of luster are recognized: Metallic luster, the luster
of metals, most sulphides, and some oxides, all of which are cpaque or
-nearly so; nonmetallic luster, the luster of minerals that are transparent
on their thin edges, and in general of light color, but not necessarily so.
The more common nonmetallic lusters are described as follows: Vitreous,
the luster of glass; example quartz. Resinous, the appearance of resin;
example sphalerite. Greasy, the appearance of oil; example some
sphalerite and quartz. Pearly, the appearance of mother-of-pearl;
example tale. Silky, the appearance of silk (satin), due to a fibrous
structure; example, satin spar and asbestos. Adamantine, the brilliant,
shiny luster of the diamond. Dull, as in chalk or kaolin.

Streak. — By the streak of a mineral is meant the color of its
powder. It is frequently one of the most important physical properties
to be applied in the determination of minerals, such as hematite and
limonite. The color of a mineral in mass may vary greatly from that
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of its powder (streak, which is frequently fairly constant), and is usually
much lighter. The streak of a mineral may be determined by crushing,
filing, or scratching, but the most satisfactory method is to rub the
sharp point of a mineral over a piece of white, unglazed porcelain.
Small plates, known as streak plates, are made especially for this
purpose.

Streak is of most value in distinguishing between the dark-colored
minerals like the metallic oxides and sulphides, and is of less value in
discriminating between the light-colored silicate and carbonate minerals.

Color. — Color is one of the most important properties of minerals,
and, when used with proper precaution, it is of great help in their rapid
determination. The color of metallic minerals is a constant property;
but it may vary greatly in many of the nonmetallic minerals, due to
the presence of pigments or impurities, which may be either chemically
combined or mechanically admixed. Even the metallic minerals, such
as the sulphides (pyrite, marcasite and chalcopyrite) whose color is
constant, are susceptible to tarnish (alteration), and a fresh surface
should always be examined in noting the color.

The color of minerals is dependent upon their chemical composition,
in which case it may be natural, or it may be due to some foreign sub-
stance distributed through them and acting as a pigment, and their
color may then be termed exotic (Pirsson). Precaution should be used,
therefore, in the latter case when color is employed in the determination
of minerals.

When pure, the acid radicles, silica and carbon dioxide, and the oxides
alumina, lime, magnesia, soda, and potash are colorless. Hence, when
these combine to form the corresponding compounds, silicates and
carbonates, they are colorless or white. Thus quartz, feldspar, enstatite,
tremolite, calcite and dolomite, when pure, are colorless or white. The
introduction of the metallic oxides, the commonest one of which is iron,
will influence the color, and according to its quantity the mineral will
ordinarily exhibit some shade of green, brown, or even black. Examples
among the silicate minerals are the iron-bearing members of the amphi-
bole, pyroxene, and mica groups.

Exotic color, as previously stated, may result (1) from the presence
of a very small amount of some compound in chemical combination,
such as manganese oxide in quartz imparting an amethyst color; or
(2) mechanically admixed impurities such as small amounts of hematite
in quartz producing the red variety jasper.

Crystal form. — As stated in a preceding paragraph minerals are
usually developed in rocks as crystalline grains without definite shape

.
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or outward crystal form. To this statement, however, there are fre-
quent exceptions, especially in the group of porphyritie rocks, where the
conspicuously-developed mineral or minerals (phenocrysts) frequently
exhibit crystal boundaries. When minerals exhibit definite shapes erys-
tal form becomes an important aid for their determination. Because
of the fact, however, that minerals composing rocks are more often
developed without crystal boundaries, crystal form is less important as
an aid in determining them than other physical properties.

Specific gravity. — The specific gravity (density) of a mineral is
its weight compared with that of an equal volume of water. In a pure
mineral of given composition, it is a constant factor, and is an important
ald in identification. The specific gravity of most silicate minerals
lies between 2.25 and 3.5; of minerals with metallic luster usually
between 4.5 and 10; and of natural-occurring metals as high as 23
(iridium).

As ordinarily carried cut in the laboratory, the determination of the
specific gravity of a mineral is as follows: The fresh mineral is first
weighed in air, which value we may call . It is then
immersed in water and weighed again, and the value
may be called y. Then z — y equals the loss of weight
in water, or the weight of an equal volume of water.
We then have

G = way’ G being the specific gravity.

The determination of specific gravity may be car-
ried out on several different kinds of balances, but
one of the most convenient forms is the Jolly balance,
shown in Fig. 1. The time required for the whole
determination on this balance should not exceed sev-
eral minutes.

Fracture.— When a mineral breaks irregularly
without regard to definite direction it is described as
fracture. The appearance of a fracture surface is
somewhat characteristic and is commonly designated
by the following terms: Conchoidal, when the surface
presents a somewhat shelly appearance; fibrous or
splintery, when the surface shows fibers or splinters; hackly, when the
surface is irregular with sharp edges; uneven, when the surface is rough
and irregular.

Other physical properties of minor importance but nevertheless
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useful at times in the determination of minerals are taste, odor, feel or
touch, and magnetism.

Chemical Tests. — Since, from the definition of a mineral, chemical
composition is its most fundamental property, chemical tests with dry
and wet reagents form the safest and most satisfactory means of identi-
fication. The common rock-forming minerals, however, can usually
be readily and quickly determined by their physical properties, and
since the equipment of a laboratory is not available in the field, it is
essential that a thorough knowledge of the physical properties of min-
erals be obtained. Tables employing both physical and chemical tests
for the determination of minerals are to be found in a number of excellent
manuals on determinative mineralogy.

Description of Rock-forming Minerals

The number of known minerals is large; but only a few are of imp(‘)r-
tance as rock-makers. The principal ones from the geological stand-
point may be grouped under silicates, oxides, carbonates, sulphates,
and sulphides, under which in the order named the individual minerals
are treated.

SILICATES

The silicates are the most important rock-forming minerals, since
they compose the largest part of the earth’s crust. They are salts of
silicic acids, the three important ones being orthosilicic acid (H4Si0,),
metasilicic acid (H»Si03), and polysilicie acid (H4Si;0s). Many of the
silicates are complex in composition, and the chemical formule for some
of them are still in doubt. The silicates that are of most importance
as rock-forming minerals are the feldspar, feldspathoid, pyroxene,
amphibole, mica, olivine, garnet, tourmaline, and epidote groups. A
few less common ones that at times are important are also considered
in this chapter.

For convenience of treatment the silicates described in this book may
be divided into two large groups as follows: A. Anhydrous silicates
and B. Hydrous silicates.

A. ANHYDROUS SILICATES

Feldspars

Introduction. — Feldspar is a family name and not that of a single
mireral. It constitutes one of the most, if not the most, important
group of rock-forming minerals, nearly 60 per cent of the earth’s crust
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being composed of feldspar. The members of this group play a funda-
mental role in the classification of igneous rocks.

Composition. — The species included under the group name are
essentially silicates of alumina together with potash, soda, or lime, or
their mixtures. The rock-forming feldspars are orthoclase (microcline),
albite, and anorthite, together with their mixtures. These may be
tabulated as follows:

1. Orthoclase (mierocline) (KAISi;Os), a silicate of alumina and
potash.

2. Albite (NaAlSi;0s), a silicate of alumina and soda.

3. Anorthite (CaAl:Si;Os), a silicate of alumina and lime.

Mixtures of these are:

Alkalic feldspar ((KNa)AISi;Og), mixtures of 1 and 2.

Plagioclase feldspar (NaAlSi;Os(Ab) + CaAlsSi;Os(An)), mixtures of
2 and 3.

The series of plagioclase (soda-lime) feldspars includes a number of species that
are isomorphous mixtures of the two end members albite (pure soda feldspar)
NaAlSi;Os (designated Ab) and anorthite (pure lime feldspar) CaAl:Si,Os (designated
An). ;

The intermediate members of this series are mixtures in varying proportions of
the two molecules Ab and An, as shown in the annexed table.

Plagroclase Feldspars

Albite. ..... Ab;An, to AbsAn, Labradorite. . ...... Ab,An; to Ab;Ang
Oligoclase. . . AbsAn; to Abs;An; Bytownite.......... Ab;An; to Ab;Ang
Andesine. . . AbzAn; to Ab;An; Anorthite .......... Ab,Ans to AbyAn;

The percentages of the various oxides in each feldspar variety are shown in the
following table: ’

PERCENTAGES OF OXIDES IN THE FELDSPARS OF THE PracrocLAse Group

8i0,. AlLO;. ¢ Na,y0O. CaO.
A AT T o s 68.7 19.5 11.8 0.0
SN A Sio e Al 0 07 e R 64.9 22.1 10.0 3.0
A ATV AR AR it Fa e 62.0 24.0 8.7 5.3
A A e L L 55.6- 28.3 5.7 10.4
ADFAR SR 49.3 32.6 2.8 15.3
SN G030 At 15 o S SO i Sy 46.6 34.4 1.6 17.4
AT AT e e e i D 43.2 36.7 0.0 20.1

The potash varieties of feldspar, orthoclase and microcline, repre-
sented by the formula KAISi;O5 or K20.ALO;.6 SiO;, can not be dis-
tinguished from each other with the naked eye, and may be regarded
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thetic or albitic) twinning (Figs. 6 to 8), which results in the cleavage
surface of the twinned feldspar being marked by parallel striations, is
characteristic of the soda-lime (plagioclase) series, and when visible to
the unaided eye it affords the surest proof that the feldspar belongs to
the plagioclase group. This form of twinning is crystallographically
impossible in orthoclase. If present and visible to the naked eye, the
striations are readily observed by turning the crystal or grain in the

Uil

Fia. 6.

sunlight, so as to catch the reflection from the cleavage face. Other
forms of twinning in feldspars occur; but are of little or no importance
in their megascopic determination.

Cleavage. — All species of feldspar possess good cleavage in two direc-
tions, which intersect either at 90° as in orthoclase, or at about 86° as
in the plagioclase series. The difference, however, in angle of intersec-
tion of the cleavages is too small to be of use in distinguishing between
plagioclase and orthoclase by the unaided eye, unless accurately meas-
ured. If the feldspar grains as developed in rocks are of sufficient size,
the cleavages can be readily observed by reflected light.

Physical properties. — Fracture of feldspars in directions other
than those of cleavage is uneven, usually poorly developed. Brittle.
Hardness 6. Specific gravity varies with chemical composition: Ortho-
clase = 2.55, albite = 2.62, anorthite = 2.76; the other species (mix-
tures) vary between these limits. Luster vitreous; on cleavage faces
often pearly. Streak white, not characteristic. The feldspars exhibit
a variety of color. Colorless, sometimes transparent and glassy, white,
gray, red, and green. In rocks, colorless and glassy feldspars are limited
to the fresh and recent lavas. Some shade of red is common to ortho-
clase and the alkalic feldspars, while the plagioclase or soda-lime feld-
spars are commonly gray or white. Feldspar is frequently the dominant
coloring mineral in granites.



THE ROCK-FORMING MINERALS 11

Chemical tests. — Orthoclase and albite are insoluble in ordinary acids, but
with increase in lime in the plagioclase group they become slowly soluble (labradorite
to anorthite). The lime-rich varieties fuse more easily than do albite and orthoclase.

Alteration. — Feldspars commonly alter to kaolin in the belt of
weathering, when acted on by water containing carbon dioxide, with
the separation of free silica and alkaline carbonates. Alteration of the
lime-bearing species is apt to be accompanied by the formation of
calcite. Under conditions of dynamic metamorphism (see Chapter III),
or in the presence of hot waters, potash feldspar commonly alters to
muscovite (sericite). Alteration of feldspars involving the formation
of kaolin! is of much importance in the formation of soils. The process
is described as kaolinization, and is first noted in feldspars by the loss
of luster, and the mineral becoming dull and chalky or earthy in appear-
ance. Usually in the feldspar-bearing rocks used for building and
ornamental purposes, it has been observed that the lime-soda feldspars
are more susceptible to alteration than orthoclase. Both orthoclase
and plagioclase are less durable than quartz, with which they are fre-
quently associated, but they are not to be regarded as unsafe on this
account.

The changes involved in the alteration of feldspar to kaolin and
muscovite have been expressed chemically as follows (Pirsson):

Orthoclase Water Carb. diox. Kaolin Quartz Potas. carb.
2 I{}Xlsia()g + 2 HzO + COz == H4A1281209 + 4 8102 + I{zCO;
Orthoclase Water Carb. diox. Muscovite Quartz Potas. carb.

3KAIS0s + H.O0 4+ CO, = HK(AISIO): + 580, + K;CO;

Other forms of alteration of feldspars are known.

Occurrence. — The feldspars are probably more widely distributed
than any other group of rock-forming minerals. They occur in most of
the igneous rocks, such as granites, syenites, and lavas; in certain sand-
stones and conglomerates among sedimentary ones; and in gneisses of
the metamorphic rocks. Hence feldspar is an important constituent of
many building stones.

Determination. — The two cleavages of 90° or nearly so, hardness,
luster, and color usually serve to distinguish the feldspars from other
minerals which they closely resemble. When observed, the striations on
good cleavage surfaces are the surest means of distinguishing plagio-
clase or soda-lime feldspars from orthoclase. It is not safe, however,
in all cases to conclude that a feldspar which does not exhibit striations

! Kaolin may sometimes be formed in other ways. See Ries: “Clays, their
Occurrence, Properties, and Uses.”
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is orthoclase, for the twinning is frequently so fine that the lines cannot
be detected even with the aid of a good pocket lens.

Feldspathoid Group

Like the feldspars the members of the feldspathoid group are silicates of alumina
with soda, potash, and lime. Unlike the feldspars they are greatly restricted in
occurrence and are comparatively rare, being found only in certain kinds of igneous
rocks, such as nephelite syenites. Nephelite and sodalite are the two most important,
members of the group. These are briefly described below.

Nephelite

Composition. — Sodium-aluminum silicate, chiefly' NaAlSiO,, with a few per cent
of potash present replacing soda; sometimes also lime.

General properties. — Hexagonal in,crystallization; commonly without crystal
form as shapeless grains and masses. Cleavage sometimes distinet, usually not
good. Fracture somewhat conchoidal. Brittle. Hardness, 5.5-6. Specific gravity
2.55-2.65. Luster vitreous to greasy. White, gray, and yellowish, sometimes red-
dish. Streak light. Fusible before the blowpipe. Is readily soluble in dilute acid,
and on evaporation yields gelatinous silica. It easily alters into various minerals,
similar to the feldspars. It occurs in some lavas and in certain kinds of syenite.

Sodalite

Composition. — Na,(AIC1)AL(SiOy); or 3 NaAlSiO; - NaCL

General properties. — Isometric in crystallization; crystals rare; usually occurs
in rocks as shapeless grains. Cleavage dodecahiedral, but of little value in mega-
scopic determination. Fracture uneven. Hardness 5.5-6. Specific gravity, 2.15-2.3.
Luster vitreous, sometimes greasy. Color usually blue, also white, gray, green.
Streak white. Fusible before the blowpipe to a colorless glass. Soluble in dilute acids,
and on evaporation yields gelatinous silica. Nitric acid solution with silver ni-
trate, gives a white precipitate of silver chloride. Itis a comparatively rare rock
mineral, being restricted in occurrence to nephelite-syenites, trachytes, and
phonolites.

Mica Group

Composition. — Of the many species included in the mica group the
more important ones are:

Muscovite H;KAl;(SiOy)s. Potash mica.

Lepidolite KLi[Al.2(OH,F)]A1(SiO;);. Lithia mica.
Biotite (H,K)2(Mg,Fe),Aly(SiO4);. Iron-magnesia mica.
Phlogopite HoKMg;Al(8104)s(?). Magnesia mica.
Lepidomelane (H,K).Fes(Fe,Al)4(S8i04)5(?). Iron mica.

As illustrated in the above tabulation, the micas form a group of
complex silicates (orthosilicates) of aluminum with potassium and
hydrogen, magnesium, iron, and lithium. Other species belonging to the
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miea group but not listed above show the presence of other elements,
such as sodium, manganese, chromium, etc. For megascopic study the
micas may be conveniently classified into (a) light colored micas (mus-
covite) and related varieties, and (b) dark colored micas (biotite) and
related varieties.

Form. — The micas form an isomorphous series crystallizing in the
monoclinic system. The erystals are tabular in form, often of hexagonal
outline, with flat bases. Crystals are sometimes observed in rocks,
but the micas more often occur as flecks, scales, or shreds, without
crystal boundaries.

Physical properties. — All micas are characterized by very perfect
basal cleavage, which allows them to be split into extremely thin elastic
plates or lamine, that are tough and flexible. This property combined
with transparency, toughness, and flexibility, makes the large sheets
of muscovite of much value for use in stove windows, lamp chimneys,
electrical work, etc.

The micas have a wide range of color, dependent chiefly on chemical
composition. Colorless, white, gray, green, violet or lilac to red,
yellowish to brown, and black. Muscovite is colorless, white to gray,
sometimes greenish to light brown; lepidolite is usually of pink or lilac
color; biotite is usually brown to black, sometimes dark green; phlogo-
pite is pale brown, often coppery; and lepidomelane is black to greenish
black. The color of mica frequently exerts an important effect on build-
ing and ornamental stones containing it. Luster vitreous to pearly or
silky; sometimes splendent in the dark-colored varieties. Streak
uncolored. Hardness 2-3; easily scratched with the knife. Specific
gravity 2.7-3.2.

Chemical tests.— Before the blowpipe the micas vary from easily (lepidolite) to
difficultly (biotite) fusible. They yield little or no water when heated in a closed
glass tube, which aids in distinguishing them from other micaceous minerals, such
as the chlorites. Most of the miecas are insoluble in hydrochloric acid, but when

boiled in sulphuric acid the dark-colored ones (biotite, etc.) are decomposed and give
milky solutions.

Alteration. — Most micas are susceptible to alteration when sub-
jected to the action of weathering processes. Some alter more readily
than others, dependent upon their chemical composition. Muscovite is
very resistant, being often times the product of alteration from other
minerals, especially the feldspars (then in minute scales of silvery white
color and silky luster, and called sericite), but it ultimately loses its
elasticity and is probably changed to clay. Biotite on account of its
high iron content is more liable to decompose on exposure to weather.
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Because of this fact the alteration of biotite in some building stones may
cause unsightly discoloration at times from the liberation of free iron
oxide. This is frequently observed in the natural outcrops of many
granites, and it not infrequently happens that on the opening of a new
quarry failure to strip the stone below the depth of oxidation, an in-
ferior rock (sappy granite) has been placed on the market. The com-
monest alteration of biotite, however, is to chlorite (see p. 27), when it
loses its elasticity, becomes soft and of a green color. Other members of
the mica group alter under similar conditions into different mineral
products, according to their composition.

Occurrence. — The commoner micas, muscovite and biotite, have
wide distribution in rocks. They are abundant constituents of both
igneous and metamorphic rocks, and are components of some sedimen-
tary ones, especially sandstones. Muscovite is a common constituent of
granites and some syenites, and especially pegmatites, where it is found
in blocks and sheets of large enough size to be used for the purposes
mentioned above. It is abundant in the metamorphie rocks, especially
in mica schists, often being the main constituent, and in gneisses.
Muscovite is frequently a secondary mineral, often called sericite and
having silky luster, derived from feldspars and minerals of similar
composition. The alteration process is called sericitization (see Ore-
Deposits.)

Biotite occurs in many kinds of igneous and metamorphic rocks. It
is a much less frequent constituent of sedimentary rocks because of
its ready susceptibility to alteration on account of its iron content. It
occurs in many granites, diorites, gabbros, syenites, and peridotites,
as well as in their fine-grained equivalents. In metamorphic rocks it
is a common mineral in schists and gneisses, and is frequently developed
in contact metamorphic zones (see Chapter III).

The other varieties of mica are less abundant and are more restricted
m distribution. Lepidolite occurs chiefly in granite pegmatites; phlogo-
pite principally in crystalline limestones; and lepidomelane is found
in granites and syenites, especially their pegmatite equivalents.

The kind, quantity, and mode of distribution of mica in building
stones, exert an important influence on their durability and work ability.
When present in abundance and the shreds have parallel arrangement,
the rock may split readily along this direction. In quantity mieca is an
undesirable component of marble since it is apt to weather out and leave
a pitted surface. It also interferes at times with the production of a
good polish. Although some building stones, such as granite, ete., are
rarely free from mica, it is not an injurious constituent unless present
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columnar (Figs. 9 and 10). A cross section of the prism form is usu-
ally octagonal in outline as shown in Fig. 11. (Compare with cross
section of hornblende, p. 18.) As rock-forming minerals pyroxenes
are commonly developed in shapeless grains and masses.

|
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Fic. 9. Fia. 10.

Physical properties. — The cleavage is usually very good, developed
in two directions parallel to the prism faces, intersecting at an angle of
87° (Fig. 13). It is a fundamental property and serves to distinguish
pyroxenes from the amphiboles. Parting in other directions is often
developed in some varieties. Fracture uneven. Brittle. Hardness
5-6. Specific gravity, 3.2-3.6.
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The color varies according to the amount of iron present; white to
gray and pale green in enstatite and diopside; dark brownish green,
greenish black, and brown in bronzite; various shades of green to black
in augite; black and greenish black in aegirite. Luster vitreous to
resinous, sometimes pearly. Streak varies from white and uncolored
to brownish gray and grayish green.

Chemical tests. — Fusibility and solubility vary with the amount of iron present.
Enstatite is almost infusible, other varieties much more fusible. They are but
slightly acted upon by acids, the iron-rich varieties usually being most affected.

Alteration. — The pyroxenes alter more or less readily into different
mineral products, dependent partly upon the kind of process and
partly upon their composition. Under the action of weathering ser-
pentine and chlorite are common alteration products of the magnesium-
and iron-bearing varieties, often accompanied by carbonates and iron
oxides (limonite). Another form of alteration of the pyroxenes that
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is of very great geclogic importance is into amphiboles, which takes
place under metamorphism (especially regional).

Occurrence. — The pyroxenes are chiefly found in igneous rocks,
occurring only sparingly in the quartzose ones, but become more abun-
dant in the less siliceous ferromagnesian kinds, such as the basaltic
lavas, gabbros, and peridotites (see Chapter II). They are less common
in metamorphic rocks, several varieties being noted in some crystalline
limestones and gneisses. They are also found in contact zones associ-
ated with garnet, but are rarely if ever found in sedimentary beds.
They are not very important in the common building stones, and when
present in quantity and of the brittle variety they may interfere with
the production of a smooth polish.

Determination. — Crystal form and habit when in well-defined
crystals, outline (octagonal) of cross section of prism form, and good
cleavage in two directions intersecting at 87°, are the most important
megascopic properties by which pyroxenes may be distinguished from
those minerals they may closely resemble. They may be compared
with hornblende, tourmaline, and epidote. In fine-grained igneous rocks
it is usually impossible to distinguish between pyroxene and amphibole
megascopically. When of sufficient size the following points should be
observed: Crystal form when in distinct crystals, outline of cross
section of the prismatic form, angle made by intersection cf the two
prismatic cleavages; also perfection of cleavage which is usually less
perfect in pyroxene than in hornblende. Pyroxene commonly occurs
in short, stout prismatic forms or grains, while hornblende is develcped
in needles or long bladed forms. Lack of cleavage, triangular outline
of cross section of prism, superior hardness, and high luster, distinguish
tourmaline from pyroxene. Epidote can usually be distinguished by
unequal cleavage development in two directions, one perfect, the other
good, by its characteristic yellow-green color, and by its greater hardness.

Amphibole Group

Composition. — The amphiboles form a strikingly parallel group
of minerals to the pyroxenes, the two groups having similar chemiczcl
compositions and physical properties. Like the pyroxenes the am-
phiboles are salts of metasilicic acid (HzSiO;) in which hydrogen (H)
is replaced by certain metals and radicles.

RSiO; with R = Ca, Mg, Fe, chiefly; also Mn, Na,, K,, and H..

BRSO } with K = Al and Fe, chiefly.
2 6

RR(Si0;),, with R = Na, and R = Al, Fe.
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For megascopic purposes the important varieties of amphibole are:

Tremolite, CalMgs(SiOs) 4.
Actinolite, Ca(Mg, Fe)s(Si03)..
Ca(Mg,Fe)2(SiOs)s, with
Hornblende, - i x, A1,(8i0,), and (Mg Fe) (ALEe):Si0,,
Arfvedsonite, Nas(Ca,Mg)s;(Fe,Mn)14(Al,Fe)sSig10 4.

Form.— In crystallization, amphiboles like pyroxenes are ortho-
rhombic, monoclinic, and triclinic. Of these three systems, however,
only the monoclinic varieties of amphiboles are of megascopic impor-
tance as rock-making minerals. All amphiboles agree in general habit

)

Frc. 14, Fia. 15.

and in having a prismatic cleavage of 55 and 125 degrees. They gen-
erally occur in long and bladed forms, sometimes fibrous and cclumnar
(Figs. 14, 15, and 16), and as shapeless grains and masses. The outline
of a cross section of a prism form is usually hexagonal as shown in Fig.
17.

Physical properties. — Amphiboles have two directions of perfect
cleavage parallel to the prism faces which intersect at angles of 125 and
55 degrees as shown in Fig. 17. The cleavage angle is one of the most
distinguishing characteristics of the group. Compare Fig. 17 show-
ing cleavage of amphibole with Fig. 13 which shows the cleavage of
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pyroxene. Fracture uneven. Hardness 5-6. Specific gravity 2.9-3.5,
according chiefly to the amount of iron present.

The color of amphiboles varies, according to the amount of iron
present, from white or gray in tremolite to bright green or grayish green
in actinolite, to dark green and black in hornblende, and black in arfved-
sonite. Luster vitreous to pearly on cleavage faces; often silky in
fibrous varieties. Streak uncolored or grayish to gray-green and
brownish.

Chemical tests. — The amphiboles fuse rather easily before the blowpipe, but are
only slightly acted on by ordinary acids. The iron-rich varieties are the most easily
fusible and show the greatest solution effect from acids.

Alteration. — Since the amphiboles have the same chemical com-
position as the pyroxenes they show similar alteration under the action
of weathering agencies. The commonest changes being, according to
composition, into serpentine or chlorite, or both, usually accompanied
by carbonates, quartz, and epidote. Eventually they may break down
into carbonates, iron oxides, and quartz.

Occurrence. — Amphiboles have abundant and wide distribution in
igneous and metamorphic rocks; some varieties being wholly metamor-
phic or secondary. Tremolite and actinolite are secondary or meta-
morphic minerals; the former occurring chiefly in impure crystalline
limestones and in contact zones, the latter in erystalline schists. They
also occur as common products of alteration in igneous rocks. Owing
to its tendency to decompose tremolite is a detrimental mineral in
crystalline limestones. Hornblende occurs both in igneous and meta-
morphic rocks. In igneous rocks it is a common constituent in granite,
syenite, diorite, some varieties of peridotite, and in many of the fine-
grained igneous types. It is often a secondary mineral derived from
pyroxene by metamorphic processes when it is known as the variety
uralite. In the metamorphic rocks it occurs in gneisses and schists.
Arfredsonite is more restricted in distribution, being found chiefly in
nepheline syenites and related rare porphyries.

Determination. — The most characteristic megascopic properties of
amphibole are crystal form and habit, two good prismatic cleavages
making angles of 125° and outline (hexagonal) cross section of the
prism form. Amphiboles may be confused megascopically with py-
roxene, tourmaline, and epidote. The distinction from pyroxene is
given under the latter mineral (page 17). It may be readily dis-
tinguished from tourmaline by good cleavage and outline (hexagonal)
of the prism cross section; from epidote by two good cleavages, color,
and inferior hardness.
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Garnet Group

Composition. — Garnets are orthosilicates corresponding to the
general formula RsRa(SiO4)s or 3RO.Ry05.38i0:, in which R = Ca,
Mg, Fe, Mn; and R = Al, Fe, Mn, Cr, Ti. The group has been
divided into a number of varieties which vary considerably in composi-
tion, but the most common ones that are of importance as rock minerals
are:

Grossularite, CazAly(Si04)s.

Pyrope, Mg;Aly(SiO4)s.

Almandite (common garnet), Fe;Alo(Si04)s.

Andradite (melanite), CazFea(Si04)s.

Form. — Garnets crystallize in the isometric system commonly as
rhombic dodecahedrons or icositetrahedrons (Figs. 18 and 19), rarely as
octahedrons; sometimes in combination of the first two (Fig. 20). They
very often oceur in rocks without crystal boundaries as grains and gran-
ular aggregates having rounded or irregular outlines.

W
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General properties.— The cleavage is generally poorly developed
and of no value as a megascopic feature. Fracture subconchoidal to
uneven. Brittle. Hardness 6.5-7.5. Specific gravity 3.15-4.3, varying
with the composition, common garnet being 4.0. Color is variable ac-
cording to the composition. Grossularite, colorless to white, pale shades
of pink, yellow, green, and brown; pyrope, deep red to nearly black;
almandite, deep red to brownish red; melanite, a variety of andradite, is
black. Streak white. Luster vitreous, sometimes inclining to resinous.

Chemical tests. — The garnets fuse readily before the blowpipe. They are only
slightly acted upon by acids, except andradite which is attacked quite strongly.
When evaporated the acid solution yields gelatinous silica.

Alteration. — Some garnets are quite resistant to atmospheric
agencies. Dependent upon composition they may alter to chlorite or
serpentine, less frequently to hornblende. Of the different known
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minerals into which common garnet alters, chlorite is the commonest.
Alteration of those varieties containing iron may be accompanied by
limonite as one of the products.

Occurrence. — Garnets have wide-spread distribution as accessory
constituents of metamorphic and sometimes igneous rocks. The dif-
ferent varieties are unequally distributed as rock minerals, some being
more restricted than others. Grossularite is chiefly found in crystalline
limestones resulting both from contact and regional metamorphism.
Pyrope occurs in some basic igneous rocks, peridotites and the serpen-
tines derived from them. Almandite is especially found in schists and
gneisses, sometimes in pegmatites, rarely in granites, and in zones of
contact metamorphism. Andradite, variety melanite, is restricted in
distribution to certain types of igneous rocks. It is a common mineral
in contact metamorphic ore-deposits. It is not, however, a very im-
portant megascopic mineral.

Determination. — The more important megascopic characters of the
garnets by which they may be recognized from other minerals are:
Crystal form, lack of cleavage, luster, color, and hardness.

Olivine Group

Composition. — Olivine (chrysolite) is an orthosilicate correspond-
ing to the general formula R,SiOy4, in which R = Mg, Fe. It may be
regarded as a variable mixture of magnesium orthosilicate (Mg,SiOy)
forsterite and the ferrous orthosilicate (Fe,Si0,) fayalite. It is the only
member of the group that is of importance as a rock mineral.

General properties. — Orthorhombie in ecrystallization, but crystal
form is not an important megascopic property, since olivine usually
oceurs as a rock constituent in formless grains and granular masses, and
rarely in distinct erystals. Cleavage not distinet. Fracture conchoidal.
Hardness 6.5-7. Specific gravity 3.27-3.37, according to the amount
of iron present. Color green, varying from olive-green to yellow-green;
bottle-green very common. Luster vitreous. Streak uncolored, rarely
yellowish.

Chemical tests.— Before the blowpipe olivine varies from nearly infusible to
fusible according to whether little or very much iron is present. It is soluble in acids
yielding gelatinous silica on evaporation.

Alteration. — The commonest form of olivine alteration is into
serpentine and iron oxide. The alteration begins from the outer surface
and cracks developing serpentine fibers normal to the surfaces. The
separated iron oxide is deposited along the eracks. Other kinds of
alteration of olivine occur but are of less importance.
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Occurrence. — Olivine occurs chiefly as a characteristic mineral of
the less siliceous igneous rocks, such as gabbros, peridotites, and basaltic
lavas. It also occurs in metamorphosed magnesian limestones and in
some schists. ‘

Determination. — General appearance and association, green color,
lack of good cleavage, and superior hardness usually distinguish olivine
from those minerals it may resemble.

Epidote Group

Composition. — Epidote, the most important rock-making member
of the group, is a basic orthosilicate of calcium and aluminum with
variable iron, corresponding to the formula Ca; (AIOH) (Al Fe), (SiOy)s.
Proportions of aluminum to iron vary from 6:1 to 3:2.

Form.— Monoclinic in ecrystallization, but usually crystal form
is of little value in megascopic determination. Crystal habit of epidote
is prismatie, sometimes in slender, needle-like forms, often in aggregates.
Its common occurrence in rocks is in formless grains and aggregates of
grains.

General properties. — Cleavage unequally developed in two direc-
tions, one perfect parallel to ¢, the other imperfect parallel to a. Frac-
ture uneven. Brittle. Hardness 6-7. Specific gravity 3.3-3.5. Color
usually some shade of green, pistachio-green or yellowish-green being
the most characteristic. ILuster vitreous. Streak uncolored, or grayish.

Chemical tests. — Before the blowpipe epidote fuses with intumescence to a black
mass. It is partly soluble in hydrochloric acid. Yields water in closed tube on

strong ignition. When fused and dissolved the solution gives gelatinous silica on
evaporation.

Occurrence. — Epidote occurs abundantly as a secondary mineral
in igneous rocks derived from the alteration of ferromagnesian min-
erals and lime-soda feldspars, and commonly accompanies chlorite. It
has a similar occurrence in crystalline schists and gneisses. It is a com-
mon constituent of metamorphic rocks rich in lime derived both by
regional and contact metamorphism. In some cases the mineral has
been reported as an original constituent of igneous rocks.

Determination. — The peculiar yellowish-green color, superior hard-
ness, and two unequally-developed cleavages, one perfect, the other
poor, are usually sufficient to distinguish epidote megascopically from
those minerals with which it might be confused.
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triangular cross section (Figs. 25 and 26) is very characteristic of rock-
making tourmaline. Tourmaline is less often developed in shapeless
grains and masses.

Fia. 25. Fia. 26.

General properties. — Cleavage not noticeable. Fracture sub-
conchoidal to uneven. Brittle. Hardness 7-7.5. Specific gravity
2.98-3.20. Color variable, but that of the common rock-making variety
is black. Luster vitreous. Streak uncolored.

Chemical tests.— Tourmaline is difficultly fusible before the blowpipe and is
insoluble in acids.

Occurrence. — Tourmaline is widely distributed as a constituent of
crystalline schists and in the more acid igneous rocks, such as granites
and their accompanying pegmatites. It also occurs in gneiss and clay
slates, and is a common mineral of contact metamorphic zones. As in-
dicated by its composition tourmaline is one of the most common and
characteristic minerals formed by pneumatolytic action (see Chap. III).

Determination. — Characteristic triangular cross section, crystalline
form, black color, absence of cleavage, and hardness are the more
important megascopic properties by which it can usually be identified.

B. Hyprous SILICATES

The hydrous silicates that are of most importance as rock-making
minerals are kaolinite, talc, serpentine, chlorite, and the zeolites. These
are entirely of secondary origin, and may be formed either by weather-
ing or by heated circulating waters or vapors acting on rock masses.
They are of most importance in sedimentary and metamorphic rocks,
and are of no importance in fresh igneous rocks. They occur as con-
stituents in the wall rock of many ore-deposits formed by the alteration
of the original silicate minerals by varying geologic processes (see Chapter
on Ore-Deposits).

Kaolinite

Composition. — Kaolinite is a hydrous aluminum silicate corre-
sponding to the formula HAlSi,0, or Alz03.2 Si0,2.2 H:O.
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Form. — Kaolinite crystallizes in the monoclinic system a$ minute
scales or plates with sometimes hexagonal outlines, but the crystal form
is of no importance in megascopic determinations. It may occur in
clay-like masses, or scattered irregularly through feldspathic rocks.

General properties. — Color white; often variously colored by
impurities. Luster usually dull earthy. Hardness 2-2.5. Specific
gravity 2.6-2.63. Neither hardness nor gravity is serviceable for
practical tests. It usually has an unctuous, greasy feel, and is plastic.

Chemical tests.— Kaolinite is infusible before the blowpipe, and is insoluble in

acids. When moistened with cobalt nitrate and ignited it becomes blue. Heated
in the closed tube it gives water.

Occurrence. — Kaolinite is of widespread occurrence. It is a com-
mon constituent of clay, and is always a secondary mineral, formed
usually by the weathering of aluminous silicate minerals, chiefly feld-
spars. Derivation of kaolinite from orthoclase by weathering may be
represented as follows:

Orthoclase Water Carb. diox. Kaolin Potas. carb. Quartz
2 I{A181303 + 2 Hzo + COz = H(AleizOg + KzCOs + 4 Si02.

This process is referred to as kaolinization and the reaction is de-
scribed under feldspars (page 11). By it rock-masses are decomposed
and soils formed. Extensive deposits often result from the alteration
of aluminous rocks and when not discolored by iron oxide and other
impurities form the sources of china and white ware clays (see Chapter
on Clays). Deposits of clay of variable thickness and extent, showing
all degrees of admixture with sand, ete., and variously discolored by
different impurities, occur. Other hydrous-aluminous silicates may be
present in clays, but they are difficult to recognize by the unaided eye.
Masses of sericite are sometimes mistaken for kaolinite.

* Talc

Composition. — Tale is an acid metasilicate of magnesium,
H,Mg;(Si0;). or 3Mg0.4Si0,.H,0, containing SiO, = 63.5, Mg0O =
31.7, H,O = 438.

Form. — The crystal form is doubtful, probably orthorhombic or
monoclinic, but it is of no importance in megascopic work since it is
rare. It commonly occurs in foliated masses, sometimes in stellate
groups, compact, and fibrous.

Two varieties of tale are usually recognized, namely: (1) Foliated
talec having light green to white color, a pronounced greasy feel, and
foliated structure. (2) Steatite or soapstone, a somewhat impure form
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of tale, usually some shade of green in color, and fine- to coarse-granular
massive in structure. Frequently impure from the presence of such
minerals as mica, chlorite, tremolite, ete. Extensively used for sinks,
laundry tubs, ete.

General properties. — Tale, like mica has perfect basal cleavage,
the laminz being flexible but inelastic. Characteristic greasy feel.
Hardness 1. Specific gravity 2.7-2.8. Color silvery-white to apple-
green, sometimes gray to dark green. Luster pearly on cleavage sur-
faces. Streak light-colored.

Chemical tests.— Talc is difficultly fusible and not acted on by acids. Yields
water in closed tube only on intense ignition.

Occurrence. — Tale is a secondary mineral derived by alteration
from non-aluminous magnesian silicates, such as olivine, enstatite,
tremolite, ete. Its derivation from enstatite may be represented
chemically as follows:

Enstatite Water  Carb. diox. Tale Magnesite

It is found as an alteration product of igneous rocks, especially the
peridotites and pyroxenites, but it is commonest in the crystalline
schists forming an important constituent in several varieties, such as
the tale schists, ete. (See under Metamorphic Rocks.) In some meta-
morphie rocks like soapstone, tale may form practically the entire rock-
mass.

Important occurrences of tale and soapstone are found in the erystal-
line rocks of the eastern United States, extending from Vermont to
Georgia, and large deposits of soapstone are quarried in the Albemarle-
Nelson counties belt in Virginia.

Serpentine

Composition. — Serpentine is a hydrous-magnesium silicate,
H:Mgz8i,0, or- 2H,0.3Mg0.28i0,, containing SiO, = 44.1, MgO =
43.0, 0 = 12.9.

Form. — Optically serpentine is probably monoclinie, but it occurs
only in pseudomorphic crystals. It is usually compact or granular
massive, often fibrous, the fibers of which are flexible and can be easily
separated from each other.

Varieties. — Several varieties of serpentine are recognized.

Ordinary serpentine. — Massive, opaque, and of various shades of
green.
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Chrysotile. — Fibrous (asbestiform) variety, usually occurring in seams
in the massive variety. This is the asbestos of commerce in most
part. ;

Precious serpentine. — Massive, dark green in color, and translucent.
The spotted green and white varieties are called ophiolite or ophicalcite.
In these the white areas are calcite and the green usually serpentine,
sometimes with a core of pyroxene (?) as at Moriah, N. Y. (See
under Marbles.)

General properties. — The cleavage is basal sometimes distinct, but
of no importance as a megascopic property. Hardness 2.5-5.0, usually
4. Specific gravity variable, fibrous 2.2-2.4, massive 2.5-2.7. Color
is usually some shade of green or yellow, with various shades of black,
red, or brown noted; not apt to be uniform, but variegated showing
mottling in lighter and darker shades of green. Luster is greasy and
wax-like in the massive varieties, and silky in the fibrous. Feel smooth
or greasy. Streak white. Fracture conchoidal or splintery in massive
varieties. Translucent to opaque.

Chemical tests.— Serpentine fuses with difficulty before the blowpipe, is decom-
posed by hydrochloric acid, and in the closed tube yields water on ignition.

Occurrence. — Serpentine is a secondary mineral formed as an
alteration product from non-aluminous magnesian silicates, such as
olivine, pyroxene, and amphibole in igneous and metamorphic rocks.
Its derivation from olivine may be shown chemically as follows:

Olivine Water  Carb. diox. Serpentine Magnesite

Serpentine may also be derived from the above minerals by the
action of heated waters. It is a common and important constituent of
the serpentine or verd antique marbles used as an ornamental stone,
and in these it occurs mixed with calcite or dolomite (see Chapter on
Building Stones, also under Metamorphic Rocks).

Chlorite

Chlorite is the name of a group of hydrous silicates, so named on
account of their green color, but because of the difficulty to distinguish
them from each other megascopically they are included under the group
name chlorite. They are secondary minerals and closely resemble the
micas in crystal form and cleavage, but are distinguished from them by
their folia being soft and inelastic.

Composition. — The chlorites are hydrous silicates of aluminum
with magnesium and ferrous iron. Clinochlore, the most common
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member of the group, has the formula Hgs(Mg,Fe);AlSis055 or
4H,0.5(Mg,Fe)0.AL0;.3 Si0,.

Form. — The chlorites are monoclinic in crystallization, forming
six-sided tabular crystals, but since distinct crystals are rare, crystal
form is not an important megascopic property. Chlorite commonly
occurs in irregular flakes and scales.

General properties. — Like mica, chlorite has perfect basal cleavage,
the folia of which are flexible and tough, but unlike mica are inelastic.
Color green of various shades, usually dark green. Luster of cleavage
surface somewhat pearly. Hardness 2-2.5. Specific gravity 2.65-2.96.
Streak white to pale green.

Chemical tests.— The chlorites are infusible or difficultly so before the blow-

pipe, and are insoluble in hydrochlorie acid, but are decomposed by boiling sulphuric
acid, giving a milky solution. They yield water in closed tube on ignition.

Occurrence. — Chlorite is a common and widespreadimineral and is
of secondary origin. It is a common constituent of the crystalline
schists, and in some (chlorite schist) it is the predominant mineral.
It occurs as a secondary mineral in igneous rocks derived from the
alteration of pyroxenes, amphiboles, micas, etc. The green color of
many igneous rocks and many metamorphic ones such as schists and
slates, is due to chlorite. The green slates owe their color to the finely
disseminated particles of chlorite as the coloring matter. Chlorite also
oceurs as a common product of hydrothermal action along some ore-
bodies, especially those associated with voleanic rocks (see Chapter on
Ore-Deposits).

Determination. — The chlorites are characterized by their green
color, perfect basal cleavage, and inferior hardness. They resemble
most elosely the micas from which they can be distinguished by their
inelastic folia.

Zeolite Group

Composition. — The zeolites form a large group of hydrous silicates of aluminum
with caleium and sodium, rarely potassium, as the important bases. They show
close similarities not only in composition but in their association and mode of occur-
rence as well. The name is derived from two Greek words meaning fo boil and stone.

Among the more common members of the group are:

Natrolite, NayAlSi;010 + 2 H;O. Orthorhombie.

Analcite, NaAl(Si0;): + H.0. Isometric.

Stilbite, (Nas,Ca)AlLSisOs + 6 H:O. Monoclinic.

Heulandite, HCaAl;(SiO3)s + 3 H:O. Monoclinic.

General properties. — The zeolites are usually well crystallized, four of the six
crystal systems being represented by members of the group. They are usually
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colorless or white, sometimes yellow or red. Luster vitreous. Hardness 3.5-5.5,
and can be scratched with the knife. Specific gravity 2-2.4.

The members.of the group behave similarly before the blowpipe, most of them
fusing readily with intumescence, hence the name. They dissolve in hydrochloric
acid, some yielding gelatinous silica on evaporation.

Occurrence. — The zeolites are secondary minerals, occurring chiefly in cavities
and fissures of igneous rocks, derived from the alteration of feldspars and felds-
pathoids, by circulating waters and steam. They are especially common in the
basaltic lavas filling cavities and coating joint-planes, and are often associated with
quartz and caleite. The amygdules of lavas are frequently composed entirely or
partly of zeolites, giving rise to the amygdaloidal structure of such rocks.

Determination. — The zeolites are characterized by their light color, low specific
gravity, moderate hardness, decomposition by hydrochloric acid, and ready fusi-
bility with intumescence. Crystal form is also an important aid at times in dis-
tinguishing the individual species.

OXIDES

The oxides that are of importance as rock-making minerals include
quartz (Si0y), corundum (Al,O;), and the dron ores belonging to the group
of oxides, both anhydrous and hydrous.

Quartz

Composition. — Silicon dioxide, SiO,. Oxygen = 53.3, silicon =
46.7 when pure; often contains various impurities.

Form. — Quartz crystallizes in the hexagonal system, a common form
being a hexagonal prism terminated by a six-sided pyramid (Fig. 27).
The prism and pyramid faces are frequently unequally developed; at
times the prism faces are entirely absent. Cften, however, the crystals
are elongated with a marked development of the prism faces (Fig. 28).

7N

r\z

m | m

z [T,
Fia. 27. Fic. 28.

Except when formed in cavities, or as phenocrysts in some porphyries,
crystal form is not often observed in rock-making quartz. Its usual
occurrence in rocks is as shapeless grains and masses.

General properties. — Megascopically quartz may be said not to
possess cleavage, which generally serves to distinguish it from feldspar.
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Fracture conchoidal. Hardness 7.. Specific gravity 2.66. Color varies
widely from colorless or white through gray and brown to black, some-
times yellow, red, pink, amethyst, green, and blue. Luster vitreous,
sometimes greasy. Streak white. Transparent to opaque. Brittle
to tough.

Chemical tests. — Infusible before the blowpipe and insoluble in acids except
hydrofluoric acid. It is very resistant to weathering processes, being altered chiefly
by physical (disintegration) rather than by chemical forces (decomposition).

Occurrence. — Quartz is the most common of minerals, having
widespread occurrence in igneous, sedimentary, and metamorphic rocks.
It is an important constituent of the acid igneous rocks, such as granites,
rhyolites, pegmatites, etc., and it may occur as phenocrysts as well as
in the groundmass of the acid porphyriés. In metamorphic rocks it
occurs in gneisses and schists, and is the predominant constituent in
quartzites, many of which are composed almost entirely of it. It is
common in sedimentary rocks, forming the principal mineral in sand-
stones. It crystallizes from aqueous solutions, both hot and cold,
being deposited in fissures or other cavities, and forms the most common
vein and gangue mineral of ore deposits. It is associated in rocks
chiefly with feldspar.

Varieties. — In addition to the crystalline anhydrous form of quartz, many dif-
ferent forms of silica occur to which varietal names are given, dependent upon color,
structure, and other properties. These represent amorphous or cryptocrystalline
silica, and have probably formed in most cases on evaporation of solutions containing
soluble silica. They are not important as megascopic constituents of igneous and
metamorphic rocks, but are of some importance in sedimentary ones.

Some of the more important varieties are:

(a) Chalcedony. Amorphous quartz of variable color with waxy luster, usually
found lining or filling cavities in rocks.

(b) Agate. A variegated chalcedony, in which the different colors are usually
arranged in parallel bands, but sometimes irregularly distributed.

(¢) Onyzl A banded chalcedony like agate.

(d) Flint. Resembles chalcedony somewhat, but dull and often dark in color,
breaking with pronounced conchoidal fracture. The irregular nodules or concretions
and layers of flint occurring in many limestones are called chert.

(e) Jasper. Opaque quartz usually colored red from hematite.

(f) Siliceous sinter: geyserite. Somewhat porous or cellular silica formed by
deposition through evaporation or algae from waters containing soluble silica (Plate
XIII, Fig. 1). The sinter deposits of the Yellowstone National Park are typical.

1The onyx marble of commerce is not silica, but calcium carbonate. (See
Chap. X1.)
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Corundum

Composition. — Aluminum oxide, Al,O; = oxygen 47.1, aluminum
52.9.

Form. Corundum is hexagonal (rhombohedral) in erystallization.
The crystals are usually prismatic, or tapering hexagonal pyramids,
often rounded into barrel shapes. The barrel-shaped forms are common
in some syenites. Corundum also occurs as grains and shapeless
masses.

General properties. — Parting, resembling perfect cleavage, occurs
parallel to the base and in three other directions (rhombohedral), which
gives a laminated structure to the mineral in large pieces. Fracture
uneven to conchoidal. Hardness 9 (next to diamond in hardness).
Specific gravity 3.95-4.10. Color of rock-making corundum is usually
dark gray to bluish-gray or smoky. Luster adamantine to vitreous,
sometimes greasy. Translucent to opaque. DBrittle, sometimes very
tough.

Chemical tests. — Infusible before the blowpipe and insoluble in acids. Moistened
with cobalt nitrate and intensely ignited it assumes a blue color (aluminum).
Corundum is a resistant mineral to weathering processes but it may alter into a varicty
of aluminous minerals, such as margarite, muscovite, gibbsite, etc.

The varieties usually recognized are: Ordinary (rock-making) corun-
dum, gem corundum, and emery.

Occurrence. — Corundum occurs as an important constituent of
some igneous rocks rich in alumina, such as syenites and nepheline
syenites, and peridotites, and to a less extent in some other types.
It occurs in crystalline schists, in metamorphosed limestones, and in
zones of contact metamorphism. Magnetite corundum known as
emery oceurs in veins or lenses in metamorphic rocks, and like ordinary
corundum has somewhat extended use as an abrasive.

Determination. — Corundum is characterized chiefly by crystal
form when present, its great hardness, luster, and specific gravity.

Iron Ores (Oxides)

The iron ores belonging to the group of oxides that have value as
rock-making minerals are: (a) Anhydrous, including magnetite, il-
menite, and hematite; (b) hydrous, limonite. These minerals have
wide distribution and are frequent constituents of rocks, although from
the standpoint of rock-making species they occur chiefly as accessory
minerals, and as such do not play so important a réle as the more
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common silicate minerals, such as feldspar, mica, amphibole, pyroxene,
etc. They frequently form large bodies concentrated by geologic
processes, and excepting ilmenite, constitute the sources of ore for the
metal iron.

Magnetite

Composition. — Iron ferrate, Fe;Os or FeO.Fe,0; = oxygen 27.6,
iron 724 (FeO = 31.0, Fe;O; = 69.0). Ferrous iron sometimes re-
placed by magnesium. Titanium oxide occurs in variable amounts
up to 25 per cent.

General properties. — Isometric in crystallization; commonly in
octahedrons (Fig. 29), also in dodecahedrons (Fig. 30), sometimes in com-
binations of these forms (Fig. 31). Magnetite sometimes occurs in
rocks in such small crystals that the form is indeterminate megascopically.
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Cleavage not distinct; parting octahedral, sometimes well developed.
Fracture subconchoidal to uneven. Brittle. Hardness 5.5-6.5. Specific
gravity 5.16-5.18. Opaque. Luster metallic. Color iron-black. Streak
black. Strongly magnetic. Infusible and slowly soluble in hydrochloric
acid. Alters principally to hematite and limonite, sometimes to siderite.

Occurrence. — Magnetite is a very common and widely distributed
accessory mineral in rocks of all classes; especially in the crystalline
metamorphic and igneous rocks. It occurs as a contact mineral; in
ore-bodies due to magmatic segregation; in lenses inclosed in metamor-
phic rocks, especially schists and gneisses; and as a constituent of the
so-called black sands. It is less common in non-metamorphosed sedi-
ments, and is of little importance in building stones. Magnetite is an
important ore of iron. It is distinguished chiefly by its strong magnet-
ism, its black color and streak, and its hardness.

Ilmenite

Composition. — Ferrous titanate, FeTiO; or FeO.TiO, = oxygen
31.6, titanium 31.6, iron 36.8 (FeO = 47.3, TiO, = 52.7). It is fre-
quently not pure, but mixed with more or less hematite (Fe,0;) and
magnetite.
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General properties. — Ilmenite is hexagonal (rhombohedral) in
crystallization, but crystals in rocks are not often observed by the
unaided eye, hence crystal form is not of great importance. It usually
occurs in grains and masses, and often in thin plates. Cleavage not
developed; parting is sometimes shown. Fracture conchoidal. Brittle.
Hardness 5-6. Specific gravity 4.5-5. Opaque. Luster metallic to
submetallic. Color iron-black. Streak black to brownish-red. Some-
times magnetic. Infusible and not acted on by acids. After fusion
with sodium carbonate, dissolved in hydrochloric acid, and the solution
boiled with tin, it assumes a violet color (titanium). Ilmenite alters
chiefly into leucoxene (titanite).

Occurrence. — Ilmenite is a common mineral in igneous and meta-
morphic rocks (gneisses and schists), and its mode of occurrence in these
is similar to that of magnetite. Unless it occurs’in crystals with definite
boundaries, or in grains of sufficient size to be tested chemically, it is
difficult and sometimes impossible to distinguish from magnetite.
Luster may sometimes serve to distinguish the two minerals, which are
associated in some occurrences. The most important occurrence of
ilmenite as a megascopic mineral is as segregation bodies of varying size
in gabbros and anorthosites. Its high titanium content precludes its
use as an ore of iron, but it is used to some extent as a source of titanium
in the manufacture of ferro-titanium alloys.

Hematite

Composition. — Iron sesquioxide, Fe,O; = oxygen 30, iron 70.
Sometimes contains titanium and magnesium.

General properties. — Hematite, like ilmenite, is hexagonal (rhom-
bohedral) in crystallization, but as a rock mineral it is so rarely found
in definite crystals, that crystal form is of little value in its deter-
mination. It is found in a variety of forms, but as a rock mineral
specular or micaceous hematite, and common red hematite are the varieties
of chief importance. Rhombohedral parting resembling cleavage is
sometimes developed. Fracture conchoidal to uneven. Brittle in
compact form. Hardness 5.5-6.5. Specific gravity 4.8-5.3. Opaque,
but translucent red in thin scales. Luster metallic to dull. Color iron
black to deep red. Streak cherry-red to reddish-brown. Difficultly
fusible. Slowly soluble in concentrated hydrochloric acid. Becomes
magnetic when heated in the reducing flame. It alters principally into
limonite on exposure to weather.

Occurrence. — Hematite is one of the most widely distributed of
minerals. It occurs in igneous, sedimentary, and metamorphic rocks,
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both as a primary constituent and as an alteration product. It is a
common alteration product of most iron-bearing minerals.

It is the principal ore of iron, and supplies more than 70 per cent of
the total annual production of iron ores in the United States. The
streak is one of its most distinctive megascopic properties.

Limonite

Composition. — Limonite is the hydrous sesquioxide of iron,
Fe,0;(0OH)s or 2Fe;05.3H,0, and contains when pure oxygen = 25.7;
iron = 59.8, water 14.5. Often impure and is frequently admixed with
other hydrous oxides of iron.

Form. — Noncrystalline. Occurs in earthy masses in rocks, and
in deposits in mammillary and stalactitic forms with frequently radiating
fibrous structure; also concretionary, and in earthy deposits.

General properties. — Limonite has no cleavage. Luster sub-
metallic to dull. Hardness 5-5.5 in the compact mineral. Specific
gravity 3.6-4.0. Color is usually some shade of brown, brownish-
yellow to very dark opaque. Streak yellow-brown, very characteristic
and serves to distinguish it from hematite.

Chemical tests, — It is difficultly fusible before the blowpipe, becoming strongly
magnetic after heating in the reducing flame. Slowly soluble in hydrochloric acid,
and yields much water when heated in closed tube.

Occurrence. — Limonite is a secondary mineral formed by weather-
ing and alteration from other iron-bearing compounds. It is frequently
noted in igneous and metamorphic rocks as small yellowish earthy
masses derived from other iron-bearing minerals, such as pyrite, ete.,
by oxidation and hydration. It forms an essential part of the gossan or
“iron hat” of many sulphide veins, as accumulations in beds and
irregular bodies forming residual deposits from iron-bearing rocks,
especially ferruginous limestones, and in porous earthy form known as
bog-iron ore deposited on the bottom of swamps, bogs, and other shallow
water bodies through oxidation of iron carbonate chiefly (FeH,(COs3).),
and also from iron sulphate. Admixed with more or less clay it forms
yellow ocher, and may then be of value as a mineral pigment. It occurs
as a pigment or stain in various rocks and is a common cement of many.

Limonite is an important ore of iron and ranks next to hematite in
importance in the United States; Alabama, Virginia, Tennessee, and
Georgia being the principal producers. Other hydrous oxides of iron
are frequently admixed with limonite.

Determination. — Its color, streak, and structure usually suffice
to distinguish it from other minerals.
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vitreous to earthy. Usually transparent to translucent; opaque when
impure. Strong double refraction.

Chemical tests. — Infusible before the blowpipe, but after intense ignition the
residue reacts alkaline to moistened test paper. Readily soluble in cold dilute acids
with brisk effervescence.

Occurrence. — Calcite is one of the most common and widely dis-
tributed of minerals. It is a widespread and abundant constituent of
calcareous sedimentary and metamorphic rocks, in which it is the pre-
dominant, and sometimes the only, mineral of many limestones, chalk,
calcareous marls and tufas, stalagmitic deposits, marbles, and rocks
composed of mixtures of calcite and silicate minerals. It is also a
common mineral of many veins. Calcareous shales contain a variable
quantity of it, and it forms the cementing material of some sandstones.
It is found in many igneous rocks as a secondary constituent formed
from the alteration of lime-bearing silicates by waters containing carbon
dioxide in solution, but in such cases it is usually present in only small
amounts. It also occurs as a lining and filling of amygdaloidal cavities
in lavas.

Uses. — Rocks composed chiefly or entirely of calcite have varied
uses, principal among which may be mentioned the manufacture of
natural and Portland cement, the manufacture of lime for mortars and
cements, and for agricultural purposes, as a fluxing material in blast
furnaces, as ornamental and building stone, etec. Iceland spar, the
pure, transparent and colorless form of calcite, is valuable for optieal
instruments. (See Chapters on Building Stones and Limes, Cements
and Plasters.)

Determination. — Caleite is distinguished by its hardness (3),
perfect rhombohedral cleavage, color, and luster. It is readily dis-
tinguished from dolomite by the fact that it effervesces freely in cold
dilute acid, while dolomite does not.

Aragonite

Aragonite has the same chemical composition as calcite, but differs from it in
crystalline form and specific gravity. It is much less common in occurrence than
calcite, and has no special importance as a rock-making mineral. It occurs in some
onyx marbles.

Dolomite

Composition.—A carbonate of caleium and magnesium, CaMg(COj)s.
Carbon dioxide 47.8, lime 30.4, magnesia 21.7.

Form. — The crystallization of dolomite is similar to that of calcite,
hexagonal-rhombohedral. Crystals are usually simple (unit) rhombo-
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hedrons, whose faces are often curved (Fig. 38), which sometimes
serve to distinguish it from similar crystals of calcite. As a rock-form-
ing mineral it seldom shows crystal form, but usually occurs
massive, frequently fine to coarse crystalline granular as in
some marbles.

General properties. — Like calcite, dolomite has perfect

rhombohedral cleavage in three directions, which intersect Fic. 38.
at angles of nearly 74 and 106 degrees. Hardness 3.54.
Specific gravity 2.85. Color frequently some shade of pink, but may
be white or colorless, and often exhibits a variety of exotic color from
the presence of impurities. Luster vitreous; pearly in some varieties.
Translucent to opaque.

Chemical tests.— Infusible before the blowpipe, but after intense ignition the
residue reacts alkaline to moistened test paper. Readily soluble with effervescence
in hot dilute acid, but only slowly attacked by cold dilute acid, which serves to dis-

tinguish it from calcite. It is less soluble in surface or rain waters than calcite,
but on exposure to weather disintegrates more readily than the latter.

Occurrence. — As a rock-forming mineral dolomite has its principal
occurrence in sedimentary and metamorphic rocks, such as limestones
and marbles. Its occurrence in these rocks is similar to that of calcite,
and the two are often intimately mixed, with nearly every degree of
transition between them.

Determination. — The curved faces of crystals help to distinguish
dolomite from calcite, but the surest test is the difference in the behavior
of the two minerals to cold dilute acid (see under Calcite above). From
other minerals which it may resemble, dolomite is distinguished by its
rhombohedral cleavage and inferior hardness (3.5-4). '

SULPHATES

Of the large number of sulphate minerals, only two, gypsum and
anhydrite, are of importance as rock-forming minerals. Like the car-
bonates the rock-making sulphates are secondary, derived from pre-
viously existent minerals. Most of the sulphates are soluble and are
carried by flowing waters to the sea and lakes where they are precipi-
tated on concentration by evaporation under proper climatic conditions
(see Chapter on Rocks). The sulphates are salts of sulphuric acid
(H:S0,).

Gypsum

Composition. — A hydrous’ calcium sulphate (CaS0..2 H;O) con-
taining sulphur trioxide 46.6, lime 32.5, water 20.9.
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Form.— Gypsum crystallizes in the monoclinic system. The
crystals are usually simple in habit, often flattened parallel to the face
b as shown in Figs. 39 and 40. Twin crystals are common, and are
apt to be of arrow-head form. As a rock-forming mineral gypsum
commonly occurs in foliated masses with sometimes curved faces,
granular to compact, and fibrous.
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The common varieties of gypsum usually recognized are:

(a) Crystalline sometimes called selenife, in crystals or foliated
masses.

() Fibrous (satin spar), coarse to fine fibrous in appearance with
silky luster. ,

(¢) Alabaster, a fine-grained white variety.

(d) Rock gypswm, massive, granular or earthy, often impure.

General properties. — Gypsum has one perfect cleavage parallel
to the face b (010) by which it may be parted into thin folia, and a
second less perfect cleavage — the two intersecting at angles of 66 and
114 degrees, so that a cleavage fragment has rhombic form. Hardness
1.5-2. Specific gravity 2.32. Colorless or white, but from the presence
of impurities it is frequently some shade of red or yellow, brown, and
black. Luster of cleavage surface b is pearly and shining, of other faces
subvitreous; fibrous varieties satin-like; massive varieties frequently
glistening, sometimes dull earthy. Transparent to translucent and
opaque. Streak white.

Chemical tests.— Gypsum fuses easily before the blowpipe, the moistened mass
reacting alkaline to test paper. When fused with sodium carbonate on charcoal and
the melt transferred onto silver and moistened, it gives a dark stain. Yields water
on heating in a closed tube and becomes opaque. Soluble in hydrochloric acid, and
in 400 to 500 parts of water. Ignited at a temperature not exceeding 200 degrees
Cent., it loses a part of its water and becomes plaster of Paris, which again takes up

water and sets. If strongly ignited gypsum loses all of its water, and is known as
dead-burnt plaster.
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Occurrence. — Gypsum frequently forms more or less extensive
deposits in association with sedimentary rocks, especially limestones,
marls, and clays. It is often associated with anhydrite and sometimes
with rock salt, and is occasionally found in ecrystalline rocks, or more
rarely veins. Its chief use is for plaster (see Chapter on Limes, Cements
and Plasters).

Anhydrite

Composition. — Anhydrous calcium sulphate, CaSOs, containing
sulphur trioxide 58.8, lime 41.2.

Form. — Anhydrite crystallizes in the orthorhombic system, but
as a rock-making mineral crystal form is rarely developed. Its chief
occurrence in rocks is in granular to compact masses, less often in foliated
or fibrous forms.

General properties. — Anhydrite has three directions of cleavage,
but of different degrees of perfection, which yield rectangular or cube-
like forms. Hardness 3-3.5. Specific gravity 2.95. Fracture uneven,
sometimes splintery. Color usually white but variable as in gypsum.
Luster varies from pearly to somewhat greasy and vitreous according
to direction; in massive varieties it varies to dull.

Chemical tests. — Behavior before the blowpipe same as for gypsum, except it
does not yield water on ignition in the closed tube, which serves to distinguish
anhydrite from gypsum.

Occurrence. — Anhydrite, like gypsum, occurs as interstratified
beds in sedimentary rocks, especially limestones and shales, and is
frequently associated with gypsum and rock salt. Its irregularity is
sometimes puzzling to quarrymen, and its slightly greater hardness
than gypsum is noticeable to the driller.

PHOSPHATES

Of the large number of known phosphate minerals most of which
are rare, only one (apatite) is of any importance as a rock constituent.
As a megascopic rock-mineral, however, apatite is not of wide occurrence
nor of general importance.

Apatite

Composition. — Apatite is a calcium phosphate, containing F or
Cl in small quantities; fluor-apatite, Cas(CaF) (POy)s; less often
chlor-apatite, Cas(CaCl) (POy)s.
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Form. — Crystallizes in the hexagonal system; ecrystals are pris-
matic in habit, usually long, sometimes short, and may have rounded
ends or be terminated by pyramidal faces (Figs. 41 and 42). It some-
times occurs in granular massive to compact form.
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General properties. — Imperfect basal cleavage, but of no impor-
tance megascopically. Luster vitreous. Hardness 5, just scratched by
the knife. Specific gravity 3.15. Color usually some shade of green
or brown, sometimes colorless or white and violet. Brittle. Transparent
to opaque.

Chemical tests. — Difficultly fusible before the blowpipe; soluble in acids. The

addition of ammonium molybdate to the warm nitric acid solution yields a yellow
precipitate showing the presence of phosphorus.

Occurrence. — Apatite is a constant accessory constituent of
igneous rocks, and as such is usually of microscopic importance only.
Its principal megascopic occurrences are in pegmatites, and metamor-
phosed limestones. In many of its occurrences it is regarded as of
pneumatolytic origin (see Chapter on Ore-deposits).

Crystalline apatite is of little economic value at present, since it can
not compete successfully with the large deposits of amorphous (rock)
phosphate mined for the manufacture of fertilizer.

SULPHIDES

The sulphides form an important group of minerals. They include
the majority of the ore minerals (see Chapter on Ore-deposits), but on
account of their usual sparing occurrence in rocks, only one of them,
pyrite, has any special importance megascopically as a rock-making
mineral. When present to any extent in rocks used for building and
ornamental purposes, the sulphides, especially those of iron, are injurious
constituents, because of their ready alteration on exposure to weather-
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ing, which causes disintegration and unsightly discoloration from iron
oxide stain, as well as liberating H.SO4 which attacks calcite.

The sulphides, chalcopyrite, galena and sphalerite (zine blende) while
of no importance as rock-making constituents are important ore minerals,
and since they are frequently referred to in the Chapter on Ore-Deposits,
a brief general description of each one is given below.

Pyrite
Composition. — Iron disulphide, FeS., containing when pure, sulphur
53.4, iron 46.6.
Form. — Pyrite crystallizes in the isometric system, the most
common form being the cube, the faces of which are usually striated
(Fig. 43); also as the octahedron and pentagonal dodecahedron (Fig.

R

)

Fia. 44.

44), known as the pyritohedron. Combinations of these forms are also
quite common (Figs. 45 and 46). It manifests a marked tendency to
develop as crystals in rocks, but also occurs in shapeless grains and
masses.

N
7

General properties. — Pyrite has no cleavage. Fracture conchoidal
to uneven. Hardness 6-6.5. Specific gravity 4.95-5.10. Color brass-
yellow, becoming darker on account of tarnishing. Luster metallic,
splendent. Streak greenish- to brownish-black. Opaque.

Chemical tests. — Easily fusible before the blowpipe to a magnetic globule, giving
off sulphur dioxide gas. Yields sulphur in closed glass tube. Insoluble in hydro-
ahloric acid, but soluble in boiling nitric acid with separation of sulphur.
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Alteration. — Pyrite alters readily on exposure to weather to iron
oxide, especially the hydrated oxide, limonite. Hence rocks containing
much of it are not suited for structural or ornamental purposes because
of its ready oxidation, which serves both to disintegrate the rock and
stain it with iron oxide.

Occurrence. — Pyrite is the most common of the sulphide minerals,
and occurs in all kinds of rocks, igneous, metamorphic, and sedimentary.
It is a common vein mineral, associated with many different minerals,
frequently chalcopyrite, sphalerite, galena, etc.; and as a contact
mineral with specularite, magnetite, ete.

Determination. — The crystal form, color, and hardness are usually
sufficient to distinguish pyrite from other rock minerals.

Marcasite and Pyrrhotite

Two other forms of iron sulphide are marcasite (FeS,) and pyrrhotite
(Fe,S,+1, chiefly Fe;Si:). These occur as less important rock constitu-
ents than pyrite, but decompose more readily on exposure to weather-
ing processes, and hence are to be avoided in stones used for building
and decoration. Pyrrhotite is an important ore mineral, and occurs in
magmatic segregation deposits, contact zones, etc. (See Chapter on
Ore-Deposits.)

Chalcopyrite

Composition. — A sulphide of copper and iron, CuFeS,, containing
sulphur 35, copper 34.5, iron 30.5.

Form. — Chalcopyrite crystallizes in the tetragonal system. Crystals
are sometimes observed, but as an ore mineral its usual occurrence is in
irregular grains and masses.

General properties. — Color brass-yellow when fresh, but often
tarnished from exposure to weather. Luster metallic. Streak greenish-
black. Hardness 3.5. Specific gravity 4.25.

Chemical tests. — Eaéily fusible before the blowpipe to a magnétic globule. Yields

a sublimate of sulphur in a closed tube. Readily soluble in nitric acid with the sep-
aration of sulphur.

Occurrence. — Chalcopyrite is the principal ore of copper, and
oceurs widely distributed in a variety of types of ore-bodies. It occurs
as a vein mineral associated with other sulphides, such as pyrite, galena,
sphalerite, etc.; as a magmatic segregation mineral in basic igneous
rocks with pyrrhotite, as at Sudbury, Canada; as a contact mineral
with magnetite or hematite, etc. Chalcopyrite may occur either as a
primary or a secondary mineral (see Chapter on Ore-Deposits).
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Determination. — Chalcopyrite is usually identified by the naked
eye by its brass-yellow color, softness, and greenish-black streak. It
can frequently be distinguished from pyrite by its deeper brass color
and being much softer.

Galena

Composition. — Lead sulphide, PbS, containing sulphur 13.4, lead
86.6. Frequently contains silver in sufficient quantity to make it one
of the most important silver ore minerals, when it is called argentiferous
galena.

Form. — Galena erystallizes in the isometric system, the cube being
the most common form. It also occurs in cleavable and coarse or fine
granular masses.

General properties. — It has perfect cubic cleavage. Color and
streak lead-gray. Luster metallic. Hardness 2.5-2.75. Specific
gravity 7.5.

Chemical tests. — It is easily fusible before the blowpipe yielding a malleable lead

globule with the formation of a yellow to white coating on the charcoal. Soluble in
acids.

Alteration. — Galena may be converted by oxidation into the
sulpbate (anglesite), the carbonate (cerussite), or other compounds.

Occurrence. — As an ore mineral galena may have a variety of
occurrences, namely, (1) in veins associated with other sulphides, such
as sphalerite, pyrite, chalcopyrite, ete.; (2) as irregular masses in
metamorphie rocks; (3) as irregular masses or disseminations formed
by replacement or impregnation in limestones, ete.; (4) as a contact
metamorphic mineral, etc. In its various occurrences galena is often
associated with sphalerite, and both are persistent minerals, since they
are formed under a variety of physical conditions.

Determination. — Its high specific gravity, cubic cleavage, color,
and softness usually serve to distinguish galena from other minerals
which it may resemble.

Sphalerite

Composition. — Sphalerite, known also as blende, black jack, etc.,
is zine sulphide, ZnS, containing sulphur 33, and zinc 67. It usually
contains some iron replacing the zine, and frequently a small amount of
cadmium.

Form. — It crystallizes in the isometric system, the tetrahedron,
dodecahedron, and cube being the common forms. As an ore mineral it
usually occurs in cleavable masses, coarse to fine granular.
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General properties. — Sphalerite has perfect dodecahedral cleavage
at angles of 60 and 90 degrees. Color varies from white to black depend-
ing upon composition, but commonly yellow, brown and reddish-brown
to black. Luster resinous, also adamantine. Streak white to yellow
and brown. Transparent to translucent. Hardness 3.5-4. Specific
gravity 4.0.

Chemical tests. — Sphalerite is difficultly fusible before the blowpipe, yielding a
white coating on charcoal when cold, yellow when hot. Intensely heated on coal

with cobalt nitrate solution gives a green color. Soluble in hydrochloric acid with
the evolution of hydrogen sulphide.

Occurrence. — Sphalerite is a very common mineral and is the chief
ore mineral of zine, the Joplin distriet, Missouri, being the most important
locality in the United States. Tt is associated usually with other sul-
phides, especially galena, pyrite, marcasite and sometimes chalcopyrite.
It occurs under a variety of conditions, the principal ones of which are
mentioned under galena (p. 43). It may be either a primary or a
secondary mineral (see Chapter on Ore-Deposits).
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CHAPTER 1I

ROCKS, THEIR GENERAL CHARACTERS, MODE OF
OCCURRENCE, AND ORIGIN

Introduction. — Knowledge of rocks — kinds, their mineral com-
position and general properties, structures and textures, mode of
occurrence, etc., — especially the important and more commonly occur-
ring varieties of igneous, sedimentary, and metamorphic ones, is of
fundamental importance to the engineer. Among the more important
reasons why the engineer should possess a good knowledge of the
different kinds of rocks may be mentioned the following: (1) Rocks
differ greatly in their value for building purposes; (2) they vary
markedly in their weathering qualities — resistance to atmospheric
agents; (3) they vary in hardness, which materially affects the rate of
drilling them and necessarily the cost; (4) they differ widely in struc-
ture, a factor which has to be considered in connection with tunneling,
quarrying operations, stability of rock cuts, dam foundations, reser-
voir sites, value for the various uses to which they are put, etc.

Definition of a rock. — Broadly speaking, a rock in the geological
sense is the material that forms an essential part of the earth’s solid
crust, and includes loose incoherent masses, such as a bed of sand,
gravel, clay, or volcanic ash, as well as the very firm, hard, and solid
masses of granite, sandstone, limestone, ete. Most rocks are aggre-
gates of one or more minerals, but some are composed entirely of glassy
matter, or of a mixture of glass and minerals. When consisting en-
tirely of mineral aggregates, a rock may be simple if composed of a
single mineral, such as pure marble made up of calcite, or pure quartzite
of quartz; or compound if composed of several minerals, such as com-
mon granite which is made up of a mixture of grains of feldspar, quartz,
and mica.

Many common rock names are loosely used, and this often leads to
trouble. In letting contracts for quarrying, tunneling, etc., the con-
tractor may often base his estimates on the nature of the rock to be
removed, and neglect on the part of either party to properly identify
or designate the kind of material to be taken out has not infrequently
led to serious misunderstanding and disagreement, inconvenient as

well as expensive to one party or the other.
46
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The common minerals which enter into the composition of rocks
have been treated at length in Chapter 1.

In the study of rocks the following essential features should be con-
sidered before desecribing the individual types under each of the three
main divisions named below: (1) Mode of occurrence or geological
relations; (2) composition or character of the component minerals;
(3) texture or manner of aggregation of the component minerals; and
(4) structure or mode of arrangement. These subjects are treated in
the following pages of this chapter, and in every case the practical
bearing is pointed out so far as is possible.

Varieties of rocks. — Many principles have been made the bases
of various schemes for grouping or classifying rocks, among the more
important of which may be mentioned: (a) texture and structure;
(b) mineralogical composition; (c¢) chemical composition; (d) geologi-
cal age; (e) origin or genesis; or a combination of several of these.
A discussion of these is not only unnecessary but beyond the scope of
this book.

Based on the principle of genesis or mode of origin rocks may be
grouped into three large classes, now recognized quite generally by all
geologists. These are:

(I) Igneous rocks, those which have solidified from molten material.

(I1) Sedimentary rocks (also called stratified rocks), those which have
been laid down chiefly under water (aqueous) by mechanical, chemical,
or organic agents, Under this division is included also a smaller group
of wind-formed rocks (@olian).

(IIT) Metamorphic rocks, those which have been formed from original
igneous or sedimentary rocks by alteration, through the action of
subsequent processes (the work chiefly of pressure, heat, and water),
which have resulted in wholly or partly obscuring their original char-

acters.
These three divisions will be adopted in the following p%ach
division being separately treated in the order named.

IGNEOUS ROCKS
OCCURRENCE AND ORIGIN *®.

When fresh and unaltered the igneous rocks frequently possess
certain characters by which they may be distinguished from the sedi-
mentary and metamorphic ones.!

1 The igneous rocks forming the walls of some ore deposits are; sometimes SO

altered by hot ascending solutions, that it is difficult to identify them, except by
careful microscopic study. (See Chapter on Ore-Deposits.)
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The evidence gained by careful study in the field as to the mode
of occurrence or geologic relations of the rocks to surrounding ones
whether formed as dikes, lava sheets, ete., will frequently determine
the igneous origin of a rock.. Again, mineral composition serves as an
important distinguishing characteristic. If composed wholly or partly
of glass, the rock is certainly of igneous origin; or, if made up entirely
of mineral aggregates, the presence of certain minerals is usually
regarded as strong evidence of igneous origin. Finally, structure and
texture oftentimes furnish an important means of identification. An
igneous rock usually appears homogeneous and massive, without evi-
dence of stratification! and foliation or banding, structures that are
common to sedimentary and metamorphic rocks, although occasionally
observed in some igneous masses (for example voleanic tuffs). Amyg-
daloidal texture (p. 69) is characteristic of many surface lava flows.
At times the igneous rock may, by its temperature or in other ways,
have altered the surrounding rock near the contact in a characteristic
manner. Fossils are not found in igneous rocks, except rarely in tuffs.

Mode of Occurrence

As previously stated, igneous rocks have been formed by the con-
solidation of molten material, the source of which was within the earth
at some unknown depth beneath the surface. At times and in various
localities, this molten material under proper conditions is forced up-
ward for one cause or another towards the surface of the earth, cutting
through or intruding any other kind of rock. It may be arrested at
some depth below the surface where it is cooled and solidified under
the influence of the surrounding rocks, or it may reach the surface and
be poured out upon it, solidifying to form hard rock.

This conception leads to a two-fold division of igneous rocks. (1)
Those that have solidified at considerable depths beneath the surface,
designated intrusive or plutonic; and (2) those that have solidified at
or on the surface, designated extrusive or volcanic. Each of these may
be further subdivided.

Intrusive or Plutonic Rocks

~ Forms of intrusive rocks.— The principal modes of occurrence of
intrusive igneous rocks recognized by geologists are as follows: Dikes,
sheets, laccoliths, necks, stocks, and batholiths.

1 Qccasionally regular horizontal jointing is mistaken for stratification by per-
sons having but slight geological knowledge.



PLATE I, Fic. 1. — Parallel dikes of diabase cutting pegmatite dike, near Pourpour,
Quebec. (H. de Schmid, photo.)

Fic. 2. — Irregular granite dikes cutting gneiss, Moose Mountain, Ont.
(H. Ries, photo.)

(49)
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Dikes. — A dike results from the filling of a fissure in other rocks
(Plate I) by molten material from below, and there solidified. It is
the simplest form of intrusion, and has great length as compared with
thickness; hence, it is an elongated and relatively narrow body, which
may range from a fraction of an inch in width and a few yards in length
to a hundred feet and more across and miles in length. In inclination
dikes may vary from vertical to horizontal, the most frequent attitude
being that of vertical or nearly so.

Frequently they may be observed extending outward from larger
masses of intruded rock (Fig. 52), but in many cases such a relation-
ship is not visible. They may continue along remarkably straight
lines or follow irregular or sinuous courses (Plate I, Fig. 2). A large
dike may divide into two or more smaller ones which continue usually
in the same general direction, and apophyses or stringers are common.
The igneous rock of the dike may be acid or basic in character, and
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F1a. 47. — Section through dike more Fra. 48. — Section through dike less
resistant to weathering than the in- resistant to weathering than the
closing rock, marking the position of inclosing rock, marking the position
aridge. (a) dike; (b) inclosing rock. of a valley. (a) dike; (b) wallrock.
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dikes of each are common over many parts of the eastern or Atlantic
province of crystalline rocks (see plate showing granite areas in Chap-
ter XI). The large dikes almost invariably show finer-grained texture
along the margins than in the centers, whereas the narrow dikes are
apt to be fine-grained throughout. Also some of the large dikes show
alteration of the inclosing rocks along the contacts.

Subsequent erosion and weathering of a dike may or -may not result
in topographic expression (Figs. 47 to 49). TUsually if the dike rock is
more resistant to weathering and erosion than the inclosing rocks, the
position of the dike will be marked by a ridge (Fig. 47). Sometimes
the opposite effect is shown and a valley-like depression results (Fig.
48). Again, it frequently happens that no topographic expression is
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shown (Fig. 49), and as in the crystalline province of the eastern United
States, the only surface indication remaining to mark the position of
the dike is a line of large and small boulders of the original dike scat-

tered loose over the surface and
Surface

Sy e partly buried in the resulting resid-

\/\//\r ual rock decay (clay) (Plate XXXI).

ae \/}1\ Dikes are so abundant that the
//// i - : engineer frequently encounters them

//\ \/\ in the field. They are often not of

R any value as road or building ma-

{ >\/ terial, because of their narrow width,

and their occurrence in quarries
Fra. 49. — Section through dike and (Plate VI, Fig. 1) is objectionable be-
inclosing rock, showing no topo- ¢

P e M Y Bl they 51?011 the stone, and some-

ing. (a) dike; (b) inclosing rock. times crack it up badly. Abundant

dikes therefore may mean much
waste, unless the defective stone can be broken up for road material.

In some localities the dike rock may be weathered (but not eroded)
to such an extent that it permits access of surface water. If then
these decayed dikes are encountered in underground operations, the
water seeping downward along them may give trouble.!

Ore bodies sometimes but not always are associated with dikes,
while at other times a dike of later age may cut across the ore deposit,
a condition which has sometimes been misinterpreted, and led to the
belief that the ore had given out.

Another case of error has been caused by the occurrence of somewhat
broad parallel dikes, whose adjoining boundaries were hidden by sur-
face material, leading the engineer to suspeet that the two were one
large dike.

Intrusive sheets. — Intrusive sheets, known also as sills, are the
solidified bodies of molten material intruded between the stratification
or foliation planes of sedimentary and metamorphic rocks, and hence
they assume a somewhat bedded aspect (Fig. 50). They are character-
ized by relatively great lateral extent as compared with their thickness.
Probably the basic and intermediate igneous rocks, such as andesites
and basalts, assume the form of intrusive sheets more frequently than
the acid rocks. ‘

Sheets may range from a foot to several hundred feet or more in

! A band of clayey rock encountered underground does not always represent

decayed dike rock, but is sometimes rock which has been first crushed by movement
along a fracture (faulting), and subsequently weathered by percolating water.
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thickness, and may cover an area many miles in extent. ‘“The Pali-
sades of the Hudson are formed by a sheet of unusual thickness; its out-

Surface

F16. 50. —Section through (a), extrusive and (b) intrusive sheets, and (¢) conduit.

crop is 70 miles long from north to south, and its thickness varies from
300 to 850 feet’ (Scott). Sheets sometimes break across the strata
and are continued at a new horizon (Fig. 51). Frequently thick sheets

Surface

Fi1a. 51. — Section of intrusive sheet, breaking across the strata and continuing in
the same general direction at a higher horizon; sheet shows apophyses and
inclusions of country rock.

or sills divide into several subordinate ones, each following more or
less closely a plane of bedding.

Intrusive sheets may sometimes be mistaken for surface lava flows
that have subsequently been buried. They may often be distinguished
from contemporaneous sheets or flows by (a) alteration by heat of the
beds immediately above and below; (b) breaking across the beds at
any point and continued along another horizon; (¢) giving off of
tongues or apophyses into the overlying as well as underlying beds;
(d) the general absence from the upper surface of scoriaceous or tuffaceous
material and of vesicular and amygdaloidal textures (which see); (e) in-
corporation of rock fragments in the sheet torn from the overlying bed,
ete.
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Sheets or sills do not always show the same mineral composition from
top to bottom (see magmatic differentiation, p. 70). Where such
variation exists the rock may be dark-colored or basic at the bottom
and lighter-colored and siliceous at the top, affording two different
types of building stone. Such a difference exists in the sill of Sudbury,
Ontario, where the nickel-copper ores are found only in the basic or
lower portion of the sill. Sheets or sills are not of much importance as
a source of building stone.

Laccoliths.— A laccolith is a lenticular or dome-shaped mass
of igneous rock intruded between strata. It may be considered as a
special case of an intrusive sheet in which the supply of molten material
from below exceeds the rate of lateral spreading, and is accompanied by
arching of the overlying beds at the surface. A section through the
igneous mass usually shows a flat base and a convex upper surface
(Fig. 52), resembling a half lens. Figs. 52 and 53 show variations in

F1g. 52. — Section through laccolith showing associated sheets and dikes.
Compare outline of laccolith with that of Fig. 53.

Fia. 53. — Section through partly eroded laccolith showing different outline
5 from Fig. 52.

the general structure of laccoliths due probably, as has been suggested
by some, to progressive increase of viscosity of the magma during its
intrusion. In plan the mass approximates a circle, but may be some-
what elongated and oval-shaped, and in size (thickness and lateral
extent) is subject to great variation. In some cases the laccolith is
accompanied by intrusive sheets and dikes (Fig. 52), and like the
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latter they may and do frequently alter by metamorphism the overly-
ing and underlying beds. The pressure of the intruded magma form-
ing the laccolith usually causes a lifting of the overlying strata and
produces a dome-like elevation at the surface (Fig. 52). Laccoliths
may occur singly, though they often occur in groups, a dozen or more
being clustered together in some instances.

The Henry Mountains of Utah, first described by G. K. Gilbert, form
a typical representative of the laccolithic method of intrusion. Here,
many stages of erosion are represented and may be observed. Many
other examples of laccoliths are known in the western United States
and in Europe.

Laccoliths, like sills, may sometimes show a zonal structure, and
hence the center and margins might supply different kinds of rock.

<0

Fra. 54. — Section through voleanic neck or plug (a), voleanic cone shown
by dotted lines, removed by erosion.

F1a. 55.— Plan of volcanic neck or plug (a).

Necks. — These are roughly cylindrical masses of igneous rock
having probably great but unknown depth, which fill the vents or con-
duits of volcanoes. Erosion may remove practically all trace of the
surrounding beds of more porous and softer voleanic ejectments, leav-
ing the plug of resistant, consolidated igneous rock as a more or less
conspicuous topographic form (Fig. 54). Volcanic necks may range
up to a mile or more across, and are usually more or less circular in
plan (Fig. 55). Good examples of necks are noted in places over the
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western half of the United States, especially those of western New
Mexico. )

Stocks. — Stocks, known also as bosses, are irregular, rounded
masses of igneous rock intruded and solidified at some depth beneath
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F1c. 56. — Section through stock or boss. (@) granite boss; (b) inclosing rock.

the surface, and now exposed from stripping by erosion of the thickness
of overlying rocks (Fig. 56 and Plate XXXIV, Fig. 2).

Stocks may range in size from a few hundred feet to several miles;
and in plan they may vary from more or less circular to elliptical in
outline (Fig. 57). They may cut across the inclosing (country) rock

F16. 57. — Plan of stock or boss. (a) granite; (b) inclosing rock.

with frequently steeply-inclined contacts, along which characteristic
metamorphism is often observed.

Because the rock, especially granite, composing stocks or bosses
is frequently of more resistant character than the surrounding or
country rock, they become dome-like masses of steep or gentle slopes,
and oftentimes on account of size are conspicuous topographic forms
(Plate XXX1IV, Figure 2). Many of them show an elevation of several
hundred feet, and in extreme cases 700 or 800 feet and more above the
surface of the surrounding rocks, such as Stone Mountain, Georgia,
and the splendid granite domes of the Yosemite in California. On the
other hand in regions of old land surfaces which have been continuously
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exposed to weathering and erosion for very
long periods of time, the surface of the boss
shows no topographic expression, but is more
or less flat and coincident with that of the in-
closing rocks.

Batholiths. — These are huge masses of
plutonic rock hundreds of miles in extent
which are now exposed at the surface by ero-
sion (Fig. 58). They are similar to stocks,
but differ from them mainly in their much
larger size, the small batholith and the large
stock grading into each other. If they could
be followed down, probably many stocks
would prove to be protrusions from batho-
liths (Fig. 58). Batholiths are shown in the
oldest regions of the earth, such as eastern
Canada, etc., or forming the core of many
mountain ranges, like the Sierra Nevada and
Rocky Mountains. They usually consist of
some granitoid rock, such as granite, syenite,
diorite, etc., but probably granite is the com-
monest rock forming them. The country rock
surrounding them is also variable.

Both batholiths and stocks are important
sources of granitic rock for .use in structural
work. The massive character of the rock, and
the arrangement and spacing of the joints
make the material well adapted for the extrac-
tion of dimension blocks.

In the West important ore bodies are some-
times found along the borders of such batho-
liths.

Extrusive or Volcanic Rocks

These may be (a) molten material poured
out onto the surface from a volcanic vent or
along a fissure and solidified, or (b) fragmental
material (pyroclastic) of all sizes erupted from
voleanic vents. The first forms surface lava
flows and sheets, the second ash-beds (Plate
VI, Fig. 2), and coarser fragmental material,
which on consolidation yield beds of tuffs and
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voleanic breccias. The crystalline (lava flows) and fragmental mate-
rials frequently occur interstratified as shown in Fig. 59. The frag-
mental materials show all varieties of texture and structure, some
being very fine-grained while others are very coarse, but bedding is
usually pronounced.

Lava flows and sheets. — These are formed on the surface from
quiet outwellings of highly molten material through (a) a localized
opening or volcanic vent and hence connected with volecanic eruptions,
or (b) from fissures not connected with volcanic eruptions. The lava
flow may be either subaerial (on land) or submarine, according to
whether the eruption takes place on land or on the sea bottom. The
flows vary much in thickness, some being only a few feet while others
are measured in yards.

Subaerial flows from volcanic vents may build cones having very low
angles of slope and of great lateral extent, according to the fluidity of
the lava erupted, such as the volcanic cones of Hawaii and Iceland.
Thus the more basic lavas are the more fluid. These may alternate
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F1a. 59. — Section through a series of interbedded lava flows, and fragmental
materials. (a) lava flows; (b) fragmental materials.
with extrusions of fragmental material (Fig. 59), when a cone of com-
posite character and steeper slopes is formed (Plate 1I, Fig. 1).

In many places over the earth’s surface lava flows have resulted from
the quiet outpouring onto the surface through fissures, spreading in some
cases hundreds of miles in extent and several thousand feet in thickness.
Such fissure-eruptions have occurred on a gigantic scale in the Columbia
River region of the northwestern United States, in eastern India, in
the north of the British Isles, and in historic times in Iceland.

In some cases surface lava sheets have later become buried by de-
position of other rocks on them through depression below sea-level. In
such cases the buried sheet resembles one of intrusion, but can usually
be distinguished from the latter by absence of metamorphism of the
overlying beds, and the structures characteristic of the surface of lavas,
such as scoriaceous, amygdaloidal, vesicular, ete.



PLATE 1I, Fic. 1. — Voleanic cone of Colima, Mexico. Built up of ash and lava
flows. Parasitic cone of 1865 on left. Ridge in foreground part of base of
original cone destroyed by an explosive eruption. (H. Ries, photo.)

F1g. 2. — Table Mountain, Golden, Colo. Capped by several flows of resistant
basalt. Under these upturned beds of sedimentary rocks. (H. Ries, photo.)
(58)
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The fragmental (pyroclastic) materials are those which have been
thrown out with great force and in enormous volume, during violent
voleanic eruptions. They have settled down over the surrounding
country, either on land (Plate VI, Fig. 2) or in water, and hence often
show a stratified structure.

In the western states and Mexico, where these volcanic rocks are
abundant the engineer has to deal with them.

Lava flows, though often thick, are sometimes shallow, and overlie
stream gravel or other deposits (Plate XLIII, Fig. 1). When testing a
rock foundation for dams, reservoirs or other structures, which are to
be placed on lava flows, care should be taken to see that the lava cap
is sufficiently thick to give a solid and impermeable base.!

Lava flows are not as a rule adapted to the production of large blocks.
Many show a columnar jointing (Plate III, Fig. 2). The stone at the
surface of the flow may be broken up (Plate III, Fig. 1), or if massive
is often full of gas cavities, which may be absent deeper down (Plate
II1, Fig. 2). _

The more porous and softer volcanic rocks, like tuffs and agglomer-
ates, can often be cut into larger blocks than the consolidated lavas.
They are however usually very porous, and should not if possible be
used in moist situations. Curiously enough however many of these
very porous volcanic rocks are not injured by frost, probably because
they do not absorb enough water to completely fill their pores. (See
absorption under Building Stones.)

The high porosity of tuffs and breccias may also cause trouble in dam
and reservoir construction, because they permit seepage under the
walls, so that the bed rock may have to be filled with grout, or sealed
up in other ways. In the case of one dam foundation on the Clagamas
River in Oregon, grout forced down a 50-foot pipe under a 200 pounds
pressure, crossed a six-foot interval in the volcanic breccia, rushed up
another pipe to the surface and spurted 30 feet into the air. For similar
reasons a tunnel driven through them should be lined.

The use of voleanic ash for hydraulic cement is referred to in Chapter
XII. .

Composition of Igneous Rocks

Under this heading is discussed (@) chemical and (b) mineralogical
composition of igneous rocks. As previously stated, most igneous rocks
are made up of mineral aggregates. For such rocks mineral compo-
sition is dependent in large measure on chemical composition of the

1 For example see case of Zuni Dam, Eng. News, LXIV, p. 203, 1909.
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rock magmas.! When solidified under different physical conditions,
rock magmas having similar chemical composition may yield different
minerals; and differences in chemical composition usually result in
variations in mineral composition. Chemical composition plays a fun-
damental role in the classification of igneous rocks, as discussed later.

Chemical composition. — It is obvious that rock magmas as such
cannot be subjected to chemical analysis, but their solidified products
(rocks) can; and from the very large number of analyses made of
igneous rocks from all parts of the world, they are shown to be, with-
out exception, silicate magmas. The many hundreds of analyses that
have been made of igneous rocks invariably show that they contain
the following principal oxides: Silica (SiOs); alumina (Al,O;); iron
oxides, ferric (Fe;0;) and ferrous (FeO); magnesia (MgO); lime (CaO);
soda (Naz0); and potash (K,0). Other lesser oxides, including water,
are present, but no account is taken of them here, since they usually
occur in such small amounts that they do not exert any important
influence on the rock.

Igneous rocks show varying chemical composition, which is used by
the geologist to study their relationships, but to the engineer chemical
analysis is not of much practical value. Igneous rocks form a series
ranging from acid ones (high in silica), with dominant alkali feldspar
and quartz, to basic ones (low in silica) with ferromagnesian silicate
minerals predominating.

Since the acid magmas contain silica in excess of the bases, these will develop
free quartz in the rocks crystallized from them. The total percentage of silica
in them may reach 80 per cent. On the other hand, many magmas are low in
silica, as shown in the analyses of the rocks formed from them. In the basic
rocks the percentage of silica may be as low as 40 per cent, and in some ultra-
basic ones it may be even lower, not exceeding 30 per cent. The amount of silica
present exercises an important influence on the crystallization of the magma, as
discussed later.

The eight principal oxides enumerated above as composing igneous rocks do not
exist as free oxides except in a few cases and with but few exceptions only in small
amounts. Of these the iron oxides are the most frequently occurring ones, al-
though alumina as the mineral corundum is sometimes present. With these ex-
ceptions, the oxides of aluminum, iron, magnesium, ealcium, sodium, and potassium
are combined in the form of silicate minerals, which, with rare exceptions, com-
pose the igneous rocks.

Alumina may range from nothing in some of the nonfeldspathic rocks, such as
the peridotites, to 20 per cent and more in some syenites. It is present chiefly in

1 Magma is now generally employed for the molten masses of igneous rock be-
fore they have crystallized. An original parent magma may break up into several
derived ones. J. F. Kemp, Handbook of Rocks, 1906, p. 202.
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rocks in combination with silica and the alkalies, and in some cases lime, as feld-
spars and feldspathoids. It also enters into the composition of some of the so-called
ferromagnesian minerals, such as mica, hornblende, augite, etc. As noted above,
alumina is sometimes present in rocks as the mineral corundum.

The oxides of iron and magnesium combine with silica to form the so-called
ferromagnesian minerals, which comprise the pyroxene, hornblende, biotite, and
olivine groups as the principal rock-forming ones (see Chapter I). Lime enters into
combination with the same bases and silica in the monoclinic pyroxenes and amphi-
boles, and is an important constituent in the more calcic (basic) plagioclase feld-
spars. It is essentially absent from the orthorhombic pyroxenes and biotite.

The ferromagnesian minerals are usually present in only subordinate amounts in
the acid rocks, but increase in quantity and are the predominant minerals in the
basie rocks.

The alkalies, potash and soda, in combination with alumina, silica, and in some
cases lime, are of fundamental importance in the feldspars (orthoclase and plagio-
clase groups), and the feldspathoids. They are, especially soda, important con-
stituents in the alkali-rich pyroxenes and amphiboles; and potash enters into the
composition of biotite.

Phosphoric anhydride (P;Os) and titania (TiO;) among the lesser oxides are quite
generally present in igneous rocks; the former in combination with lime as the
mineral apatite is of most importance in the basic rocks; while the latter occurs
as free oxides in the minerals ilmenite and sometimes rutile, as the lime titano-
silicate sphene, the lime titanate perovskite, and in variable but small quantities in
the ferromagnesian silicates.

Boron, fluorine, and chlorine frequently occur in minute quantities in igneous
rocks; as do also sulphur and carbon, the former as sulphides, especially as the
mineral pyrite, and the latter in elementary form as graphite.

The annexed table will serve in some measure to give a general idea of the
composition of the principal types of plutonic igneous rocks. Analyses of the
corresponding volcanic rocks are omitted from the table, since they have similar
composition to their equivalent plutonic types.

TABLE OF ANALYSES OF PLutonNic IeNEOUS Rocks

i1 II. III. IV. V. VI. VII. VIII.
1050 : Lo Al PR 72.27] 65.43| 60.39] 70.36| 62.71| 46.85 45.05| 33.84
305 TS sl e e 14.30| 16.11{ 22.57| 15.47| 17.06 19.72| 6.50| 5.88
Fossi - et - 92y 1.16| 1.15| 0.42] 0.98| 3.79| 3.22| 3.83| 7.04
Gl . o, o o s J T e 0.97| 2.85| 2.26| 1.17| 2.74 7.99 7.69| 5.16
NERO 3x - o oh e g e 0.70 0.40| 0.13] 0.87| 1.78| 7.75 12.07| 22.96
QaD) &, TN A el T 1.56] 1.49] 0.32| 3.18| 5.51| 13.10| 18.82 9.46
g0 .. 73 AR 3.46| 5.00, 8.44| 4.01 3.54 0.09| 0.94 0.33
p o T B N 5.000 5.49 4.77] 1.71] 2.96] 1.56 0.78 2.04
REEY, . o o Bt ot Db e 0.83] 2.26 0.65 1.43| 0.14] 0.56 5.20 13.83

100.25100.18 99.95I100.08 100.33l100.84'100.883100.54

1. Biotite granite, near Richmond, Virginia; II. Syenite, Mount Ascutney, Vermont; III. Nepheline sy-
enite (Litchfieldite), Litchfield County, Maine; IV. Quartz diorite, near Enterprise, Butte County,
California; V. Diorite, Bush Creek, Elk Mountains, Colorado; VI. Gabbro, Baltimore, Maryland;
Averageof 23 samples: VIL. Pyroxenite, Brandberget, Norway; VIII. Peridotite, Crittenden County,
Kentucky.
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Study of this table of analyses of the principal types of plutonic igneous rocks
discloses wide variations in the eight chief component oxides. Silica, alumina, and
the alkalies (soda and potash) are the principal components in the most acid rock
granite, which indicates that feldspar and quartz are the dominant minerals. As
the basic and ultrabasic types are approached, these oxides decrease in quantity
and the oxides of iron, magnesium, and calcium increase, which, when expressed
mineralogically, emphasizes the increase of ferromagnesian minerals with decrease
of quartz and feldspar; the former being quite generally absent and the latter
(feldspar) failing entirely in the ultrabasie rocks.

F. W. Clarke has calculated the average composition of igneous rocks, based on
the most reliable data available, to be as follows:

TABLE SHOWING AVERAGE ComposiTioN or IeNEOUS Rocks
(Reduced to 100 per cent)

L P DR 59.93
AL O e e 14.97
Fzgo()s .................................................... §.Z§
MgO. ... .l 3ss
(8270)% o auo & BB o © 0 0 0 o8B 06 56 C 00 0 08600600000 388 ao o 5385000 4.78
N%O ...................................................... ggg
¢3%) 0 6 0600000080 000C00000000000000000000CA0CO00K000GGC0G0000GCO0 o
HoO . o 1.94
RSt . e e 2,14

100.00

Under “rest’ in the table above is included TiO,, ZrO., CO., P;0s, S, Cl, F,
BaO, SrO, MnO, NiO, Cry0;, V;0;, and Li;O.

Mineral composition. — Most igneous rocks are aggregates of
minerals; a few are composed wholly of glass, and still others are made
up of a mixture of minerals and glass. Given magmas of similar
chemical composition and vary the physical conditions of cooling on
solidifying, and development of different minerals will result.

The mineral composition affects the hardness, durability, beauty, and
ability of the rock to take a polish.

From the discussion under “chemical composition” it has been shown
that the principal oxides found on analysis are combined with each
other to form silicate minerals, the chief components of igneous roclks.
The important groups of these include feldspars, quartz, and the ferro-
magnesian minerals. For convenience of classification the more im-
portant minerals of igneous rocks may be tabulated under two groups
as follows:

Siliceous-aluminous Group Ferromagnesian Group
(Salie). (Femic).
Alkalic feldspar Pyroxenes
Plagioclase feldspar Amphiboles
Quartz Biotite
Nephelite Olivine
Sodalite Iron ores

Corundum
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Considered mineralogically, the acid rocks are characterized by the presence of
dominant alkali feldspar and more or less quartz, with subordinate ferromagnesian
An‘ainerals. They are rich in silica, alumina, and alkalies, but contain only small
amounts of iron, lime, and magnesia, hence these rocks are usually light in color,
have a low density or specific gravity (average about 2.6), and comparatively high
fusion point.

Intermediate rocks contain little or no quartz, but consist chiefly of alkalic and
soda-lime feldspars, with in some cases the feldspathoids (nephelite, sodalite, ete.),
with or without ferromagnesian minerals.

In the basic igneous rocks ferromagnesian minerals predominate; the dominant
feldspar is a member of the lime-soda series, quartz is absent, and olivine is fre-
quently present. They contain less silica and alkalies than the acid rocks, but are
higher in iron, lime, and magnesia. The rocks are, therefore, much more fusible,
are dark in color, and have a relatively high density or specific gravity, being about
3.0 to 3.2, reaching in the ultra-basic rocks as much as 3.6.

In the ultrabasic rocks, both feldspar and quartz are essentially absent, and one
or more of the ferromagnesian minerals is the dominant component, either horn-
blende, a pyroxene, olivine, or a mixture of these.

According to F. W. Clarke,! “a statistical examination of about 700 igneous rocks,
which have been described petrographically, leads to the following rough estimate
of their mean mineralogical composition:”’

(T ER g ot oroR IR - o I G b A5 o o 0 0 oo B DA & At o Tkt 12.0
Feldspars.,. 0 . A = s BRIt L WL P YR I a0 et 59.5
Hornblende ‘andspyroxener S st iUsy s s S ST s, o e 16.8
Micazoes 8 [ e CAuR T S8 CReo SR AT AIE F TUUE, KA ARy Lt 3.8
A CCESSOLYAMINETAlS . A SNyt o Pt N e e 7.9

Grouping of minerals. — A convenient and useful division of the rock-
forming minerals which enter into the composition of igneous rocks is
into (a) essential and (b) accessory. Essential minerals influence greatly
the character of a rock and their presence is therefore necessary for the
naming of it. For example, quartz with certain other minerals is essen-
tial to the naming of a rock granite, but if quartz be practically absent
or present in only very small amount the rock composed of the same
mineral aggregates would be designated a quartzless granite or syenite.

On the other hand, accessory minerals occur only sparingly or in
small quantity and their presence or absence does not materially affect
the nature of the rock. Thus, quartz and feldspar are essential miner-
als in granite, while zircon and apatite are accessory.

Another important distinetion that is frequently made between
minerals of igneous rocks is whether they are original or secondary.
Original minerals, known also as pyrogenetic or primary, have formed

1 The Data of Geqchemistry, 1911, Bull. 491, U. S. Geol. Survey, p. 30.
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from the solidification of the magma, while secondary minerals have
formed subsequent to the crystallization of the magma, and from the
original ones by alteration (weathering, contact or dynamic metamor-
phism, etc.). Thus kaolinite, sericite, tale, calcite, and epidote are
secondary minerals in igneous rocks.

Essential minerals are original, but not all original minerals are
essential. For example, quartz and feldspar in granite are both essen-
tial and original minerals, while zircon and apatite in the same rock are
original, but they are not essential minerals. An essential mineral
may sometimes be replaced by a secondary one, such as hornblende
(uralite) which replaces pyroxene in gabbros that have been subjected
to metamorphism.

Order of crystallization. — The order in which minerals erystallize from a magma
is indicated by the mutual relations of the components as viewed in thin sections
under the microscope, or, as in the case of coarse-grained rocks, from polished sur-
faces. Thus far experience shows that minerals erystallizing from magmas do so
not simultaneously but successively, with in some cases overlapping of their periods
of erystallization, as shown in quartz and feldspar, from the study of thin sections
of granite.

Rosenbusch states that in general the order of crystallization of minerals from
magmas is in four groups as follows:

1. Iron ores and accessory constituents (magnetite, hematite, ilmenite, apatite,
zireon, spinel, sphene, ete.).

II. Ferromagnesian silicates (olivine, pyroxene, amphibole, mica, etc.).

III. Feldspathic constituents (feldspars and feldspathoids, including leueit
nephelite, sodalite, ete.).

IV. Free silica (quartz).

This order of erystallization applies especially to nonporphyritic rocks. “More
explicitly,” as Harker! states, “what is regarded as the normal sequence is laid
down in the following rules:”

I. “The separation of crystals in a silicate-magma follows an order of decreasing
basicity, so that at every stage the residual magma is more acid than the aggregate
of the compound already crystallized out.”

II. “The relative amounts of the several constituents present in the magma
affect the order of crystallization in such a manner that, in general, those present
in smaller amount erystallize out first.”

III. “Having regard to the several bases represented in the various constituents
crystallization begins with the separation of iron oxides and spinellids, proceeds
with the formation of magnesium and iron silicates, then silicates of calcium, then
those of the alkali metals, and ends with the erystallization of the remaining free
siliea.”

Mineralizers. — Study of extrusive lavas at the time of expulsion

shows the presence of considerable quantities of volatile substances,
chief among which is water vapor. Besides water vapor there are

! The Natural History of Igneous Rocks, 1909, pp. 180-181.
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carbon dioxide, fluorine, chlorine, boric acid, sulphur, etc. These dis-
solved vapors, known as mineralizers, for the reason that they exercise
an important influence on mineral composition and to some extent
texture, are regarded as being more generally present in acid than in
basic magmas, although known to occur in both. These substances
play an important role in the crystallization of igneous rocks, and their
action in the production of minerals from solidifying magmas may be
either chemical or physical.

For the formation of certain minerals, such as hornblende, biotite, tourmaline,
ete., which contain small quantities of water as hydroxyl (OH), fluorine, and boric
acid, the presence of mineralizers in the magma is essential, and their function is
a chemical one. On the other hand, many minerals cannot be produced by dry.
fusion, but require for their production the presence of certain mineralizers, es-
pecially water vapor, which acts physically in lowering the melting point of the
fusion and increasing its fluidity, as in the formation of orthoclase, albite, and
quartz.

Texture of Igneous Rocks

By texture of an igneous rock is meant size, shape, and manner of
aggregation of its component minerals. It serves an important means
of determining the physical condition under which the rock was formed,
whether at or near the surface, or at some depth below, and hence is
recognized as one of the important factors in the classification of igneous
rocks. :

Some rocks are sufficiently coarse-grained in texture for the principal
minerals to be readily distinguished by the unaided eye; in others the
minerals are so small in size as to defy identification by the naked eye
or even with the aid of a pocket lens; and in still others no minerals
have crystallized, but, instead, the magma has solidified as a glass.
These express the physical (rate of cooling) and not the chemical con-
ditions under which magmas have solidified, and in turn serve in a
general way to express the position in the earth’s erust in which this
solidification took place. The rate of cooling, therefore, is one of the
most prominent factors in determining rock texture. Other impor-
tant factors that influence the development of rock texture are chemical
composition, temperature, pressure, and the presence of mineralizers.

Kinds of texture.— Since texture expresses so closely the con-
ditions under which rock magmas solidify, it is recognized as an im-
portant property of rocks, and is made one of the principal factors in
their classification (see page 70). In the megascopic description of
igneous rocks, including their pyroclastic (voleanic) equivalents, five
principal textures are recognized. These are glassy, dense or felsitic
(aphanitic), porphyritic, granitord, and fragmental.
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Glassy texture.— Under conditions of quick chilling, magmas, espe-
cially the more siliceous ones, freeze or solidify into a glass, without dis-
tinet crystallization and the formation of visible minerals. Such rocks
do not show definite minerals and are composed of glass, examples of this
being obsidian, pitchstone, ete. Some glasses, such as pumace, are highly
vesicular due to the escape of water vapor at high temperature through
relief of pressure.

Dense or felsitic (aphanitic) texture.— This texture is characteristic
of crystalline rocks, but the individual minerals are too small in size to
be distinguished by the eye. The general appearance of the rock is
homogeneous and stony but not glassy. Examples, many felsites and
basalts.

Porphyritic texture. — Porphyritic texture is characteristic of those
rocks composed of mineral grains or crystals of larger size set in a
groundmass (Plate IV, Fig. 2) that is more finely crystalline or even
glassy, or both. The larger crystals or grains are termed phenocrysts
and may show distinct crystal outline (idiomorphic), or may have
irregular and corroded surfaces (allotriomorphic). They may be very
abundant in some rocks, exceeding occasionally the groundmass in
amount, or they may be very scantily developed. Great variation in
size is also shown, from an inch and more. in diameter down to those
so small that they are scarcely discernible. They may consist of the
light-colored minerals (quartz and feldspar) or of the dark-colored
ferromagnesian ones (hornblende, pyroxene, olivine, ete.), or of a mix-
ture of light- and dark-colored minerals.

Porphyritie texture is frequently developed in lavas, dikes, sheets,
and laccoliths, and is less often observed in the deeper-seated rocks,
but by no means uncommon in some, as in granites.

In porphyritic rocks the groundmass often weathers more rap-
idly than fthe phenocrysts, leaving the latter in more or less strong
relief.

Granitoid texture.— Those igneous rocks which are composed en-
tirely of recognizable minerals of approximately the same size possess
granitoid or even-granular texture. The individual minerals seldom
exhibit definite crystal boundaries. Example, normal granite.

According to the size of mineral grains, we may recognize: (1) Fine-
grained rocks, average size of particles less than ‘one millimeter; (2)
medium-grained, between 1 and 5 millimeters; and (3) coarse-grained,
greater than 5 millimeters.

Other things equal, fine-grained granitoid rocks are more durable
than coarse-grained ones.



Fig. 2. — Trachyte, showing porphyritic texture.

(68)
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Fragmental texture. — Fragmental is a textural term used in describ-
ing volcanic tuffs and breccias, which represent the consolidation of
pyroclastic materials of all sizes erupted by volcanoes.

Porous texture. — The effusive igneous rocks, showing glassy and
felsitic textures, may vary texturally from’very compact and dense to
very porous, with nearly all gradations between these extremes observed.
According to the abundance of spacings or cavities, caused by escaping
vapors from the magma during cooling, the rock may be termed vesic-
ular (Plate V, Fig. 1), scortaceous, or pumiceous.

When these cavities have been filled with mineral matter deposited
from solution, the rock is described as having amygdaloidal texture.
The fillings, which may be any one or more of a variety of minerals,
usually zeolites, calcite, epidote, quartz, or feldspar, are termed amyg-
dules, because of their resemblance to almond-shaped forms. Amygda-
loidal texture is especially common in the surface lava flows (basalts)
of all ages occurring in the United States.

During the cooling of granitoid (plutonic) rocks, irregular small
cavities are sometimes developed, especially in some granites, into
which the minerals project as well-formed crystals. These cavities are
called miarolitic.

Differentiation of Igneous Rocks

It is a matter of common observation that magmas of different composition have
been erupted not only from different vents, but from the same vent at different
periods of time. This was formerly explained by some that at an unknown depth
beneath the surface of the earth, there existed two layers of unlike magma, one
lighter and more acid, the other heavier and more basic, and that the eruptions
came from one or the other of these or a mixture of both. From the observed facts
in the field it is now recognized that this assumption is inadequate as an explanation.

Plutonic igneous masses, such as granite stocks, etc., exposed now at the sur-
face through erosion, frequently show a somewhat zoned arrangement; an outer
margin of irregular width and extent whose mineral composition is essentially differ-
ent from that of the larger central mass. That is to say, a border zone consisting of
a greater concentration of the more basic, and sometimes the more acid, minerals
than in the central mass. The two parts of the igneous mass usually contain the
same minerals, but in different concentrations, and the passage from one to the other
is frequently gradual. ;

A similar zonal arrangement has been observed in some laccoliths. Also similar
evidence is afforded from the study of complementary dikes. Dikes composed of
unlike mineral composition, one set light in color and density, and therefore acid in
character; the other dark in color, heavier, and of basic character, have been observed
cutting the rocks of a given area and closely associated. If this series of unlike
dike material were sampled in proportion to their volumes and carefully analyzed,
the bulk sample would reproduce the composition of the original parent magma.
Such a system of dikes is termed complementary.
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These geological facts are now generally agreed to by petrographers as being
most satisfactorily explained on the assumption that magmas have the capacity,
under certain conditions, of separating into submagmas of unlike composition as
well as differing from that of the original magma, but if mixed in proper proportions
they would reproduce the parent magma. ‘“‘Regarding the division there seems to
be in general two opposite poles towards which the submagmas tend; to one con-
centrate the iron, magnesia, and to a large extent the lime, to the other the alkalies,
alumina, and to a great extent the silica. The one gives us ferromagnesian rocks
such as gabbro, the other feldspathic rocks such as granite’”” (Pirsson).

The process of a magma separating into two submagmas is known as magmatic
differentiation, and it may take place prior to intrusion or extrusion, or it may go
forward in place. The process has been an important one in the genesis of some
ore bodies (see Chapter on Ore Deposits).

It has been shown that the variety of igneous rock types occurring within a given
area exhibit certain distinctive features which indicate their kinship, and therefore
their derivation from a common parent magma. These kinship characters may be
shown: (1) by the presence of certain minerals; (2) in the peculiarity of chemical
composition; (3) in some cases by peculiar textures; or (4) in a combination of these.
To express this kinship of associated igneous rock types, Iddings has proposed the
convenient term consanguinity; and the area within which such related types occur
is called a petrographic province, or a comagmatic area or region.

Classification of Igneous Rocks X

Igneous rocks possess certain features by which the many different
varieties recognized may be distinguished from each other, such as
mode of occurrence, texture, mineral composition, chemical compo-
sition, ete. One or more of these features has been employed in classify-
ing igneous rocks, but thus far not one of the many classifications
proposed has been universally adopted. The difficulty lies chiefly
in the fact that hard and fast lines cannot be drawn, since each of
the several features enumerated above shows gradations, hence equal
emphasis has not been placed on the same feature by all.

The scheme of classification of igneous rocks most generally em-
ployed by petrographers is based on three fundamental principles,
namely, (1) texture, (2) mineral composition, and (3) chemical com-
position. It very often happens that the identification of the exact
variety or kind of igneous rock is not possible by megascopic methods,
such as involves a naked eye examination or the use of a pocket lens,
but must be determined by microscopic and chemical study. The
engineer, however, must rely on megascopic characters of igneous
rocks in classifying them, using a scheme that is both useful and prac-
tical, and one that is based on the principal rock characters, such as
texture and mineral composition.

Voleanic rocks may be glassy, stony, cellular, or porphyritic, while



Fia. 2. — Graphic granite, showing characteristic intergrowth of -quartz (dark)
and feldspar (light).

(71)
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the plutonic rocks are generally massive and holocrystalline, with por-
phyritic texture by no means uncommon. A rock, therefore, may have
a uniform mineral composition, but vary in texture, depending upon
the conditions under which it solidified. On the other hand, plutonic
rocks may possess similar texture, but differ in mineral composition.
These differences, either mineralogical or textural, lead to the develop-
ment of different varieties of igneous rocks.

The following table, taken from Pirsson, expresses simply the min-
eralogical and textural characters of the more common kinds of igneous
rocks, and is admirably adapted to the needs of the engineer. There
are many more varieties of igneous rocks, as shown in the table on
page 73, but these can hardly be distinguished megascopically.

Meagascoric CLAssIFICATION oF IGNEOUS Rocks

(A) Grained, ituent grains recognizable. Mostly intrusive.
(a) Feldspathic rocks, usually light in color. ®) Ferromg.ag?]:stxg‘%lra%clhs, generally
" . With subordinate Without
With quartz. Without quartz. 18l 3par; relisnar
Nonporphyritic.| GRANITE. SYENITE. DIORITE, PERIDOTITE.
(a) Aplite. (a) Syenite. . GABBRO. Pyrozxenite.
() Nephelitesyenite. | DOLERITE. Hornblendite.
(¢) Anorthosite.
Porphyritic.....| GRANITE-PORPHYRY. | SYENITE-PORPHYRY. DI0ORITE-PORPHYRY.
(B) Dense, constituenis nearly or wholly unrecognizable. Inirusive and extrusive.

(a) Light colored, usually (b) Dark colored to black,
feldspathic. usually ferromagnesian.

Basact.

Nonporphyritic . - FELSITE.
i BASALT-PORPHYRY.

POTPhyTItICH e o e ey, s FELSITE-PORPHYRY.

(C) Rocks composed wholly or in part of glass. Ezxtrusive.

Nonporphyritic.........ocuu.. OssIpIAN, pitchstone, pearlite, pumice, ete.
P orphyritic: Tl e LT Vitrophyre (obsidian- and pitchstone-porphyry).

(D) Fragmental vgneous material. Exzxirusive,

Turrs, Breccias (Voleanice ashes, ete.).

In the next table, taken from Kemp, the arrangement vertically
from top to bottom is based on texture, and from left to right on
mineral composition, chiefly in accordance with the predominant feld-
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ROCKS, THEIR GENERAL CHARACTERS, ETC.

* %008 %08-99 %0v-08 %8v-98 %09-59 %08-99 %609-0L 760809 %4899 %6$9-08 oS
’ ‘SBI0001¢] | °SUI000IE] | °'SVIO00Ig] | 'SBI00RIg] | ‘SBIO00IE] | ‘SB0IE] B Ly
*§T10001¢] PUB SYN T, 01 [USBEL puvsyny, |puwsgny, |puesyny, |puvsyny, |[pussyn] |pussyng g M ] m.
eysopuy|  ojsopuy wB(l| oyouoy | ejAyovly| 03oAyY m. 7 B2
/ ) *01qqey) "9juI0( Q I
o] 9110pLIe |  ‘ejruexols g -BUIAT()| ‘o1qquy) ‘0L ‘zyrend) “oyuedy e | I m =
‘onjeydeN NEOAS uBLY g wvmud
dNOUD oUIIVD & FE
0B A BOLOWY [ ¢4 gydiod ‘K1Aydiod | ‘A1kydiod =S ady® o
*A14ydiod VEVITERE | T Crk AR .SM&@U ‘Rikydiod | *A1fydiod 'oa_wo_ﬂ -oNueAy | -Aikydiod | -Aifydiod Mm.m 5 m.m 2=
-0Iopueg|  -onuexolfg N%w aq.wawmnm..mw._wmﬁ .o_:>=0. -01qqBL) -0JLIOT(T -zjEny)| -ejeyden ‘.o:‘moww - .o.:‘_.‘aw.‘O‘ ® m ﬂw & .m.. WW ‘m.
-8q w0} paysma “(K1hyd ot BB
*50)110019 |\ -uystp A|rpuer *Ka1kydiod -10d-z3und)) (B mm =a.9|° m
) *K1Aydiod ‘Ashydiod | ION "@3I2IBUY |.gi4ydiod | -eymsepuy |°Aidydiod |-Arhydiod |A1fqdiod |-A1hqdiod |-Kihydiod |5 EE T m.m.. &,
—ondmqury -oyany| 10 IO WOp(es “yusugg -any|  -e)isepuy (| -eNouoy | -eIAYIBLL| -ONOAYY| T FE P T 3
vy || TR TR et e ! o 5
[EULION Ut 8 ‘asepuy | c(qs[e ) | *(03s[9,])  ['(0ui Liea) B
g M S}I0I dU[BE . d 18[9, ! () o
mcowu_MwM_uov -andmquur| IEny .MS IV JO SOLIOS ¥ J[Bsug] ongny|  ejsepuy onou(t mw_aa_mwmo.— ﬂm m“ 3 nm Mm,
. o | (@i | *@sRD FIESE | 28
dNoUD LTVSvd opouoy | oIAYIULL  enfoAyy| & g
4 . = N
*QuUIAN O+ BUIATO—  |'OUIAN()4|"OUIAT[Q~| *OUIAT[QO+ | OUIAT[Q— | ‘ZMBn]d— | “z)snd)+ §OL1ONOHTLO ‘B — | czend)+
1A10 1531(0) ! AT e 12) eyjodoN
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>