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~BOOK IV.—CONTINUED.

GEOTECTONIC (STRUCTURAL) GEOLOGY,

OR THE ARCHITECTURE OF THE EARTH’S CRUST.

Part VII. Ervurrive (IcNEOUS) ROCKS AS PART OF THE STRUCTURE
oF THE EARTH'S CRUST.

THE lithological differences of eruptive rocks having already been
described in Book IL. (p. 195), it is their larger features in the field that
now require attention,—features which, in some cases, are readily ex-
plicable by the action of modern volcanoes; and which, in other cases,
by bringing before us parts of the economy of voleanoes never observable
in any recent cone, reveal deep-seated rock-structures that lie beneath the
upper or volcanic zone of the terrestrial crust. A study of the igneous
rocks of former ages, as built up into the framework of the crust, thus
serves to augment our knowledge of volcanic action.

At the outset, it is evident that if eruptive rocks have been extruded
from below in all geological ages, and if, at the same time, denudation of
the land has been continuously in progress, many masses of molten

Fig. 293.—Extensively.denuded Voleanic District (B.).

material, poured out at the surface, must have been removed. But the
removal of these superficial sheets would uncover their roots or downward
prolongations, and the greater the denudation, the deeper down must
have been the original position of the rocks now exposed to daylight. Fig.
293, for example, shows a district in which a series of tuffs and breccias
(bD) traversed by dykes (az) is covered unconformably by a newer series
of deposits (d). Properly to appreciate the relations and history of these
rocks, we must bear in mind that originally they may have presented

YVOL. II B
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some such outline as in Fig. 294, where the present surface (that of Fig.
293) down to which denudation has proceeded is represented by the dotted
line n .1 We may therefore a priori expect to encounter different levels
of eruptivity, some rocks being portions of sheets that solidified at the
surface, others forming parts of injected sheets, or of the pipe or column
that connected the superficial sheets with the internal lava-reservoir.
We may infer that many masses of molten rock, after being driven
so far upward, came to rest without ever finding their way to the
surface. It cannot always be affirmed that a given mass of intrusiye
igneous rock, now denuded and exposed at the surface, was ever connected
with any superficial manifestation of volcanic action.

Now, as a general rule, some difference may be looked for in texture,
if not in composition, between superficial and deep-seated masses. The
latter have crystallised slowly among warm or even hot rocks under
considerable pressure, while the former have cooled much more rapidly

Fig. 294.—Restored outline of the original form of ground in Fig. 293 (B.).

in contact with the atmosphere or with chilled rocks. This difference is
of so much importance in the interpretation of the history of volcanic
action that it should be clearly kept in view. As the result of actual
observation, it .is found that those portions of an ernptive mass which
consolidated at some depth are generally more coarsely crystalline than
those which flowed out as lava ; they are likewise usually destitute of the
cellular scoriaceous structure and the ashy accompaniments so charac-
teristic of superficial igneous rocks. Yet even if there were no well-
marked petrographical contrast between the two groups, it would
manifestly lead to confusion if no distinction were.drawn between
those igneous masses which reached the surface and consolidated there,
like modern lava-streams or showers of ashes, and those which never
found their way to the surface, but consolidated at a greater or less depth
beneath it. There must be the same division to be drawn in the case of
every active volecano of the present day. But at a modern volcano, only
the materials which reach the surface can be examined, the nature and
arrangement of what still lies underneath being matter of inference. In
the revolutions to which the crust of the earth has been subjected, how-
ever, denudation has, on the one hand, removed superficial sheets of lava
and tuff, thereby exposing the subterranean continuations of the erupted
rocks, and, on the other hand, has laid open the very heart of masses which,
though eruptive, seem never to have been directly connected with actual
volcanic outbursts.

1 De la Beche, ‘ Geol. Observer,” p. 561.
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The progress of research among the eruptive rocks of the earth’s
crust has brought to light the following important facts regarding them.
Ist, They are not distributed with invariable identity of petrographical
characters over the globe, but are grouped in more or less distinct areas
or provinces, in each of which a general family relationship may be
traced among the different igneous masses.! This consanguinity in
mineralogical composition and microscopic structure, though it may
hold good on the whole throughout each province, may be found to
vary considerably even in adjacent provinces, which are distingnished in
turn by other peculiarities. 2nd, There has been in each distinct region
a more or less definite sequence in the order in which the different rocks
or varieties of rock have appeared, and this sequence, though its general
features may be recognised as broadly similar everywhere, is subject to
considerable local variations. 3rd, Not only has there been a process
of differentiation in the magma reservoirs within the terrestrial ecrust,
whereby the injected or ejected materials at the end of an eruptive
cycle have come to differ, sometimes to a great degree, from those that
appeared at the beginning, but even within the same igneous mass, after
its expulsion from the reservoir into the crust, there has often arisen a
separation of the mineralogical constituents, the more acid moving to one
portion of the mass and the more basic to another. Some of these features
have already been incidentally referred to in connection with modern
voleanic action, but it is only where ancient eruptive rocks have been
laid bare by denudation that the evidence is obtainable for a satisfactory
«discussion of the subject. Before entering, therefore, upon the considera-
tion of the igneous rocks as part of the structure of the earth’s crust, we
may with advantage attend to the three facts just enumerated, which
supplement and extend the conclusions deducible from a study of modern
volcanoes.

1. Petrographical Provinces.—The example of these which has been most sedulously
studied is probably that of the Christiania district, which has been so fully made known
by the long-continued and detailed researches of Professor Brogger. He has shown that
the eruptive rocks of that part of Scandinavia form a consecutive series, specially
distinguished by its high percentage of soda, and including a number of types seldom
observable elsewhere. He finds a genetic connection between the different members of this
series. On the one hand are thoroughly acid rocks, including different varieties of
granite and quartz-syenite, with acid quartziferous augite-syenite (Akerite), a peculiar
intermediate group of basic augite-syenites (Laurvikite), nepheline-syenite (Laurdalite)
and mica-syenite, and a thoroughly basic series comprising camptonites, bostonites,
and olivine-gabbro-diabases.?

Another province which is distinguished by the petrographical character and sequence
.of its rocks is that of the Carboniferous region of the south of Scotland. It possesses a
great development of andesites with some peculiar trachytes, and a copious series of
more basic rocks, ranging from dolerites without olivine to basalts and limburgites.?

1J. W.Judd, Q. J. G. 8. xlii. (1886), p. 54.

2 ‘Die Mineralien der Syenitpegmatitgiinge,” Leipzig, 1890 ; “‘Basic Eruptive Rocks of
Gran.” Q. J. G. 8.1 (1894), p. 15; ‘Die Eruptivgesteine des Kristianiagebietes,” Kristiania,
1894-98, and ante, p. 217.

3 ¢ Ancient Volcanoes of Great Britain,” chaps. xxiv.-xxviii,
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A marked petrographical province is to be found in the line of old Italian volcanoes
which lies on the west side of the Apennine Chain from Tuscany to Naples. This tract
is more especially characterised by the abundance of its lencitic rocks, which are some-
times accompanied by trachytes and other non-leucitic masses. Great variety among
the volcanic products is displayed at each eruptive centre, yet the range of type remains
tolerably uniform throughout.?

2. Sequence of Eruptive Rocks.—In various parts of the world,
where a large connected series of eruptive rocks has been studied in some
detail, a more or less distinct local order of succession has been ascertained
to have marked the appearance of the several petrographic types of each
province. Allusion has already (anfe, p. 349) been made to evidence
of such a sequence among the products of modern and still active volcanoes.
But. it is in the records of older voleanic and plutonic action, laid bare
by prolonged denudation, that the evidence can be most fully perceived.
As far back as 1868, Baron von Richthofen expressed his belief that from
the observations made by him in Europe and in North America a general
order of occurrence of eruptive rocks could be established, and this order
appeared to him to be first Propylite, followed successively by Andesite,
Trachyte, and Rhyolite, and ending with Basalt.” If the two first
members of this series be regarded as practically different conditions of
the same rocks, the order given by von Richthofen begins with material
of intermediate composition, then passing through stages of increasing
acidity reaches the rhyolites, and finally ends off with a thoroughly basic
compound, viz. basalt. .

Considerable difference of opinion exists as to whether any such order of appearance
can be recognised as of general application, and still more as to the cause to which it
should be assigned. This question has been investigated in great detail by Professor
Brogger. He believes that the eruptive rocks of the Christiania district not only form a
distinet petrographical province, but, as already stated, that they have a close genetic:
connection with each other, and appeared in a definite order according to chemical and
mineralogical composition. They seem to be mostly of Devonian or Old Red Sandstone-
age, and occur as intrusive bosses and dykes as well as surface outflows. The earliest.
eruptions were strongly basic, consisting of olivine-gabbro-diabases. With these were
associated dykes and sheets of camptonite and bostonite. Later came the nepheline-
syenites, followed by the granitic rocks, while last of all came a multitude of basic in-
trusions, now found in narrow dykes of diabase and allied types, often amygdaloidal.?

In the Eureka district, Nevada, Mr. Arnold Hague has ascertained that among the
great Tertiary eruptions there displayed, the earliest consisted of hornblende-andesite
and hornblende-mica-andesite, followed by dacite and then by rhyolite and rhyolitic
pumice and tuff. He believes that the rhyolites were succeeded by pyroxene-andesites,
and these are closely related to the basalts, which form the latest of the series.*

In the Yellowstone Park the order of eruption established by the members of the-
United States Geological Survey is andesite of mean composition, followed by eruptions.
of more basic andesite and basalt, and more siliceous andesite and dacite, and by basalt,.

1 De Stefani, Bol. Soc. Geol. Ital. x. (1891), p. 449 ; H. 8. Washington, Journ. Geol..
vols. iv. and v.

2 “The Natural System of Rocks,” Californ. Acad. Sci. 1868. An excellent historical
summary of views regarding the internal magmas of the earth is given by Zirkel in his
¢ Lehrbuch,’ i. pp. 458-471. 1

3 See his Memoirs cited on pp. 217, 221. 4 Monograph xx. U. 8. (. S. p. 249.
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rhyolite, and basalt, the order being locally modified in different districts, but the general
succession being from a rock of average composition through less siliceous and more sili-
ceous types up to rocks rich in silica on the one hand, and others extremely low in that
constituent on the other.!

More recently Mr. J. E. Spurr has gathered all the evidence at present available
regarding the succession and relations of the lavas in the Great Basin region of the Western
United States‘ He thinks that an earlier acid group exists which is not developed in
every district, and that when the whole sequence is complete it is as follows in order of
appearance : (1) Rhyolite (granite and alaskite) ; (2) Andesites of various types, with
gradual transitions to the following; (3) Rhyolite (sometimes with complementary
olivine-basalt) ; (4) Andesite of various types with gradual transitions to the next group ;
(5) Basalt (sometimes with complementary rhyolite). Between Nos. 1 and 2 and between
3 and 4 there is a break indicating a long lapse of time.?

A remarkable sequence has been found by Messrs. Lawson and Palache in a long
series of Pliocene eruptions among the Berkeley Hills near San Francisco. No fewer
than five, possibly six, cycles have there been displayed, in which the same order of
recurrence of volcanic material appears. In each of them the earliest discharges were of
andesites, followed by basalt and that by rhyolite.

The most complete voleanic record yet described is that presented in the British Isles,
where each great geological system from the Archzan to the Permian includes intercalated
eruptiverocks. This extended chronicle comprises the detailed history of a long succession
of voleanic cycles within a conrparatively restricted area of the earth’s surface. Each of
these cycles probably endured for a protracted time, and the intervals between them
may have been even more prolonged. From the Permian to the early part of the
Tertiary periods there was a complete quiescence in voleanic activity, for in the Triassic,
Jurassic-and Cretaceous formations no vestige of any contemporaneous igneous rocks has
been found. In older Tertiary time, however, the subterranean forces once more broke
into eruption and piled up the extensive plateaux and hills of Antrim and the Inner
Hebrides. There is thus a succession of volcanic records in which the materials can be
arranged chronologically in the order of their appearance. The result of a study of these
records is to show that each represents more or less completely a cycle of petrographical
development. The earliest eruptions are generally intermediate or basic, and the rocks
then become more siliceous, but the last are usually basic. In the.basin of the Firth of
Forth, where the Carboniferous voleanic series is most fully developed, the oldest eruptions
consisted mainly of andesites, but included some more basic outflows. In East Lothian
these rocks are overlain with a thick group of trachytes, which are accompanied by bosses
of phonolite. But in the following or Carboniferous Limestone portion of the period the
eruptions consisted mainly of basalts, often extremely basic. The Tertiary cycle is even
more distinet in the west of Scotland. Above the denuded Chalk lies a thick pile of
basalts, which towards the top are succeeded by or interstratified with trachytes and
trachytic tuffs. Next come huge eruptive masses of gabbro, including peridotites. These
are disrupted by granites and granophyres, while the youngest rocks of all are basalts in
the form of dykes, which traverse all the other parts of the series.®

Whatever explanation may be given of it, there can be no doubt that
a sequence in the order of appearance of eruptive rocks can be established
in most districts where any extensive series of these rocks is displayed.
The order does not appear to be quite the same in every region, and the
differences are perhaps too great to be explicable on any of the hypotheses

1 J. P. 1ddings, “On the Origin of Jgneous Rocks,” Bull. Phil. Soc. Washington, xii.
(1892), p. 145.

2 Journ. Geol. viii. (1900), pp. 621-646.

3 ¢Ancient Voleanoes of Great Britain,” chaps. xxiv.-xxviii., xxxiii.-1.
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that have been proposed. On the whole, however, there is reason to
believe that the prevalent sequence is that above indicated, viz., from an
intermediate to a more acid composition, with a concluding effusion of
basic material. This subject is so closely connected with differentiation that
it must be further considered in the following pages.

3. Differentiation in Eruptive Rocks.—This subject has been studied
from two different sides, topographical and chronological. In the first
place, single masses of rock exposed at the surface have been carefully
examined, with a view to determine the nature of the obvious petro-
graphical differences that occur even in the same body of material ; and, in
the next place, the various separate eruptive masses in a province have
been grouped in their order of appearance, and have been analysed
chemically and microscopically, so as to reveal their gradations of com-
position and structure. In the one case, we have before us the differentia-
tion of an intruded mass during its cooling and consolidation, in. the other
the evidence of heterogeneity or differentiation in the magma reservoir
underneath, either existing at the time of active volcanism or developed
during the course of long intervals of time, and manifested in the differ-
ences between successive discharges. FEach of these heads has given rise
to much discussion and a considerable addition to geological literature.

(@) In dealing with a single mass of rock, exposed at the surface, it is not difficult to
gather the facts as to variations in texture and composition of its different parts, though
there may be considerable diversity of opinion as to their explanation. An excellent
example of the differentiation which may be detected in a single body of erupted material
was described in 1892 by Messrs. Dakyns and Teall from Garabal Hill and Meall Breac
in Argyllshire! A large mass of biotite-granite, which has there invaded the mica-schists
of the Highlands, passes from a porphyritic condition into tonalite (quartz-diorite).
Along its south-eastern margin it is flanked by a belt of diorite, with which are associated
ultra-basic rocks. There is thus a great body of acid material occupying some ten
square miles, which becomes increasingly acid towards the margin, presenting inter-
mediate varieties of hornblende-biotite granite, tonalite, diorite, and augite-diorite, the
series terminating in such highly basic compounds as wehrlites (olivine-diallage rocks),
picrites (olivine-augite rocks) and serpentine. The first rocks formed were peridotites,
followed by diorites, tonalites and granites in the order of increasing acidity. The most
acid portion of the whole mass occars as narrow veins in the granite and tonalite, and
consists of felspar and quartz with hardly any ferro-mmagnesian constituents.?

Another instance of remarkable differentiation within one body of erupted material
has been studied by Mr. Harker in Carrock Fell, in the English Lake district.®> This
hill consists of an acid rock, having the structure of granophyre, with large associated
masses of gabbro and diabase. The gabbro shows a remarkable increase of specific
gravity and of basicity towards its margin. Its central portion has a density less than
2'85, abundant free quartz, and a maximum silica-percentage of 59°46. From that
condition it progressively changes to the outer border where the specifie gravity rises
above 2°95, the silica-percentage sinks to a minimum of 3250, while the proportion ot
iron-ores amounts in places to a fourth of the whole rock. The granophyre is of younger
date than the gabbro. It is an augite-granophyre, having 71'60 per cent of silica, but
towards its margin, where it comes in contact with the most basic zone of the gabbro,

1 Q. J. 6. 8. xlviii. (1892), p. 104.
2 The basic margins of the Pyrenean granite are otherwise explained by Lacroix. Postea,
p. 780. Q. J.G S 1 (1894), p. 811 : li. (1895), p. 125.
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it loses its acid character, having incorporated some of the gabbro into its substance.
In this case, the marginal modification is due to the caustic action of the acid rock
upon another mass outside, and not upon any process of differentiation within the
granophyre itself. A similar effect, previously described by Professor Sollas, is even
more strikingly developed at the Jnnctlon of granophyre dykes with the gabbro of
Barnavave, Carlingford, Ireland.! And Mr. Harker himself has more recently described
other striking examples of the same caustic action from the junctions of the granophyre
with the gabbro of the Isle of Skye (postea, p. 776).

‘We thus perceive two causes which may in different cases produce marginal modifica-
tions in the structure and composition of eruptive rocks: 1st, an actual differentiation
of their own substance, whereby the more basic and more acid constituents are separated
from each other into different portions of the mass; and 2nd, a change due to the
solution of the rocks with which an intrusive mass comes in contact, and the incorporation
of more or less of the dissolved material into the younger body. It is obvious, however,
that this latter cause must be at the best of merely local extent, and can hardly go far
from the margin into the body of a large eruptive mass.

Fig. 295. Banded and puckered gabbro, Druim an Eidhne, Glen Sligachan, Skye.

(b) Evidence has multiplied in recent years that the processes of differentiation are
carried on upon a large scale within the magma beneath the terrestrial crust. This
evidence shows that in some cases during a period of continued eruptive activity, the
magma has become separated into more basic and more acid portions, from each of which
intrusions or discharges are made successively or simultaneously. The existence of such
a heterogeneous magma is well illustrated by the banded gabbros and other similar rocks,
where the materials have been injected or protruded simultaneously from sources of
strikingly different chemical and mineralogical composition. Thus the Tertiary gabbros
of Skye include rapid alternations of pale and dark bands, the former composed mainly
of labradorite, with some augite, uralitic hornblende and magnetite, and containing 52-
per cent of silica ; the latter sometimes consisting of little else than augite and magnetite
with only 29-5 per cent of silica. The bands are tolerably parallel to each other, but are
lenticular or not continuous for a long distance. That they belong to the time of
extravasation and not to any subsequent process of differentiation in.sitw, is shown by
their occasional puckering and curvature. They were evidently disturbed while still in a
plastic condition. These rocks present a striking resemblance to many ancient gneisses.?

1 Trans. Roy. Irish Acad. xxx. (1894), p. 477 ; also Geol. Mag. 1900, p. 295.

2 A.G. and J. J. H. Teall, Q. J. G. S. 1. (1894), p. 645 ; A. G. Compt. rend. Congres.
Géol. Internat. Zurich, p. 189 ; < Ancient Volcanoes of Great Britain,” ii. p. 341. Banded
gabbros have also been described from the Radauthal by Lossen, Z. D. G. G. xliii, (1891),
p. 583; and by F. D. Adams, from the Saguenay district, Newes. Jahrb. Beilageb. viii.
(1898), p. 452. This structure, which has been already noticed (p. 256), will be again
referred to in connection with the Archean gneisses (Book VI. Part I, § 1).
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They form thick intrusive masses, which have disrupted the Tertiary basalt-plateaux of
the Inner Hebrides.” Another illustration of the simultaneous existence of basic and
acid portions in the same active volcanic focus is supplied by the Lower Old Red
Sandstone of Central Scotland, where among the andesitic and diabasic lavas there are
intercalated contemporaneous sheets of acid dacite and breccias of rhyolitic or felsitic
fragments.

(¢) More usually the evidence, as above detailed, with reference to the sequence
of eruptive rocks, indicates that the variation has been slowly progressive during
the continuance of a volcanic period, so that the ejected materials at the end come
to be considerably different in composition from what they were at the beginning.
It is difficult to understand this petrographical sequence on any other ground than
that it arises from' a gradual separation of the constituents in the body of the
subterranean magma. The more basic being the more readily separable may be ex-
pected to come first and to leave a more acid residuum for the later discharges.
Reference may again be made here to Professor Brogger's investigation of the genetic
relationship between the several types of rock which have made their appearance in the
Christiania district. From the earliest of the series, which are the most basic, to the
latest, which (except the final unimportant dykes of diabase) are the most acid, he has
traced a continuous series of varieties, connected so closely together by passage-types that
he regards it as impossible to doubt that they have all originated from a common source.
Dealing with the oldest group, he thinks that the original basic magma which supplied:
the olivine-gabbro-diabases, that were pressed up to a higher level, afterwards underwent,
at a deeper level, a process of differentiation whereby there was separated -by diffusion a
basic portion, which gave rise to the camptonite intrusions, while the more acid re-
mainder supplied material for the bostonite dykes and sheets. This differentiation has
not only taken place within the magma reservoir, but also in the dykes and sheets
themselves, where it must have occurred after their injection into a higher level of the
crust. Moreover, another type of differentiation occurs along the western and northern
margins of the boss of Brandberget, where the olivine-gabbro-diabase has supplied a basic
zone of almost pure pyroxenic composition, which has often crystallized as a coarse-
grained pyroxenite, containing as much as 95 per cent of pyroxene. Again, in the
laccolite of Viksfjeld, more acid quartziferous augite-diorites ave frequent as the latest
products of differentiation. Professor Brogger concludes that whatever may be our ex-
planation of the cause of these variations, there can be no doubt that the differentiation
has actually taken place ; and that in this Christiania region one and the same magma
under different conditions has been differentiated in different ways into different groups of
rock, with distinct chemical compositions in their several members.!

The examples of a succession in the erupted materials among the Tertiary volcanie
districts of the Great Basin and surrounding regions in Western North America, afford
an instructive lesson as to the natare of the changes which may take place in the con-
stitution of the material that fills a magma reservoir during the continuance of a voleanic
period. With regard to the Eureka district, above cited, Mr. Hague remarks that all
the erupted rocks may be referred to two sharply defined grbups, one acid or felspathic,
the other basic or pyroxenic. In the former the earliest and most basic portion consists

1 Q. J. G. 8.1 (1894), pp. 15-37. The subject is more extensively elaborated in his
memoir on ‘Die Eruptivgesteine des Kristianiagebietes.” In Part i. (pp. 123-158) he treats
of the rocks of the Grorudite-Tinguaite series as products of differentiation ; in Part ii. he
describes the snccession of eruptive rocks at Predazzo in the Tyrol, compares it with that of
the Christiania district, and discusses the mechanism of the intrusion of decp-scated eruptive
masses ; in Part ifi. (pp. 227-365) he enters fully into the genetic relations between the mhsses
of Laurdalite and their accompanying dykes, and discusses the diffusion-hypothesis, the Kern
hypothesis of Rosenbusch, and various explanations which have been proposed to account for
the phenomena of differentiation.
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of hornblende-andesite, which, merging insensibly into hornblende-mica-andesite, and
graduating further by the addition of quartz into dacite, then by decrease and failure
of hornblende and the appearance of orthoclase, passes into rhyolite. The oldest lavas
of the pyroxene group were pyroxene andesites, which gradually pass into basalts. Mr.
Hague believes it to be impossible toregard these differentiated voleanic products other-
wise than as having been derived from an original common reservoir.!

Any theory which is proposed to explain this process of differentiation
must take account of the considerations stated in the foregoing paragraphs
with regard to the sequence of eruptive rocks, and more especially of the
fact that the cycle of change in the composition of the magma has recurred
again and again within the same limited district. In 1892 I pointed out
this recurrence as singularly striking in the volcanic history of so limited
an area as the British Isles, and remarked that “as the successive pro-
trusions took place within the same circumscribed region it is evident that
in some way or other, during the long interval between two periods, the
internal magma was renewed as regards its constitution, so that when
eruptions again occurred they once more began with basic and ended with
acid materials.”?  Each of these periods in which this recurrence was
repeated was termed by me a volcanic cycle. Their records are not always
complete, sometimes the earlier and sometimes the latér stages being un-
represented ; but the general order of appearance of the rocks is main-
tained with remarkable persistence. Even more striking is the instance
above cited from the Berkeley Hills, where within one comparatively
small area no less than five cycles were completed in Pliocene time.

Various hypotheses have been proposed to account for such evident changes in large
bodies of injected matter, and also in the magma-reservoirs during a long course of
eriptions.® Some writers have supposed the original existence of differently constituted
magmas which, erupted at different times or simultaneously and in different proportions,
might explain the observed phenomena, Professor Rosenbusch, for example, has suggested
the existence of some five or six such fundamental magmas. Among these the granitic
magma is represented as including, besides granite, the old volcanic quartz-porphyries,
and keratophyres, and the younger volcanic felsoliparites, pantellerites and trachytes ;
the gabbro-magma comprises, besides deep-seated and older volcanic rocks, such younger
volecanic masses ‘as basalt and lencitite.4 M. Michel-Lévy tabulates four magmas, each
capable of considerable snbdivision. 1st, Alkaline (granulitic, granito-eleolitic, pantel-
leritic) ; 2nd, Alkaline-earthy (granito-tonalitic, granitic, proper) ; 3rd, Earthy-alkaline
(diorito-diabasic, diabaso-lamprophyric); 4th, Ferro-magnesian (lamprophyric, peri-
dotic). But he considers that only two magmas are susceptible of a truly precise

1 Monograph. xx. U. 8. G. S. pp. 253-268.

2 Q. J. G. 8. xlviii. (1892), p. 178. Anniversary Presidential Address.

3 An excellent historical digest of opinion on this subject will be found in Mr. Idding’s
paper.on *‘The Origin of Igneous Rocks,” Bull. Phil. Soc. Washington, xii. (1892). His
other contributions include papers in Bull. Phil. Soc. Waskington, xi..(1890), p. 191;
Journ. Geol. i. (1893), pp. 606, 833 ; ¢. J. G. S. lii. (1896), p. 606. A review of opinion
from an opposite point of view to that taken by Messrs. Brogger and Iddings is given by
M. Michel-Lévy in his Note sur la Classification ‘des Magmas <des Roches Eruptives”
B. 8. G. F. xxv. (1897), pp. 826-377 ; also op. cit. xxiv. (1896), p. 123.

* Rosenbusch’s ‘ Kern-Hypothese ’ is given in his paper of 1889, and somewhat modified
in the 3rd edition of his ¢ Mikroskopische Physiographie,’ ii. p. 384. It is summarised and
commented on by Brigger in his ¢ Ganggefolge des Laurdalits,’ iii. (1898), p. 302.



714 GEOTECTONIC (STRUCTURAL) GEOLOGY BOOK 1V

definition and possess a living individuality—the ferro-magnesian and the alkaline,
which are fundamental and behave differently as eruptive masses, the former being the
result generally of igneous fusion, the latter requiring the co-operation of mineralising
or pneumatolitic agents, such as are seen in fumeroles (ante, p. 270), and to which he
attaches vast importance. He believes that it is in the circulation of fluids charged
with mineral solutions under pressure and a high temperature that we must seek the
active agent in the differentiation which takes place in the reservoirs of eruptive
magma.l

Other petrographers and geologists have endeavoured to account for the observed
changes on the assumption that they have proceeded in each case from one original
magma. Mr. Teall, in discussing the consolidation of molten magmas, proposed that they
should be considered as solutions, and sought how far their behaviour could be explained
by the analogy of different solutions which had been studied experimentally. He dwelt
upon the significance of the researches of Guthrie on cryohydrates, and of Lagorio on
the glassy base of igneous rocks. He first suggested the application to them of the dis-
covery by Soret, which he defined thus : ‘“ A homogeneous solution remains homogeneous
so long as the temperature remains uniform, but a disturbance in the equilibrium of
temperature brings about heterogeneity in the solution. The compound or compounds
with which the solution is nearly saturated tend to accumulate in the colder parts.”?
Various objections have been brought forward to the application of this principle as an
adequate explanation of magmatic differentiation, and it is now admitted by Brogger
that ordinary ditfusion, whether by Soret’s principle or in any other way, is insufficient
to account for the facts.®> Mr. Harker, dealing with that type of differentiation where
a magma, supposed to be originally homogeneous, has had its more basic ingredients
concentrated in the cooler marginal parts, compared such a magma with a saturated
saline solution, and suggested that the migration of the least soluble constituents to the
part of the liquid most easily saturated would determine crystallization, the process
which, in the case supposed, would give the most rapid evolution of heat.*

Mr. G. F. Becker, in criticising the hypothesis of differentiation by diffusion, dwells
on the stupendous amount of time which by the methods of Ludwig and Soret would,
he thinks, be required for the segregation of magmas, even if they could be kept free from
convection currents. He assumes that the magma within the earth must be at least as
viscous as lava, and that in such a mass convection currents must necessarily come in to
prevent any separation of constituents by diffusion from appreciably affecting the com-
position.® He has subsequently proposed another solution of the problem, so far, at
least, as regards masses that have been erupted into the crust or up to the surface.
Returning to the process of fractional crystallization, so well illustrated by the researches
of Guthrie on eutectic mixtures, he remarks that a mass of erupted material, injected
into a fissure or cavity among cold rocks, will be subjected to convection currents, and a

1 See previous note, also B. 8. 6. F. xxvi. (1898), and ante, pp. 196, 199, for his notation
to express the composition of the eruptive magmas.

2 ¢British Petrography,” 1888, p. 394. See also Geol. Mag. 1897, p. 553 ; and his
Presidential Address to Geol. Soc. for 1901. H, Bickstrém has remarked that Soret’s
principle applies only to very dilute solutions, and that we are still ignorant coneerning the
behaviour of concentrated solutions, espeeially with reference to this prineiple, Journ. Geol.
i. (1898), p. 774. 3 Op. cit. p. 355.

1 Geol. Mag. (1893), p. 546; @. J. G. S. 1. (1894), p. 811.

5 Amer. Journ. Sei. iii, (1897), p. 21. Professor Brigger has replied to this eriticism
that we have no reason fo believe the internal magma to be as viscous as Vesuvian lava.
He points to the general absence of differentiation in superficial eruptive rocks and its
frequent presence in deep-seated masses, and he argues that so long as the magma retains
the enormous volume of agueous and other vapours with which it is eharged, it must possess
great internal mobility, ¢ Das Ganggefolge des Laurdalits,” p. 336.
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circulation will be established. If the lava be supposed to be a homogenous mixture of
two liquids of different fusibility, the crusts which first form upon the walls will have
nearly the same composition as the less fusible partial magma. The abstraction of the
less fusible constituents will alter the composition of the circulating liquid, which will
continually tend towards the composition of the most fusible mixture of the component
ingredients. When this composition is attained the magma will no longer undergo
change by cirenlation and partial solidification ; and the residual mass will gradually
solidify as a uniform material.? This is undoubtedly an important suggestion, though
it may, perhaps, not be of wide application. Professor Briogger has pointed out that it
requires that the least fusible materials should collect along the margins, whereas the
contrary is, for the most part, the rule. This is, at least, the case in large masses,
though in dykes, where the molten material has been rapidly chilled against walls of
cold rock, the salband or marginal selvage is often less fusible and more acid than the
centre. f
From this necessarily brief and incomplete summary of published
opinions it will be seen that the problem of the cause of the differentia-
tion of igneous rocks, whether within the magma reservoirs or in
extruded masses, is one of extreme complexity, the solution of which has
not yet been reached. There seems.to be no doubt that at least in
regard to bosses, sills, and dykes, the variation has been to a considerable
degree influenced by cooling, though it is less easy to conceive how this
influence could have seriously affected the composition of the great
magma reservoirs which certainly underwent a marked change during
the course of a volcanic cycle. It may be, as Brogger has said, that the
process was connected in the most intimate way with the crystallization
of the molten material, and that certain analogies may be traced between
the succession of changes involved in the processes of crystallization,
differentiation and eruption.? The subject of the crystallization of rocks
has been already referred to in this volume (pp. 302, 403-415), and the
important researches of Elie de Beaumont, Daubrée, Fouqué, Michel-
Lévy and others have been cited. But some further allusion to the
question is required here, more particularly in regard to the order of
appearance of the constituent minerals of eruptive rocks, and the possible
connection of this order with the processes of differentiation and eruption
discussed in the foregoing pages.

Crystallization of Eruptive Rocks.—The experiments of Messrs.

1 Amer. Journ. Sci. iii. (1897), p. 257.

2 Op. cit. p. 364. Out of the voluminous literature which during the last dozen of
years has gathered round this subject, it is only possible to find room here for some of the
more important contributions. Besides the works of Teall, Harker, Sollas, Brogger, Iddings,
Michel-Lévy, Becker, Hague, Spurr and others already cited, the following memoirs are
worthy of special notice: L. V. Pirsson in 20tk Ann. Rep. U. S. Geol. Surv. Part iii.
p. 569 ; Weed and Pirsson, B. U. S. @ 8. No. 139, 1896 ; H. 8. Washington, various
papers in Journ. Geol. iv. v. vi. vii. and ix., and Bull. Geol. Soc. Amer. xi. (1900), p. 389 ;
J. H. L. Vogt, Geol. Foren. Stockholm, xiii. (1891), p. 476 ; Compt. rend. Congrés. Geol.
Internat. Zurich, 1894, p. 382 ; Zeitsch. Prakt. Geol. 1894, p. 381 ; 1895, pp. 145, 367,
444, 465 ; 1900, p. 233; 1901, pp. 9, 180, 289, 327—a remarkable series of researches
regarding the separation of iron-ores in eruptive rocks, and its bearing upon the processes
of magmatic differentiation.

3 Bee the excellent summary by Professor Iddings, Bull. Phil. Soc. Washington, xi.
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Fouqué and Michel-Lévy demonstrated that many minerals and rocks
could be reproduced artificially by dry fusion, and that crystalline group-
ings and structures could be obtained precisely similar to those that
occur in nature. The researches of Daubrée showed that at high tempera-
tures and pressures water contributes powerfully to the solution of various
mineral substances and to the production of new minerals and rock-
structures, though neither he nor his French colleagues could succeed in
reproducing granitic rocks by any method they could devise. In recent
years this synthetic research has been prosecuted on a much larger scale,
and with eminent success, by Professor Morozewicz, to whose work
allusion has above been made (p. 406). We have seen that he has
succeeded in obtaining, from mixtures of their chemical ingredients, a large
suite of minerals and a number of rocks, including rhyolite and various
basalts and andesites. But his researches have some important bearings
on the consolidation and crystallization of eruptive rocks as a whole.
His experiments have brought out with clearness the already known
fact that the presence of alumina tends to retard the erystallization of
an alkaline silicate magma. He has found that when alumina is added
above the point of saturation to such a magma, its presence promotes
the separation of aluminous silicates. He experimented with mixtures
having the chemical composition of rhyolite and also of basalt, and
obtained products in which the structure and order of appearance of the
minerals were similar to those of these rocks in nature. He found that
the minerals always crystallized in the same order, which is a constant
function of the chemical composition of the magma, but his experiments
led him to the conclusion that this order is not governed by any one
condition alone, such as fusibility, acidity, or basicity, but is the result
of several contributing causes, among which one of the most important
is the relation between the quantities of the several compounds in the
solution. 'Where the proportion of one of these compounds in any
magma is large, the mineral will crystallize sooner than where it is small,
and, as already pointed out, temperature comes also into play, some
minerals making their appearance most readily at lower temperatures
than those at which they can still be formed.!

Under certain conditions, more especially in veins of a particular
kind, two mineral constituents of an igneous rock have crystallized
simultaneously, and are mutually enclosed, one within the other. This
structure is most familiarly displayed in graphic granite (pp. 128, 206, and
Fig. 30), and in the coarse-grained veins which are known as pegmatites,
where the graphic structure is not always developed.? More usually the

(1889), pp. 65-118. The student should consnlt the series of papers by Morozewicz, cited
below ; by Vogt, Zeitsch. Prakt. Geol. Nos. 1, 4, and 7, 1893 ; by Lagorio, Zeitsch. f.
Krystallog xxiv. (1895) p. 285 ; and the suggestne Presidential Address by Mr. Teall,
Q. J. G. S. lvii. (1901), p. 62.

1 Professor Morozewiez’s papers are contained in Neues Jakrb. 1893, ii. p. 43 ; Zeitsch.
/. Krystallog. xxiv. (1895), p. 281 ; Tschermak's Mitth. xviii. (1898), pp. 1-90, 105-240.
There is a good summary of them by Mr., Jaggar in Journ. Geol. vii. (1899), pp. 300-313.

2 See on this subject the remarks of Professor Brigger in his * Mineralien der Syenitpeg-
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several minerals separated out successively, but the order of their appear-
ance is not invariable, and we are still far from comprehending the
conditions that determine the normal order and those that lead to
deviations from it. The supposition obviously suggests itself that
minerals will crystallize out of a magma in the order of their respective
fusibilities, those with the highest fusion-points separating out first.
But experience shows that such is not strictly the case. Rosenbusch
has remarked that their appearance is in the order of decreasing basicity,
ores coming first, followed by ferro-magnesian minerals, felspathic minerals,
and lastly by quartz. But there are some important exceptions to this
general rule. In granite the difficultly fusible quartz is often found
moulded round the more fusible felspar, and in dolerites the pyroxenes
may not infrequently be seen ophitically enclosed within the felspars.
The opinion has long prevailed that in these cases the presence of water
or some other “mineralising agent” plays an important part. It has
been proved experimentally that in presence of water anhydrous silica
can be made fluid at a temperature of 300° C., which is far below its
fusion-point.!  Professor Joly has recently called attention to the
importance of discriminating between the fusion-point and the viscosity
of minerals at high temperatures. He has found that silica is a body
possessing a remarkable range of viscosity. Its fusion-point is stated to
be 1406° C.; at 1500° C. it is a very thick liquid, but about 800° C. it
becomes plastic and yields with considerable rapidity to distorting forces.
The question of time has been found to be important in determining the
fusibility of substances. When rapidly fused their fusion-points may vary
considerably. Thus leucite melts at 1030° and augite at 1140° when time
has been allowed for the development of their viscosity. But when
rapidly heated to 1300° the fluidity of leucite is the same as that of
augite at 1200°, and much more complete than that which they present
at 1030° and 1140°. At a temperature of say 1280° leucite exists in
a very viscous condition below its normal point of fusion (which is about
1300°) ; augite, on the other hand, remains quite fiuid, because it is 80°
above its normal point of fusion. Hence in the cooling of a magma
from such a temperature, the leucite can begin to crystallise and the
crystals to develop before the augite has formed any crystals, or at most
_has passed beyond the microlitic condition.?

If we regard a molten magma as a solution in which all its chemical
constituents are completely dissolved, the chief condition that must
determine the separation of these constituents is probably a sinking of
the temperature. As the mass cools the ingredient which soonest
matitginge,” Part i. p. 148 ef seg. He describes examples of the simultaneous crystallization
of felspar with diopside, with lepidomelane, with-hornblende, and with pyroxene.

1 Professor Sollas, Geol. Mag. 1900, p. 295. Professor Joly has melted quartz by
igneous fusion at a temperature of 1200° C. during eighteen hours, and has obtained from it
crystalline forms when cooled down to 915° C.

2 Joly, Sci. Proc. Roy. Dublin Soc. ix. (1900), p. 298 ; Congrés Géol. Internat. Paris,
1900, p. 691. Doelter has lately determined the fusibility of some minerals ranging from
920° (melanite) to 1400° (bronzite). He finds the Predazzo granite to soften at 1150° and
to fuse at 1240°. Tschermak. Mitt., 1902, p. 23.
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reaches its point of saturation will usually ecrystallize first, and the
successive appearance of the minerals will continue until the whole
magma has crystallized, or until the remaining non-devitrified glass
becomes solid. During this process a complex series of chemical changes
is in progress. The early separation of the more basic constituents
leaves the composition of the whole mass more acid ; further reactions
are set on foot which may ultimately advance even to the reabsorption of
minerals already crystallized. Among these changes the same mineral
may wake its appearance more than once during the crystallization of a
magma. Felspars, for instance, frequently appear in eruptive rocks as
the products of a first and of a second consolidation. Porphyritic erystals
or phenocrysts, which are dispersed through a fine-grained ground mass
full of smaller, sometimes microlitic, formms of the same mineral, are
regarded as evidence of this succession.!

The crystallization of an intrusive igneous mass must no doubt be more
or less modified by the conditions of depth, temperature, movement, and
other canses that affect the bodies of molten material which are protruded
into the terrestrial crust. Dr. Weinschenk has especially dwelt upon
this influence as a determining factor in the production of the structure
of the central granite of the Alps. He believes that rock to have been
part of a normal granitic magma which crystallized under abnormal condi-
tions, and that it owes its mineralogical composition and characteristic
foliated structure, not to any process of subsequent dynamometamorphism,
but to the peculiar relations of tension accompanying the plication of the
mountains. To these relations he has given the name of *piezocrystalliza-
tion”—a term by which he understands an entirely primary formation of
massive rocks, wherein, besides the high tension allowed for the crystalliza-
tion of a normal deep-seated mass, we must also reckon the compression
due to orographic movements during the consolidation of the rock.®

Many rocks in consolidating from the condition of glass have taken
a spherulitic structure (pp. 131, 152), where crystalline intergrowths of
two or more minerals have started from numerous centres, and have
developed the characteristic internal radiating fibrous arrangement and
usually globular external form. The conditions that have determined
this type of devitrification are not well understood. Mr. Whitman Cross
has suggested that in acid glasses there has first been a globular aggrega-
tion of colloid silica, in which the felspar substance is enclosed and
becomes simultaneously individualised.? Professor Iddings, from a study
of the remarkably fresh varieties of acid lavas found in the Yellowstone
Park, in many of which the spherulites are hollow (lithophyses) and of
large size, came to the conclusion that the differences in consistency and
in the phases of erystallization, producing the lamination and spherulitic
structure of these rocks, were directly due to the amount of vapours

1 See, however, the observations of L. V. Pirsson, Amer. Journ. Sci. vii. (1899), p. 271,
and W. O. Crosby, 4mer. Geol. xxv. (1900), p. 299.

2 E. Weinschenk, “Beitriige zur Petrographie der Ostlichen Centralalpen,” Abhkandl,
Bayer. Akad. xviii. (1894), p. 91.

3 Bull. Phil. Soc. Washington, xi. (1891), p, 436.
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absorbed in the various layers of the lava, and to their mineralising
influence ; the lithophyses being thus of aqueo-igneous origin, due to
the action of the absorbed gases upon the molten glass from which they
were liberated during the crystallization consequent upon cooling.®

Classification of Eruptive Rocks aeccording to their Tectonic
Relations.—In dealing with the occurrence of igneous rocks as part of
the architecture of the earth’s crust, we require some principle of grouping
which will enable us to arrange their various structures in such a manner
as will best convey an idea of the relation which they bear to the rest of
the crust, and of the light which they can be made to throw upon the
behaviour of the molten materials of the planet, whether beneath or above
the surface. Keeping in view a useful distinction already mentioned, we
may group together all subterranean intruded masses, now revealed at
the surface after the removal of some depth of overlying rock, as one
division under the names Plutonic, Intrusive, or Subsequent. On
the other hand, we may class all those which came up to the surface as
ordinary volcanic rocks, whether molten or fragmental, and were conse-
quently contemporaneously interstratified with the formations which
happened to be in progress on the surface at the time, as a second group
under the names Volcanie, Interstratified, or Contemporaneous.

It is obvious that these can be used only as relative terms. Every
truly volcanic mass which, by being poured out as a lava-stream at the
surface, came to be regularly interstratified with contemporaneous accum-
ulations, must have been directly connected below with molten matter
which did not reach the surface. One part of the total mass, therefore,
would be included in the second group, while another portion, if ever
exposed by geological revolutions, would be classed with the first group.
Seldom, however, can the same masses which flowed out at the surface be
traced directly to their original underground prolongations.

e;g-,_rﬁ PP A ST L0
b GRS

Fig. 296.—Section showing the relative age of an Intrusive Rock (B.

It is evident that an Intrusive mass, though necessarily subsequent
in age to the rocks through which it has been thrust, need not be long
subsequent. Its relative date can only be certainly affirmed with refer-
ence to the rocks through which it has broken. It must obviously be
younger than these, even though they lie upon it, if they bear evidence
of alteration by its influence. The probable geological date of its eruption
must be decided by evidence to be obtained from the grouping of the
rocks all around. Its intrusive character can only certainly determine
the limit of its antiquity. We know that it must be younger than the
rocks it has invaded ; how much younger, must be otherwise determined,
Thus, a mass of granite or a series of granite veins (e o, Fig. 296) is

1 Amer. Journ. Sci. xxxiii, (1887), pp. 42, 45. See ante, pp. 406, 414, where the
artificial production of the spherulitic structure by Morozewicz and Daubrée is referred to.
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manifestly posterior in date to the plicated rocks (b b) through which it
has risen. But it must be regarded as older than overlying undisturbed
and unaltered rocks (c), or than others lying at some distance (e f), which
contain worn fragments derived from the granite.

On the other hand, an Interstratified or Contemporancous igneous
rock has its date precisely fixed by the geological horizon on which it lies.
Sheets of lava or tuff interposed between strata in which such fossils as
Calymene Blumenbachii, Leptana sericea, Atrypa reticularis, Orthis elegantula,
and Pentamerus Knightii occur, would be unhesitatingly assigned by a
geologist to submarine volcanic eruptions of Upper Silurian age. A lava-
bed or tuff intercalated among strata containing Calymmatotheca affinis,
Lepidodendron veltheimianum, Leperditia, and other associated fossils, would
unequivocally prove the existence of volcanic action at the surface during
the Lower Carboniferous period, and at that particular part of the period
represented by the horizon of the volcanic bed. Similar eruptive material
associated with Ammonites, Belemnites, Pentacrinites, &c., would certainly
belong to some zone in the great Mesozoic suite of formatlons An inter-
bedded and an intrusive mass found on the same platform of strata need
not necessarily be coeval. On the contrary, the latter, if clearly intruded
along the horizon of the former, would obviously be posterior in date.
It will be understood, then, that the two groups have their respective
limits determined mainly by their relations to the rocks among which
they may happen to lie, though there are also special internal characters
that help to discriminate them.

The value of this classification for geological purposes is great. It
enables the geologist to place and consider by themselves the granites,
quartz-porphyries, and other crystalline masses, which, though lying some-
times perhaps at the roots of ancient volcanoes, and therefore, in that case,
intimately connected with volcanic action, yet owe their special characters
to their having consolidated under pressure at some depth within the
earth’s crust ; and to arrange in another series the lavas and tuffs which,
having been thrown out to the surface, bear the closest resemblance to
the ejected materials from modern volcanoes. He is thus presented with
the records of hypogene igneous action in the one group, and with those
of superficial volcanic action in the other. He is furnished with a method
of chronologically arranging the voleanic phenomena of past ages, and is
thereby enabled to collect materials for a history of volcanic action over
the globe.

In adopting this classification for unravelling the geological structure
of a region where igneous rocks abound, the student will encounter
instances where it may be difficult or impossible to decide in which
group a particular mass of rock must be placed. He will bear in mind,
however, that, after all, such schemes of classification are proposed only
for convenience in systematic work, and that there are no corresponding
hard and fast lines in nature. He will recognise that all erystalline or
glassy igneous rocks must be intrusive at a greater or less depth from the
surface ; for every contemporaneous sheet has obviously proceeded from
some internal pipe or mass, so that, though interbedded and contem-
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poraneous with the strata at the top, it is intrusive in relation to the
strata below.

The characters by whlch an eruptive rock may be distinguished
are partly lithological and partly geotectonic. The llthOIO('lCd.l char-
acters have a,lready been fully~given (pp. 195-243). Among the more
important of them are the predominance of silicates (notably of felspars,
hornblende, mica, augite, olivine, &c.), and of disseminated crystals of iron
oxides (magnetite, titaniferous iron); a prevailing more or less thoroughly
erystalline structure ; the frequent presence of vitreous and devitrified
matter, visible megascopically or microscopically ; and the occurrence of
porphyritic, cellular, pumiceous, slaggy, amygdaloidal, and fluxion struc-
tures. These characters are never all united in the same rock. They
possess likewise various values as marks of eruptivity, some of them
being shared with crystalline schists which, as schists, were certainly not
eruptive. On the whole, the most trustworthy lithological evidence of
the eruptive character of a rock is the presence of glass, or traces of an
original glassy base. 'We do not yet certainly know of any natural glass,
except of an eruptive origin. The occurrence or association of certain
minerals, or varieties of minerals, in a rock, may also afford presumptive
evidence of its igneous origin. Sanidine, leucite, olivine, nepheline, for
example, are, for the most part, characteristic volcanic minerals; and
mixtures of finely crystallized triclinic felspars with dark augite, olivine,
and magnetic iron, or with hornb]ende, are specially met with among
eruptive rocks

But it is the geotectonic characters on which the geologist must
chiefly rely in establishing the eruptive nature of rocks. These vary
according to the conditions under which the rocks have consolidated.
We shall consider them as they are displayed by the Plutonic, or deep
seated, and Volcanic, or superficial phase of eruptivity.

Section i. Plutonie, Intrusive, or Subsequent Phase of Eruptivity.

We have here to consider the structure of those eruptive masses
which have been injected or intruded into other rocks, and have con-
solidated beneath the surface. One series of these masses is crystalline
in structure, but with felsitic and vitreous varieties. It includes examples
of most of the eruptive rocks, and especially of the more coarsely crystal-
line forms (granite, syenite, quartz-porphyry, granophyre, rhyolite, diorite,
gabbro, &c.). The other series is fragmental in character, and includes
the agglomerates and tuffs which have “flled up volcanic orlﬁces

After some practice, the field-geologist acquires a faculty of dis-
criminating with more or less confidence, even in hand -specimens,
crystalline rocks which have consolidated beneath the surface, from

1 As already stated (p. 198), a chronological basis has been proposed among the other -
plans for the classification of eruptive rocks. Some writers have even gone so far as to
suggest that different names should be given to eruptive rocks according to the geological
formation in which they occur, as Carbophyre, Kohlephyre, Triaphyre, Juraphyre. See
Th. Ebray, B. 8. G. F. (3), iii. p. 291.

VOL. 1I C



722 GEOTECTONIC (STRUCTURAL) GEOLOGY BOOK IV

those which have flowed out as lava-streams. Coarsely crystalline
granites and syenites, with no trace of any vitreous ground-mass, are
readily distinguishable as plutonic masses; while, on the other hand,
cellular or slaggy lavas are easily recognisable as superficial outflows, or
as closely connected with them. But it will be observed that such
differences of texture, though furnishing useful helps, are not to he
regarded as always and in all degrees perfectly reliable. We find, for
example, that some lavas have appeared at or near the surface with so
coarsely crystalline a structure as to be mistaken by a casual observer
for granite; while, on the other hand, though an open pumiceous or
slaggy structure is certainly indicative of a lava that has consolidated at
or near the surface, a finely cellular character is not wholly unknown in
intrusive sheets and dykes which have consolidated below ground. Again,
masses of fragmentary volcanic material are justly regarded as proofs of
the superficial manifestation of volcanism, and in the vast majority of
cases, they occur in beds which were accumulated on the surface, as the
result of successive explosions. Yet cases (described at p. 748) may be
found in many old volcanic districts, where such fragmentary materials,
falling back into the volcanic funnels, and filling them up, have been
compacted there into solid rock. On rare occasions, explosions of lava
within subterranean caverns may hayve given rise to such accumulations
of agglomerate.

The general law which has governed the intrusion of igneous rock
within the earth’s crust may be thus stated : Every fluid mass impelled
upwards by pressure from below, or by the expansion of its own
imprisoned vapour, has sought egress along the line of least resistance.
That line has depended in each case upon the structure of the terrestrial
crust and the energy of eruption. It may have been determined by an
already existent dislocation, by planes of stratification, by the surface of
junction of two unconformable formations, by contemporaneously formed
cracks, or by other more complex lines of weakness. Sometimes the
intruded mass has actually fused and obliterated some of the rock which
it has invaded, incorporating a portion into its own substance. The
shape of the channel of escape has determined the external form of the
intrusive mass, as a mould regulates the form assumed by cast-iron.
This relation offers a very convenient means of classifying intrusive rocks.
According to the shape of the mould in which they have solidified, they
may be arranged as—(1) bosses or amorphous masses, (2) sills or sheets,
(3) veins and dykes, and (4) necks.

§ 1. Bosses.

Bosses (stocks) are amorphous masses that have disrupted the rocks
through which they rise. They consist chiefly of crystalline, coarse-
textured rocks such as granite and syenite, but include also quartz-
porphyries, felsites, trachytes, diorites, gabbros, diabases, andesites,
dolerites, &. Where rocks assume this form as well as that of sheets,
dykes, and contemporaneous beds, it is commonly observed that they
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are more coarsely crystalline when in large amorphous masses than in
any other form. Pyroxénic rocks afford many examples of this character-
istic. In the basin of the Forth, for instance, while the outflows at the
surface have been fine-grained basalts, the masses consolidated under-
neath have generally been coarsé dolerites or diabases.

It has already been pointed out that in the consolidation of an igneous
rock, the more basic minerals have generally crystallized out first, and
that the last portions of the mass to solidify have not infrequently a
notably more acid character than those which solidified first. Hence the
margin of an eruptive mass may show a more basic composition than the
central portions which cooled more slowly. As we have seen, a remark-
able range of composition may thus be found within the same boss.2
Again, if during the process of consolidation an intrusive mass should be
ruptured and portions of the still liquid matter be forced into the rents,
these veins or squirts will generally be found to be decidedly more acid
than the rock in which they lie.

Granite.—It was once a firmly-held tenet that granite is the oldest
of rocks, the foundation on which all other rocks have been laid down.
This idea no doubt originated in the fact that granite is found rising
from beneath gneiss, schist, and other crystalline masses, which in their
turn underlie very old stratified formations. The intrusive character of
granite, shown by its numerous ramifying veins, proved it to be later than
at least those rocks which it had invaded. Nevertheless, the composition
and structure of gneiss and mica-schist were believed to be best explained
by supposing these rocks to have been derived from the waste of granite,
and thus, though the existing intrusive granite had to be recognised as
posterior in date, it was regarded as only a subsequent protrusion of the
vast underlying granitic crust. In this way, the idea of the primeval or
fundamental nature of granite held its ground. From what is known
regarding the fusion and consolidation of rocks (ante, p. 402 et seq.), and
from the evidence supplied by the microscopic structure of granite itself
(p. 144), this rock may be regarded as having generally consolidated under
great pressure, in presence of superheated water, with or without liquid
carbon-dioxide, fluorine, &c., conditions which probably never obtained at
the earth’s immediate surface, unless, perhaps, in those earliest ages when
the atmosphere was densely loaded with vapours, and when the atmospheric
pressure at the surface was great (p. 44). Whether the original crust
was of a granitic or of a glassy character, no indubitable trace of it has
ever been or is ever likely to be found. There can be no doubt, however,
that the oldest known rocks are either granites, or granitoid gneisses
‘which have probably been formed out of granite.

The presence of granite at the existing surface is, doubtless, in all
cases due to the removal by denudation of masses of rock under which it
-originally consolidated. The fact that, wherever extensive denudation of
an ancient series of crystalline rocks has taken place, a subjacent granitic
nucleus is apt to appear, does not prove granite to be of primeval origin.

1 Bosses may not infrequently be laccolites laid bare by denudation, but without exposure
-of their foundations ; postea, p. 736. 2 See pp. 710-712, and authorities there cited.
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It shows, however, that the lower portions of crystalline rocks very
generally assume a granitic type, and it suggests that if, at any part of
the earth, we could bore deep enough into the crust, we should probably
come to a granitic layer. That this layer, even if general round the
globe, is not everywhere of the highest geological antiquity, or at least
has consolidated at widely different periods, is abundantly clear from the
fact that in many cases it can be proved to be of later date than fossili-
ferous formations the geological position of which is known ; that is, the
granitic layer has invaded these formations, rising up through them, and
possibly melting down portions of them in its progress. Granite invades
and alters rocks of all ages up to late Mesozoic and Tertiary formations.
Hence, it does not belorig exclusively to the earliest nor to any one geo-
logical period, but has rather been extruded at various epochs, and may
even be in course of extravasation now, wherever the conditions required
for its produection still exist. As a matter of fact, granite occurs much
more frequently in association with older, and therefore lower, than with
newer and higher rocks. But a little reflection shows that this ought to -
be the case. Granite, having a deep-seated origin, must rise through the
lower and more ancient masses before it can reach the overlying more
recent formations. But many protrusions of granite would, doubtless,
never ascend beyond the lower rocks. Subsequent denudation would be
needed to reveal these protrusions, and this very process would remove
the later formations, and, at the same time, any portions of the granite
which might have reached them.

Granite frequently occurs in the central parts of mountain chains;
sometimes it forms there a kind of core to the various gneisses, schists,
and other crystalline rocks. It appears in large eruptive bosses, which
traverse indifferently the rocks on the line of which they rise, and com-
monly send out abundant veins into them. Sometimes it even overlies
schistose and other rocks, as in the Piz de Graves in the upper Engadine,
where a wall-like mass of granite, with syenite, diorite, and altered rocks,
may be seen resting upon schists.! In the Alps and other mountain
ranges, it is found likewise in large bed-like masses which run in the same
general direction as the rocks with which they are associated.?

Reference has already been made (p. 204) to some of the more marked
varieties of texture and structure in granite bosses. To a few of these
further and more detailed remarks may be appropriately inserted here.
The patches or enclosures in granite, which differ in colour, texture, and
composition from the general mass of the rock, may be grouped in two
divisions: 1st, Angular or subangular fragments, probably in most cases
derived from the rocks through which the granite has been protruded.
These are sometimes tolerably abundant towards the outer margin of a

1 Studer, ‘Geologie der Schiweiz,” i. p. 290.

2 On the granite of the Alps, see Michel-Lévy, Bull. Carte. Géol. France, No. 9, 1890,
No. 36, 1893 ; Duparc et Mrazek, Mém. Soc. Phys. Hist. Nat. Genéve, xxxiii. No. 1 (1898) ;
D. Stur, Verh. k. k. Geol. Reichsanst, v. (1854), p. 818 ; C. Schmidt, Beitr. Geol. Karte.
Schwetz Liefer. xxi. (1891) ; E. Weinschenk, dbkandl. Bayer. Akod. ii class. xviii. (1894),.
p. 67.
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boss. They usually show considerable contact-metamorphism, due no
doubt to the influence of the eruptive rock in which they are enclosed.
2nd, Globular or rounded concretions, due to
some process of segregation and crystallization,
in the original still unconSolidated granite.
Examples of this nature occur in the Cornish and
Devon granite, as in Fig. 297, which was long.
ago cited by De la Beche as showing a central
cavity (), not quite filled with long crystals of
schorl surrounded with an envelope of quartz
and schorl (), outside of which lies a second
envelope (¢) of the same minerals, the schorl
predominating, the whole being contained in a
light flesh-coloured and markedly felspathic
granite (d). But more remarkable concretionary
forms have since been observed in many granites, g 27— Crystalline geolo in
some of them presenting an internal radial con- ~ **" R,
centric arrangement, and recalling the orbicular structure of some diorites
(Napoleonite) (Fig. 8). Such concretionary aggregations are generally
more basic than the surrounding granite.!

Of more importance, as affecting a much larger proportion of a granite
boss, are the differences of texture and of structure not infrequently trace-
able from the margin to the centre. Like most intrusive rocks, granite js
apt to be more close-grained at its contact with the surrounding strata
than in the centre of its mass, though it does not show this contrast so
strikingly as the more hasic rocks, such as gabbro, diabase, and dolerite,
probably because it was injected at depths where the surrounding rocks
were hot, whereas the basic rocks visible at the surface were, for the most
part, erupted among cool rocks, where along the contact the igneous masses
were rapidly chilled. Certain characteristic varieties of texture and even
to some extent of composition may be recognised in many granite areas.
In particular the marginal portions not infrequently present a foliated
arrangement which simulates the structure of gneiss, the folia being
rudely parallel to the margin of contact and either vertical or dipping
at high angles away from the core of granite. It has been already
stated that in some granite bosses a striking gradation can be traced
even into picrites and serpentines.

A detailed study has been made by Professor Charles Barrois of the granulites (¢.e.
granites with two micas) of the Morbihan in Brittany. He has shown that the large
bosses, measuring some hundreds of square kilometres, present certain well-marked
modifications not only of structure but of composition, as they are traced from the
centre to the periphery, while the smaller bosses show no such modifications and are
to be regarded merely as apophyses from those of large size. The modifications along
the contact do not arise from any exchange of substance between the granite and the
surrounding rock, but solely from the influence of cooling which has affected the orienta-
tion of the minerals, their grouping and their order of crystallization, Where the

1 See the papers on orbicular granite cited on p. 206, also Harker and Marr, €. JeulGlepiS:
xlvii. (1891), p. 280.
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granite has risen parallel to the strike of the adjacent strata, it usually passes from its
ordinary granular into a porphyroid structure, with its large constituents arranged
parallel as in flow-structure ; where, on the other hand, it breaks across the bedding, it
has assumed a finely granular massive character (aplite) with its erystalline constituents
showing regular geometric forms. These variations are thus proved, in this particular
instance, to depend on the influence of the surrounding envelope, which though chemically
inactive, offers considerable diversity as a conductor of heat and of pressure. The
crystallization of the constituents of the rock took place progressively from the outside
inwards, that is, from a mass still in motion across a magma that had come to rest and
which shows now no trace of flow. But besides this marginal band of  porphyroid
granulite,” the external portions of the southern flanks of the bosses present a remark-
able schistose structure which, likewise limited to a peripheral zone, resembles that of
gneiss, both fine-grained and glandular (augen-gneiss). Examined in detail the mica-
flakes of this gneissic band are found to be torn and drawn out, the felspar erystals
deformed, broken, and blunted, indicating the powerful mechanical forces which have
affected the rock. These crushed constituents have subsequently been re-cemented by
membranes and fibres of white sericitic mica, sometimes of black mica, and by sheets of
secondary granular quartz, formed out of the triturated débris of the older ingredients.
Considering the gradual passage of these schistose selvages into the ordinary granular
rock, and the further fact that the schistose strueture occurs only on the southern flanks
of the granitic bosses of the Morbihan, Dr. Barrois attributes this structure to a power-
ful lateral pressure which has acted in a direction from south to north.}

Relation of Granite to contiguous Rocks.—From an early
period the attention of geologists has been given to the evident
mineralogical change which has taken place among stratified rocks as
they approach a mass of granite. This change is developed within a ring
or areola (Fig. 300) which encircles the granite, and varies in breadth
from a few yards to two or three miles. The most intense alteration is
found next the granite, while along the outer margin of the areola the
normal character of the rocks is resumed. In some cases, however, no
perceptible trace of alteration can be detected next a mass of granite. Of
the European examples of contact-metamorphism, those of Devon and
Cornwall, Ireland, Scotland, the Harz, Vosges, Pyrenees, and Norway
have long been known. Instructive illustrations of the same features have
been found all over the world. The nature of the metamorphism thus
superinduced upon rocks is more particularly discussed at pp. 778-783.
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Fig. 208.—Section across part of the granite belt of the south-east of Ireland.
a, Granite ; b b, patches of Lower Silurian rocks lying on the granite at various distances from the
main Lower Silurian area, ¢ c.

The south-east of Ireland supplies an admirable illustration of the relation between
granite and its surrounding rocks (Fig. 298). A mass of granite 70 miles in length and
from 7 to 17 in width stretches there from north-east to south-west, nearly along the
strike of the Lower Silurian rocks. These strata, however, have not been upraised by it
in such a way as to expose their lowest beds dipping away from the granite. On the
contrary, they seem to have been contorted prior to the appearance of that rock ; at

1 Ann. Soc. Géol. Nord. xv. (1887), pp. 1-40.
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least they often dip towards it, or lie horizontally or undulate upon it, apparently with-
out any reference to movements which it could have produced. As Jukes showed,
the Silurian strata are underlain by a vast mass of Cambrian rocks, all of which must
have been invaded by the granite before it could have reached its present position. He
infers that the granite must have slowly. and irregularly eaten its way upward through
the Silurian rocks, absorbing much of them into its own mass as it rose. For a mile or
more, the stratified beds next the granite have been altered into mica-schist, and are
pierced by numerous veins from the invading rock. Within the margin of the granitic
mass, belts or rounded irregular patches of schist (b b) are enclosed ; but in the central
tracts, where the granite is widest, and where therefore we may suppose the deepest
parts of the mass have been laid bare, no such included patches of altered rock occur.
From the manner in which the schistose belt is disposed round the granite, it is evident
that the upper surface of the latter rock, where it extends beneath the schists, must be
very uneven. Doubtless the granite rises in some places much nearer to the present
surface of the ground than at others, and sends out veins and strings which do not
appear above ground. If, as Jukes supposed, a thousand feet of the schists could be
restored at some parts of the granite belt, no doubt the belt would there be entirely
buried ; or if, on the other hand, the same thickness of rock could be stripped off some
parts of the band of schist, the solid granite underneath would be laid bare. The extent
of granite surface exposed must thus be largely determined by the amount of denudation,
and by the angle at which the upper surface of the granite is inclined beneath the
schists. Where the inclination is high, prolonged denudation will evidently do com-
paratively little in widening the belt.! But where the slope is gentle, and especially
where the surface undulates, the removal, for some distance, of a comparatively slight
thickness of rock, may uncover a large breadth of underlying granite. Portions of the
metamorphosed rocks left by denudation upon the surface of the granite boss, are relicy
of the deep cover under which the granite no doubt originally lay, and, being tougher
than the latter rock, they have resisted waste so as now to cap hills and protect the
granite below, as at the mountain Lugnaquilla (L in Fig. 298), which rises 3039 feet
above the sea.

Fig. 299.—Section of Slievenamaddy, Mourne Mountains.
a a, Lower Silurian strata dipping at high angles ; b b, Dykes of basalt (melaphyre), cutting these strata
but truncated by the granite ¢, which along the outer margin and in extruded veins passes into a
quartz-porphyry, d d.

Observations by Professor Hull and Mr. Traill, have shown that in the Mourne
Mountains, a mass of (probably Tertiary) granite has in some parts risen up through
highly inclined Silurian rocks, which consequently seem to be standing almost upright
npon an underlying boss of granite. The strata are sharply truncated by the crystalline
mass, and are indurated but not otherwise altered. The intrusive nature of the granite
is well shown by the way in which numerous dykes of dark melaphyre are cut off when
they reach that rock.? The accompanying diagram (Fig. 299) is taken from one of the
sections in which this structure is portrayed by these observers.

1 See Jukes’s ¢ Manual of Geology,’ 3rd ed. p. 243,
2 Horizontal Section No. 22, Geol. Surv. Ireland.
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In the Lower Silurian tract of the south of Scotland several large intrusive bosses of
granite occur (Fig. 300). The strata do not dip away from them on all sides, but with
trifling exceptions maintain their normal N.E. and S.W. strike up to the granite on one
side, and resume it again on the other. The granite indeed has not merely pushed aside
the strata so as to make its way past them, but actually occupies the place of so much
Silurian greywacke and shale, which have disappeared, as if they had been pushed or
blown out, or had been melted up into the granite. There is usunally a metamorphosed
belt of about a mile in width, in which, as they approach the granite, the stratified rocks
assume a thoronghly schistose character. Numerous small, dark, often angular patches
or fragments of mica-schist may be observed in the marginal parts of the granite.
Occasionally granite-veins protrude from the main masses; in the metamorphosed
zone which surrounds the Criffel granite area in Kirkendbright, hundreds of dykes and
veins of various felsitic or elvanitic rocks oceur (see p. 739).!

Similar features are presented by the granite bosses of Devon and Cornwall, which
have risen through Devonian and Carboniferous strata. The Dartmoor mass is
specially instructive. As shown by the early work of De la Beche, it passes across the
boundary between the Devonian and Carboniferous areas, extending chiefly into the
latter, so that it cuts across strata of different ages. In doing so it has risen irresistibly
through the crust, without serionsly affecting the general strike of the rocks. It cuts
volcanic bands, as well as grits and shales, into which it sends veins.?

A striking feature along the marginal parts of some granites is the extent to which
they have absorbed or incorporated the material of the rock throngh which they have
risen. In some cases all that can be recognised of the sedimentary rocks thus attacked
is in shreds, patches, and streaks imbedded in a paste of igneous origin. Such a paste is
described by Mr. Teall asillustrated by a cordierite gneiss from Aberdeenshire, where the
igneons constituents'are represented by oligoclase, biotite, orthoclase, and quartz, while
the sedimentary portion is indicated by cordierite, quartz, biotite, sillimanite, iron-ores,
and a green spinel.® The process of absorption is perhaps best seen where the invaded
rock is markedly basic, as where gabbro has been attacked by granophyre in the north-
east of Ireland, the Lake district, and the north-west of Scotland, to which reference
will be made on a later page (p. 776). So far as observation has yet gone, this incor-
poration of foreign material is mainly a peripheral phenomenon among intrusive rocks.
How far it has ever been carried into the body of a great granite mass, so as appreciably
to affect the structure and composition of the body of the rock, has not been ascertained.

Injection of Granite—Granitisation.—The permeation of different
rocks by granitic material has been much studied in recent years. M.
Michel-Lévy, who has devoted especial attention to the subject, believes
that two types of this permeation may be recognised. In the
one case the material has so absorbed the surrounding rocks that no line
of demarcation can be drawn between them. In the second type the
granitic magma has insinuated itself between the finest divisional planes
of the schists, saturating them and forming alternate folia of schist
and granite. This remarkable structure, termed by the distinguished
French geologist lit-par-lit injection, was first described by him from ex-
amples which he had met with in France. He saw that so minute and

1 Explanation of Sheets 5 and 9, Geological Survey of Scotland. The contact-meta-
morphism of these granite bosses is described postea, p. 779. .

2 De la Beche, ¢Report, Devon and Cornwall,’” p. 165. J. A. Phillips, Q. J. G. S.
xxxiv. p. 493. Compare the action of the Tertiary granites of Skye, Trans. Roy. Soc. Edin.
xxxv. (1888), Fig. 56, p. 170, and the papers of Harker and Sollas, cited postea, p. 776.

3 Address, Q. J. G. S. lviii. (1902), p. 1xxiv.
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intimate was the interpenetration of the granitic material that the
resulting aggregate became neither a true granite nor an ordinary schist.
The quartz and felspar have crystallized between the planes of stratifica-
tion, cleavage, or foliation so as to transform, for example, a clastic clay-
slate into a rock which could~only with difficulty be discriminated from
ancient gneisses.! A similar structure is displayed in many parts of the
Scottish Highlands. Messrs. Horne and Greenly have described an in-
structive example of it from Sutherland. They show that the whole mass of
rock must have remained for a long time at a high temperature, for even
where the granite sends sills and veins into the schists it never shows any
sharp fine-grained or “ chilled ” edges, but seems to merge insensibly into
the environing rock, through a series of thinner and thinner lenticles, or by
a dovetailing with the biotitic folia of the gneiss. The granites them-
selves are likewise foliated, part of this structure being apparently due to
the incorporation of the quartzo-felspathic elements of the schists into
those of the granite, every gradation being traceable from inclusions
that retain their natural orientation down to the merest trains of mica-
flakes.2

In connection with this subject it may here be remarked that the close
relationship between granite and the ecrystalline schists has long been
recogunised. It was formerly believed by many geologists that some granite
is of metamorphic origin, that is to say, may have been produced by the
gradual softening and recrystallization of other rocks at some depth
within the crust of the earth. As gradations can be traced from gneiss
through less distinctly crystalline schists into unaltered strata, the granite
into which such gneiss seems to pass was looked upon as the extreme of
metamorphism, the various schists and gneisses being less advanced stages
of the process. Subsequent observation has shown that though granite
must be regarded as properly an eruptive and not a metamorphic rock,
yet that such a transformation alike of altered sediments and of the
granite itself as are involved in lif-par-lif saturation, introduces us to a
kind of double metamorphism, in view of which the old idea of meta-
morphic granite does not now appear so utterly contrary to nature.

Connection of Granite with Volcanic Rocks.—The manner in
which some bosses of granite penetrate the terrestrial crust strongly re-
calls the structure of voleanic necks or pipes (p. 748). The granite is
found as a circular or elliptical mass which seems to descend vertically
through the surrounding rocks without seriously disturbing them, as if a
tube-shaped opening had been blown out of the crust of the earth, up
which the granite had risen. Several of the granite masses of the south
of Scotland, above referred to, exhibit this character very strikingly (Fig.
300). That granite and granitoid rocks have probably been associated
with volcanic action is indicated by the way in which they occur in con-
nection with the Tertiary volcanic rocks of Skye, Mull, and other islands
in the Inner Hebrides. Jukes suggested many years ago that granite or

1 B.S. G. 8. F. ix. (1881), p. 187 ; xvi. (1888), p. 221, “Sur Vorigine des Terrains
erystallins primitifs.”
2 Q. J. 6. 8. lil. (1896), p. 633.
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granitoid masses may lie at the roots of voleanoes, and may be the source
whence the more silicated lavas proceed.!

Bosses of other rocks than Granite.—On a smaller scale usually than
granite, other crystalline rocks assume the condition of amorphous bosses.
Diorite, syenite, quartz-porphyry, gabbro, and members of the diabase
and basalt family have often been erupted in irregular masses, partly
along fissures, partly along the bedding, but often involving and appa-
rently melting up portions of the rocks through which they have made
their way. Such bosses have frequently tortuous boundary-lines, since
they send out veins into, or cut capriciously across, the surrounding
rocks.

Fig. 800.—Plan of granite boss, Cairnsmore of Fleet, Scotland.

The granite area (c) is from 7 to 10 miles in diameter, rising through highly inclined Lower Silurian
strata (), among which are some conspicuous bands of black anthracitic and graptolitic shales (b b).
The arrows show the direction of dip; the parallel lines that of the strike. The ring within the
dotted line round the granite defines the areola of metamorphism.

In Wales, as shown by the maps and sections of the Geological Survey, the Lower
Silurian formations are pierced by huge bosses of different crystalline rocks, mostly in-
cluded under the old term ‘‘greenstone,” which, after running for some way with the
strike of the strata, turn round and break across it, or branch and traverse a consider-
able thickness of stratified rock. In Centrat Scotland, numerous masses of dolerite or
diabase have been intruded among the Lower Carboniferous formations. One horizon
on which they are particularly abundant lies about the base of the Carboniferous Limestone
series. Along that horizon, they rise to the surface for many miles, sometimes ascend-
ing or descending in geological position, and breaking here and there abruptly across
the strata.? Gaps occur where they do not appear at the surface, but as they resume
their position again not far off, it may be presumed that they are really connected under
these blank intervals. In the Inner Hebrides huge bosses of gabbro occur as well as
granophyre and other acid rocks in the midst of the Tertiary volcanic series.

Effects on Contiguous Rocks.—The contact-metamorphism around
bosses of diorite and other rocks includes alteration of the texture and

1 «Manual of Geology,’ 2nd ed. p. 93 ; A. G., Trans. Geol. Soc. Edin. ii. p. 801 ; Trans.
Roy. Soc. Edin. xxxv. (1888), p. 150 ; Judd, Q. J. G. S. xxx, p. 220 ; Reyer, Jahrb. Geol.
Reichsanst. 1879, p. 405, and his ¢ Beitrag zur Physik der Eruptionen.’

2 A. G., Trans. Roy. Soc. Edin. xxix. p. 476.
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even the mineralogical composition of the rocks through which the intrusive
material has been erupted. The amount and nature of the change pro-
duced vary with the character and bulk of the eruptive mass, as well as
with the susceptibility of the surrounding materials to alteration. Diorite,
diabase, melaphyre, basalt, felsite, and other eruptive rocks are not
infrequently accompanied by considerable metamorphism of the adjacent
strata, though the change seldom approaches the intensity of that around
large areas of granite. These phenomena are manifested also by intrusive
sheets, dykes, veins, and necks. They belong to the series of changes
embraced under the head of contact-metamorphism, and are grouped to-
gether for description in the next Part (pp. 776-785).

Effects on the Eruptive Mass.—Allusion has been made above to
the displacement of rocks by eruptive bosses, as if the original material
that filled the present area of these bosses had been blown out, pushed
up, or melted down into the advancing column of the igneous magma.
If any serious amount of material were incorporated by fusion into an
eruptive mass we should expect to be able to detect some change in the
chemical composition or ecrystalline structure of the rock so affected.
Reference has already (p. 710) been made to examples of this kind in the
case of granites, granophyres, or other acid rocks which kave assimilated
portions of such a basic rock as gabbro. But though probably on a smaller.
scale, some comparable change may be expected along the contact of much
more basic rocks than granite. There is reason, for instance, to suspect
that the thick dolerite sills of Central Scotland, above alluded to, have
attacked the strata, particularly the limestones, through which they have
risen. The observations and deductions of Dr. Stecher on the variations
in the composition of these intrusive sheets (postea, p. 775) deserve con-
sideration, for they appear to indicate that considerable petrographical
differences may be induced on a basic igneous mass by the incorporation
into its substance of portions of the surrounding rocks. A remarkable
change is superinduced on basic intrusions when they come in contact
with coal or with carbonaceous shales. They become pale in colour and
earthy in texture, and assume the aspect of “white trap” (p. 775).

Connection with Volcanic Action.—There can be little doubt
that in regard to eruptive masses, particularly of the dioritic, gabbro, and
doleritic or basaltic series, though the portions now visible consolidated
under a greater or less depth of overlying material, they must in many
cases have been directly connected with superficial voleanic action. Some
of them may have been underground ramifications of the ascending molten
rock, which poured forth at the surface in streams of lava, though these
superficial portions have been removed by denudation. Others may mark
the position of intruded masses which were arrested in the unsuccessful
attempt to open a new volcanic vent. The gabbro and granophyre
bosses of the Inner Hebrides were undoubtedly a part of the general
Tertiary voleanic phenomena of that region.

Connection with Crystalline Schists.—In some regions masses
of diorite, gabbro, diabase, &c., associated with crystalline schists have
undergone such a rearrangement of their component minerals as to pass into
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amphibolites and hornblende-schists. These changes are well developed
in the Saxon Granulitgebirge and in the North of Scotland. They are
further referred to at pp. 735, 787, 797, 889, 893, and Figs. 266, 367.

§ 2. Sills, Intrusive Sheets.

Eruptive masses have been intruded be-
tween other rocks, and now appear as more
or less regularly defined beds. In many
cases, it will be found that these intrusions
have taken place hetween the planes of
stratification. The ascending molten matter,
after breaking across the rocks, or rather, after
ascending through fissures, either previously
formed or opened at the time of the outburst,
has at last found its path of least resistance
to lie along the bedding-planes of the strata.
Accordingly it has thrust itself between the
beds, raising up the overlying mass, and
solidifying as a nearly or exactly parallel cake,
sheet, or sill.

It is evident that one of these intercalatéd
sheets must present such points of resemblance
to a subaerial stream of lava as to make it
occasionally a somewhat difficult matter to
determine its true character, more especially
when, owing to extensive denudation, or other
cause, only a small portion of the rock can
now be seen. Intrusive sheets are marked
by the following characters, though these must
not be supposed to be all present in every
case. (1) They do not rigidly conform to the
bedding of the rocks among which they are
intercalated, but sometimes break across it,
and run along on another platform. (2) They
catch up and involve portions of the surround-
ing strata. (3) They sometimes send veins
into the rocks above and below them.
(4) They are connected with dykes or pipes
which, descending through the rocks under-
neath, have been the channels by which the
sills were supplied. (5) They are commonly
most close-grained at their upper and under
surfaces, and most coarsely crystalline in
the central portions. (6) They are rarely
cellular or amygdaloidal. (7) The rocks both

Fig. 801.—8ill intercalated among the Tertiary bedded basalts, Stromd, Faroe Islands.
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above and below them'are usually hardened and otherwise more or less
altered.!

The term ““Sill” is derived from the remarkable example in the north of England,
which has long been known as theuéreat Whin Sill.2 This intrusive sheet is traceable
for a distance of 80 miles and has a total area of perhaps not less than 1000 square
miles. It varies in thickness from less than 20 to as much as 150 feet, but averages
from 80 to 100 feet. It is clearly intrusive, for it breaks across from one platform of

strata to another, metamorphosing the rocks with which it is in contact (Fig. 302 and
p. 773).

w
Backstone Edge (2292 F¢)

Fig. 802.—Section showing the position of the Great Whin Sill between the Limestone escarpment on
the west and the Millstone Grit hills east of Teesdale.

1, Silurian strata ; 2, Carboniferous Limestone series ; 8, the Great Whin Sill, which becomes thinner
and rises to a higher stratigraphical position as it goes westward ; 4, Millstone Grit.

Another well-known and (from its association with the Huttonian and Wernerian
disputes) classical example of this structure is the mural escarpment called Salisbury
Crags at Edinburgh (Fig. 303).> This is a sill of crystalline diabase (dolerite), which

Fig. 803.—Diagrammatic view of Salisbury Crags, Edinbusgh—a 8ill in Carboniferous sandstones
and shales.

can be traced for a distance of 1500 yards, lying among the red and grey sandstones,
shales, and impure limestones which lie at the base of the Carboniferous system of
Central Scotland. As the general dip of the rocks is north-easterly, the sill forms a lofty
cliff facing west and south, from the base of which a long grassy slope of débris stretches

1 Mr. E. Howe, as above cited (p. 329), has conducted some experiments to illustrate the
intrusion of igneous material suggested by the structure of the laccolites of the Black Hills.
21st Rep. U. 8. G. 8. (1901), pp. 163-305.

2 See Topley and Lebour, Q. J. G. S. xxxiii. (1877), p. 406; J. J. H. Teall, op. cit.
1884 ; Hutchings, Geol. May. (1898), pp. 69, 123. The word *“Sill”” was probably applied
by the inhabitants to this flat cake of dark stone at the base of the hills, from its fancied
resemblance to the sill or threshold of a house. - P

3 Another analogous sill which forms the picturesque rock of Stirling Castle has been
described by Mr. H. Monckton, @. J. G. 8. li. (1895), p. 480.
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down to the valley in front. Its thickness at the highest part is about 80 feet, but at a
distance of 650 yards to the north this thickness diminishes to less than a half. At
first, the diabase might be taken for a conformable sheet, regularly interposed between
the sedimentary strata. But an examination of the beds on which it rests shows that it
transgressively passes over a succession of platforms, and eventually comes to rest at the
east end on strata somewhat lower in geological position than those at the north end.
Moreover, another parallel intrusive sheet intercalated in a lower portion of the sand-

G~ e a - - E R N e e o b L o

Fig. 304.—Section at base of south front of Salisbury Crags, showing portion of strata cut out by
intrusive diabase. «, sandstones, shales, &c.; b, diabase. Length of section, 22 feet.

stone series gradually approaches the rock of Salisbury Crags. They are both trans-
gressive across the strata, and they appear to unit in a large mass called Samson’s Ribs,

On the west front, a large dyke-like mass of the diabase descends vertically through
the sandstones, and has been regarded as not improbably a pipe or feeder, up which the
molten rock originally rose (Fig. 303). Along the southern face of the escarpment,
several instructive exposures show the behaviour of the diabase to the strata through
which it has made its way. In Fig. 804, for example, a portion of the underlying

¥
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Fig. 805. . Fig. 306.
Fig. 305.—Mass of sandstone and shale (¢) iinbedded in the diabase (b) of Salisbury Crags, and
injected with veins and threads of it.

Fig. 806.—Junction of intrusive diabase with sandstone, Salisbury Crags. Magnified 20 diameters.—
The granular portion at the bottom of the drawing is sandstone, a part of which is involved in
the diabase that occupies the rest of the slide. The darker portion next the sandstone is a vitreous
substance which has been scrpentinized, Tt contains erystals of plagioclase and vapour vesicles
drawn out in the direction of flow. Above the darker part the glassy condition rapidly passes
into ordinary but minutely crystalline diabase. The rock has been considerably altered, calcite
occupying many of the vesicles and fissures.

strata having been carried away, the diabase has wedged itself below one of the
remaining broken ends. Again, veins and threads of the eruptive roek have been
injected into fragments of the strata caught up in its mass (Fig. 805). The strata in
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contact with the diabase have been much hardened, the shales being converted into a
kind of porcellanite, and thé sandstones into quartzite! The diabase in the centre of
the bed is a coarse-grained rock, in which the component minerals can readily be detected
with a lens, or even with the unassisted eye. But as it approaches the sedimentary
beds, above and below, it becomes fiely crystalline. I have had sections cut for the
microscope, showing the actnal junction of the two rocks (Fig. 306). In these it is interest-
ing to observe that the diabase, for about the eighth of an inch inwards from its edge,
consists mainly of an altered glass in which lie well-formed erystals of triclinic felspar
and numerous opaque tufted microlites (probably augite and iron ores). An inch back from
the edge, the glass and the microlites have alike disappeared, and the rock is merely a
crystalline diabase, though finer in grain than in the central portions of the bed.
Numerous steam- or gas-vesicles occur in the vitreous part, some of them empty, but
mostly filled with calcite or a brown ferruginous earth. There can be little doubt that
the vitreous structure of this marginal film was originally that of the whole rock. The
thinness of the glassy crust is in harmony with all that is known as to the feeble
thermal conductivity of lava. When the rock was intruded, it was no doubt a molten
glass containing much absorbed vapour, the escape of which at its high temperature was
probably the main agent in indurating the adjacent strata. This greater closeness of
texture at the contact, due to rapid solidification against a cold surface, forms one of
the distinguishing marks of an intrusive as contrasted with a contemporaneous sheet
(p- 758). Microscopic examination of these marginal parts in many of the intrusive
sheets of Central Scotland, shows that even where no distinct glass remains, the rock is
crowded with black opaque microlites arranged in a delicate geometric network. Back
from the surface of contact, the microlites disappear, and the magnetite or titaniferous
iron assumes its ordinary crystalline and often indeterminate or imperfect contours.

Fig. 307.—Section across Schiehallion, Perthshire, Scotland.
1, Mica-schists ; 2, Limestone bands ; 3, Graphitic schists ; 4, Quartz-schists ; f, Fault.
The thick black lines mark intercalated epldlonte sills.

In regions of crystalline schists, sills sometimes play a conspicuous part. Thus, in
the Scottish Highlands, sheets of intrusive material injected among the original sediments
have been plicated. and metamorphosed together with these strata, and now appear as
epidiorite and amphibolite-schist (Figs. 307 and 370). They occur on various horizons,
and break across into higher or lower parts of the series.

Another lithological characteristic of the intrusive, as compared with
the interstratified sheets, is the considerable variety of composition and
structure which may be detected in different portions of the same mass.
A rock which at one place gives under the microscope a crystalline-
granular texture, with the mineral elements of diabase, will at a short
distance show a coarsely crystalline texture with abundant orthoclase
and free quartz—minerals which do not belong to normal diabase—or
may be traversed by veins of fine-grained siliceous material. These

1 Mr. Sorby has observed in si)ecimens from this locality sliced by him for microscopic
examination that the fluid cavities in the quartz-grains have been emptied. @.J. G. S
xxxvi., Address, p. 82. But see Dr. Stecher’s papers quoted p. 775. He describes the
contact phenomena of the Carboniferous sills in the basin of the Forth.
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differences, like those above referred to as noticeable among amorphous
bosses, seem to point to successive stages in the consolidation of a molten
magma, of which the more basic constituents separated first. DBut some-
times they suggest that great intrusive sheets have here and there
involved and melted down portions of rocks, and have thus acquired
locally an abnormal composition.?

Mr. G. K. Gilbert has described, under the name of “ Laccolite,” a
variety of the sill-structure, which he observed originally in the Henry
Mountains, Southern Utah, and which has since been recognised in many
other districts. Large bosses of igneous material have risen from
beneath, but instead of finding their way to the surface, have spread out
laterally and pushed up the overlying strata into a dome-shaped elevation
(Fig. 308). Here and there, smaller sheets proceeding from the main
masses have been forced between the beds, or veins have been injected
into fissures, and the overlying and contiguous strata have been consider-
ably metamorphosed.? Subsequent denudation may expose a laccolite as
a boss (p. 723).

Fig. 808.—Ideal section of three ‘‘ Laccolites,” after Gilbert.

Effects on Contiguous Rocks. — Admirable examples of the
alteration produced by eruptive masses are not uncommonly presented
at the contact of intrusive sheets with the surrounding rocks. Induration,
decoloration, fusion, the production of a prismatic structure, conversion
of coal into anthracite, of limestone into marble, and other alterations,
may be observed. The nature of these changes is described at p. 766 ef seq.

Connection with Volcanic Action.—Many volcanie rocks occur
in the form of sills, as quartz-porphyry, rhyolite, orthophyre, trachyte,
diorite, melaphyre, diabase, dolerite, basalt, serpentine and others. The
remarks above made regarding the connection of intrusive bosses with

1 A. G., Trans. Roy. Soc. Edin, xxix. p. 492. Clough, Geol. Mag. 1880, p. 433. See
also J. J. H. Teall, Q. /. G. S. xL. p. 247 ; xlviii. p. 104, and Stecher’s papers already cited.

2 ¢ Geology of the Henry Mountains,” U.S. Geog. and Geol. Survey, Washington, 1877 ;
Journ. Geol. iv. p. 816 ; Whitman Cross, 14th Ann. Bgp. U.S. Geol. Surv. 1892-93. A
similar structure was figured and described by C. Maclaren, ‘Geol. of Fife and Lothians,’
1839, pp. 100, 101. The gabbros of Skye have been injected in this way into the sheets of
the great basalt-plateau. A. G., Trans. Roy. Soc. Edin. xxxv. (1888), p. 122. See also
J. D. Dana, Amer. Jouwrn. Sci. xliii. (1891), p. 79.
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voleanic action may be repeated with even greater definiteness here.
Intrusive sheets abound in old volcanic districts, intimately associated
with dykes and surface-outflows, thus bringing before our eyes traces of
the underground mechanism of volcanoes. They frequently occur among
the rocks that lie beneath a mass of ejected lavas and tuffs, or traverse
the lower, sometimes even the upper parts of the volcanic mass. In
some cases, therefore, they may mark later stages of eruption when the
orifices of discharge had become choked up and the subterranean energy
only sufficed to inject the magma between the bedding of the rocks
below ground but not to impel it to the surface, while in other instances
they may belong to the time before the magma had been able to effect
an egress to the surface, and when it was consequently forced between
the strata at some’/depth below. It is observable that later intruded
masses are often more acid than the lavas previously erupted.!

Among the Paleozoic and Tertiary volcanic regions of Britain numerous illustrations
of associated sills are to be found. Some of the most striking are those that emerge
from beneath the great erupted masses of Arenig and Bala age in North Wales. Admir-
able examples occur among the Carboniferous volcanic rocks of the basin of the Forth.2
The Tertiary sills injected among Carboniferous and Cretaceous rocks of Antrim and
the Jurassic rocks of the Inner Hebrides are Jikewise conspicuous for size and abundance.®
The extent to which lava may be injected in thin layers between the planes of the
strata is strikingly displayed near the base of the great basalt plateau of Skye. In
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Fig. 309.—Thin Intrusive Sheets and Veins injected into carbonaceous shales lying between lavas,
south of Portree, Skye.

Fig. 309, for example, a section is represented of a band of carbonaceous shale, eight or
nine feet thick, intercalated between a slaggy vesicular dolerite () and a finely vesicular

1 A. G., Trans. Roy. Soc. Edin. xxxv. (1888), p. 143. Q. J. G. S. xlviii, (1892), Address,
p. 177. ¢ Ancient Volcanoes of Great Britain,’ ii. p. 477.

2 Trans. Roy. Soc. Edin. xxix. p. 474.

3 Op. cit. xxxv. (1888), p. 111. ¢ Ancient Volcanoes of Great Britain,” chaps, xlii.
xliv. and xlviii.
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basalt (f). In the portion of this band marked d, two or three feet in thickness, more
than a dozen thin sills of basalt have been thrust between the strata of shale. Some
of these have broken up into detached nodule-like portions, so as to resemble true
sedimentary concretions. The thicker sheets (¢/) are here and there connected with
veins (c), which cross the thinner sills or (¢) traverse the overlying basalt (f). Probably
the latest rock of the group is the dyke (9). Such a section brings vividly before the
mind the energy and persistence with which molten material has been injected along
those platforms whereon, as in this shale band, it could most easily force its way.!

§ 3. Veins and Dykes.

)

The term “vein” is rather vaguely employed by geologists. It is
used as the designation of any mass of mineral matter which has solidified
between the separated walls of a fissure. When this mineral matter has

Fig. 810.—Intrusive Veins and Dykes of Andesite in Tuff of a Volcanic ‘‘ Neck,” Renfrewshire,

been deposited from aqueous solution or from sublimation, it forms what
is known as a mineral-vein (p. 812). When it has been injected in a
molten or pasty state into some other rock, it is an eruptive vein, or, if
in a vertical walllike mass, a dyke. When it forms part of the igneous
rock in which it occurs, but belongs to a later period of consolidation
than the portion into which it has been injected, it has been called a
contemporaneous vein.  When it has crystallized or segregated out of the
component materials of some still unconsolidated, colloid, or pasty rock,
it is called a segregation vein.

Eruptive or Intrusive Veins and Dykes are portions of once-melted,
or ab least pasty matter, which have heen injected into rents of previously
solidified rocks. When traceable sufficiently far, they may be seen to

1 ¢ Ancient Voleanoes of Great Britain,’ ii. p. 311.
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swell out and merge into their parent mass, while in the opposite direction
they may become attenuated into mere threads. Sometimes they run for
many yards or miles in tolerably straight lines. When this takes place
along vertical or highly-inclined stratification, they look like interstrati-
fied beds, though really intrusive. They may frequently be found to
break across the bedding in a very irregular manner.

No rock exhibits more instructively than granite the numerous varieties of form
assumed by Veins.! Three distinct kinds of granite veins may be observed. 1st, Pro-
trusions of the ordinary granite
extending from the main masses
into the surrounding rocks and
demonstrating the intrusive char-
acter of the granite (Figs. 311,
812). These varying in breadth
from several feet or many yards
down to fine filaments or threads,
are often remarkably abundant
and markedly irregular in the
manner in which they branch
and intersect. Where they are
several yards broad their texture, Fig. 311.—Granite Veins.
at least in the central parts, may
not sensibly differ from that of the main granite mass, though it is apt to become
finer especially as the veins diminish in breadth. It has been already pointed out
that round some bosses of granite the adjacent rocks are injected or impregnated

e

Fig. 312.—Section of granite (a), sending a network of veins into slate (b) ; Cornwall (B.).

with abundant minute threads or veins of granite-substance, like layers or leaves parallel
with the stratification cr foliation, and that the absence of ‘‘chilled ” edges may be due
to the high temperature of the rocks into which the granite was injected (p. 728).

In the Tertiary volcanic districts of the west of Scotland large bodies of granite and
granophyre have been intruded into other volcanic rocks. Not only has the acid

1 Credner, Z. D. G. G. (1875), p. 104 ; (1882), p. 500. E. Kalkowsky, op. cit. (1881)
p. 629.
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material filled up broad fissures, so as to form conspicuous dykes, but it has been injected
into a network of minute cracks, as if the invaded rock had been shattered by energetic
explosions before the entry of the granitic magma (Fig. 313).!
Besides a usnal greater closeness of texture than that of their parent mass, intrusive
- veins sometimes present considerable differences
in mineralogical composition. The mica, for ex-
ample, may be reduced to exceedingly minute
and not very abundant flakes, and may almost
disappear. The quartz also occasionally assumes
a subordinate place, and the rock of the veins
passes into one of the varieties of felsite, quartz-
porphyry, elvanite, aplite or eurite.?

It is in the metamnorphosed belt encircling an
intrusive boss of granite, that ernptive veins are
typically developed and most readily studied.
In Cornwall, for example, the slates around the
granite bosses are abundantly traversed by veins
Fig. 818.—Section of two sheets of gabbro, ¢p dykes of granite and of quartz-porphyry

:he D agof wiildhias A nane gl (elvans), which are most numerous near the
rom below by a multitude of irregular 3 3 - "
veins of granophyre, St. Kilda. granite (Fig. 314). They vary in width from a
few inches or feet to 50 fathoms, their central

portions being commonly more coarsely crystalline than the sides. They frequently

Fig. 314.—Map of part of the Mining District of Gwennap, Cornwall (B.).
a a, Granite ; ¢ ¢, Schistose rocks ; b b, Elvan dykes ; s,  Greenstone” ; v », d d, two intersecting series:
of mineral-veins. .

enclose angular fragments of slate (p. 724). In the great granite region of Leinster

1 ¢ Ancient Volcanoes of Great Britain,” ii. p. 418.
2 See a reference to the Bodegang, ante, p. 208 ; also Hawes, dmer. Journ. Sci. Xxi.
(1881), p. 244. :
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Jukes traced some of the elvans for several miles running in parallel bands, each only
a few feet thick, with intervals of 200 to 300 yards between them. Around some of
the granite bosses of the sonth of Scotland similar veins of felsite and porphyry abound.
The granite of the Wahsatch Mountains in Utah, which. rises through the Upper
Carboniferous limestones, converting them into white marble, sends out veins of granite-
porphyry and other crystalline compounds. In short, all over the world it is common
for eruptive bosses of this rock to have a fringe of intrusive veins (Apophyses).

2. Veins which cut through the granite itself, though they must be regarded as
later than the rock which they actually traverse, may yet represent lower, still liquid
portions of the granitic magma which have been forced by earth-movements into rents-
in the partially or wholly solidified granite. They are generally finer in grain than the
granite around them, and differ more or less from it also in composition, especially
in their greater acidity (Fig. 315).

3. Pegmatites or pegmatitic veins (Fig. 315) are distinguished by the manner in
which their component minerals, notably the quartz and felspar, are intergrown (see
pp. 128, 206). Much discussion has arisen as to the origin of such veins. They
evidently cut the ordinary granite and in so far may be regarded as intrusive veins. But
they could not have been injected in their present crystalline condition. Their material
may have been squeezed up from some lower, still liquid part of the granitic magma,
but their remarkable crystalline structure must have been afterwards superinduced by
some process of segregation or rearrangement and crystallization of their materials.!

Many other eruptive rocks (diorite, diabase, melaphyre, basalt, &c.) present admirable
examples of intrusive (even pegmatitic) veins. These are generally distingnished from
those of granite by the much feebler metamorphism with which they are attended.

The “ Contemporaneous Veins” of older writers included those veins
in crystalline rocks which though differing sufficiently from the surround-
ing material to be easily distinguished, resembled it so closely as to
indicate that they were probably a part of it. The veins above described
ainder No. 2 are examples. But they are not confined to granite,
since they may not infrequently be ohserved in sheets of gabbro, diorite,
dolerite, diabase, and other eruptive rocks (Fig. 316). They are more
particularly to be seen in sills and bosses. They run as straight, curved,
or branching ribands, usually not exceeding a foot in thickness. They
are finer in texture than the rock which they traverse. Close examination
of them shows that, instead of being sharply defined by a definite junction
line with the enclosing rock, they are welded into that rock in such a
way that they cannot easily be broken along the plane of union. This
welding is found to be due to the mutual protrusion of the component
crystals of the vein and of the surrounding rock—a structure sometimes
admirably revealed under the microscope. Veins of this kind evidently
point to some process whereby, into rents formed in the deeply buried
and at least partially consolidated or possibly pasty or jelly-like mass,
there was an injection of similar material from some still unsolidified part
of the mass, with a transfusion or exosmosis of some of the crystallizing
minerals along the mutual boundaries. Such veins are to be distin-
guished from the true “Segregation-veins,” which are irregular bands,

1 The student will find a historical summary of opinion as to the origin of pegmatite veins
in Professor Brigger’s great work on the minerals of the syenite-pegmatite veins of Southern
Norway, Part i. p. 215 ef seg. He distinguishes four successive phases in the development
of these veins, pp. 148-181.
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usually of more coarsely crystalline material, not infrequently to be seen
in intrusive sheets, wherein the constituent minerals have crystallized out
in a much more conspicuous form than in the main mass of the sur-
rounding rock along certain lines or aronnd particular centres. These
are probably due to some kind of segregation from the surrounding
mass, though the' conditions under which it took place have not yet
been satisfactorily explained.! Segregation-veins occur among the erys-

e

l;.';','-.:,i"' i

it
U

Fig. 815.—Pegmatite Vein associated with foliated granite. Rubislaw Quarry, Aberdeen.

g g, Ordinary granite of the mass; p p, coarse pegmatite veins ; s s, foliated granite passing insensibly
into g ; q, mass of quartz. The black patches in p and g are nests of schorl,

talline schists and even in sedimentary rocks which have been erushed and
metamorphosed, as in the Torridon arkose of Loch Carron (Fig. 268).
Along the margin of segregation-veins in granite a foliated structure
of the rock may be occasionally observed, as in some of the large granite
quarries near Aberdeen (Fig. 315). Coarse pegmatite veins abounding

Fig. 816.—‘‘ Contemporaneous Yeins ” in diabase.

in large plates of muscovite, black tourmaline, and quartz, with occasional

crystals of beryl and other minerals, merge into the surrounding granite,

which for a few inches along the contact has a foliated structure precisely
For some illustrations see Trans. Roy. Soc. Edin. xxxv. (1888), pp. 113, 115, 118, 131.
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resembling that of a fine gneiss. This foliation may indicate motion of
the granite mass along a line of fissure, while the rock itself or the
material forced up into the fissure was still capable of molecular re-
arrangement.

Dykes are veins of eruptive rock, filling vertical or highly-inclined
fissures, and are so named on account of their resemblance to walls
(Scotice, dykes).! Their sides are often as parallel and perpendicular_as
those of built walls, the resemblance to human workmanship being
heightened by the numerous joints which, intersecting each other along
the face of a dyke, remind us of well-fitted masonry. Where the surround-
ing rock has decayed, the dykes may be seen projecting above ground

Fig. 817.—Dykes in volcanic tuff of a ‘““ neck” ; shore, Elie, Fife,

exactly like walls (Fig. 317); indeed, in many parts of the west of
Scotland they are made use of for enclosures. The material of the dylkes
has in other cases decayed, and deep ditch-like hollows are left to mark
their sites. The coast-lines of many of the Inner Hebrides and of the
Clyde Islands furnish numerous admirable examples of both kinds of
scenery. Dykes are characteristically displayed round volcanic centres.
The term dyke may be applied to some of the wall-like intrusions
of quartz-porphyry, elvanite, and even of granite, but it is more typically
ilfustrated among the basic and intermediate igneous rocks such as basalt,
diabase, andesite, diorite, &c., while occasionally dykes may be observed

®

! On the Mechanism of Dykes see Mallet, Q. J. G. S. xxxii. (1876), p. 472. The
structure of dykes is fully discussed in ‘Ancient Volcanoes of Great Britain,” particularly
in reference to those of Tertiary time. For an- account of another dyke region see J. F.
Kemp and V. F. Masters on those of Lake Champlain, Bull. U. S. G. S. No. 107 (1893);
the dykes of the Christiania district are described in Brogger’s work on the Syenitpegmatit-
ginge, already cited.
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of even tuff and volcanic agglomerate.! Veins have been injected into
irregular branching cracks; dykes have been formed by the welling
upwards of liquid or plastic rock in vertical or steeply inclined fissures,
though obviously there is no essential difference between the two forms
of structure. Sometimes the line of escape has been along a fault. In
Scotland, however, which may be regarded as a typical region for this
kind of geological structure, the vast majority of dykes rise along joints
or fissures which have no throw, and are therefore not faults. On the
contrary, the dykes may be traced undeflected across some of the largest
faults in the midland counties.

Dykes differ from veins in the greater parallelism of their sides, their
verticality, and their greater regularity of breadth and persistence of
direction. They sometimes occur as mere plates of rock not more than
an inch or two in thickness, at other times they attain a breadth of twelve
fathoms or more. The smaller or thinner dykes can seldom be traced
more than a few yards; but the larger examples may be followed some-
times for many miles.

Thus, in the south and west of Scotland, a remarkable series of basalt and andesite
dykes can be traced across all the geological formations of that region, including the
older Tertiary basalt-plateaux. They run parallel to each other in a general north-west
and south-east direction for distances of twenty and thirty miles, increasing in numbers
towards the north-west, and they have been assigned to the great volcanic activity of
Tertiary time. A dyke of the same series crosses the north of England, from near the
coast of Yorkshire for about 100 miles inland. A complex system of massive pre-
Cambrian dykes traverses the Archzan gneiss of N.W. Scotland.

Though the wall-like form is predominant among dykes, it may readily
pass into vein-like ramifications and intrusive sheets (Figs. 303, 309,
310). The molten material took the chan-
nels that happened to be most available.
If the fissure bent off at an angle from its
previous trend, or if another adjacent fis-
sure happened to be more convenient, the
eruptive rock might change its course.
Again, while the ascending lava, under the
hydrostatic pressure of the mass below,
rose in one main fissure, portions of it
might find their way into neighbouring
parallel rents, and enclose wall-like portions
Fig. 81S.—Plan of dykes (b 0) eutting of rock within the dyke, as in Fig. 318,

gandstone (1) shore, Gourock, ey here the total breadth of the main dyke,

including the sandstone between the two

arms, is about thirty feet, the sandstone being gently inclined, and the

portions enclosed between the arms of the dyke having been greatly
indurated.

It must be kept in mind, however, that irregular expansions and con-
tractions of dykes may sometimes be caused by subsequent movements
of the terrestrial crust. The dykes, for instance, may be plicated together

1 The occurrence of *sandstone dykes” has already been noticed, ante, p. 665.
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with the rocks among which they have been intruded, and the folds may
afterwards be pressed in such a way as to give rise to alternate or irregularly
distributed enlargements and_constrictions, or a similar effect may be
produced by shearing or by faulting. Mr. Clough has found that in a
great system of dykes traversing the crystalline schists of Argyllshire
frequent attenuations of the dykes are produced by faults.

In internal structure, considerable differences may be detected among
dykes. The rock may appear (a) with no definite structure of any kind
beyond irregular jointing; (b) columnar, the prisms striking off at right
angles from the walls, and either going completely across from, side to
side, or leaving a central non-columnar part in which they branch and
lose themselves; when the side of a dyke having this structure is laid
bare, it presents a network of
polygonal joints formed by
the ends of the prisms which,
if the dyke is vertical, lie of
course in a horizontal position,
whence they depart in propor-
tion as the dyke is inclined :
occasionally the prisms are as 7~
well-formed as in any columnar .
bed of basalt; (¢) jointed <
parallel with the walls, the \ A : :
‘. . . : ¥ N
joints being sometimes so close \ b
as to cause the rock to appear \k\ o
as if it consisted of a series
of vertical plates or strata: Fig. 319.—Arrangement of bands of amygdales in a dyke,
this platy character is due Strathmore, Skye.
doubtless to contraction in ;
cooling between parallel walls, and when it occurs in basalt-dykes is best
developed near the margins ; (d) vesicular or amygdaloidal, lines of minute
vesicles having been formed parallel with the walls, and attaining their
greatest number and size along the centre of the dyke (Fig. 319). -

As a rule, the outer parts of a dyke of crystalline rock, like the
upper and under surfaces of an intrusive sheet, are finer grained than
the centre, sometimes, where the chilling of the molten rock has been
rapid, passing into a veneer of glass. Basalt veins have not infrequently
such an external vitreous coating (tachylyte, hyalomelan, &ec.) It
occasionally happens also that the central portions of a basalt or andesite
dyke are glassy, of which structure several cases have been observed in
Scotland ; perhaps in these instances the dyke has opened along its centre,
and a fresh uprise of more glassy material has risen in the fissure.?

In some broad dykes there has been room for a certain amount of
differentiation during the cooling of the mass. Professor A. C. Lawson
has described some examples from the Rainy Lake region of Canada,

1 Compare the structure illustrated by Fig. 346. See also Harker, Geol. Mag. 1889, p.
69, and the account of the pre-Cambrian rocks in Book VI. Part I.
2 See Proc. Roy. Phys. Soc. Edin. v. (1880), p. 241.
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which show a considerably greater percentage of silica in the centre than
at the sides. In one case, while the margin had the characters of an
andesite with 478 per cent of silica, it shaded off inwards into an ophitie
diabase, and then into a uralitic quartz-gabhro, in which the proportion of
silica was found to be 575 per cent.!

Multiple and Compound Dykes.2—Numerous examples have
been observed where a dyke has been formed by more than one intrusion
of molten material. The original fissure, after having been filled with
the intrusive material, has again been rent open and has once more been
occupied, by a similar injection. This re-opening of a fissure has some-
times occurred repeatedly. A remarkable instance may be seen on the
island of Seil, Argyllshire, where no fewer than ten distinet intrusions
can be counted between the walls of a single fissure (Fig. 320). Some

Fig. 820.—Multiple dolerite-dyke traversing and Fig. 821.—~Compound dyke, Market Stand,
enclosing black slate, Seil Island, Argyllshire. Broadford, Skye.

a, strongly spherulitic Granophyre ; b b, Basalt
dykes ; ¢ ¢, Torridon Sandstone.

of these separate bands of similar material are distinguished from each
other by a narrow selvage of black glass, which is occasionally two
inches broad but dies away into a mere film, while one of them displays
cavities 3 or 4 inches in diameter, lined with pea-like spherules of glass.?

In some cases the subsequent infilling has been supplied by a totally
different material from that of the first. Hence arise Compound or
Composite dykes (Fig. 321).# The earliest injection may have consisted

1 Auwer. Geol. vii, (1891), p. 153 ; Proc. Canad. Inst. 1887, p. 178 ; Aun. Rep. Geol.
Surv. Canada, 1887-88, Part F. More usually the vitreous part is more siliceous than the
rest of a basic rock (ante, p. 236).

2 ¢ Ancient Volcanoes of Great Britain,’ ii. p. 159.

3 Summary of Progress of Geological Survey for 1898, p. 155. An excellent example of
a multiple dyke is described by Professor A. C. Lawson from the north-east of Lake
Superior, where in a breadth of 14 feet no fewer than twenty-eight separate bands of diabase
from one to 6} inches broad traverse a mass of granite. Amer. Geol. xiii. (1894), p. 293.

4 Professor Judd has described the remarkable examples first brought to notice by
Jameson in the island of Arran. (. J. G. S, xlix. (1893), p.'536.
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of andesite, basalt, or some other dark rock, rich in ferro-magnesian con-
stituents, while the later may be a pale acid rock, such as granophyre or
granite. Although the later intrusion may traverse the earlier igneous
mass in any irregular meuner, it has beeri observed among the Inner
Hebrides, where dykes of this type are by no means rare, that the basic
and acid constituents are usually ranged as parallel bands, an acid one in
the centre, with a more basic band on either side. The evidence where
obtainable shows that the acid part of these dykes is latest, and that it has
not split a basic dyke up the middle but has forced its way between the
two portions of a double dyke, sometimes invading a multiple dyke,
cutting a portion of it obliquely, and even dissolving a portion of the basic
walls between which it ascended.!

Intersecting Dykes.—In volcanic districts it has frequently hap-
pened that new fissures have .
been opened across already N7,
existing dykes, and that they
have been filled by the uprise
of fresh Java in them. Hence
some dykes are found to be
intersected by others. While
the mere fact of this intersec-
tion may be taken to show a
succession of injections of
molten material, it is not
always easy to determine which
is the older of two dykes. As
a general rule, however, the
presence of the fine - grained
margin or “chilled edge” may
be relied on as a test of relative
age. The dyke which carries
its ‘““chilled edge” across another dyke must be the later of the two;
or when this criterion fails, it may be possible to determine that the
“chilled edge” of one of the dykes is truncated by the other, and con-
sequently marks the older intrusion. In some regions extraordinary
complications have arisen where the ground has been repeatedly fissured,
and where successive injections of lava have been made into the rents.
In Fig. 822, for example, at least five dykes intersect each other. Three
of these have the prevalent north-westerly trend. They are cut by one
which runs a little north of east, and this is in turn traversed by one
‘that trends in a north and south direction.?

Effects on Contiguous Rocks.—These are similar to the changes
produced by intrusive sheets and other eruptive masses. - Induration is
the most frequent kind of alteration. Remarkable examples have been
observed where limestones in contact with dykes have had a saccharoid
crystallization of the calcite superinduced upon them, and where even

Fig. 322.—Ground plan of intersecting dykes in Lias
limestone, shore, east of Broadford, Skye.

1 ¢ Ancient Voleanoes of Great Britain ’ ii. p. 161.
2 Op. cit. ii. p. 159.
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new crystalline silicates have been developed. This subject is more
particularly discussed at p. 766, under the head of Contact-metamorphism.

§ 4. Necks.

Under this term are included the filled-up pipes or funnels of former
volcanic. vents. Every series of volcanie sheets poured out at the surface
must have been connected either with fissures, or with orifices drilled
through the terrestrial crust. On the cessation of the eruptions, these

Fig. 323,—Diagram-section to show the structure of old volcanic vents, and how they may be
concealed and exposed.

1, Tuff cone with basalt plug still buried under sedimentary accuniulations; 2, Tuff cone and basalt
plug partially exposed by denudation.

orifices have remained filled with lava or with fragmentary matter. But
unless subsequent denudation has removed the overlying cone, a vent lies
buried under the materials which came out of it. So extensive, however,
has been the waste of the surface in many old volcanic regions that the
vents have been laid bare. In Fig. 323 two volcanic funnels are repre-
sented, one of them still buried under overlying formations, the other

Fig. 8324.—Volcanic Necks, Texas. Photograph by Mr, R. T, Hill, U.8. Geol. Survey.

partially exposed by denudation. The study of volcanic Necks brings

before nus some of the more deep-seated phenomena of voleanic action,
that cannot usually be seen at a modern voleano.

A Neck is circular or elliptical in ground-plan, but occasionally more

. irregular and branching, and may vary in diameter from a few yards
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(Fig. 325) up to two miles, or even more. It descends into the earth
perpendicularly to the stratification of
the formation with which it is chrono-
logically connected. Should rocks origin-
ally horizontal be subsequently tilted,
a neck associated with them might be
thrown more or less out of the vertical
(Fig. 323). As a rule, however, the

Fig. 825.—Plan of Neck, probably of Permian age,
shore, near St. Monan’s, Fife.

11, beds of limestone ; ¢, thin coal-seam ; B, basalt veins ;

S, large bed or block of sandstone. The Neck, T,

measures about 60 by 37 yards. The arrows mark

the dip of the strata.

Fig. 326.—S8ection of the volcanic neck of Largo Law, Fife.
11, Lower Carboniferous strata ; ¢, tuff of cones ; #, tuff of area around the cones ; B B, basalt filling central pipes of the vents and lateral
veins ; B', basalt, which may have flowed out at, the surface. The dotted lines are suggestive of the original outline of the hill

vertical descent of necks into the earth’s
crust appears to have been comparatively
little interfered with. In external form, :
necks commonly rise as cones or dome- A 7,

L) f ™S
shaped hills (Figs. 324, 326, 328, 329). /,/,
This contour, however, is not that of the 4 /// 1
original volcanoes, but is due to denuda- / /
tion. Occasionally the rocks of a neck ¢
have been so worn away that a great
hollow, suggestive of the original crater, occupies their site. (Fintry
Hills, Stirlingshire. )!

1 For some striking views of denuded volcanic necks see Captain Dutton’s Report on
Mount Taylor and the Zuiii Plateau, 6th Ann. Rep. U.S. Geol. Survey, 1884-85. - Compare also
Trans. Roy. Soc. Edin. xxxv. (1888), p. 100 ; and Geological Survey Memoir on East Fife,
1902. Examples of necks with connected lavas and tuffs are shown in Figs. 328 and 389.
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It might Dbe supposed that necks should always rise on lines of
fissure. But in Central Scotland, where they abound in roeks of
Carboniferous age, it is quite exceptional to find one placed on a fault.
And they seem to be often, if not generally, independent of the structure
of the visible part of the crust through which they rise (ante, p. 279).

The materials filling up aneient voleanic orifices may be () some
form of lava, as rhyolite, granophyre, andesite, gabbro, diabase, or basalt ;
or (b) the fragmentary materials which fell back into the throat of the
volcano and finally solidified there. In many instances, both kinds of
rock occur in the same neck, the main mass consisting of agglomerate or
tuff with a eentral pipe or numerous veins of lava. Among the Palzozoic
voleanic districts of Britain, necks are not infrequently filled with some
acid rock, such as a dacite, orthophyre or “felsite,” even where the sur-
rounding lavas may be basic. The great vent of the Braid Hills near
Edinburgh, belonging to the time of the Lower Old Red Sandstone, is
filled with rhyolitic tuff containing 70 per cent of silica, while the lavas
which flowed from it are andesites and diabases with not more than 50
per cent of this acid.

In some necks composed of eruptive rock, the material appears
arranged in successive spherical shells, which may be supposed to be
due to the protrusion of suecessive portions of the pasty or viscous mass
one within the other, the outer layers thinning away over the crown
of the dome as they were attenuated by the ascent of fresh material
from below.! Or we may suppose that the top of the plug sometimes
solidified, and that subsequent emissions of lava rose through rents in
the crust, and flowed down the outside of the vent.

The fragmentary materials in necks consist mainly of different lava-
form rocks imbedded in a gravelly peperino-like matrix of more finely
comminuted débris of the same rocks; but they also eontain, sometimes
in abundance, fragments of the strata through which the necks have
been drilled. When occasionally, as in some of the Maare of the Eifel,
these non-voleanic fragments constitute most of the débris (p. 326), we
may infer that after the first gaseous explosions, the aetivity of the
vent ceased, without the rise of the lava-column or its ejection in dust
and fragments to the surface. So unchanged are many of the pieces of
sandstone, shale, limestone, or other stratified rock in the necks, that
they have evidently never been exposed to any high temperature. In
some cases, however, considerable alteration is displayed. Dr. Heddle,
from .observations in Fife, concluded that the altered blocks in the tuff
there must have been exposed to a temperature of between 660° and
900° Fahr.2

Among the numerous vents of Central Scotland, pieces of fine
stratified tuff not infrequently appear in the agglomerates. This fact,
coupled with the common occurrence of a tumultuous, fractured, and
highly-inclined bedding of the tuff with a dip towards the centre of

1 Scrope, ‘Geology and Extinct Volcanoes of Central France,” 2nd edition, p. 68. See
E. Reyer, Jahrb. Geol. Reichsanst. xxix. (1879), p. 463 ; and ante, p. 329, note 2; A. G.
Trans. Roy. Soc. Edin. xxxv. (1888), p. 161. 2 Trans. Roy. Soc. Edin. xxviii. p. 487.
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the neck (Figs. 326, 327), appears to show that the pipes were partly
filled up by the subsidence of the tuff consolidated in beds within the
crater and at the upper part of the funnel Further indication of the
probable subaerial character. of the tuff
is furnished by abundant enclosed chips
of wood, which may have belonged to
trees or brushwood that grew upon the
slopes of the cones. These fragments
were probably entombed in the tuff
while ‘they were still green and full of
sap, for they are invariably encrusted
with erystalline calcite, which was intro-
duced by infiltrating water, and deposited
round them in the interspace left between

i L Fig. 327.—Plan of Neck, on shore, at Elie,
them and the enclosing matrix after they Fife.

had dried.! 5 T, tuff; the arrows marking the inward dip;

S, sandstones through which the Neck

It is common to find SIS necks has been blown open ; B B, basalt dykes

of tuff numerous dykes and veins of
lava which, ascending through the tuff, are usually confined to it,
though occasionally they penetrate the surrounding strata. They are
often beautifully columnar, the columns diverging from the sides of the
dykes and being frequently curved.

Proofs of subsidence round the sides of vents may often he observed.
Stratified rocks, through which a volcanic funnel had been opened,
commonly dip into it all round, and may even be seen on edge, as if they
had been subsequently dragged down by the subsidence of the materials
in the vent.2 The fact of subsidence beneath modern volcanic cones has
already been referred to (p. 310).

A remarkable region for the abundance of its volcanic necks and the clearness of
the sections in which their structnre and their relations to the surrounding rocks are
exposed, lies in the eastern part of the county of Fife, Scotland, to which allusion has
already been made. In a space of about 12 miles in length by from 6 to 8 in breadth
no fewer than eighty vents have been detected, and others may still be concealed under
superficial deposits. They pierce the various subdivisions of the Carboniferous system,
and are thus probably post-Carboniferous. They not improbably belong to the same
voleanic period with the necks and andesite lavas of Ayrshire and Nithsdale, which
have been regarded as Permian. One great feature of interest in regard to them is the way
in which they have been dissected by the sea along the shore. Every detail of their in-
ternal organisation can thus be studied, and an idea can be formed of the tectonic arrange-
ment of a voleanic vent such as cannot be obtained from any modern volcano. Some
of the foregoing illustrations are taken from these Fife necks (Figs. 325, 326, and 327).3

On the continent of Europe the detached bosses of peperite in Auvergne mnot

1 See the ¢ Geology of East Fife” (Mem. GFeol. Surv.), 1902, p. 274.

2 Trans. Roy. Soc. Edin. xxix. p. 469. For an excellent example from New Zealand,
see Heaphy, Q. J. Geol. Soc. 1860, p. 245.

3 These necks were first described in my Memoir, already cited from ZTrans. Roy. Soc.
Edin. xxix. p. 487; but I have recently given a much fuller account of them, with
numerous diagrams and plates, in the Geological Survey Memoir on the Geology of East
Fife, above cited. '
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improbably mark the sites of some of the oldest and most denuded volcanic vents in that
district (p. 175). A remarkable region for necks is that of the Swabian Alb of Wiirtem-
burg, where 125 separate examples have been found. They are filled with tuff, but

The thick

B, Basalt.
(Knock Hill), while they can be worked for some way

, &e.; T, Tuff of the great neck of the Binn :

y forined sedimentary strata

Bedded_tuffs,

, Fife, showing a central Neck with surronnding lavas and tuffs,
poraneousl

B, Basalt veins.
Fig. 329.—Section across the Saline Hills, Fife.

&c. ; b b Interstratified basalts ; ¢ t,

-seams, which have been charred ronnd the smaller eminence

t, Continnation of tuff of cone intercalated with the contem
under the larger, or Saline Iill.

2, Limestone ; 8, Shales,

1
’

Fig. 828.—Seetion across the Binn of Burntisland

1, Sandstones

parallel lines are coal

T, Tuff of necks

sometimes with basalt, and have risen vertically throngh different members of the
Jurassic system without apparently the assistance of any pre-existing faults or fissures.
They have been elaborately deseribed by Professor Branco.! 3

1 ¢“Schwabens 125 Vulkan-Embryonen und deren tufferfiillte Ausbruchsrohren—das
grosste Gebiet ehemaliger Maare anf der Erde,” Tiibingen, 1894.
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Effects on Contiguous Rocks.—The strata round a neck are
usually somewhat hardened. Sandstones have acquired a vitreous lustre ;
argillaceous beds have been indurated into porcellanite ; coal-seams have
been fused, blistered, burnt, and rendered unworkable. The coal-workings
in Fife and Ayrshire have revealed many interesting examples of thesc
changes, which may be partly due to the heat of the ascending column of
molten rock or ejected fragments, partly to the rise of heated vapours, even
for a long time subsequently to the volcanic explosions. Proofs of meta-
morphism, probably due to the latter cause, may sometimes be seen within
the area of the neck itself. Where the altered materials are of a fragment-
ary character, the nature and amount of this change can best be estimated.
What was probably originally a general matrix of voleanic dust has been
converted into an indurated more or less crystalline mass, through which
the dispersed blocks, though likewise intensely altered, are still recognis-
able. Such blocks as, from the nature of their substance, must have
offered most resistance to change—pieces of sandstone or quartz, for
example—stand out prominently in the altered mass, though even they
have undergone more or less modification, the sandstone being converted
into vitreous quartzite.

Section ii. Interstratified, Voleanie, or Contemporaneous Phase of
Eruptivity.

The phenomena of voleanic action, together with the products and
structure of volecanoes having been already discussed in Book III. Part
I, we have now only to consider those features of the subject which
distinguish the volcanic rocks of former ages, which enable us to follow
the progress of volcanism in the past and which fix the dates of the
successive eruptions. It is evident that, on the whole, the masses of
volecanic material which have been erupted to the surface must agree in
lithological characters with rocks already described, which have been
extravasated by volcanic efforts without quite reaching the surface. Yet
they have some well-marked general characters, of which the most
important may be thus stated. (1) They occur as beds or sheets, some-
times lava-form, sometimes of fragmental materials, which conform to the
bedding of the strata among which they are intercalated. (2) They do
not break into or alter overlying strata, though they have sometimes
ploughed np and involved portions of the sediment underneath them
and over which they flowed. (3) The upper and under surfaces of the .

“lava-beds present commonly a scoriaceous or vesicular character, which may
even be found extending throughout the whole of a sheet. (4) Fragments
of these upper surfaces not unusually occur in the immediately over-
lying strata. (5) Beds of tuff are frequently interstratified with sheets
of lava, but may also occur by themselves, intercalated among ordinary
sedimentary strata.

A record of the feeblest display of contemporaneous volcanic energy
in any old group of rocks is furnished by a band of interstratified tuff,
marking a single voleanic eruption. A succession of such bands indicates
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a series of similar discharges, and every intermediate stage may be
illustrated by examples up to a mass of lavas and tuffs many thousands
of feet in thickness intercalated among sedimentary deposits.

In the investigation of former voleanic action the detection of true
volcanic tuff is of fundamental importance. While the observer may
be in doubt whether a particular bed of lava has been pouréd out at the
surface as a true flow, or has consolidated at some depth -as a sill, and,
therefore, whether or not it furnishes evidence of an actual volcanic out-
break at the locality, he is not liable to the same uncertainty among the
fragmental eruptive rocks. Putting aside the occasional brecciated
structure seen along the edges of plutonic intrusive masses, he may
regard all the truly fragmental igneous rocks as proofs of vélcanic action
having been manifested at the surface. The agglomerate found in a
voleanic neck could not have been formed unless the vapours in the
vent had been able to find their way to the surface, and in so doing
to blow into fragments the rocks on the site of the vent as well as the
upper part of the ascending lava-column.! Wherever, therefore, a bed
or series of beds of tuff occurs interstratified in geological formations,
it points to contemporaneous volcanic eruptions. Hence the value of
these rocks in interpreting the volcanic annals of a region.

The fragmentary ejections from a volcano or a cooling lava-stream
vary from the coarsest agglomerate to the finest tuff, the coarser
materials being commonly found nearest to the source of discharge.
They naturally differ in composition, according to the nature of the lavas
with which they are associated and from which they have been derived.
Where the lavas are basic or acid, so likewise the tufts are expeeted to be,
though, as has been above stated (p. 712), instances have been observed
where, owing to the presence of a heterogeneous magma or of two distinct
magmas, showers of acid fragments have alternated with the outflow
of intermediate or even basic lavas. The fragmentary matter ejected
from voleanic vents has fallen partly back into the funnels of discharge,
partly over the surrounding area. It is apt, therefore, to be more or
less mingled with ordinary sedimentary detritus. We find it, indeed,
passing insensibly into sandstone, shale, limestone, and other strata.
Alternations of gravelly peperino-like tufl with a very fine-grained “ash”
may frequently be observed. Large blocks of lava-form rock, as well as
of the strata through which the voleanic explosions have taken place,
occur in the tuffs of most old voleanic districts. Occasionally such
ejected blocks as well as bombs, derived from the expulsion of molten
material, are found among the fine shales and other strata, the
lamination of which is bent down round them in such a way as to show
that the stones fell with considerable force into the still soft and yielding
silt or clay (Fig. 330).2

Volcanie tuffs and conglomerates occur in interstratified beds without

1 It is conceivable, as already stated, that where a mass of lava was injected into a
subterranean cavern, fragmentary discharges might take place and partly fill that cavity ;
but such exceptional cases are probably extremely rare.

2 See Geol. Mayg. i. (1864), p. 22.
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any accompanying lava,/ much more commonly than do interstratified
sheets of lava, without beds of tuff; just asin recent voleanic districts, it
is more usual to find cones of ashes or cinders without lava, than lava-
sheets without an accompaniment of ashes. Masses of fine or gravelly
tuff, several hundreds of feet in thickness, without the intervention of any
lava-bed, may be observed in the volcanic districts of the Old Red Sand-
stone and Carboniferous systems in Scotland. These furnish evidence of
long-continued voleanic action, during which fragmentary materials were
showered out over the water-basins, mingled with little or no ordinary

Fig. 330.—Ejected voleanic block (12 X 15 x 17 inches) in Lower Carboniferous Shales, Pettycur, Fife.

sediment. On the other hand, in these same areas, thin seams of tuff
interlaminated with sandstone, shale, or limestone, afford indications of
feeble intermittent volcanic explosions, whereby light showers of dust were
discharged, which settled down quietly amidst the sand, mud, or limestone
accumulating at the time. Under these latter circumstances, tuffs often
become fossiliferous ; they enclose the remains of such plants and animals
as might be lying on the lake-bottom or sea-floor over which the showers
of volcanic dust fell, and thus they form a connecting link between aqueous
and igneous rocks.

As illustrations of the nature of the stratigraphical evidence for former conditions of
voleanic activity, furnished by intercalations of
tuff, some examples from the Carboniferous forma-
tions of Britain may here be given. In Fig. 331,
from the Calciferous Sandstone series of Linlithgow-
shire, the successive conditions of the floor of a
lagoon are presented to our view. At the bottom
of the section lies a black shale (1) of the usual
carbonaceous type, with remains of terrestrial plants.
It is covered by a bed of nodular bluish-grey tuff
(2), containing black shale fragments, whence .we
may infer that the underlying or some similar shale
was blown out from the site of the vent that
furnished this dust and gravel. A second black
shale (3) is succeeded by a second thin band of fine Fig. 331.—Section of interstratiﬁmitions
pale yellowish tuff (4). Black shale (5) again super- (())fc}txlillfr:,d Sg?lifi’tgg)‘gﬁ‘;‘;yf (‘};ﬁ:ﬁ:
venes, containing rounded fragments of tuff, perhaps Carboniferous).
lapilli intermittently ejected from the neighbouring
vent, and passing up into a layer of tuft (6), which marks how the volcanic activity
gradually increased again. It is evident that, but for the proximity of an active
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voleanic vent, there would have been a continuous deposit of black mud, the conditions
of sedimentation having remained unchanged. In the next stratum of shale (7), thin
seams and nodules of clay-ironstone accumulated round decomposing organic remains on
the muddy bottom. A brief volecanic explosion is marked by the thin tuff-bed (8), after
which the old conditions of deposit continued, the bottom of the water, as the shale (9)
shows, being crowded with ostracod crustaceans, while fishes, whose coprolites have been
left in the mud, haunted the locality. At last, however, a much more powerful and
prolonged volcanic explosion took place. A coarse agglomerate or tuff (10), with blocks
sometimes nearly a foot in diameter, was then thrown out and overspread the lagoon.

A scene of a somewhat different kind is revealed by the section drawn in Fig. 332,
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Fig. 832.—Section in quarry of Carboniferous Fig. 883.—Section in Wardlaw Quarry,
Limestone, Limerick. Linlithgowshire.

1, Limestone ; 2, Calcareous tuff; 3, Ashy
limestone or highly calcareous tuff.

which represents a thickness of about 15 feet of strata. The lowest rock visible is a
black, tolerably pure limestone, formed of organisms which lived on the sca-floor. As
it is followed upward it is seen to be interleaved with thin partings of fine greenish
calcareous tuff, each of which marks a separate eruption from some neighbouring
volcanic vent. The intervals between the successive explosions must have been long
enough, not only to allow the water to become clear, but to permit the calcareous
organisms once more to spread over the bottom and form a layer of limestone. Half-
way up the section the volcanic material rapidly i<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>