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THE BRITISH ASSOCIATION FOR THE
ADVANCEMENT OF SCIENCE

SOME ASPECTS OF MODERN PETROLOGY:*

IN accordance with the custom which
permits the occupant of this chair to open
the proceedings with observations on some
selected subject, I wish to invite your at-
tention to certain points concerning the
genetic relations of igneous rocks. The
considerations which I shall have to lay
before you will be in some measure ten-
tative and incomplete; and indeed, apart
from personal shortcomings, this char-
acter must necessarily attach to any dis-
cussion of the subject which I have chosen.
For petrology is at the present time in a
state of transition—the transition, namely,
from a merely descriptive to an induective
science—and at such a time wide differ-
ences of opinion are inevitable. If I should
seem to do less than justice to some views
which I do not share, I hope this fault will
be attributed to the limitations of time and
space, not to any intention of abusing the
brief authority with which I find myself
invested.

The application of microscopical and
special optical methods, initiated some
fifty years ago by Dr. Sorby, gave a
powerful impetus to the study of the
mineral constitution and minute structure
of rocks, and has largely determined the
course of petrological research since that
epoch. For Sorby himself observation was
a means to an end. His interest was in the
conclusions which he was thus enabled to
reach vrelative to the conditions wunder
which the rocks were formed, and his con-

* Address of the president to the Geological
Section. Portsmouth; 1911.
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tributions to this problem will always rank
among the classies of geology. The great
majority of his followers, however, have
been content to record and compare the re-
sults of observation without pushing their
inquiries farther; and indeed the name
“‘petrography,’’ often applied to this line
of research, correctly denotes its purely
descriptive nature. A very large body of
facts has now been brought together, and
may be found, collated and systematized
by a master-hand, in the monumental
work of Rosenbusch. Beyond their in-
trinsic interest, the results thus placed on
record must be of the highest value as fur-
nishing one of the bases upon which may
eventually be erected a coherent science of
igneous rocks and igneous activity.

In earnest of this promise, recent years
have witnessed a very marked revival of
interest in what we must call at present
the more speculative aspects of petrology.
This manifests itself on the side of the
petrographer in a growing disposition to
seek a rational interpretation of his obser-
vations in the light of known physical prin-
ciples, and on the side of the field geologist
in a more constant regard for the distribu-
tion, mutual associations, and mode of oc-
currence of igneous rocks. I will add,
as another hopeful sign of the times, a de-
cided rapprochement between the labora-
tory and the field, too often treated in
practise as distinet departments.

As regards the former, the movement
which I have noticed is merely a return
to the standpoint of Sorby, the father of
modern petrology. It is true indeed that,
before his time, the problem of the origin
of igneous rocks had engaged the inge-
nuity of Scrope and Darwin, of Bunsen
and Durocher, and many others; and the
bold speculations of the heroic days of
geology have justly exercised a lasting
influence.  The petrologist of to-day,
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however, has at his command a much
ampler range of information than was pos-
sessed by his predecessors. In addition
to the rich store of petrographical data
already mentioned, he can press into serv-
ice, on the one hand, the results of phys-
ical chemistry and, on the other, much
additional knowledge which has been
gathered concerning the structure of the
earth’s crust and the distribution of
various rock-types, both in space and in
time. Either of these branches of the sub-
jeect would furnish material for a much
longer address than my assurance could
venture or your complacence would en-
dure. I have chosen the geographical as-
pect of petrology; but, before proceeding
to this, I will say a few words concerning
the experimental side.

DATA FROM THE EXPERIMENTAL SIDE

That the modern developments of phys-
ical chemistry, starting from the phase
rule of Willard Gibbs, must in theory fur-
nish all that is necessary to elucidate the
cerystallization of igneous rock-magmas,
has long been perceived by some petrol-
ogists. This recognition is in itself an ad-
vance. Natural rock-magmas, however,
are far more complex solutions than those
which chemists have employed in working
out their laws, and the problem in its en-
tirety is of a kind almost to daunt inquiry.
Despite the courageous attempt made by
Professor Vogt, whose enthusiastic lead
has done so much to inspire interest in the
subject, it seems clear that the application
of the laws of chemistry to the particular
class of cases with which the petrologist is
concerned demands as a prerequisite a
large amount of experimental work in the
laboratory. The high melting-points of
the rock-forming minerals, their extreme
viscosity, and other specific properties
render such work extremely difficult and
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laborious. That most of the practical diffi-
culties have now been overcome is due in
the first place to Dr. A. L. Day and his
colleagues of the Geophysical Laboratory
at Washington, who have thus opened out
what is virtually a new field of investiga-
tion. The methods of high temperature
measurement have been perfected and the
thermometric scale standardized up to
1550° C., thus embracing the whole range
of rock-formation. Calorimetric measure-
ments have been so far improved that it is
now possible, for instance, to determine
specific heats, even in the highest part of
this range, with an accuracy ten times
greater than has hitherto been usual at
ordinary temperatures. Incidentally there
has been, in the hands of Mr. F. E.
‘Wright, a notable enlargement of the scope
of ordinary petrographical methods, since
it has been found mnecessary to devise
special means of measuring with precision
the crystallographic and optical constants
of very minute crystals.

The American chemists have already de-
termined the temperature-range of stabil-
ity of numerous rock-forming minerals.
Beginning with the simpler cases and
working always with chemically pure ma-
terial, they have established quantitatively
the mutual relations of the various possible
forms in a number of two-component sys-
tems and in one of three components. So
far as these instances go, the mutual low-
ering of melting-points in a silicate-magma
is now a matter of precise measurement,
and it is no longer inferred, but demon-
strated, that the order of crystallization of
the minerals depends upon their relative
proportions in the magma. The perfect
isomorphism of the plagioclose felspars
has been finally established, and a certain
degree of solid solution between quite dif-
ferent minerals has furnished the explana-
tion of some apparent anomalies, such, for
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instance, as the variable composition of the
mineral pyrrhotite. As a single illustra-
tion of how these investigations in the lab-
oratory provide the working petrologist
with new instruments of research, I will
cite the conception of a geological tempera-
ture-scale, the fixed points on which are
given by the temperature-limits of stability
of various minerals. It is often possible,
for example, to ascertain whether quartz
in a given rock has ecrystallized above or
below 575° C., this being the inversion-
point between the a- and B-forms of the
mineral. At about 800° there is another
inversion-point, above which quartz is no
longer stable, but gives place to -cristo-
balite. In like manner we know that wol-
lastonite in a rock must have crystallized
below 1190°, pyrites below 450°, and so for
other cases. We may confidently hope
that, with the aid of such data, we shall
soon be enabled by simple inspection, to
lay down in degrees the temperature-range
of crystallization of a given igneous rock.

There are now several laboratories where
high-temperature research, of the rigorous
order indicated, is being carried out; but
the work is peculiarly arduous and results
come slowly. Some branches of the in-
quiry, notably those involving high pres-
sures, and again the investigation of sys-
tems into which volatile components enter,
are as yet virtually untouched. For these
reasons it would be premature to hazard
at this stage any more detailed forecast of
the services to be rendered to petrology by
synthetic experiment. I will accordingly
leave this attractive subject and pass on
from the laboratory to the field.

GEOGRAPHICAL DISTRIBUTION OF
ROCKS

Here the existing situation is very dif-

ferent. Instead of following out definite

lines already laid down, we are concerned
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in reducing to order a great mass of dis-
crete facts drawn from many sources. The
facts which enter into consideration are
those touching the distribution of various
igneous rocks in time, in space and in en-
vironment, including their relation to tec-
tonic features; the mutual association of
different rock-types and any indications of
law in the order of their intrusion or ex-
trusion; and, in short, all observable rela-
tions which may be presumed to have a
genetic significance. The digestion of this
mass of data has already led to certain
generalizations, some of which are accepted
by almost all petrologists, while others
must be regarded as still on their trial.
Of the former kind is the conception of
petrographical provinces, which was put
forward by Professor Judd twenty-five
years ago, and has exercised a profound
influence on the trend of petrological spec-
ulation. Tt is now well established that
we can recognize more or less clearly de-
fined tracts, within which the igneous
rocks, belonging to a given period of igne-
ous activity, present a certain community
of petrographical characters, traceable
through all their diversity or at least ob-
scured only in some of the more extreme
members of the assemblage. Further, that
a province possessing an individuality of
this kind may differ widely in this respect
from a neighboring province of like date;
while, on the other hand, a striking simi-
larity may exist between provinces widely
separated in situation or in age. It is nat-
ural to attribute community of chemical
and mineralogical characters among as-
sociated rocks to community of origin.

The simplost hypothesis is that which sup- -

poses all the igneous rocks of a given prov-
ince to be derived by processes of differen-
tiation from a single parent-magma. This
may be conceived, for the sake of simplic-
ity, as initially homogenous, though doubt-
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less some of the causes which contribute to
promote heterogeneity were operative from
the earliest stage. Granted this hypoth-
esis, it follows that the points of resem-
blance among the rocks of a provinee will
indicate the nature of the common parent-
magma, while the points of diversity will
throw light on the causes of differentiation.
The observed sequence in time of the vari-
ous associated rock-types will also have an
evident significance, especially if, as there
are good reasons for believing, differentia-
tion in igneous rock-magmas is largely
bound up with progressive crystallization.
Those petrologists, on the other hand, who
attach importance to the absorption or
‘‘assimilation’” of solid rock-matter by
molten magmas, are bound to consider
both the nature of the chemical variation
and the local distribution of the different
types with constant reference to the com-
position of the country-rocks. The balance
of opinion, and I think of argument, would
assign the variation, at least in the main,
to differentiation; and there are well-
known principles, chemical and mechan-
ical, which theoretically must operate to
produce a diversity of ultimate products
from a magma originally uniform. How
far these principles are in practise ade-
quate to the demands which have been
made on them is a question not to be
finally resolved without quantitative
knowledge which is still a desideratum.
Experiment may in time come to our aid.
My design to-day is rather to offer some
remarks upon a distinet, though allied,
problem—viz., that presented by the petro-
graphical provinces themselves.

The geographical distribution of differ-
ent kinds of igneous rocks long ago en-
gaged the attention of Humboldt, Boué,
and other geologists, and the subject has
always possessed a certain interest in view
of the association of most metalliferous de-
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posits with igneous rocks. It has, however,
acquired a new importance in recent years
in connection with questions of petro-
genesis which are still under discussion.
The problem is, in brief, to account for the
existence of petrographical provinces and
for the observed facts relative to their dis-
tribution. Ome theory, advocated espe-
cially by Dr. G. F. Becker, invokes prime-
val differences in compositiqn between
different parts of the globe, which have
persisted throughout geological time. It
involves the hypothesis that igneous rock-
magmas result from the refusion of pre-
existing rocks within a limited area. In-
deed Becker discards altogether the
doctrine of differentiation, and conceives
the varied assemblage of rocks in a given
provinee as produced by admixture from a
certain number of primitive types. These,
he says, should be recognizable by their
wide distribution and constant character.
It is clear, however, that, on the hypoth-
esis of admixture, the primitive types
must be those of extreme composition.
These are, in fact, always the rarest and
the most variable, pointing not to admix-
ture, but to differentiation as the cause of
the diversity. A theory which attributes
the special characteristics of petrograph-
ical provinees to permanent heterogeneity
in the composition of the globe is difficult
to reconcile with the small extent and
sharp definition of some strongly char-
acterized provinees, such as that of Assynt
or of the Bohemian Mittelgebirge. A
more fatal objection is that petrographieal
provinces are not in fact permanent. A
good illustration is afforded by the mid-
land valley of Secotland, an area our knowl-
edge of which has been much enlarged by
the recent work of the Geological Survey.
It was the theater of igneous activity in
Lower Old Red Sandstone times and again
in the Carboniferous, but, in respect of
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mineralogical and chemical composition,
the two suites of rocks present a striking
contrast. The Old Red Sandstone lavas
are mostly andesites, though ranging from
basalts, on the one hand, to rhyolites, on
the other, and the associated intrusions are
mainly of diorite, quartz diorite and
granite, with porphyrites and other dyke-
rocks. In the Carboniferous, on the other
hand, we find porphyritic basalts, mugea-
rites and trachytes (including phonolitic
types), with pierites, teschenites, mon-
chiquites, orthophyres and other allied
rocks. It would be possible to cite many
other cases illustrating the same point.

THE ALKALINE AND CALCIC BRANCHES

The two Scottish suites of Upper Paleo-
zoie rocks just mentioned fall into opposite
categories with reference to what is now
becoming recognized as the most funda-
mental distinetion to be made among igne-

“ous rocks. The earlier set is typical of the

andesitic division and the later of the
tephritic; or, wusing other equivalent
names, the one belongs to the caleic (or
‘‘alkali-caleic’’) branch and the other to
the alkaline. I will adopt the latter ter-
minology as being generally familiar to
petrologists; but the characteristies of the
two branches, which are too well known to
need recapitulation here, are more clearly
definable in mineralogical than in chem-
ical language. This two-fold division of
igneous rocks is, of course, in no wise a
final or exhaustive treatment of the sub-
ject; but as a first step towards a natural
or genetic classification it seems to be es-
tablished beyond question. No third
branch in any degree comparable with the
two and distinet from them has been pro-
posed. The charnockites and their allies
represent but a single rock-series, and
Rosenbusch has not made clear his reasons
for separating them from the caleic roeks.
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The ‘‘spilitic’’ suite of Dewey and Flett
is made to embrace a somewhat miscel-
laneous collection of types, and any close
genetic relationship among them can
scarcely be considered as proved. It is
perhaps permissible to suggest that, e. g.,
the quartz-diabases are, here as in Scot-
land, quite distinet in their affinities from
the types rich in soda. These latter, con-
stituting the bulk of the proposed suite,
would seem to belong quite naturally to
the alkaline branch, the question of the
magmatic or solfataric origin of the albite
being in this connection immaterial.

A given petrographical province is
either of calcic or of alkaline facies,
typical members of the two branches not
being found together. The apparent ex-
ceptions are, I think, not such as to modify
very seriously the general rule. Mr.
Thomas, in describing an interesting suite
of rocks from western Pembrokeshire,
recognizes the alkaline affinities of most of
them, but assigns some of the more basic
types to the opposite branch. In a very
varied assemblage we not infrequently
meet with a few extreme types which, oc-
curring in a ecalecic province, recall the
characters of alkaline rocks, or conversely.
Such anomalies have been pointed out by
Daly, Whitman Cross, and others. They
are found among the later derived types,
referable to prolonged or repeated differ-
entiation, and they are to be expected espe-
cially where the initial magma was not
very strongly characterized as either calcic
or alkaline.

Having regard to the known exposures
of igneous rocks over the existing land-
surface of the globe, it seems that there is
a very decided preponderance of the calcie
over the alkaline branch. This, as we shall
see, is probably a fact of real significance,
but it is nevertheless noticeable that in-
creasing knowledge tends partly to redress
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the balance. In our own country, in addi-
tion to the Scottish Carboniferous rocks
and those probably of Ordovician age in
Pembrokeshire, we have the remarkable
Lower Paleozoic intrusions of Assynt, in
Sutherland, of strongly alkaline character,
as described by Dr. Teall and more re-
cently by Dr. Shand; while Dr. Flett has
recognized alkaline rocks of more than one
age in Cornwall and Devon, and Mr.
Tyrrell is engaged in studying another in-
teresting province, of Permian Age, in
Ayrshire.

That the distinction between the alka-
line and the calecic rocks embodies some
principle of real and fundamental signifi-
cance becomes very apparent when we look
at the geographical distribution of the two
branches. Taking what the German
petrographers call the ‘‘younger’’ igneous
rocks, 4. e., those belonging to the latest
system of igneous activity, we find it pos-
sible to map out the active parts of the
earth’s crust into great continuous regions
of alkaline rocks on the one hand and of
caleic on the other. An alkaline region
comprises numerous petrographical prov-
inces, which may differ notably from one
another, but agree in being all of alkaline
facies. In like manner a common ecalecic
facies unites other provinces, which col-
lectively make up a continuous calcic re-
gion. Concerning the igneous rocks of
earlier periods our knowledge is less com-
plete, but, so far as it goes, it points to the
same general conclusions.

These considerations enable us to sim-
plify at the outset the problem before us.
If we would seek the meaning and origin
of petrographical provinces, we must in-
quire in the first place how igneous rocks,
as a whole, come to group themselves under
two great categories, which, at any one
period of igneous activity, are found in
separate regions of the earth’s crust. The
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fact that a given district may form part of
a calcic provinee at one period and of an
alkaline one at another, precludes the
hypothesis that the composition of igneous
rocks depends in any degree upon peculi-
arities inherent from the beginning in the
subjacent crust. The same objection ap-
plies with scarcely less force to various
conflicting suggestions based on an assumed
absorption or ‘‘assimilation’’ of sedimen-
tary rocks by igneous magmas. Thus Jen-
sen supposes the alkaline rocks to,be de-
rived by the assimilation or fusion of alka-
line sediments at great depths. Daly pro-
pounds the more elaborate, and on a first
view paradoxical, theory that alkaline have
been derived from calcic magmas as a con-
sequence of the absorption of limestone.
These geologists agree in regarding the
alkaline rocks as relatively unimportant in
their actual development and in some sense
abnormal in their origin. For Suess, on
the other hand, it is the calcic rocks which
owe their distinetive characters to an ab-
sorption of sedimentary material, enrich-
ing the magma in lime and magnesia.
Apart from difficulties of the physical and
chemical kind, all such theories fail to
satisfy, in that they ignore the separation
of the two branches of igneous rocks in dif-
ferent regions of the globe, each of which
includes sediments of every kind. What
then is the real significance of this regional
separation? The obvious way of approach-
ing the question is to inquire first whether
the alkaline and caleic regions of the globe
present any notable differences of a kind
other than petrographical.

RELATION BETWEEN TECTONIC AND PETRO-
GRAPHICAL . FACIES

The close connection between igneous

activity and displacements of the earth’s

crust has been traced by Suess, Lossen,

Bertrand, de Lapparent and others, and is
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a fact sufficiently well recognized. We
have here indeed two different ways of re-
lieving unequal stresses in the crust, and
it is not surprising that they show a broad
general coincidence both in space and in
time. We can, however, go farther. Not
only the distribution of igneous rocks in
general, but the distribution of different
kinds of rocks is seen to stand in unmistak-
able relation to the leading tectonic features
of the globe. It is very noticeable that petro-
graphical provinces, and in particular
provinces belonging to opposite branches,
are often divided by important orographie
lines. This is illustrated by the Cordil-
leran chain in both North and South Amer-
ica, and again by some of the principal
arcs of the Alpine system in Europe. If
now we examine the actual distribution
more closely, in the light of Suess’s analy-
sis of the continents and oceanic basins, we
perceive another relation still more signifi-
cant. It is that, as regards the younger
igneous rocks, the main alkaline and calcic
regions correspond with the areas char-
acterized by the Atlantic and Pacific types
of coast-line, respectively. Ibriefly drew at-
tention to this eorrespondence in 1896, and
a few years later Professor Becke, of
Vienna, arrived independently at the same
generalization. Recalling the two classes
of crust-movements diseriminated by Suess,
he says it appears that the alkaline rocks
are typically associated with subsidence
due to radial contraction of the globe, and
the calecic rocks with folding due to lateral
compression. The greater part of Becke’s
memoir is devoted to a comparison of the
two branches in respect of chemical compo-
sition; but here, I think, he has been mis-
led by taking as representative of the
whole alkaline ‘“Sippe’’ or tribe the rocks
of one small and peculiar provinee, that of
the Bohemian Mittelgebirge. Some petrol-
ogists have followed Becke in adopting the
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terms Atlantic and Pacific as names, or at
least synonyms, for the two branches of
igneous rocks. Others, perhaps with some
justice, deprecate the use of the same terms
in a petrographical as well as a tectonie
sense, so long as the implied relationship is
still a matter of discussion.

I would point out in passing that the
association of the alkaline rocks with areas
of subsidence helps to explain the rela-
tively small part which they play in the
visible portion of the earth’s surface. We
may not unreasonably conjecture, for in-
stance, that the voleanic islands seattered
sparingly over the face of the Atlantic
Ocean, from the Azores to Tristan
d’Acunha, are merely fragments of a very
extensive tract of alkaline rocks now sub-
merged.

The generalization associated with the
name of Becke, in so far as it may ulti-
mately commend itself to general accept-
ance, must have an important bearing on
the problem of the origin of petrographical
differences. The time is not ripe for any
dogmatic pronouncement, but I will ven-
ture to indicate briefly the general trend
of the inferences to be drawn. It seems
clear that only a trivial effect at most can
be allowed to original and permanent
heterogeneity of the earth’s crust, or to
such accidents as the absorption by an
igneous magma of a limited amount of the
country-rock. The division between alka-
line and calcic regions, and the separation
of distinet provineces within such regions,
point rather to the same general cause

which, at a later stage, produced the diver-'

sity of rock-types within a single province,
that is to magmatie differentiation. Here,
however, the differentiation postulated
must be on a very wide scale, and must
take effect in the horizontal direction. TIts
close connection with erust-movements
clearly indicates differential stress as an
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essential element in the process. The ac-
tual mechanism can be at present only a
matter of speculation, but I think the clue
will be found in such observations as those
of Mr. Barrow on the pegmatites of the
Scottish Highlands. Coneceive an exten-
sive tract to be underlain by a zone
which is neither solid nor liquid, but com-
posed of crystals with an interstitial fluid
magma. If this be subjected to different
pressures in different parts of its horizontal
extent, its uniformity will necessarily be
disturbed, the fluid portion being squeezed
out at places of higher pressure and driven
to places of lower pressure. The precise
nature of the differentiation thus set up
will depend on the relative compositions of
the crystalline and fluid portions, and the
subjeet could not be very profitably dis-
cussed without fuller knowledge concern-
ing the order of crystallization in rock-
magmas. Whether or not the explanation
be ultimately found in this direction, the
relation between the two tectonic types and
the two branches of igneous rocks must, T
think, find a place in the final solution of
the problem.

I intimated at the outset that my re-
marks would not be confined to matters al-
ready settled and indisputable. It will be
easily understood that some statements
which I have made, for the sake of clear-
ness, without qualification are subject to ex-
ceptions, and exceptions have, indeed, been
urged by ecritics whose opinions are en-
titled to respect. The most uncompromis-
ing of these critics, Dr. Whitman Cross,
has laid it down that: ‘‘Only generaliza-
tions without known exceptions in experi-
ence can be applied to the construction of
a system that may be called natural.”” I
hold, on the contrary, that such a science
as geology can be advanced only by the in-
ductive method, which implies provisional
hypotheses and successive approximations
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to the truth. A generalization which
brings together a mass of scattered obser-
vations, and endows them with meaning, is
not invalidated by the discovery of excep-
tions. These merely prove that it is not a
final expression of the whole truth, and
may point the way to its revision and cor-
rection.

Take, for instance, our provisional law
of the distribution of the two branches of
igneous rocks in defined regions. It has
been objected that leucitic lavas, having
therefore very decided alkaline or Atlantic
affinities, are known at several places
within the limits of the main Pacific re-
gion, where they are associated with ande-
sitic and other calcic rocks. Now, the only
area for which we have anything like full
information is the island of Java. Here,
according to Verbeek and Fennema, the
great plateau-lavas of Tertiary age are
exclusively of andesitic types, and the
same is true of the long chain of 116 vol-
canic centers, which represent the later re-
vival of activity. As against this record
there are five volecanoes, long extinet,
which at one stage erupted leucitic lavas.
‘Whether we suppose these to be aberrant
derivatives from an andesitic magma, or,
much more probably, an incursion from
the neighboring alkaline region, it seems
reasonable to regard these very exceptional
occurrences as of the second order of im-
portance, and to set them aside in a first
attempt to reduce the facts to order.

The discovery of various alkaline rocks
on Hawaii, Samoa, Raratonga, Tahiti and
other islands in the midst of the Pacifie
Ocean raises, I think, a different question.
So far as is known, these rocks are not
found in close association with characteris-
tie calcic types. Suess’s masterly discus-
sion of all the geographical and hydro-
graphical data hitherto obtained makes it
clear that an Atlantic as well as a Pacific

SCIENCE

361

element of structure enters into some parts
of the Pacific basin. In certain areas, such
as the (alapagos Archipelago, the coming
in of the Atlantic régime is quite clearly
reflected in an alkaline facies of the igne-
ous rocks, and such exceptions are there-
fore of the kind which go to prove the rule.
Both Max Weber and Lacroix have ex-
pressed the opinion that the andesitic
branch of rocks is characteristic of the
border of the great Pacific basin rather
than the interior. It is possible that
further knowledge may justify this con-
clusion, and still only confirm the relation

-which is claimed between the two tectonic

types and the two petrographical facies.

‘Meanwhile we find eclear evidence else-

where that vertical subsidence and lateral
thrust have sometimes occurred in the same
region or in the same petrographical prov-
ince; nor need we go far from home to
learn that the ecomplexity of structure thus
implied is accompanied by a corresponding
peculiarity of petrographical facies.

THE NORTH BRITISH TERTIARY PROVINCE

In order to illustrate this point in a con-
crete instance, I will discuss very briefly a
single petrographical province, viz., that
which occupied the northern part of Brit-
ain in early Tertiary times. Professor
Judd has regarded this as forming part of
a larger ‘‘ Brito-Icelandic provinee’’; but,
while recognizing many affinities between
our rocks and those of higher latitudes, I
think that the North British area possesses
enough individuality to be more properly
treated as a distinet unit. The record of
igneous action here is exceptionally com-
plete and well displayed. Our knowledge
of it is derived in the first place from Pro-
fessor Zirkel, Sir Archibald Geikie and
Professor Judd, and more recently from
the detailed work carried out by the Geo-
logical Survey of Scotland. This latter is,
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as regards the Isle of Mull, still in prog-
ress, and will doubtless when completed
throw additional light on some questions
still obscure. .

The province includes all western and
southern Scotland, with the northern part
of Ireland, and extends southward as far
as Anglesey and Yorkshire, but the chief
theater of igneous activity was the sunken
and faulted tract of the Inner Hebrides,
between the mainland of Scotland, on the
one hand, and the Archean massif of the
Outer Isles, on the other. It is here that
the voleanic acecumulations attain their
greatest thickness, and here, closely set
along a N.—S. line, are the plutonic centers
of Skye, Rum, Ardnamurchan and Mull
Farther south are the volcanic plateau of
Antrim and the neighboring plutonic cen-
ters of the Mourne Mountains and Carling-
ford, while the two centers of Arran and
that of Ailsa lie on a parallel line only a
little farther east. In addition it is clear
that igneous activity extended westward
over a tract now submerged under the At-
lantie, and here too plutonic centers were
not wanting. One is exposed in St. Kilda,
50 miles west of the Outer Hebrides, and
another has been inferred by Professor
Cole from a study of the stones dredged on
the Porcupine Bank, 150 miles west of Ire-
land.

The connection of igneous action in this
province with the subsidence of faulted
blocks of country is too plain to be missed;
and so far, excepting the tendency to a
definite alignment of the foci of activity,
we seem to be dealing with a typical ex-
ample of the Atlantic régime. The actual
tectonic relations are, however, of a more
complex kind, and undoubtedly involve
the element of lateral thrust as well as
vertical subsidence. This is more particu-
larly in the neighborhood of those special

centers which were marked at one stage by.
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plutonic intrusions. The evidence is seen
in sharp anticlinal folding; sometimes also
in crush-brecciation along quasi-horizontal
bands and (in Rum) contemporaneous
gneissic structure in the plutonic masses
themselves. The disturbances in Mull, as
described by Mr. Bailey, are especially in-
teresting. The whole eastern coast-line of
the island is determined by a system of
concentric curved axes of folding, affecting
all the rocks up to the Tertiary basalts,
which are in places tilted almost vertically.
The curved axes are disposed with refer-
ence to the plutonic center of the island,
and a somewhat similar arrangement is
found on the east side of the Skye center.
All these facts go to show that in the dis-
trict surrounding any one of the special
centers there was developed a complex
system of stresses, which found relief
partly in igneous action, partly in dis-
placements of the solid rocks. Nor were
the effects confined to the plutonic phase.
At a later epoch the influence of these local
stresses is sometimes indicated by the di-
version of the very numerous dykes from
their normal northwesterly direction to a
radial arrangement about the special cen-
ters, as is seen partly in Skye and more
strikingly in Rum. There are also local
groups of dykes developed only in these
districts, and these again sometimes have a
radial arrangement. More remarkable are
the groups of inclined sheets which are
found about the same centers, usually in-
tersecting the plutonic rocks and a small
fringing belt, and constantly dipping in-
wards. Such sheets occur in immense num-
bers in the gabbro mountains of Skye and
Mull, and they are to be recognized also in
Rum and Ardnamurchan.

It is plain then that this province ex-
emplifies at once the two tectonic types dis-
tinguished by Suess. There has been a
general subsidence, affecting the area as a




SEPTEMBER 22, 1911]

whole but not all parts equally, and with
this we must connect those groups of ig-
neous rocks which have a wide distribution
throughout the province. But there have
also been movements in the lateral sense,
more strictly localized and more sharply
accentuated, and to these belong evidently
the plutonic rocks with various other
groups which are their satellites. I have
pointed out these facts elsewhere, but
failed to follow out the logical conclusions
on the petrographical side. Influenced by
the strongly marked characters of the plu-
tonic series, I assigned the North British
Tertiary rocks, not without some misgiv-
ings, to the calcie or Pacific region. Suess,
having regard probably to the broader
tectonic features rather than to petro-
graphical data, has included our area in
the Atlantic region.

Concerning the calcic facies of the plu-
tonic rocks there can be no question. They
constitute a well-defined ‘‘rock-series,’’ in-
truded in order of decreasing basicity, and
ranging from ultrabasic to thoroughly acid.
The ultrabasic rocks, as developed in Rum
and Skye, have a lime-felspar as one of
their chief components: there are no pie-
rites (in the original sense of Tschermak)
or other alkaline types. The eucrite group,
found in Rum, Ardnamurchan and the
Carlingford district, is also characterized
by a felspar near anorthite. Gabbros are
represented at nearly all the several cen-
ters, and in Arran they are accompanied
by norites. The granites and granophyres
fall into two sub-groups. The less acid is

usually augitie, while the more acid, found:

in Arran, St. Kilda and the Mourne Moun-
tains, carries hornblende and sometimes
biotite.

This series is known in various prov-
inces of Pacific facies. A peculiarity of it
is that it is a broken series, types of mean
acidity being absent. This has an interest-
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ing consequence. In many places a granite
magma, invading rocks so different from
itself as gabbro or eucrite, has caused
energetic mutual reactions, and a set of hy-
brid rocks has been produced, which serves
in a limited sense to fill the gap in the
series.

The only known exceptions to the calcie
facies of our Tertiary plutonic rocks are
perhaps significant in that they occur near
the northern and southern limits of the
principal belt of activity. The massive
gently inclined sheets of granite and gran-
ophyre which make up part of the south-
ern end of Raasay consist largely of
microperthite, and contain abundant rie-
beckite, a distinctively alkaline mineral
known at only one spot in Skye. The
microperthitic granites of Arran do not
carry riebeckite, but it is found in the well-
known rock of Ailsa Craig, farther south.

The local groups of minor intrusions—
acid, basic and ultrabasic—related to the
several plutonic centers have the same
calcic facies as the plutonic rocks of which
they are satellites. It appears, however,
that they sometimes tend to a more alka-
line composition towards the borders of
their respective districts. Thus, the Skye
granite is surrounded by a roughly oval
area, within which are found numerous
dykes and sills of felsite and granophyre,
in general augitic; but on the fringe of the
area these rocks give place to orthophyres,
with biotite or hornblende, and to boston-
ites. )

Turn now to the rocks of regional distri-
bution. The most important are, of
course, the basalt lavas. They are all fel-
spar-basalts, but a very general feature is
the filling of their numerous amygdaloidal
cavities with zeolites, such as analcime,
natrolite, chabazite and stilbite. These
minerals are certainly not mere weather-
ing-products. When I. examined the ba-
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salts of Skye and the Small Isles some
years ago, I regarded the zeolites as sol-
fataric products, formed at the expense of
the felspar by the action of volecanic water,
while the rocks were still at a somewhat
high temperature. Subsequent reconsid-
eration has led me to consider these min-
erals rather as primary constituents of the
rock, crystallized directly from the final
residual magma, which had become rela-
tively enriched in water by the abstraction
of the anhydrous minerals. Such was the
conclusion reached by Mr. James Strachan
for the Antrim basalts, and a study of ex-
amples from Mull and Skye has enabled
me to confirm and extend his interesting
observations. Analcime in particular is
not always confined to the steam-cavities,
but in some cases occurs interstitially in
the rock, where it is certainly not derived
from felspar, and, indeed, has all the ap-
pearance of a primary constituent. The
augite of these analcime-bearing basalts
has in thin slices a purplish tint, with
sensible pleochroism. From these and
other features it appears that this group of
rocks reveals on examination decided,
though not very strongly marked, alkaline
affinities.

Voleanie rocks of other than basaltic
composition are not largely developed.
They include both rhyolites and trachytes,
the former without very distinetive char-
acters, but the latter falling naturally into
the alkaline division. In deseribing for-
merly a group of rhyolites and trachytes on
the northern border of the Cuillins, I con-
nected it with the neighboring plutonic
center, but I have since found other
trachytes in Skye: there is a fine develop-
ment exposed in the glen above Bracadale.
From this, and from the situation of the
Antrim rhyolites, I infer that these fel-
spathic and acid lavas, though distributed
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sporadically, belong to the regional or At-
lantic suite.

Consider next the wide-spread group of
basic sills. The common non-porphyritic
dolerite sills have, in most districts, little
that is indicative of alkaline affinities,
though chemical analyses show a rather
noteworthy amount of soda. In the por-
phyritic dolerites this characteristic is
much more apparent, and indeed these
rocks are almost identical with the
‘“Markle type’’ so largely represented
among the alkaline rocks of the Scottish
Carboniferous province. Mugearite, a
type still richer in alkalies, is likewise com-
mon to the two provinces. As we approach
the limits of the principal belt of activity,
alkaline characteristies become well marked
even in the common non-porphyritic
dolerites. This is shown in Raasay and
the northern part of Skye by the coming
in of the purple pleochroic augite, while
farther north, in the Shiant Isles, analcime
enters and even, according to a record of
Heddle, nepheline.? At the other extreme,
in southern Arran, oceur the analecime-
dolerite sills of Clauchland and Dippin.

The regional basic dykes, which are
mostly posterior in age to the sills, exhibit
more variety of composition. Some with
abundant porphyritic felspars resemble
the Markle type of dolerite, and there are
others of mugearitic nature, but these are
only a minority. In Argyllshire there are
basic dykes with purple pleochroic augite,
and even some of camptonite and monchi-
quite; but these latter at least I should ex-
clude as being probably of late Paleozoic
age.? The undoubtedly Tertiary dykes,
however, exhibit a variety which can be

*The dolerite here is intimately associated with
ultra-basic rocks, as has been described by Judd.

3 A like remark applies to the highly alkaline

dykes of the Orkmneys, which do not agree even in
direction with the Tertiary suite.
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explained only as the result of repeated
differentiation. The distribution of some
of the groups indicates the existence at this
ldate stage of subsidiary centers of differen-
tiation, distinet from the plutonic centers.
Thus, trachyte dykes are found especially
throughout a tract extending from the
southwestern part of Skye through the
middle of Argyllshire, while there is an iso-
lated area of these dykes about Drynoch,
on the opposite side of the Skye mountains.
Here we have an evidently alkaline type.
On the other hand, there are rocks which,
taken by themselves, must be assigned to
the caleic division. Augite-andesites, for
example, are well known, especially in
parts of western Argyllshire, in Arran and
the Cumbiaes,-and in the outlying districts
of the north of Ireland, Anglesey and the
northeast of England. That these rocks
have arisen as products of a subsidiary dif-
ferentiation, we have in some cases almost
ocular demonstration; for in Arran and
elsewhere augite-andesites are found in re-
markably intimate association with com-
plementary types, often pitchstones of alka-
line composition. ]

Even from so brief and imperfect a
sketch we may, I think, draw some conclu-
sions which have a wider application. This
provinee exemplifies at once the two main
tectonic types, and also comprises repre-
sentatives of the two great branches of
igneous rocks. Those rocks which are re-
lated to broad movements of Atlantic type
indicate a parent magma of decided,
though not strongly marked, alkaline na-
ture; while those related to local move-
ments of Pacific type clearly come from a
calcic magma. There are some facts which
suggest that the rocks tend to become more
alkaline as we recede from the chief centers
of activity, and this suggestion applies
to some calcic as well as alkaline groups of
rocks. Finally, it appears that the relative
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simplicity of arrangement was disturbed
at a late stage by the effects of subsidiary
differentiation, the province tending then
to break up into districts related to new
centers. Operating upon an initial magma
not very strongly characterized, this later
differentiation has even given rise to aber-
rant rock-types which overstep the petro-
graphical boundary line between the two
branches. '

PETROGENESIS AND SYSTEMATIC PETROGRAPHY

From such considerations as I have has-
tily passed in review, it is evident that a sur-
vey of igneous rocks. as they actually occur
in the field leads to a conception of their
mutual relationships very different froin
that embodied in the current schemes of
systematic petrography. It may be of

some interest, in conclusion, to expand .
‘this remark a little farther, although I am

sensible that in so doing I lay myself open
to the charge of vain speculation. '
From the petrogenetic point of view, the
most fundamental division among igneous
rocks is that between the alkaline and cal-
cic branches. This result, independently
arrived at on petrographical grounds by
several authorities, seems to be firmly es-
tablished by the broad distribution of the
two branches in different regions of the
globe. But, if this argument be admitted,
it follows that the next step in a natural

grouping of igneous rocks should be sug-

gested by a comparison of the character-
istiecs of the various provinces into which
Many of these
provinces have now been partly studied,
and their special characteristics ean often
be expressed in concise terms: e. g., among
alkaline rocks the relative proportion of
potash to soda may be a characteristic com-
mon to a whole province. More precisely,
by averaging the chemical analyses of the
chief rock-types, weighted according to
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their relative abundance, it is possible to
calculate approximately the composition
of the parent-magma of a provinece. Noting
that nearly identical assemblages of rocks
sometimes occur in widely separate prov-
inces and at different geological periods,
we have some reason for expecting that the
provincial parent-magmas may ultimately
be reduced to a limited number of types.
‘Whether these types will be sufficiently
definite to serve as a basis of classification
it is too early to say.

For the sake of argument, I have taken
chemical composition as the criterion. It
is certain, however, that a rock-magma
consists, not of free oxides, but mainly of
silicate-compounds, and the variation pro-
duced by magmatic differentiation is a
variation in the relative proportions of
such compounds. The characteristics com-
mon to a set of cognate rock-types will,
therefore, be more properly expressed in
mineralogical than in chemical terms. If,
to fix ideas, we take as representative of a
province its principal plutonic series, we
shall often find that some particular min-
eral or some special association of minerals
stands out as a distinctive feature. For
instance, in the charnockite-norite series of
southern India the characteristic ferro-
magnesian mineral is hypersthene; in the
granite-gabbro series of the British Tertiary
it is augite; and in the granite-diorite series,
which predominates among the ‘‘newer
granites’’ of the Scottish Highlands, horn-
blende and biotite. These three sets of
rocks, all of calcic facies, are easily distin-
guishable in isolated specimens.

Each such rock-series embraces types
ranging from acid to ultrabasic. This
variation is aseribed to a later differentia-
tion of the parent-magma of the province,
and, therefore, in an arrangement based
on genetic principles, it will find expres-
sion, not in the main divisions of the
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scheme, but in the subdivisions. Here is an
essential difference between an ideal petro-
genetic classification and the petrograph-
ical systems which are, or have been, in
use. If we are content to limit our study
of igneous rocks to specimens in a museum,
the distinetion of acid, neutral, basic and
ultrabasic may seem to be of first impor-
tance. It has, in fact, been employed for
the primary divisions in some formal
schemes, e. ¢., in that put forward by
Loéwinson-Lessing. In a less crude system,
like that of Rosenbusch, this element dis-
appears, but the underlying idea still re-
mains. There is a division into fam-
ilies, such as the granite-family and the
gabbro-family, but the term, in so far as it
implies blood relationship, is a misnomer.
The augite-granite of Mull is evidently
more closely related to its associated gab-
bro than it is, say, to the biotite-granite of
Peterhead or the hypersthene-granite of
Madras.

The differentiation which evolves a
varied series of plutonic rocks from a com-
mon parent-magma is clearly not of the
same kind as that which gave rise to the
parent-magma itself. It appears that the
external mechanical element is here a less
important factor, and the variation set up
is, therefore, more closely in accordance
with the uninterrupted course of ecrystal-
lization. This is clearly indicated when we
compare the order of intrusion of the sev-
eral rocks of the series with the order of
crystallization of their constituent miner-
als. The history of the series is in a sense
epitomized in the history of each individ-
ual type, corresponding in both cases with
continued fall of temperature and progres-
sive change in the composition of the resid-
ual magma. In a large number of rocks,
more particularly those of complex consti-
tution, the order of crystallization follows
Rosenbusch’s empirical law of decreasing
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basicity, and the plutonic intrusions then
begin with the most basic type and end
with the most acid. I mention this only to
point out that, while the larger divisions
of our ideal classification will have a cer-
tain geographical and tectonic significance,
the subdivisions will show a certain corre-
spondence with the sequence in time of the
various cognate rock-types.

To pursue the subject farther would
serve no useful purpose. It is clear that,
if a natural—by which I mean a genetic
—classification of igneous rocks is ever to
become a reality, much work must first be
done, both in the field and in the labora-
tory, each petrographical province being
studied from the definite standpoint of the

evolution of its rock-types from one parent

stock. Such researches asthose of Brogger
in the Christiania province may serve as a
model. It would be rash to venture at
present more than the most general fore-
cast of the lines which future developments
may follow; but I think it calls for no less
hardihood to set limits to what may ulti-
mately be possible in this direction. There

are those who would have us abandon in .

despair all endeavor to place petrography
upon a genetic basis, and fall back upon a
rigid arbitrary system as a final solution
of the difficulty. This would be to re-
nounce forever the claim of this branch of
geology to rank as a rational science. I
have said enough to show that I am one of
those who take a more hopeful view of the
future of petrology, confidently expecting
it to show, like the past, a record of con-
tinued progress. ’
AvLFRED HARKER

LETTER TO THE SECRETARY OF AGRI-
CULTURE DISMISSING THE CHARGES
AGAINST OFFICERS OF THE
BUREAU OF CHEMISTRY

I =eTurN herewith the papers which you
have submitted to me in the matter of the re-
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port of the Committee on Personnel of the
Department of Agriculture, in which, after
summarizing the evidence adduced before
them, they recommended that Dr. H. H.
Rusby, pharmacognosist in the Bureau of
Chemistry, be dismissed from the service; that
Dr. L. F. Kebler, chief of the drug laboratory
in the Bureau of Chemistry, be reduced from
his present position, and Dr. H. W. Wiley,
chief of the Bureau of Chemistry, and Dr.
W. D. Bigelow, assistant chief of the bureau,
be given an opportunity to resign from the
positions which they now hold in the Bureau
of Chemistry, on account of the irregularities
in the appointment of Dr. H. H. Rusby.

The facts shown by the papers, stated
shortly, are as follows:

Dr. Rusby lived in New York, and was em-
ployed as a scientific expert in the Bureau of
Chemistry to examine importation of drugs,
under an agreement by which he received $20
a day for laboratory work and $50 a day for
attendance in court.

On May 24, 1909, the Attorney-General ad-
vised the Secretary of Agriculture that, under
the act of March 4, 1907 (384 Stat. 1289), no
classified scientific investigator should re-
ceive a salary to exceed $9 a day. On May
29, 1909, an order was issued putting him on
the roll at a salary of $9 a day when actually
employed. Dr. Rusby objected to this, and
applied to Dr. Kebler, chief of the drug lab-
oratory, to secure a different arrangement.
The matter seems to have been held in abey-
ance for some time. Finally, as a result of
conference between Dr. Kebler, Dr. Bigelow
and Dr. Wiley with respect to the request of
Dr. Rusby for an increased compensation,
Dr. Wiley said he would submit to you for
your approval an appointment of Dr. Rusby
at a salary at the rate of $2,000 per annum on
the. miscellaneous roll. Dr. Bigelow then
wrote to Dr. Rusby, under date of January 2,
1910, as follows:
~ Dr. Kebler and I took the matter up with Dr.
Wiley to-day, and he said he would approve it if
we had on record an understanding with you, so
we could not be held responsible for your receiving



