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‘Granite is not a rock which was simple in its origin but
might be produced in more ways than one’. Joseph Beete
Jukes in 1863, as Director of the Irish Geological Survey,
attempting to arbitrate in a vigorous debate on the origin
of granite in the mid-19th century.
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Preface

The origin of granite has for long fascinated geologists though serious
debate on the topic may be said to date from a famous meeting of the
Geological Society of France in 1847. My own introduction to the subject
began exactly one hundred years later when, in an interview with Profes-
sor H.H. Read, I entered his study as an amateur fossil collector and left it
as a committed granite petrologist — after just ten minutes! I can hardly
aspire to convert my reader in so dramatic a way, yet this book is an
attempt, however inadequate, to pass on the enthusiasm that I inherited,
and which has been reinforced by innumerable discussions on the outcrop
with granitologists of many nationalities and of many shades of opinion.

Since the 1960s, interest in granites has been greatly stimulated by the
thesis that granites image their source rocks in the inaccessible deep crust,
and that their diversity is the result of varying global tectonic context. So
great a body of new data and new ideas has accumulated that my attempt
to review the whole field of granite studies must carry with it a possible
charge of arrogance, especially as I have adopted the teaching device of
presenting the material from a personal point of view with its thinly
disguised prejudices. This seemed the only way to escape from a textbook
format to one of self-contained essays, each covering a specific facet or
problem, yet contributing to a connected story highlighting the central
themes of tectonic control, source rock imaging and the multifactorial
nature of all those processes that produce ‘granites and granites’. Despite
this personal approach, discussion is based on actual examples, many of
which I have examined in the field and laboratory under the guidance of
the particular researchers. Furthermore I have tried to avoid unnecessary
jargon and to provide a path through the ever-accumulating thicket of
literature which threatens to overwhelm the very science it aims to report.
I can only hope that this overall, holistic approach will intrigue the spe-
cialist, stimulate the student and interest the general reader.

I am grateful to the many friends who have helped to curb some of the
worst of my conceptual errors and prejudices, with particular thanks due
to Michael Atherton, Charles Bacon, Paul Bateman, Geoff Brown, Michael



xvi Preface

Brown, Michael Cheadle, John Clemens, John Cobbing, IImari Haapala,
Bernard Leake, Scott Rogers, Edryd Stephens and Ron Vernon. The pub-
lishers encouraged me to start writing, the librarians of the Geological
Society, London, researched and copied papers galore, Chris Amstutz
translated parts of Goethe, Hilary Davies assisted with the primary edit-
ing and indexing, and my wife, Stella, continued, as always, to provide
her sure support.

This second edition has given me the opportunity to reconsider and
develop certain of the central themes of this book in the light of much new
research, especially as presented at recent keynote lectures and inter-
national conferences. Rapid and continuing advances in our knowledge
lead me to hope for a general solution to the granite problem, but it will
not be fully revealed without a proper appreciation of the complexity of
the real processes involved and a continuous ‘back to the rocks’ testing of
those dreamland models. And I continue to fear that we might be over-
whelmed by the torrent of commissioned research papers!

Wallace S. Pitcher
Emeritus Professor of Geology
University of Liverpool



The historical
perspective: an ever
changing emphasis

In these hurried days, geologists will take no harm from a quiet
contemplation of the history of even this small part of their science.

Herbert Harold Read (1957) The Granite Controversy, p. xiii.

THE BEGINNING

Where do we begin this story of the stony, granular rock known as
granite? Romantically, perhaps, in seeking the derivation of the name in
the ancient gaelic of Wales and Cornwall, as gwenith faen, a wheatstone
for the grinding of flour; or in the late medieval granito of the Italian
Cesalpinas. More logically, of course, in the 18th century when the intel-
lectual demands of the Age of Enlightenment encouraged the search
for secular explanations for natural things. An early consensus, the
Wernerian view that granite was a chemical precipitate from a primordial,
universal ocean, was only slowly replaced by the contrary claim that it
was produced by the consolidation of matter made fluid by heat. Indeed,
this radical new theory was at first regarded as nothing less than a blas-
phemy by Johann Wolfgang von Goethe, Germany’s Minister of Mines,
who had himself written a ‘Neptunian’ essay on granite in 1784 and,
reacting as well a poet might, later complained in his Xeniae Tamed

Scarce noble Werner turns about
Poseidon’s realm falls prey to loot.

Every geologist knows of the leading role of James Hutton of Edinburgh
in this late 18th century debate between the Neptunists and Plutonists, but
it is salutary to learn from his own pen that ‘all the granite I had ever seen
when I wrote my Theory of the Earth was some at Peterhead and Aberdeen’
(Theory of the Earth, 1795, p.241), and, further, ‘at the time, however,  was
not particularly decided in my opinion concerning granite, whether it was
to be considered as a body which had been originally stratified . . . and
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afterwards consolidated by the fusion of these materials, or whether it
were not rather a body transferred from subterraneous regions, and made
to break and invade the strata” (Transactions of the Royal Society of Edin-
burgh, 1790, 3(1), p.77). It is hardly possible to state more succinctly the
theme of the debate which was to dominate petrological thought for the
next century and a half.

Only after the initial communication of his general theory in 1785 did
Hutton find it necessary to go into the field specifically in search of proof,
finding it in full measure and with great joy in his Scottish glens, in the
form of granite veining in Glen Tilt (Figure 1.1), and in the contact rela-
tionship of the Cairnsmore of Fleet Granite (1790, p.79). Hutton’s walk
along this latter contact, and that of his friend James Hall, must surely
rank as the first purposeful examination of a granite mass. It was this same
James Hall who later successfully experimented with the melting of gran-
ite, joining his contemporary Thomas Beddoes in 1791 in affirming that
the chemical affinity of basalt and granite was good evidence for the
igneous origin of the latter!

We might speculate whether James Hutton would ever have published
his epic work if he had not been goaded into doing so by a fierce public
attack from Richard Kirwan of Dublin, who sarcastically dubbed Hutton’s
thesis as that ‘plutonic theory’, dismissing its ‘conception of almost limit-

Valley of the Tilt

Figure 1.1 Copy of coloured engraving by McCulloch showing his interpretation
(in 1813) of the contact relationships earlier described by Hutton in a section
across Glen Tilt, Perthshire, Scotland (Plate 20, Figure 4, Transactions of the
Geological Society, 1816, p.3). In a prescient account of the way in which the
granite intrudes limestone, he writes, ‘We have seen that all the irregularities of
the beds take place wherever the granite comes into contact with them.’ (Joc. cit.,
p.278).
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less time (as) an abyss from which human reaction recoils’. It is certain
that, immediately on reading of this riposte, Hutton rose from his sick bed
and wrote about granite within the broad context of a new concept of
Earth history. His plutonism was, in fact, a philosophical triumph, with
prediction coming before discovery.

THE INFLUENCE OF LYELL

Possibly due to the general rejection of theory and speculation that Derek
Flinn tells me was the fashion for several decades after 1800, it took
another 50 years for these new ideas to be generally accepted. It is really
to Charles Lyell, no matter how second hand his observations on granite,
that we owe the next general consensus of the 1830s — that is, that all
granite was not primordial, that granite was formed at many successive
periods, and that it was of igneous origin formed at great depth in the
Earth from subterranean lava, there to crystallize with great slowness.
Furthermore, it was Lyell’s fourfold classification of rocks into aqueous,
volcanic, plutonic and metamorphic, with its distinction between the vol-
canic and plutonic classes, which heralded the next great debate - that is,
whether the origins of basalt and granite were separate, or not.

However, Lyell himself was never dogmatic on this issue but was
inclined to ‘consider whether many granites and other rocks of this (plu-
tonic) class may not sometimes represent merely the extreme of a similar
slow metamorphism’ (Students Elements, 1871, p.570). Nevertheless, he
approvingly quoted from the seminal work of Poulett Scrope, who pub-
lished his classic works on volcanoes and magmas in 1825 and 1862. It was
Scrope who provided the first scientific basis for the study of a ‘magma of
granules or imperfect crystals enveloped in a liquid’, and who showed a
remarkable prescience in describing magmas as crystal suspensions with
an essential vapour content and a viscosity controlled by composition.
Scrope also suspected that their differences were due ‘to some chemical
process in an internal reservoir’.

The influence of Lyell's masterly exposition was immediate at this
remarkable time when geology stirred the public imagination to a degree
undreamed of today, as shown by the fact that no less than 4500 ticket
applications were made for Lyell’s lectures at Boston in 1841! How fortu-
nate it was that Charles Darwin took the first edition of Lyell’s Principles
of Geology on his memorable voyage on the Beagle (1831-6), for it was he
who, during his excursions in the Volcanic Islands, realized that the
settling of crystals under gravity could be important in producing the
observable differences in the composition of the volcanic rocks. Enthusias-
tically he writes: ‘I clambered over the mountains of Ascension with a
bounding step and made the volcanic rocks resound under my geological
hammer.’
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Of course, new ideas about igneous rocks, and in particular granite,
were not confined to the English speaking community. Thus Baltazar
Keilhau, a pioneer of Norwegian petrology, was studying the Drammen
Granite near Oslo, and it was on its outcrop that he and Lyell had a lively
discussion in 1835, signalling the beginnings of yet another great debate,
that of the room problem. Keilhau had already introduced the concepts
of metamorphism and metasomatism, and now put forward a thesis of
transmutation of the country rocks by a process of ‘granitification’. This
Lyell countered by invoking forceful intrusion, a difference of opinion
only partly resolved 20 years later by Theodor Kjerulf, who envisaged that
the space was created by the swallowing up and assimilation of the
country rocks.

In Germany at the same time chemical geology was being established
by Gustav Bischof of Bonn, and Robert von Bunsen was writing his
treatise on the chemistry of the volcanic rocks of Iceland. Bunsen convinc-
ingly showed the coexistence of acid and basic lavas, considering that they
represented separate rock melts whose mixing might give rise to rocks of
transitional composition. He concluded that it was impossible for high
potassium granite to derive from the same primary magma as basalt, so it
followed that granite and basalt were of different origins. This minority
view was repeatedly restated in the years to come, with granite deriving
from the crust, and basalt from depths later identified with Reginald
Daly’s world-wide basaltic shell.

THE FRENCH TRADITION

In French geological circles a very different tradition was emerging
whereby Lyell’s plutonism and metamorphism were seen to be conver-
gent. In 1824 we find Ami Boué, a founder of the Geological Society of
France, describing what we would now call granitization and advocating
an eventual ‘liquefaction’, while not much later Joseph Fournet was dis-
tinguishing those metamorphic rocks formed by simple recrystallization
from other rocks in which partial melting had occurred. The essence of
the eventual French consensus is contained in the proceedings of a
meeting of the Geological Society of France in 1847 devoted largely to the
subject of granite. The volcanic and plutonic classes were considered to
be separate, and within the latter class granites were thought to arise
by ‘granitification’ of the country rocks by a process of ‘permeation’ or
‘imbibition” aided by ‘agents mineralisateurs’. This hypothesis soon be-
came so fashionable that in 1858, and later in 1869, Achille Delesse could
confidently conclude that granite was the result of the metamorphic
growth of granite minerals in the country rocks, and that ‘les roches
plutoniques . . . representent le maximum d’intensité ou le terme extréme
du metamorphism général’ (Read, 1957, p.102). He also considered that
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such granites might become mobile and, driven by orogenic forces, in-
trude, losing all evidence of their origin.

The school of granitization that blossomed in France in the last quarter
of the 19th century, as represented by the works of Michel-Lévy, Lacroix,
Barrois, Duparc and others, was clearly built on this early established
tradition in which injection, imbibition, transformation and assimilation
had become part of the French geological vocabulary. One has only to
read the classical work of Charles Barrois on the granites of Brittany, with
its demonstration of the depth control of the form and nature of granite
masses, to appreciate the sophistication of French thinking on granite
problems at the turn of the century. It reached a high point in the bold and
enthusiastic writings of Pierre Termier, as summarized in the latter’s
contribution to a second conference milestone in the granite saga, the
meeting of the 1910 International Geological Congress in Stockholm.

Termier imaginatively involved ‘colonnes filtrantes’ in his permeation
and transformations. However, of more importance is the fact that he
could now take for granted the interrelationship between the granite-
making process and orogeny, and opine that concordant granite masses,
‘les granites d’anatexie’, were generated as an end-product of orogenic
metamorphism, whereas the discordant masses, ‘les granites en massifs
circonscrites’, evolved by the bulk mobilization of the anatexites.

Later, French geologists were among the first to recognize that the
nature of granites depends on their environment, and also that granites
occur outside orogenic belts and within rigid cratons when they have
certain distinctive characteristics. In general, the French have followed
one of two major, parallel strands in the development of petrological
thought, and one contrasted with that of the contemporary German
schools.

SEDERHOLM TO READ: A PROPOSITION SUSTAINED

With granite forming so great a part of the bedrock of Finland and
Scandinavia it is not surprising that the native geologists should also
agonize over this granite problem. The master was Johannes Sederholm,
the head of the Finnish Geological Survey, who, in striving to apply
concepts of geological time to this ancient basement, needed first to un-
derstand the complexities of the granite gneisses. It was he who provided
the now familiar nomenclature in his classic Om granite och gneiss (1907),
and opened debate with his Swedish colleague Per Johan Holmquist
on the origin of the potassium feldspar-bearing granitic lits of lit-par-lit
gneisses — that is, whether they emanate from adjacent granite masses
or from the country rocks. Such keywords as palingenesis, anatexis,
migmatite and ptygmatite entered the language, and from then on were
persistently abused until Kenneth Mehnert’s careful redefinitions of 1968.
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Of Sederholm, Eskola wrote, ‘One may ask how he, a pupil of Harry
Rosenbusch, the extreme magmatist, became the announcer of graniti-
sation’ (Sederholm, 1967, p.587). The answer lay in his ‘emotional enthu-
siasm’ on examining the migmatites exposed in the skerries off the
southern coast of Finland during an enforced summer holiday in 1906!

Building upon Sederholm’s pioneering work, his fellow Finns sought to
establish a genetic series within a context of orogenic time, categorized as
synkinematic, late-kinematic and post-kinematic, a general thesis pro-
pounded in a famous essay on magma-tectonic grouping by Pentti Eskola
in 1932 (Table 1.1). The latter argued that the synkinematic granites were
the most likely to be of palingenetic origin and, as a consequence, were not
naturally associated with basic rocks. On the other hand, the later groups
in this tectonic sequence were the most likely to be of conventionally
magmatic origin and would therefore be accompanied by basic rocks.
Eskola emphasized the importance of partial melting in the origin of the
former group, and also opined that this process would have become
increasingly important with the advance of geological time.

We shall see that Eskola’s propositions are very similar to today’s
consensus views, and even so committed a magmatist as Norman Bowen
could applaud this essay as ‘an eminently sane discussion of the various
processes’ (1948, p.87). I would remark at this point that many of the
Fennoscandians were equally familiar with geochemistry and petro-
genetic theory as with field studies; Eskola, for example, studied with, and
was greatly influenced by, the great Victor Goldschmidt, and Sederholm
himself had been a student of Rosenbusch.

Eskola’s contemporary, the Swiss tectonician Cesare Eugen Wegmann,
on the basis of extensive studies in Finland and Greenland, extended the
then current thesis to embrace all the elements of orogenesis — that is,

Table 1.1 Various nomenclatures expressing the time and place of intrusion in
relation to the stages of orogenesis. The first three on this list refer directly to
orogenic time, the others more to style of intrusion

Reference Terms used

Sederholm (1891) . . i . i .
Eskola (1932) } Synkinematic Late-kinematic Post-kinematic
Scheumann (1924) Syntectonic Apotectonic
Stephansson (1975) Catatectonic Mesotectonic Epitectonic
Wegmann (1935) Infracrustal Transition level Supercrustal
Jung & Roques (1938)  Anatectic Subautochthonous  Intrusive

Read (1939) Autochthonous  Parautochthonous  Intrusive

Buddington (1959) Catazonal Mesozonal Epizonal
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tectonic shortening and squeezing, high grade metamorphism and
granitization, and the ultimate mobilization with diapiric intrusion.
Moreover, Wegmann envisaged tectonic transfer of heat and materials
on a massive scale from the reactive infrastructure of the deep crust, into
the ‘passive’ superstructure (Figure 1.2). According to Wegmann, depth
within the orogen was all important in determining the granite—crust
relationship, with the corollary that at great depth there would be none of
the sharp distinction between magmatic and non-magmatic rocks that is
so obvious at shallow levels in the crust.

Within this orogenic model he ascribed a major role to regional
metasomatism. Along with Krank, Wegmann not only envisaged the long
range migration of elements through the crust, a view long held by the
French, but sought to show that this occurs in the form of waves or ‘fronts’
of the different elements, commonly represented by a wave of alkalis
constituting a feldspathizing front, displacing one of calcium, iron and
magnesium, a mafic or basic front. Perhaps such extreme views were
purposely advocated to be heard by the orthodoxy of the time. Certainly
Wegmann's colleague, Eskola, suspected that an article Zur Deutung der
Migmatite, published in 1935, was to an extent making ‘fun of the world’s
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Figure 1.2 Wegmann's concept of the activation of deep crustal material during
compression. (1) The hot subcrust is activated and begins to flow upwards into
zones of schistosity and higher still into thrust zones. (2) The activated material is
injected between old crustal blocks, relative to which it is a mobile magma. (3)
Moving upwards, this ‘'magma’ fills the arches and thrusts in the superstructure
and its cover. (C) Cover and (S) basement, with (Sst) superstructure and (Ist)
infrastructure. Copy of Figure 9.1, Geologische Rundschau, 1935, 26, 339.
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wise geologists’, and this was likely to have included his fellow Swiss Paul
Niggli, whose stern logic rebutted these transformist ideas. Hans Cloos
once said that it was tragic that the two foremost geologists of Switzerland
did not understand each other’s ‘language’.

Although substantial parts of these concepts relating tectonics, meta-
morphism and granite formation can be accommodated in present day
models, the concept of long range diffusion and chemical fronts did not
survive long in the face of strong criticism from Bowen, and can now be
recognized as one of those blind alleys into which scientific thought is
prone to drift. Even in its heyday Herbert Read, in one of his masterly
syntheses of The Granite Controversy written between 1939 and 1955, can-
nily remarked, ‘if it is demonstrated that there is a zone of Fe, Mg enrich-
ment around a granite mass, its explanation may be an entertaining
matter’ (Read, 1957, p.185). He quipped that it might also be considered
an affront by many.

Read clearly felt on safer ground in his defence of the central unifying
concept itself and, expanding on that long held tenet of the French that
there is a granite series, he synthesized his own definitive version — that is
to say, not only were there granites and granites but all were genetically
connected in time and place (Figure 1.3). He, in his turn, was carried away
with the sheer elegance of the concept and overstressed, I believe, the
genetic detachment of volcanism and plutonism with its separation of
acid and basic rocks, a position which, as his student, I joined others in
referring to as Read’s ‘dark chasm’.

ﬁ Plutons
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Parautochthonous
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Place

Autochthonous granites,
migmatites, metamorphites
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Figure 1.3 The granite series according to Read (The Granite Controversy, 1957,
p.335).
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A UNIVERSAL DEBATE

In various measure and at various times this swirling debate on the origin
of granite surfaced in every geological community, often stimulated by
the iconoclasm of a single individual. In Britain, for example, the authori-
tative position was settled in 1866 by the declaration by Andrew Ramsay,
Director of the Geological Survey, that granite was a metamorphic rock, a
decision only reversed in 1901 when James Geikie finally persuaded a
new Director to recant. In Ireland in the 1860s the debate was characteris-
tically more vigorous, the origin of the Main Donegal Granite, for exam-
ple, providing a sometimes acrimonious discussion centred, as usual, on
metamorphism versus magmatism. It must be said that now that we can
better appreciate the overall complexity and multifactorial character of the
processes involved in the emplacement of granite in Donegal, it is easy to
see how each of the disputants could find evidence for their particular
point of view, and equally easy to agree with the Irish Director, Beete
Jukes, who rationalized, in 1863, ‘that granite is not a rock which was
simple in its origin but might be produced in more ways than one’. And,
still in Ireland, we can marvel at the lone contribution of Samuel
Haughton, who devised and used an entirely novel and comprehensive
chemical system for the classification and comparison of granites, pub-
lished in the Quarterly Journal of the Geological Society, as early as 1862!

ROSENBUSCH TO BOWEN: THE ALTERNATIVE

A second strand in this growth of ideas on the origin of granite stemmed
from the first examinations of thin sections of rocks. Particularly well
known is the story of Lyell’s estimable ‘Mr Sorby’; how this remarkable
Yorkshireman applied a thin section technique to igneous rocks, spe-
cifically to the study of fluid inclusions in granites, deducing thereby
that water was an essential component of granite magma. Equally
well known is the consequence of his 1862 meeting with Ferdinand Zirkel,
later Professor at Leipzig, and the latter's immediate application of such
microscopical studies. These quickly bore fruit in his seminal Lehrbuch de
Petrographie (1866), which must have so captivated Heinrich Rosenbusch
of Heidelberg that he devoted his life to a field of research which was to
change the course of the study of igneous rocks. After the publication of
Rosenbusch’s influential Die microskopische Physiographie der massigen
Gesteine (1877) and leaving aside the claims and counterclaims of
Rosenbusch and his French contemporaries Ferdinand Fouqué and Au-
gust Michel-Lévy as to priorities in publication, we can say that petrogra-
phy was truly born.

The order and logic of the new discipline, especially as expressed in the
publications of the micropetrology school of Heidelberg, focused opinion
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towards a magmatic origin of all igneous rocks. By the time of Rosen-
busch’s fullest statement of his position, in his Elemente der Gesteinlehre
(1901), Bunsen’s two magma hypothesis had been all but swept aside by a
thesis of a single primary magma with an ordered crystallization history.
This was embodied in the Kerntheorie of Rosenbusch, which involved a set
course of differentiation by an as yet unspecified process of splitting apart
of a primary magma, this leading to an enrichment in alkalis and silica, and
with an order of intrusion corresponding to this evolution.

In the last quarter of the 19th century the initial phase of microscopical
description gave way to an increasing awareness of the significance of the
natural interrelationships between igneous rocks, with the notion that
there was a general connection between magma composition and geologi-
cal causality in space and time. Thus in 1886 William Judd introduced the
concept of petrographic provinces, while the consanguinity of rock suites
was demonstrated a little later by Joseph Iddings, then by Alfred Harker
and Waldemar Brogger. Each of these petrologists provided beautifully
detailed field studies to support their proposals, though the recognition of
Brogger’s seminal work on the Oslo rocks may have been muted by its
publication in Norwegian journals.

Outside France only a few petrologists resisted the appeal of this el-
egant model involving an ordered evolution through crystallization, nota-
ble among them being the Russian Franz Yulevich Loewinson-Lessing,
who, in his masterly expositions of 1897 and 1911 (Loewinson-Lessing,
1936), upheld the contrary view that the mixing of separate ‘acid” and
‘basic’ magmas (his terminology) led to a transitional class of ‘neutral’
rocks. We should remember that as long ago as 1857 Durocher had pro-
posed that hybrids might be produced by the commingling of these two
different magmas, and at the turn of the century Alfred Harker, in a
masterly study of the Tertiary centre on Skye, detailed the processes
involved in the mixing of basic and acid magmas and the formation of
hybrids. However, he clearly regarded such hybridization as merely a
‘disturbing factor’ in the overall process of magmatic differentiation
(Harker, 1909, p.356), and despite powerful voices in its support the
mixing of magmas was never to move to the centre stage of petrological
theory.

Increasingly, physical chemical concepts were called upon to explain
these consanguineous relationships. For example, the English chemist
Frederick Guthrie was the first to suggest the importance of eutectics in
the crystallization of granite, an application which enabled Jethro Teal, in
1888, to solve the mystery of graphic granite. However, the real founder of
modern physicochemical petrology was the Norwegian Carl Vogt, who,
between 1884 and 1888, from his work on slags, concluded that the most
abundant igneous rocks corresponded in composition to eutectic mix-
tures. It was Vogt who first suggested that granitic magma was of the
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nature of a eutectic residue, a rest magma from the crystallization of the
basic magma. He also expressed what always ought to have been the
proper balance between the magmatist and transformist points of view
when he wrote ‘Perhaps the future decision in these matters should above
all discredit the view that all granites have originated in the same way,
and on the contrary prove that more processes exist whereby sedimentary
rocks on the one hand, and really eruptive rocks on the other, have led to
the same petrographical result that we call granite’ (translation by Den
Tex, 1990, p.217).

Despite repeated restatements of this rational point of view the
magmatists and transformists remained in confrontation for another 70
years. The French relied, in particular, on field evidence for replacement
such as that provided by ‘les dents de cheval’, the growth of big feldspars
in both granite and country rock, and Lacroix was plainly astonished at
Rosenbusch’s stubborn refusal to accept what he regarded as the obvious
explanation. The protagonists, as in all major debates of this nature, even
divided into subfactions, the transformists, for example, splitting between
the ‘wets’, who, like the Helsinki group, favoured pore fluids as the
transporting agents, and the ‘drys’, led by the Frenchmen René Perrin and
Marcel Roubalt, who, in the late 1930s, advocated solid diffusion. There
was much bandying of literary aspersions with personal references (by
Wegmann) to the ‘pontiffs’ and (by Bowen) to the ‘soaks’, as part of a
sometimes barren debate. Eskola’s shrewd reflections on these inter-
changes are epitomized in the jingle attributed to Gustaf Froding:

What's settled truth in Leipzig and Jena
is just a stupid joke in Heidelberg

Returning to the central theme, the end of the 19th century had seen the
study of igneous rocks sufficiently advanced to engender the publication
of the basic texts: in Germany by Rosenbusch himself (1888), three years
later in England by Jethro Teal, in France by August Michel-Lévy (1889),
and in Russia by Loewinson-Lessing (1899). Particularly influential in the
United States was a paper (1892) and a textbook (1909) by Joseph Iddings,
who had been one of the first outside Europe to examine igneous rocks in
thin section, and who had himself studied in Heidelberg. Indeed, it could
be said that he initiated the ‘grand tour’ to Europe, and when we learn
that most of the American masters, including Daly, Cross, Pirsson, Wash-
ington and Bowen, made the same pilgrimage to either Heidelberg or
Leipzig, we can understand how deep rooted became the thesis, in the
United States, of the single differentiating magma.

The appointment of Norman Levi Bowen, in 1910, to the newly estab-
lished geophysical laboratory of the Carnegie Institution in Washington
not only ushered in the modern era of the experimental study of igneous
rocks, but soon provided a proof of the widely accepted model that such
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rocks were derived ‘from a common stock through some systematic proc-
ess of differentiation’ (1915, p.90). As to its explanation, the realization, by
Bowen in particular, that chemical diffusion - the Soret effect — was too
slow to separate magmas into fractions resembling the common igneous
rocks, and with both Greig and Bowen showing that immiscibility was not
a feature of melts with common rock compositions, the search continued
for an alternative mechanism.

We should remember that the several possiblilities — diffusion, immi-
scibility, crystal settling, filter pressing and, to a lesser extent, magma
mixing — were familiar concepts by the turn of the century and entered
into discussions by Schweig, Harker and Daly, among others. For exam-
ple, as early as 1897 Becke was discussing the possible connection
between fractional crystallization and convection currents, and filter
pressing was favoured by many workers, being particularly refined by
Herbert Thomas and Edward Bailey of the Geological Survey of Great
Britain who, in 1924, envisaged the rest magma being squeezed out of the
crystal mush by the weight of the crystal overburden. As a further illustra-
tion of the wit of our geological ancestors, every present day petrologist
should read the final chapters of Reginald Daly’s memoir on the Geology of
the North American Cordillera (1912), not only to guard against any unwit-
ting plagiarism, but to appreciate what may seem to us the remarkably
advanced state of the art of that time.

Nevertheless, it has to be said that the various current hypotheses were
largely unsupported by real physicochemical data, and these were to be
provided in full measure by the exactly scientific experiments of Bowen. It
was the ordered elegance of these results which convinced him and many
of his contemporaries that not only was fractional crystallization of a
primary magma the dominant process, but the crystals settled out under
gravity, leaving a residual liquid gradually evolving to the composition of
a granite. In his classic publication The Evolution of the Igneous Rocks (1928)
Bowen did enter the important caveat that ‘many granite magmas may
have their immediate origin in the remelting, say by deep burial, of a
granite . . . derived in more remote times from basic material’ (p.319), but
the central thesis remained inviolate.

We need to remember that these experiments were carried out on dry
melts, a limitation of which Bowen was well aware, and was later amply
to rectify in his further studies with Frank Tuttle, leading to the publica-
tion, in 1958, of another of petrology’s milestone texts, Origin of Granite in
the Light of Experimental Studies in the System NaAlSi;O;—KAISi;0,—SiO,—
H,0, in which they pay tribute to the work, 20 years before, of their
colleague Robert Goranson on the Silicate—Water Systems.

In the early 1950s, powerful support was given to the Rosenbusch-
Bowen model by the pioneering work of Stephen Nockolds and his co-
workers on the trace element distribution between the constituent
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minerals of granitic rocks, showing that these distributions follow a pat-
tern entirely consonant with the progressive separation of crystals from a
liquid. Nockolds not only addressed the problem of the apparent lack of
intermediate rocks but also probed the modifying role of assimilation.

Thus, in the first half of this century this elegant model assumed a
dominance which was difficult to counter, especially in the absence of
experimental work of equal calibre on those other possible processes
already mentioned - that is, partial remelting, mixing, immiscibility and
diffusion. As Walton writes, ‘the question to which American geologists
especially were, in general, somewhat insensitive was whether this mag-
matic differentiation model outlined an actual sequence of events which
really contributed in nature to produce granite’ (1965, p.635). There were,
however, always some acute observers, quite apart from the transformists
themselves, who were aware of the incompleteness of the model. Clarence
Norman Fenner in 1926, Frank Grout in 1926, Arthur Holmes in 1931 and
1936, Reginald Daly in 1933 and Tom Barth in 1952 were among those
who commented on the obvious inconsistency between the volumes of
granite and granodiorite, relative to gabbro, as predicted and in actuality.
An explanation was sought in the pure melting of the sialic crust deep in
the orogen, perhaps brought about by depressing the ‘sial’ into the hot
‘sima’ or, according to Holmes and Daly, by the rise of hot basaltic magma
into the crust, this latter possibility also explaining the contrasted associa-
tion of basic and acid rocks. And Harold Read continued to ask why
granitic magmas are only voluminous within the thickened crustal welts
of the orogens.

DALY TO CLOOS: CONSIDERATIONS OF SPACE

Turning from the genesis of granitic magmas to their mode of emplace-
ment it is clear that the room problem has preoccupied geologists from the
occasion of that famous debate between Lyell and Keilhau. We have
seen that in situ transformation - granitization — satisfied one school of
thought, but with all its nuances, from mass assimilation by an active
granitic magma to grain by grain, metasomatic replacement by means
of the granitic juices, ichors or mineralisateurs, which were thought to
soak through the crust, carrying new materials, enhancing chemical reac-
tions, and feldspathizing the country rocks. Such a solution to the room
problem led, almost inevitably, to the taking up of extreme positions,
as, for example, Helge Backland (1938) arguing for the replacement of
red sandstone by Rapakivi granite, and Doris Reynolds (1944) envisaging
the granitization of metagreywacke with the expulsion of a basic front
in the form of appinitic diorites and gabbros, each apparently heedless of
the enormous energies required by such processes at high levels in the
crust.
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However, even from the earliest chapters of this history there were
perceptive field geologists searching for a more structural approach to this
central problem. As examples the Scot Charles Lyell, writing in his Princi-
ples (1865, p.723), considered that the Arran Granite had shouldered aside
its wall rocks, whereas the Irishman William Sollas, describing the geol-
ogy around Dublin in 1895, interpreted the Leinster Granite as a domal
sheet emplaced during folding in the rising arch of its cover.

It was the North Americans Joseph Barrell and Reginald Daly whose
detailed field studies seemed to demand a purely mechanical explanation
for the emplacement of certain granites. They particularly favoured the
foundering of crustal blocks, to which mechanism Daly gave the name of
‘magmatic stoping’, though he correctly recognized that this central idea
had already impressed itself on ‘some few of his contemporaries’. How
human it was of Daly to admit so readily, concerning the New Hampshire
stocks that, to quote from his monumental Igneous Rocks and the Depths of
the Earth, ‘for nine years the writer was baffled in the attempt to explain
their mode of intrusion” (1933, p.267).

Even so, it still required the development of granite tectonics, particu-
larly by the German Hans Cloos in the 1920s and 1930s, to address the
structural issues in measured and detailed case histories. It was Cloos
who, in his Das Batholithenproblem (1923), accepted Iddings’ contention
that batholiths follow crustal discontinuities, and who relegated stoping
to the incidental in favour of other mechanisms involving crustal accom-
modation. He strongly believed that it was the structural interaction be-
tween intruding magma and the deforming envelope of country rock that
held the real key to emplacement problems.

With hindsight it seems extraordinary how Hans Cloos, one of the most
brotherly of men, had to face the criticisms, even displeasure, of the father
of the Viennese school of petrofabric studies, Bruno Sander, who consid-
ered that Cloos’ work lacked originality! But this is a commonplace reac-
tion of authority. And we might wonder whether granite tectonics might
have languished in its original high German text if Hans’s brother, Ernst,
had not emigrated to the United States and, further, had not that most
perceptive of Americans, Frank Grout, commissioned Hans Cloos’ fellow
student Robert Balk, another émigré, to summarize the state of the art in
yet another milestone memoir, the Structural Behaviour of Igneous Rocks
(1937).

We should remember that Grout had himself begun to model the rise of
magma blobs, no doubt spurred on by Wegmann's earlier (1930) compari-
son of certain deep-seated granite masses with salt domes or diapirs.

It is also of great interest to appreciate that by this time the granite
problem was sufficiently in vogue to warrant the establishment of a high
powered batholith committee of the US National Research Council,
chaired by this same Frank Grout. It was the corporate meditations of this
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august body which led to an important international debate, in 1947 in
Ottawa, on the ‘Origin of Granite’. From the record of the discussions
(Gilluly, 1948) it is clear that no consensus had yet been reached between
the long established factions, though I suspect that many in that largely
American audience would have agreed with Frank Buddington’s estima-
tion that over 85% of northwest Adirondack granitic rocks were the prod-
uct of consolidation and differentiation of magma intruded as sheets or
phacoliths, and that less than 15% were the product of migmatization and
granitization of metasediments and amphibolite, a conclusion later ex-
tended to the whole of the granitic rocks of North America. They might
also have favoured Buddington’s acceptance and restatement of
Wegmann'’s position on the influence of crustal depth.

I am tempted to tell a personal story in illustration of the depth of this
disagreement and its effect on personalities. At the International Geologi-
cal Congress in London in 1948 I travelled up in a lift alone but for Read
and Bowen; the human silence was tangible, neither authority spoke, nor
was I introduced!

THE SHIFT FROM THE GREAT DEBATE

So far in this history there has been little reference to the physical nature
of granitic magma, and indeed other than the original prescient comments
of Scrope and innumerable references to an almost mystical broth, mash,
bouille or Brei, any real understanding of magma rheology had to await
the seminal experimental work of Donald Lacy in England in 1960, and of
Herbert Shaw in the United States in 1965. Equally our knowledge of the
fluid dynamics of magmas and their rise due to buoyant forces, although
discussed in general terms by Frank Grout in 1945, had to await the
important experiments devised by Hans Ramberg. Since 1963 the latter
has attempted to model the interaction between magma and country rock
in a series of beautifully executed experiments simulating the effect of
gravity by the use of a giant centrifuge. The results, coupled with field
studies, have allowed him to construct a structural series in parallel with
the granite series: diapirs rise away from deep seated melts and force
entry into the upper brittle crust. All in all, such an approach has changed
the course of ideas on granite emplacement.

The thermal effect of granitic intrusions, the presence of an ‘aura
granitica’, was recognized early, particularly by the French and
Fennoscandians. Indeed, for some, granite represented an almost magical
source of heat, a veritable driving agent of granitization. For example,
George Barrow, who was the first to establish the zonal nature of regional
metamorphism in Scotland (1893), considered it ‘reasonable to attribute
both the minerals and the crystallisation to the thermometamorphism of
the intrusion’, so causing his colleagues to quip
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This intrusion the schists all around it does roast
And when it is absent it alters them most.

No doubt that, in the theoretical unification of plutonic processes, it was
logical to see a coherent relationship between metamorphic processes and
the granite series. The synkinematic granites belonged with regional
metamorphism, but as their anatexitic products moved upwards through
the crust their thermal effect gradually became more subdued, more local
and superposed, finally to be presented as simple contact aureoles.
Moreover, and most remarkably, almost the whole theoretical basis of the
mineral chemistry of metamorphic rocks rested, until relatively recently,
on some few, though notable, studies of such aureoles: the essentially
isochemical nature of the thermal metamorphic process itself on
Rosenbusch’s seminal study at Barr-Andlau in the Vosges (1877), the
counter view of metasomatism and the first statement of the doctrine of
chemical equilibrium on Goldschmidt’s studies in the Oslo area (1911)
and the concept of metamorphic facies on Eskola’s work at Orijavi (1914,
1915).

Finally, concerning rock texture, we have seen how the Heidelberg
school of micropetrology revelled in the description of rocks, though
largely from the magmatist point of view. The tradition of such studies
continues to this day though with special emphasis on work in ore
microscopy, but it is to earlier research by O.H. Erdmannsdorffer of
Heidelberg, from 1912 onwards, and also by F.K. Drescher Kaden, from
1927 onwards, that we owe the early development in the understanding of
rock textures. Not surprisingly, such studies could only make limited
progress in the absence of experiments and the formulation of theories of
crystal growth: the seminal work of Fouqué and Michel-Lévy, in 1882, on
the cooling and crystallization of basalt had for long remained but a
glorious memory. However, we should never forget that Brogger's fa-
mous conclusion — that the sequence of crystallization reflects the se-
quence of differentiation in a cooling magma — was experimentally based.
Neither should we forget that Erdmannsdoérffer always emphasized the
separate, though overlapping, roles of metablastic and endoblastic
growth, so that petrologists ought not to have been surprised to find that
granitic rocks can often show a metamorphic texture without being of
primary metamorphic origin: a source of much acrimony in the past.

The more recent history of the development of granite studies is the
theme of this present collection of essays. I shall start from a base repre-
sented by an important group of international texts dealing directly with
the granitic rocks and published around the middle of this century:
Arthur Holmes’ Natural History of Granite (1945); the Geological Society of
America’s Memoir No. 28, Origin of Granite (Gilluly, 1948) with its two key
papers, one by N.L. Bowen, the other by H.H. Read; E. Raguin’s Géologie
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du Granite (1946); H.H. Read’s The Granite Controversy (1957); O.F. Tuttle
and N.L. Bowen’s Origin of Granite in the Light of Experimental Studies
(1958); K.E. Mehnert’s Migmatites and the Origin of Granitic Rocks (1968);
and Marmo’s Granite Petrology and the Granite Problem (1971). We shall see
how the entrenched and apparently irreconcilable positions, as recorded
in the proceedings of the 1947 Ottawa conference, were soon forced into a
tolerable coexistence by a veritable deluge of new information.

There is now a much greater willingness to accept multifactorial expla-
nations though little enthusiasm remains for wholesale granitization — a
thesis largely superseded by bulk melting at depth. Furthermore, the
advent of the plate tectonic theory has encouraged a more holistic ap-
proach. In particular very detailed, field based petrographic studies
have awakened a fresh interest in rock suites and the realization that
magma mixing is an important process in their production. Structural
research is providing elegant solutions of the room problem which em-
phasize the interconnection between granite emplacement and the local
and global tectonic regimes. Cleverly designed melting experiments, car-
ried out in the presence of water and using a variety of synthetic and
natural materials, have constrained fairly closely what is and what is not
possible from the physical chemical point of view. Not least, rheological
theory is providing insights into the nature of granitic magma itself, and
ingenious simulations of the crystallization history of magma in deep
chambers has radically changed views on magma movement and crystal
segregation.

Perhaps of greatest promise is the new light on the problem of the
ultimate origin of granitic rocks which has come with the realization that,
geochemically, the various types of granite can be regarded as images of
their source. However, with some notable exceptions, the thrust of recent
research has been fuelled more by a desire to understand the nature of the
continental lithosphere than to understand the granitic intrusions them-
selves. Also there is a danger that petrological theory is in danger of
driving itself by circular argument and the historical weight of Heidelberg
and Washington, to the conclusion that most granite is born, albeit by a
staged process, in the uppermost mantle. In what follows I propose to sift
through a great variety and volume of evidence in order to judge whether
this is true or false.
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The categories of
granitic rocks: the
search for a genetic

typology

We can classify rocks, for petrological purposes, exactly, definitely,
and strictly only by creating arbitrary divisions, cutting them up by
sharp planes and putting them into man-devised pigeon-holes.
Such a classification is a pis-aller, a makeshift, a classification of
convenience; in may or may not correspond to the evolution of
igneous rocks as it really is.

Henry S. Washington (1992) Bulletin of Geological Society
of America, 33, p.801.

THE GRANITIC ROCKS

In his role as a disputant in the Granite Controversy, Herbert Read saw a
need to include a wide variety of quartz-bearing igneous rocks within the
ambit of his discussions. He pretended to excuse himself, writing, ‘the
attentive and pugnacious listener may interject that I am using the term
granite in a scandalously loose fashion’, but he had no doubt that he was
dealing with a natural family of rocks.

The main reason for this family relationship between the various com-
binations of quartz, two feldspars and mica or hornblende, is because they
represent the various stages in the convergence to a ternary minimum in
what Norman Bowen regarded as petrogeny’s residua system. This re-
mains true for a range of genetic processes involving fractional melting,
fractional crystallization, metasomatism or, in a more complex way, the
mixing of two magmas. Nevertheless, the coherence of this family of rocks
and particularly whether any boundary line might be drawn between
them and the gabbros, are questions rooted deep in petrological theory.
For the moment I will concern myself solely with this boundary and
the possibility that there is some truth in Read’s claim that there is a
natural hiatus between the two fundamentally different rock groups —
that is to say, between the series quartz diorite-tonalite-granite on the one
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hand and the series peridotite-anorthosite-noritic gabbro—diorite on the
other.

Granites and rhyolites, gabbros and basalts are certainly associated in
space and time, but the relative volumes are very different in the various
contrasted geological environments. Different, too, is the importance of
the ‘Daly gap’, representing the relative lack of intermediate rock types.
Thus although the intrusive mafic rocks predominate in the island arcs
and remain important in the marginal arcs — with the compositional
gap hardly apparent — they are greatly reduced in proportion within the
collisional orogenic belts, where the gap itself widens. In the anorogenic
centred complexes the volumetric relationships are various, but the Daly
gap is now very evident. Even more important, in all environments, is the
time difference, for in innumerable igneous complexes the mafic rocks
herald the main plutonic event, and the gabbros are universally the pre-
cursors of the granites. Naturally this hiatus is represented geochemically,
albeit rather subtly expressed in arc environments, and in compositional
diagrams it takes the form of a step, an inflexion, or a change in popula-
tion density. It is at this point of change that water enters as an essential
component, marked by the exchange of hornblende for pyroxene.

In granitic terranes I have never found any difficulty in identifying this
natural gap between what is clearly gabbro or meladiorite and what is
clearly quartz diorite, tonalite or other granitic rock, and this despite its
frequent disguise by the mixing and mingling of the two components and
the concomitant mineral changes. I allow myself to be quietly amused
with the thought that, as long ago as 1891, D’ Aubisson could perhaps do
the same, for it was he who coined the term ‘diorite” from the Greek word
meaning to distinguish!

IS CATEGORIZATION POSSIBLE?

It could well be argued that any attempt to categorize the granite family
on a natural basis is doomed to failure given the virtually infinite number
of different types which might be generated in response to a variety of
generative processes and possible source rock compositions. However,
experience shows that it is possible to recognize both a degree of order
and a natural division into several distinct groups of granitic rocks.

The problems arise in the comparative process itself, and even more so
in agreeing to a universal nomenclature. Mathematical geologists, such as
Whitten and co-workers in 1986, have demonstrated that present nomen-
clatures are based, as a mere convenience, on a partitioning procedure
that evolved arbitrary pattern classes, and only fortuitously do these have
a petrogenetic significance. In effect, the variables have been specified by
the definitions themselves, and different sets of variables would be likely
to yield different groupings: in short, groupings may only be of signifi-
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cance if the variables used were prescribed by a genetic model. Further-
more, there is even dispute on the nature and form of the representation
of the data, especially in the use of Harker diagrams in discriminating
between rival petrogenetic hypotheses (Whitten, 1996).

Probably as a result of such criticisms the present emphasis is on the use
of cluster analysis to determine objectively the real groupings, but it
would obviously be better to classify granites using variables chosen on
the basis of petrological understanding. In fact, in any one region, a good
case could be made for adopting just those discriminants best suited for
highlighting some special feature such as the mineral resource potential.
An example of this specific approach is provided by Ramsay, Stoeser and
Drysdall in their description of granite magmatism in the Arabian Shield.

We do need some universally acceptable framework even though,
manifestly, classifications may have different purposes. However, al-
though a proper order is obviously required for description and compari-
son, the resulting arrangements are wholly static, often artificial, and lead
nowhere along the path of understanding. This was acceptable in the past
but now we need a genetic, process based, dynamic classification to run in
parallel with the descriptive form. Such a natural classification already
exists for both the sedimentary and metamorphic rocks, but still remains
to be established for the granites.

At this point it is of interest to recall that some of the early classifications
did have the logic of being process based. Thus Becker, in 1901, and Vogt,
in 1908, constructed classifications on a concept of eutectic crystallization,
while Shand, in his 1927 edition of Eruptive Rocks, introduced his silica
saturation concept, seeking to use both critical phase boundaries and
cooling history. In 1958, Tuttle and Bowen classified granites as hyper-
solvus or subsolvus on the basis of the original temperature control of
feldspar unmixing. Moreover, since the time of Zirkel, granularity has
been regarded as a discriminant, allowing the fine-grained silicic volcanic
rocks to be separated from the coarse-grained granitic rocks on the suppo-
sition of different cooling histories; indeed, this justified, in part, Zirkel
and Rosenbusch’s original classifications. However, such a process based
approach clearly depends on the reality of the underpinning thesis.

CATEGORIZATION BY MODE

Appreciating the complications and realizing that igneous petrologists
were not yet ready to follow this ideal path, Streckeisen in 1976 used the
historical approach in seeking an international consensus for an accept-
able convenient classification based on easily determined modal data
(Figure 2.1a). We ought not to forget, however, that for the granitic rocks
the guidelines for this proposal, based essentially on the feldspar ratio,
were established by Lindgren at the turn of the century when he and his
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Figure 2.1 (a) IUGS-Streckeisen modal classification and nomenclature of the
plutonic rocks. (b) Representation of the scheme that Lindgren, Becker and
Turner would have used in the 1890s during their mapping of the granitic rocks
of the Sierra Nevada, California. Early in the 20th century a '/ division came into
fashion to separate the granites from the syenites and diorites. Data from
Lindgren (1900).

co-workers needed to define exactly ‘granodiorite’ for the good reason
that this was the most abundant granitic rock of the Sierra Nevada (Figure
2.1b).

It is easy to be critical, especially as the mafic minerals are not directly
represented and species boundaries too often pass through natural popu-
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lations. Also, as La Roche rather harshly claimed in 1986, the Streckeisen
grid is ‘more geometrically attractive than geologically sound’. Further-
more, there is but a poor discrimination of such common granitic rocks as
granodiorite, tonalite and trondhjemite (leucotonalite). Despite these res-
ervations, we have to be grateful that Streckeisen restored order to igne-
ous rock nomenclature in accepting, as did Washington and afterwards
Bowen, that ‘a loosely quantitative classification based on mineralogy and
texture is entirely adequate and is as natural a system as one could expect’
(Bowen, 1928, p.322). After all, greater exactitude can be obtained by
adopting the norm-based refinement of Streckeisen and Le Maitre, or the
AbANOr normative plot earlier introduced by O’Connor, but in each
system the disadvantages almost outweigh the advantages.

I consider it unprofitable to review here all the ingenious ways by
which rock compositions can be displayed and classified, though a suffi-
cient guide is provided in the selected references and in a review, in 1984,
by Bowden and his colleagues. Nevertheless, it would be churlish not to
comment on a system originally devised by La Roche in 1986 and modi-
fied by Debon and Le Fort in 1988. In seeking to involve all the major
elements and to avoid dependence on crystallization models, both the
mode and the norm have been abandoned in favour of cationic plots. The
latter discriminate well between the different petrogenetic series and,
moreover, the formal nomenclature can be accommodated within them,
the separate compositional fields being determined empirically using
‘large data files’. The resultant curvilinear grid does have a more natural
appearance, but this appeal to the ‘files” does not convince me that the
boundary lines are any less subjective, or that the diagrams themselves
are greatly superior to the simpler systems already in use.

Of one thing I am sure, that it is pointless to return to the outcrop for
guidance on the original definitions.

CATEGORIZATION BY ROCK SERIES

Notwithstanding the criticisms of mathematical geologists, it seems that
no matter how the compositions of a field association of granitic rocks are
represented, fairly simple plots show that there are systematic groupings,
and that these are often ordered into discrete series or suites, each reflect-
ing the order of intrusion. Almost invariably there is a general trend
towards a granitic composition, be it tonalite, granodiorite or granite. The
more geologically controlled the sampling, the more specifically defined
is the series and its trend.

In general terms this was understood long ago. Thus Iddings, in 1892,
defined ‘series’ as having a sequential order with ‘a gradual transition in
chemical composition’. In doing so he recognized a consanguinity which
carried the implication that the members of the series evolved one from
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the other. Certainly to Brogger, writing in 1894, and to Harker, in his
seminal treatise The Natural History of Igneous Rocks of 1909, the use of
series signified the underlying idea of a differentiation process such that
each member of the series was derived from its compositional antecedent.
However, now that we know that rock series may arise by crystal
fractionation, mixing or fractional melting, it would be more objective to
accept ‘series’, ‘suite” or ‘association’ as lacking a specific genetic connota-
tion. It is not always easy to be so thoroughly reasoned, but in my use of
‘series’ I do not necessarily imply that the generative process is evolution-
ary in the unidirectional sense of Brogger and Harker. As for the terminol-
ogy itself I consider ‘series” and ‘suite’ to be synonyms.

As an example of the present altogether higher degree of sophistication
concerning the recognition of suites, we can note that Lameyre and his
colleagues recognized nine distinct rock series simply by the use of the
Streckeisen-IUGS system (1982, 1991; Figure 2.2), whereas Debon and
Le Fort (1988), on the basis of their own ‘Q-P’ system, defined seven
such series - that is, tholeiitic, calc-alkaline-trondhjemitic, calc-alkaline—
granodioritic, monzonitic (dark mineral-rich and dark mineral-poor) and
alkaline (quartz-rich and quartz-poor).

\ 4

Figure 2.2 Main trends of some plutonic type series based on APQ modal
compositions. (1) Tholeiitic series; (2) calc-alkaline-trondhjemitic series; (3-6)
various calc-alkaline-granodiorite series; (7) monzonitic series; (8-11) various
alkaline series. Data and reference in Lameyre and Bowden (1982) and Lameyre
and Bonin (1991).
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Each of the rock series discriminated on the basis of major elements or
mineral proportions also shows many other individual characteristics,
ranging from differences in the trace element content and ratios, and in
mineral associations, mineral species and texture, to such outcrop features
as the nature of the enclaves, associated co-magmatic dykes, gabbros,
lavas and, not least, the metal mineralization. The ability to objectively
integrate these many factors may be improved by new, computer-based
techniques such as the Expert System for the Characterisation of Rock
Types, otherwise dubbed ESCORT, as developed by Pearce (1987; see also
Nicholls and Russell, 1990).

Specifically, in relation to particular granite terranes, rock series often
show this identity and individuality to a remarkable degree, with chemi-
cal and mineralogical features diagnostic of each particular series. Such
a signature is not only maintained within a single complex, but can be
duplicated regionally in many separate zoned plutons. In this way it
defines the supersuites of Chappell and White (Chappell, White and Hine,
1988, p.507), or the superunits of Cobbing and myself (1972), which I later
reason are due to the variations having been established elsewhere, per-
haps in some deep-seated melt cell.

When well-defined suites are deemed to have arisen by fractional crys-
tallization it ought to be possible to describe their lineage with reference
to the experimentally derived system An-Ab-Or-Qtz-H,O, on the basis
that many granites contain 80% or more of normative albite, anorthite,
orthoclase and quartz. However, the involvement of the mafic compo-
nents can hardly be trivial in the case of the granodiorites and tonalites,
being important in the control of f,; also the precipitation of hornblende
will inevitably govern melt composition in the early stages of evolution.
We will find this reservation strengthened in later discussions concern-
ing both chemical and textural evolution, so that it seems that such mod-
elling can, at best, only be regarded as semiquantitative (p.74 and Figure
5.3).

CATEGORIZATION BY SOURCE ROCK

Of all the possible discriminants the chemical composition is the most
objective. Most popular is the use of the abundances and ratios of the rare
earth elements (REEs), coupled with the isotopic proportions of certain
key elements. A notable example of the latter is the ratio “’Nd/"*Nd, now
often expressed in relation to a chondritic reservoir standard, in the form
of €y, units. Yet another highly significant isotopic ratio is that of ¥Sr/*Sr
recalculated to the time of crystallization, this initial value being repre-
sented by the abbreviation Sr; Undoubtedly these methods have pro-
vided potent clues as to the sources of the granitic rocks, particularly
when based on the suspected inertness, in the generative processes, of
elements such as zirconium, yttrium and niobium.






