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CURRENT PROBLEMS IN RESEARCH

Granite Problems

The exploration of physical and chemical processes
leads to a reorientation of our thinking.

“

. it has the peculiarity of being ele-
vated the highest . . . and sunk the
deepest. . . .”—1J. Playfair, Illustrations
of the Huttonian Theory of The Earth
(Edinburgh, 1802).

Near the end of the 18th century
James Hutton developed the concept of
a major genetic class of rocks formed
in the plutonic depths of the crust by
crystallization from a molten state.
These plutonic rocks he grouped with
volcanic rocks, which crystallize at
or near the surface of the earth from
molten lava, and he dubbed the com-
bined class “igneous” rock to betoken
the role of heat in creating their initial
molten state. Veins of granite cutting
layers of schist and marble at Glen
Tilt in the Scottish Highlands served
as Hutton’s first type locality (/) for
the igneous origin of rocks formed at
depth in the crust; the transgressive
relations of granite to stratified rocks
(Fig. 1) and its coarse, compact, crys-
talline fabric were deemed proof of
the origin by crystallization from
“subterranean lava” or magma, as it
has come to be known.

Since then the theory of the igneous
origin of plutonic rocks has undergone
many developments, some of which
amount to revolutions in trends of

The author is on the staff of the department of
geology of Yale University, New Haven, Con-
necticut.

4 MARCH 1960

Matt Walton

thinking, above all with respect to
granite. These major turns of thought
have generally followed major advances
in fundamental physical chemistry ap-
plied to rocks, or serious breakdowns
of ignecous theory applied in detail to
actual geologic occurrences of sup-
posedly igneous rocks. Right now we
appear to be on the threshold of an-
other major reorientation in our think-
ing, and it has been difficultics in ap-
plying igncous theory to granite that
have, more than anything else, spurred
the advances that are now in the mak-
ing.

Granite Defined

Not the least aggravating of the
problems connected with granite has
been the question of what is meant by
the name. As a formal term, granite
applies to a rather restricted rock type,
but geologists persistently use granite
to identify an entirc family of rocks
which play certain complex roles in the
architecture of the crust but which scem
to elude the pigeonholes of formal
nomenclature. Chayes (2, p. 66) who
has made careful modal analyses of
more rocks-called-granitc than anyone
else, has attempted to bring the term
into line with the way geologists have
actually used it by proposing: “The
term granite should be reserved for
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massive or weakly oriented rocks in
which C.I. [color index] < 20 percent,
and 20 percent < quartz < 40 per-
cent; ...”

Figure 2 shows the volume occupied
by granite as defined by Chayes in the
composition tetrahedron quartz—alkali
feldspar—plagioclase—color index. This
definition just about implies that granite
is any coarse-grained, reasonably mas-
sive rock composed mainly of feldspar
and quartz. It departs notably from
the conventional systematic classifica-
tions by (i) placing no restrictions on
the composition and relative propor-
tions of the feldspars; (ii) limiting the
modal content of dark minerals to 20
percent but not specifying any partic-
ular dark mineral assemblages; (iii)
establishing relatively narrow limits to
the quartz content instead of allowing
quartz to range from necar the lower
limits of practical detectability to a
major percentage of the rock; and (iv)
avoiding any genetic implications. The
primary justification for Chayes’ uncon-
ventional definition is that it corre-
sponds to the rocks which geologists
have grouped in geologically significant
units and have referred to broadly as
granite.

Geology of Granite

I have implied that granite is in effect
defined by its geologic relations, yet no
rock is perhaps so varied in its geology.
The thread which unifies the varied
occurrences of granite is this: With
trivial exceptions, granite is closely
associated in time and space to moun-
tain building and regional metamor-
phism in the so-called geosynclinal
belts, where great thicknesses of sedi-
mentary and volcanic rock accumulate.
The process that forms mountain
chains begins with the downbuckling
of such belts, which brings the accu-
mulated mass of sediments and vol-
canics to depths of tens of kilometers
and subjects them to metamorphism
under great heat and pressure. Uplift
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Fig. 1. Granite (light-colored rock with blocky jointing) of Hercynian age in sharp,
transgressive contact with Cambrian sedimentary rocks. The granite is chilled to a fine-
grained quartz porphyry at the contact, and the sediments are strongly modified to
hornfels by heat in a distinct aureole around the granite—classic evidence for igneous
origin. E. Raguin, noted French authority on granite (see 50), stands at the outcrop at

Mines d’Azegour, Morocco.

of the deformed and metamorphosed
rocks ensues to form mountain chains,
and wherever uplift has allowed ero-
sion to bite deeply, great masses of
granite are found to -have been em-
placed among deformed and metamor-
phosed sedimentary strata to form
enormous granite bathyliths in the

cores of major mountain ranges (Fig.
3). These are the largest nearly homo-
geneous bodies of rock accessible to
man. Playfair had it backward; granite
is sunk the deepest, then elevated the
highest.

Extensive terrains of metamorphic
rock in the continental shield areas,
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Fig. 2. The volume occupied by granite in the composition tetrahedron of the Chayes
classification: Q, quartz; P, plagioclase feldspar; A4, alkali (K-Na) feldspar; C.I., color
index—the percentage of dark minerals (ferromagnesian minerals) in the rock. Compo-
sition is in terms of modal volume percentages. The symbols in the granite volume
designate the main classes of granite: IP, essentially one feldspar, plagioclase; IIP, two
feldspars, plagioclase dominant; II*, two feldspars, neither dominant; 114, two feldspars,
alkali feldspar dominant; 14, essentially one feldspar, alkali feldspar. [After Crayes (2)]
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which are the roots of ancient moun-
tains, are shot through and through
with veins of granite or intimately im-
pregnated with granitic materials to
form migmatites or “mixed rocks”
(Fig. 4), and in many places meta-
morphic rocks of obvious sedimentary
origin pass gradationally through mig-
matite into granite. Other granite
bodies are sharply transgressive and
structurally discordant (Fig. 1).

The great bulk of granite is emplaced
at a depth and under conditions where
metamorphism affects all rocks, but
masses of granite of significant size and
number reach levels of the crust where
regional metamorphism is slight or even
unnoticeable and are associated with
volcanic rock of comparable composi-
tion. Such bodies are generally in less
deeply eroded, younger, mountain
chains and are believed to pass into
metamorphic zones at depth. The rela-
tionship of granite to geosynclinal sedi-
mentation and mountain building-means
that granite is almost unknown in the
great ocean basins unaffected by epi-
continental sedimentation. Basalt is the
rock of the ocean basins.

“Classic” Igneous Theory

Early in the 19th century geologists
began to develop the idea that the wide
variety of igneous rocks evolves from
a limited variety of primary magmas
by chemical fractionation processes
broadly referred to as magmatic differ-
entiation. Field relationships suggested
this even before the potentialities of
chemical fractionation in the course
of crystallization of complex solutions
were generally recognized (3). Real
progress began with insight into the
theory of heterogeneous equilibrium and
systematic experimental investigations
of silicate melt crystallization.

The classic synthesis of experimental
investigations in the crystallization of
silicate melts and its application to
natural associations of igneous rock
was, and still remains, Norman L.
Bowen’s The Evolution of the Igneous
Rocks, published in 1928 (4). Much
experimental work has since been done,
by Bowen himself in association with
0. F. Tuttle (5), as well as by a num-
ber of other investigators, notably in
systems involving high vapor pressures
of water, a vital component of natural
magmas at depth. Later work has only
served to strengthen the main argument
and to resolve some of the dilemmas
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on which Bowen could only speculate
at the time.

Bowen developed in detail the appli-
cation of the “Bowen reaction series”
(Fig. 5) to the fractional crystallization
and differentiation of rock magmas. He
showed that, by the separation and re-
action of appropriate liquid and crystal
fractions at various stages in the crystal-
lization of basaltic magma (basalt is
the most common of all volcanic
rocks), sequences of mineral assem-
blages..can be obtained which corre-
spond to most naturally occurring
sequences of igneous rocks. He showed,
moreover, that courses of crystalliza-
tion in rock melts tend to produce
residual liquids which approach com-
positions in the low-temperature re-
gion of “petrogeny’s residua system”—
KAISiO«~NaAlSiO.-SiO: (Fig. 6)—at
the heart of which is the “granite sys-
tem,”  KAISisOs(Or)-NaAlSi:Os(Ab)-
Si0:(Q) (6).

At this point igneous theory reached
a certain classic purity and unity. The
rocks preserved from earliest geologic
time down to present active volcanism
demonstrate that great quantities of
basaltic magma are repeatedly, if not
continuously, generated in the earth.
There is no need to specculate on the
origin of special magmas to account for
special rock associations; the potential-
ity to produce them all exists in ordi-
nary, ubiquitous basalt, or perhaps in
two or three common types of basalt,
and granite magma -was presumably
the residual liquid normally remaining
from the fractionation of the common
continental type of basalt. Moreover, it
seemed attractive at that time, for vari-
ous other reasons as well, to suppose
that at the base of the crust a substra-
tum of basalt existed in a vitreous, pres-
sure-rigidified condition ready to erupt
if tectonically disturbed (7). Neverthe-
less, igneous theory in this classic form
presented such difficulties, especially
for granite, that it rekindled a long-
smouldering “granite problem.”

Not that there was anything wrong
with Bowen’s chemistry or his applica-
tion of it to the fractionation of basal-
tic magma; it was and will remain a
keystone of petrology. But there was a
crucial tacit assumption involved in ty-
ing igneous theory so rigidly to a single
model in which the evolution of most
igneous rocks is dependent on the up-
ward intrusion of basaltic magma into
a level of the crust where it cools, crys-
tallizes, and fractionates. The same
chemistry can be applied to other
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models. The question, to which Amer-
ican geologists especially were, in gen-
eral, somewhat insensitive, was whether
this magmatic differentiation model out-
lined an actual sequence of events
which really operated in nature to pro-
duce granite. I recall the characteris-

tically modest and graceful words with
which Bowen declined to comment on
a particularly baffling petrologic prob-
lem before a meeting of the Petrologists’
Club held at U.S. Geological Survey
headquarters in Washington. “After
all,” he said, “I only pretend to know

Fig. 3. Major bathyliths associated with Mesozoic and Tertiary mountain building in
the far western United States. Granitic rocks are stippled, and associated areas of de-
formed and metamorphosed sedimentary rocks are outlined. [Data from Am. Assoc.
Petrol. Geologists, Tectonic Map of the United States (51)]
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Fig. 4. Migmatite: (Top) Feldspathic schist (darker rock) interlayered with thin sheets
of granitic material (lighter gray) and transected by granitic pegmatite dikes (coarse-
grained, white). (Middle) Schist intimately impregnated with granitic material and
passing into a granite gneiss, cut by irregular granite pegmatite dikes. (Bottom) Gneissic
granite filled with dark, micaceous relics of schist in irregular streaks and wisps.
“Mamacoke gneiss,” southeastern Connecticut. [Lawrence Ashmead]
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a little about rocks as they should be,
and you are all experts on rocks as
they are.”

The Trouble with Igneous Theory

There were several major difficulties
with the theory when applied to “rocks
as they are.” First of all, there is a dis-
appointing lack of clear-cut, uncompli-
cated field examples to show that simple
fractional crystallization normally pro-
duces granitic sequences of rocks (Fig.
7). Second, the theory offers no par-
ticular explanation of why granite
should be so closely tied to orogeny and
metamorphism and insignificant in other
igneous environments, yet this is the
crucial fact in the geology of granite.
Third, to produce a quantity of granite
requires the complete fractionation of a
huge quantity of basaltic magma—a
process for which there is little, if any,
direct evidence—not to mention a stag-
gering amount of dislocation to move
this material into place. Finally, there
is the rock against which magmatic
theory has repeatedly foundered—mig-
matite (the “mixed rocks” of metamor-
phic terrains).

Granitization

The trouble with migmatite is that
it quite commonly looks like various
arrested stages in processes by which
preexisting rocks, generally metamor-
phosed sandy and shaley sediments,
have been converted into granite with-
out much change in volume or me-
chanical disturbance. The evidence for
transformation of other types of rock

.into granite cannot, in the nature of

the case, be founded in direct observa-
tions of the processes at work many
kilometers down in the depths of the
crust. It rests on interpretations of the
geologic configuration left behind by
long-dead processes, but it ranges from
the broadest regional relationships to
details of rock textures and crystal
chemistry. An attempt to review the
extensive literature on this subject in a
short summary article would degenerate
into mere “name-dropping.” I have only
outlined the nature of the evidence in
Table 1 and cited representative ex-
amples.

Geologic evidence is seldom so com-
plete or conclusive that it is not open
to dispute and to alternative interpreta-
tions. None of the attempts to prove that

SCIENCE, VOL. 131



major bodies of granite have formed by
granitization have gone unchallenged,
nor have magmatists lacked ingenuity
in presenting alternative “igneous” in-
terpretations of the features in rocks
ascribed to granitization. Nevertheless,
most geologists who have worked in
terrains where granite and migmatite
are intimately interrelated have had
some kind of hypothesis of metasomatic
granitization forced on them by the
geology of migmatite. In fact, there is
now no real argument that there is no
such thing as granitization, but there is
vigorous controversy over the nature of
the process and the extent to which it
is responsible for forming granite.
Staggering chemical transport prob-
lems are of course involved in convert-
ing a large mass of rock into granite.

“Per Migma ad Magma”

Classic igneous theory, following the
main line of German and Anglo-
American thought at the turn of the
century, holds that granitization is a
localized phenomenon in places where
magma comes in contact with country
rocks under conditions that permit
gaseous or liquid “emanations” given
off during crystallization of the magma
to penetrate the country rock intimately
and modify it in varying degrees toward
granite. But other concepts of granitiza-
tion have equally venerable antecedents,
especially in the French and Scandina-
vian literature, where difficulties were
long recognized for straightforward
magmatic theory in vast migmatite ter-
rains and extensive bodies of granite
that preserve throughout the relics of
metamorphic rocks and structures.
Michel Levy (8), Lacroix (9), Termier
(70), and Sederholm (7/), among
others, conceived in varying degrees of
a more organic inter-relationship be-
tween metamorphism and granitization,
in which fluids mobilized in the depths
of the earth beneath the orogenic belt
rise into the deeply buried supracrustal
rocks of the geosyncline, spreading like
a “tache d’huile,” and, along with the
rise in temperature, effect the metamor-
phism, the metasomatic replacement,
and ultimately the dissolution and
fusion of rocks, giving rise to granitic
magmas which rise as intrusive masses
to higher levels. Thus, “normal” mag-
matic granite characterizes mainly the
higher levels of granite emplacement,
and in these views there is clear recog-
nition of a sequence in depth of granite
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relationships correlated with increasing
metamorphism  and  migmatization
downward. Sederholm, in addition to
the term migmatite, introduced the
terms palingenesis (literally, “rebirth”),
to denote the remelting of older rocks
to form new magmas, and anatexis, to
describe the extraction of granitic
liquids from heterogeneous rocks by
selective fusion and solution.

A culmination in this trend of thought
is perhaps Wegmann’s paper “Zur
Deutung der Migmatite” (72), in which
migmatite and granite are depicted as
products of mobilization of material
attending the deformation and meta-

increasing heat and the advance of
fluids and magmas mobilized deeper in
the crust, the mineral assemblages of
sedimentary rocks become unstable, and
widespread migrations begin of those
components which are not stable in
solid phases under the new conditions.
This migration, Wegmann suggested,
need not wait upon the injection of
magma but may take place by inter-
granular diffusion of ionic and molec-
ular particles in a dispersed state. He
conceived of waves of diffusing ionic
and molecular particles expelled from
lower levels and followed by fluid solu-
tions to produce advancing fronts, first

morphism of the geosynclinal belt. With  of metamorphism, then of migmatiza-

Table 1. Arguments for granitization. The literature cited is typical, giving evidence in
support of, and uses of, these arguments, but the examples have not been selected especially for
historical priority, nor are they unequivocal. Practically all of them have been vigorously
contested on factual grounds or differently interpreted on theoretical grounds. Most of these
authors also use other arguments besides the one given.

Structural

Room. The space occupied by a body of granite is not matched by commensurate disloca-
tions in the structural pattern of the enclosing rocks; there is no ‘“room” for intrusive
magma (33).

Continuity. A granite contains structures, such as gneissic layering, or relics of a preexisting
rock with structures, such as bedding or foliation, which are in structural alignment with the
structure of the surrounding terrane (34).

Gradation. A structural pattern such as bedding or foliation in enclosing rocks passes grada-
tionally into a pattern such as gneissic structure in a granite body (35).

Mechanics. The structural pattern of a granite body and its enclosing rock is such that the
pattern could only develop if there was at no time a body of liquid corresponding to the
present body of granite (36).

Pseudomorphism. A granite contains variations in texture and composition which simulate
in pattern primary sedimentary or volcanic structures such as ripple marks, bedding, and
pillows (37).

Involvement. Granitic materials are too intimately and complexly involved with sedimentary
or metamorphic rocks to have been emplaced by injection of a magmatic liquid (38).

Stratigraphic

Substitution. A rock unit in a known sequence is missing, and in its place is a body of
granite (39).

Relic stratigraphy. A granite contains isolated included layers which are part of a preexisting
sequence, but these included layers maintain relative stratigraphic position within the
granite (40).

Ghost stratigraphy. A body of granite contains a sequence of variations in its texture, compo-
sition, or structure which is analogous in some way to the stratigraphic sequence in the sur-
rounding terrane (41).

Chemical
Basic front. Rocks in the vicinity of a body of granite are relatively enriched in components
which must be driven out of preexisting rock to convert it to granite (42).
Basic behind. There has been impoverishment of granitic components in a mass of rock from
which components have been extracted to make a related granite (43).
Gradation. A preexisting rock passes gradationally into granite by progressive enrichment in
granitic components and impoverishment in nongranitic components (44).

Physical-chemical and crystal-chemical

Relic phases. Mineral phases in a granite may be identified as mineral phases belonging to
preexisting sedimentary or metamorphic rock (45).

Mineral replacement and pseudomorphism. Minerals in a granitic rock are pseudomorphs or
replacements of sedimentary or metamorphic minerals (46).

Metamorphic phase assemblage. Mineral assemblages in granite are related to the metamorphic
facies of surrounding rocks (47).

Subsolidus assemblage. A phase assemblage is present in a granite which cannot form by
crystallization from a magma (48).

Subsolidus or crystalloblastic paragenesis. The growth relationships among the mineral phases
of a granite cannot be formed by crystallization from a magma but indicate growth by
solid-state reactions (19).

Subsolidus temperature. The ambient temperature as evidenced by mineral phase relation-
ships in the surrounding rocks was at all times below the stability range of a magma (49).
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tion, and finally of selective fusion (ana-
texis), culminating in the mobilization
(palingenesis and anatexis) of the mig-
matite zone and its injection in tongues
and lobes into higher zones as essen-
tially magmatic intrusions. Thus there
evolved the concept “through migma
to magma,” which virtually reverses
the roles of migma and magma as con-
ceived in classic igneous theory. This
point of view has received extended
expression over the past 20 years in
H. H. Read’s development of the
“granite series” concept (I3).

Chemical Transport Problem

The emphasis placed by Wegmann
on the role of intergranular diffusion
gave recognition to a problem that up
to about this time had received little
systematic attention. Geologists at-
tempting to form concepts adequate to
explain the extensive migmatite ter-
rains spoke freely of the introduction
of mysterious granitizing substances by
the spreading through the rock of
“agents mineralisateurs,” ‘‘solutions,”
“granitic juices,” “pore fluids,” or
“ichor” (I4). Vague terms such as injec-
tion, soaking, or imbibition were freely
used. Yet it is plain that these are essen-
tially metaphors rather than descriptions
of observed physical processes, for very
little is known experimentally of the
transport characteristics of rock at pres-
sures of a few thousand atmospheres
and at temperatures of a few hundred
to nearly a thousand degrees centi-
grade, yet this range is of most con-
cern in the origin of granite. Further-
more, the capacity of dilute solutions
to transport much material by fluid
flow through a body of solid rock
seems questionable.

Many geologic phenomena involve
solid diffusion within dimensions of the
order of crystal grains, but because of
the extreme sluggishness of experi-
mentally measured rates of solid diffu-
sion in silicate minerals (/5), solid
diffusion was long dismissed as a mech-
anism for transporting large amounts
of material within reasonable spans of
time (/6). However, in 1934 R. Perrin
(17) cited reactions between slags and
furnace linings in metallurgical experi-
ments where substantial chemical ex-
changes took place between the charge
and the refractory lining within periods
of a few hours or less. He attributed
these phenomena to solid diffusion and
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suggested by analogy that many geo-
logic phenomena attributed to fluid
transport actually involve solid diffu-
sion. Perrin vigorously pursued this
thesis and in 1939, with Roubault, made
a detailed application of it to the for-
mation of granite.

In retrospect the experimental evi-
dence adduced by Perrin seems slender
indeed compared to the broad applica-
tion which he and others made of it
to geology, for his melts and refrac-
tory linings were complex systems in
which the phase relations were incom-
pletely known, and no real evidence
was given to rule out the participation
of fluid phases. Not only might capil-
lary action draw liquid or vapor from
the melt into the brick but, to quote
Greig (18): “Silica bricks are made
from . crushed quartzite mixed with a
small amount of some other substance
which on firing fluxes a part of the
silica and forms a bond. When the
brick is in use at a high temperature
it is partly crystalline, partly liquid.”

Indeed, the experiments from which
so much geologic speculation proceeded
are of present interest mainly because
they stimulated a sweeping reappraisal
of a great deal of geologic data from
a new point of view. The real argument
for diffusion as a major transport mech-
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Fig. 5. The Bowen reaction series, show-
ing the sequence in which the princi-
pal rock-forming minerals crystallize from
magmas. The ferromagnesian (“dark”)
minerals on the left-hand branch form a
discontinuous series with intervening re-
actions. The plagioclase feldspars form a
continuous solid-solution series in the right-
hand branch. In Bowen’s view, common
basaltic magmas with strong fractiona-
tion should yield a granitic residuum. The
principal modifications suggested by mod-
ern research would be to show the Mg and
the Mg-Ca pyroxenes in parallel, not in
sequence, and to suggest a range of residu-
al assemblages from the silica-enriched
(quartz-bearing) to the silica-deficient
(feldspathoid-bearing). [Bowen (4)]

anism was drawn from the rocks them-
selves, even in the writings of Perrin
and Roubalt (19).

Transformism

The awakening of interest in diffu-
sion as a major transport mechanism in
rock-forming processes heralded a new
stage in the development of granitiza-
tion theory. A theoretical rationale for
long-range solid diffusion as the mech-
anism of emplacement of granite
was soon forthcoming from Ramberg
(20) and Bugge (21); it may be sum-
marized as follows: The diffusivity of
a particle in a phase may be given by a
generalized thermodynamic or statisti-
cal mechanical function; for example,
the thermodynamic expression

D = Doe* )

where D is diffusivity, D, is ideally a
constant for a given mechanism of
diffusion in a homogeneous phase, and
Q is an activation energy. Since D, and
Q are finite quantities, any particle al-
ways has finite diffusivity in a phase;
therefore any chemical potential gradi-
ent will cause a finite migration of mat-
ter. To show that this should operate
in the crust of the earth to produce
granite, various thermodynamic and
crystal-chemical arguments are mus-
tered to show that the chemical poten-
tials of the elements with large relative
abundance in granite increase more
with increasing temperature and stress
than do the potentials of the less
abundant ones.. Consequently, some
elements, such as potassium and sodium
will tend to migrate out of deeper re-
gions of the earth or regions of intense
metamorphism and deformation to be-
come fixed again as migmatite and
granite in regions of lower stress and
temperature by displacing other ele-
ments, notably iron and magnesium.
Since not all the elements that occur
in relatively great abundance in granite
have closely comparable crystal-chemi-
cal parameters—notably silicon rela-
tive to the alkalis—the theory is not
without difficulties in detailed applica-
tion.

This type of theoretical argument
was the final link in the evolution of
a whole new scheme of petrogenesis
for granitic rocks, which has been styled
“transformism,” and which holds that
chemical potential gradients drive diffu-
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sion mechanisms which are capable of
producing granite in practically all its
geologic configurations without the par-
ticipation of a magmatic phase. Enthu-
siastic transformists needed only one
fell swipe of Occam’s razor to remove
magmatic granite from scrious geologic
consideration as ruthlessly as though it
were a morbid vermiform appendix,
and it has been held by some that mag-
matic granite, if it forms at all, is only
produced by localized melting at an
advanced stage of granitization or as
an insignificant minor product of basal-
tic differentiation. However, it seemed
to many geologists that there was a
missing link in the transformist argu-
ment.

The Trouble with Transformism

Magmatists have a wealth of experi-
mentally established physical chemistry
which they have had trouble fitting to
the geology of granite. Transformists,
on the other hand, have a hypothesis
to explain the geology of granite which

NaAlS:3QQ

is difficult to found in orthodox chem-
istry. To some extent the transformists
have reacted by developing a “geochem-
istry” of their own to fit the gcology,
but much of this special geochemistry
essentially rests on a negative argu-
ment: Conventional chemistry is beset
by many difficulties in the geology of
granite, therefore diffusion is presumed
to do what it has to do to explain that
which cannot otherwise be explained.
Undismayed by this ad hoc quality,
some transformists have styled it the
“actualistic” approach to petrology.
The missing link in the transformist
scheme of petrogenesis is the inde-
pendent experimental demonstration
that the potentials resulting from non-
equilibrium configurations and disloca-
tions in the lithosphere really do drive
diffusion to the exclusion of other
processes such as solution, melting,
mechanical motion, and heat flow.
Without an adequate experimental
foundation, the rationale in terms of
chemical potential gradients does not
demonstrate the operation of diffusion
to the exclusion of other processes but
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Fig. 6. “Petrogeny’s residua system”; equilibrium relations of the principal components
of granite in the dry melt, showing liquidus temperatures. Granites fall within the
tria.nglc Si0.-NaAlSi;Os-KAlSi;Os. The trough containing the compositions toward which
residual liquids proceed with falling temperatures of crystallization is shown in solid

black. [Bowen (52)]
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is nothing more than an abstract and
operationally clumsy restatement of the
basic problem: What processes do the
potentials activate, at what rates, and
under what conditions?

Diffusion in the Geologic Realm

Measured lattice diffusion rates in
silicate crystals are too sluggish to
produce large-scale geologic effects in
reasonable spans of time. Below mag-
matic temperatures, measured rates are
typically less than 10~ ¢cm?® sec™ by one
or more orders of magnitude. Diffusion
rates as high as 10™® cm® sec™ allow
mean displacements of only a few
meters in a million years. There is con-
siderable geologic evidence that masses
of granite are emplaced in orogenic
belts within time spans of less than a
million to a few million years (22), so
it is probably idle to attempt to mag-
nify the possible role of lattice diffu-
sion by assuming vastly longer spans of
geologic time.

There are other kinds of diffusion in
solid aggregates, such as grain boundary
and surface diffusion, for which there
are few or no experimental data directly
applicable to rocks. However, a strong
geologic argument may be made
against the large-scale geologic effec-
tiveness of all forms of diffusion in
entirely solid aggregates. Lattice, grain
boundary, and surface diffusivity are
properties possessed in common by all
rocks. Yet many metamorphic and
granitic rock assemblages contain nu-
merous small-scale nonequilibrium fea-
tures such as zoned crystals, reaction
rims or coronas between minerals, and
adjacent layers of rock with sharply
contrasting compositions and mineral
assemblages. Something other than a
general property of rocks must be in-
volved in the effective transport of
matter through rock, otherwise non-
equilibrium configurations would be
wiped out over all relatively short dis-
tances in regions where solid diffusion
is supposedly active enough to granitize
huge masses of rock.

However, diffusion in an intergranu-
lar fluid phase may permit the neces-
sary flexibility by allowing large-scale
diffusion where the intergranular me-
dium is present, in sharp contrast to
sluggish and incomplete reactions where
the solid phases alone must serve as
the vehicle. The coefficient of diffusion
of a particle at infinite dilution in a
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fluid medium is approximated by the
well-known Stokes-Einstein equation:

D = RT/4xNqr, (2)

where R is the gas constant, T is the
absolute temperature, N is Avogadro’s
number, rs is the radius of the particle,
and # is the viscosity of the fluid me-
dium (23). R/4xN is a constant which
equals 1.1 X 10 erg deg™; thus,

Dro=L 11X 107 erg deg™ (3)
N

I have attempted to evaluate the
function Dr. for several temperatures
within the range of strong metamor-
phism and granitization and for pres-
sures up to 2000 atmospheres (see Fig.
8), using some recent work by Fano
et al. (24) on the extrapolation of vis-
cosity data for water to the high pres-
sures and temperatures for which Ken-
nedy (25) has supplied experimental
PVT data.

The characteristics of the function
Dr. have interesting geologic implica-
tions. The ions and molecules mainly
involved in forming granite have radii
(rs) ranging from about 0.5 X 10~° to
about 3 X 10® cm. Since Drs attains
slowly varying values of near or less
than 1 X 10™ at very moderate geo-
logic pressures, it appears that in low
concentrations the diffusion rates (D)
of most rock-forming components in
supercritical water vapor should be
on the order of 10 to 10 cm® sec™
without much change over a wide geo-
logic range of P and T.

Now, diffusion rates on the order of
10 to 10~ cm® sec™ would be adequate
to produce very large transfers of mate-
rial over considerable distances within
very moderate periods of geologic time
and with reasonably small concentra-
tion gradients if diffusion actually takes
place according to the Stokes-Einstein
law through an unobstructed gaseous
medium, which of course is certainly
not cxactly the case in rocks.

Nevertheless, if my evaluation of
Dr. has even order-of-magnitude valid-
ity, it would appear that the diffusion
rate in the fluid medium is not the rate-
limiting factor for geologic processes,
provided the rock has significant effec-
tive directional porosity (26). The real
rate control may be exercised by the
effective concentration gradients pos-
sible in the intergranular fluid, and
these depend on the solubility of the
diffusing particles in the fluid medium,
the rate of solution where the rock is
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being attacked, and the rate of removal
at the interface where the particles are
going back into solid phases; the last
factor in turn depends on solid diffusion
through the reaction-product layer. As
the concentration and variety of par-
ticles in solution increase and the
dimensions of intergranular openings
decrease, complex effects are possible,
some of which may increase and some
of which may decrease diffusion rates
(27). At present we are quite unable
to assign even order-of-magnitude
values to these effects.

From the geologic evidence it ap-
pears to me that rocks which are in-
herently “dry” (composed of anhydrous
mineral assemblages, and of low poros-
ity) are poor media for diffusion and
generally show only small-scale effects
involving any kind of chemical trans-
port. Certainly rocks that become “dry”
in this sense are notably resistant to
further recrystallization and chemical
change during metamorphism unless
water is reintroduced into them and
“retrograde” metamorphism takes place.
On the other hand, where rocks suffer
dilatant strain and have water intro-
duced into them, or contain hydrous
minerals such as clays, chlorite, and
hydro-micas and reach temperatures
where these minerals break down into
less hydrous assemblages plus a separate
fluid phase, the rock of necessity con-

tains a pore fluid and becomes open to
diffusion in the fluid phase until the
water itself diffuses or flows away. Loss
of water is the reason for the “irreversi-
bility” of metamorphism and granitiza-
tion. It is realistic to suppose that inter-
granular water becomes available in the
environment of granitization because
water-bearing rocks such as clay shales
evolve into mica schists and ultimately
into feldspathic gneisses during regional
metamorphism with the evolution and
loss of several percent of original com-
bined water, quite apart from the ques-
tion of the introduction of juvenile
water.

The New Synthesis

If it is indeed water (with other vola-
tiles, to be sure) which gives rock the
major part of whatever capacity it has
to transport material by diffusion on a
geologically large scale, then exciting
possibilities open up for reconciling
many anomalies in the geology of
granite and migmatite with growing
experimental knowledge of the chemis-
try of silicates. O. F. Tuttle’s summation
of the work he and Bowen did in the
system NaAlSi:Os«(Ab)-K AlSi:O«(Or)-
Si0:(Q)-H:O has now been pub-
lished (28, 29). These are the compo-
nents at the apex of the reaction series

feO + Fe, 0,

K,0
+Ns, O

Mjo

Fig. 7. Trends of variation, from field examples of clearly related suites of rocks, with
respect to total Fe, Mg, and the alkalis. Rocks clearly derived from the fractionation
of basaltic magma follow trends toward iron enrichment in the middle stages which are
not shown by rocks related to granitic sequences. [After Tiley (53)]
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that impart to granite its principal
chemical characteristics, and this is a
fitting final legacy of Bowen to the
science he served, for, having con-
tributed the reaction series to geology
and having done so much to work out
its consequences for magmatic differen-
tiation by crystal fractionation with loss
of heat from basaltic magmas, he joins
posthumously with Tuttle now in giving
us some initial insights into another
petrogenic model.

Tuttle and Bowen present sufficient
experimental data to define important
characteristics of the system Ab-Or-Q-
H.O at liquidus temperatures and up
to more than 4000 atmospheres of
water-vapor pressure (Fig. 9). They
show how crystallization of melts in
this system tends to produce mineral
assemblages of alkali feldspars and
quartz approaching granites as water-
vapor pressure increases. Crystalliza-
tion proceeds to a cotectic minimum at
which quartz and a single homogene-
ous K-Na feldspar crystallize simul-
taneously up to a water vapor pressure
of about 3600 kg cm™. At higher water
concentrations separate K and Na feld-
spars begin to crystallize, and the iso-
baric minimum in the system is a ter-
nary eutectic (Fig. 9, bottom left).
Work at the Geophysical Laboratory by
Yoder, Stewart, and Smith (30) shows
that with very modest amounts of Ca
feldspar in the ternary feldspar-water
system  NaAlSi:O«(Ab)-K AlSi;Os(Or)-
CaAl:Si:Os(An)-H:O two feldspars crys-
tallize at even lower water concen-
trations, one K-rich and the other a
sodic plagioclase. Thus, the magmatic
crystallization of the quartz-feldspar
assemblage of granite has been experi-
mentally confirmed, with water play-
ing a crucial role.

Tuttle argues that granitic liquids
must be important in rocks that con-
tain water and the components of
granite because the stability field of
granitic liquids extends well into a range
of temperature and pressure which is
attained at depth in zones of high-
grade regional metamorphism. More-
over, the close relationship of the com-
position of granite to the locus of the
cotectic minimum in the experimental
system is strong evidence that granite-
melt equilibria exercise a high degree
of control over the composition of
granite. This is powerful experimental
support for the role of magma in the
forming of granite, but it also leads
to a highly significant departure from
the classic model of igneous theory.
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Fig. 8. Characteristics of the Stokes-Ein-
stein diffusion function for various pres-
sures and temperatures of water vapor.

I have already pointed out that the
old magmatic model considered the
consequences of introducing a relatively
hot silicate melt derived from some
deep-seated source into an envelope of
rock at a lower temperature. The
ensuing events and final products then
depend primarily on flow of heat from
the melt to the envelope and second-
arily, on chemical and mechanical in-
teraction between the envelope and the
body of magma. Contrast this with an
alternative model toward which Tuttle
is pointing, a model presaged in Seder-
holm’s concept of anatexis.

The Anatectic Model

In the ‘“anatectic model” we con-
sider a body of rock containing water
into which there is a large flow of heat
as a consequence of crustal downbuck-
ling and other orogenic processes. The
temperature and water-vapor pressure
rise toward the point wherc a granite
melt becomes stable. Water reacts with
the rock silicates, first to form alkali
silicate solutions and then to form melt,
the quantity and composition of the
solution or melt being such, of course,
that the chemical potentials of water
and the other components are equal in
the coexisting gaseous, liquid, and solid
phases. For example, at a temperature
somewhat less than 700°C and at a
water-vapor pressure of 2000 kg cm™
a granite melt can form, and if the

components of granite are available in
a rock, melting will proceed until a
melt is formed containing a little more
than 6 percent water. One percent of
water in a rock, under these conditions,
could melt up to about 16 percent of
the rock, provided the rock contained
this much granitic material. According,
therefore, to the temperature, confining
pressure, composition of the rock, and
water available, melting may be either
partial or complete.

As Tuttle points out, realistic condi-
tions may be set up where crystalliza-
tion proceeds nearly adiabatically, iso-
thermally, or isobarically. The classic
model of secular cooling of the melt
may not be at all realistic in the plu-
tonic environment, where the melt may
be in equilibrium at all times with the
ambient temperature of metamorphism
and where crystallization proceeds by
loss of more mobile fractions to the
surroundings. Realistically, then, the
system may proceed toward equilibrium
under the influence of a pressure gradi-
ent and a continuous heat input from
the deep-seated sources of energy which
drive the orogenic process. The heat
flow will then induce chemical and
mechanical mass transport tending to
produce a new geologic configuration
in which the whole rock mass is more
stable with respect to a higher tempera-
ture gradient.

It will take a great deal of additional
experimental work and careful analysis
to work out the major consequences of
this complex conception of igneous
processes in the forming of granite.
Fractional crystallization is only one
means of reorganizing a body of rock
by the separation of phases in different
states. In effect, the term igneous is en-
dowed here with great generality to
refer to all rock-forming processes in
which changes of state in rock silicates
from fluid to solid or solid to fluid are
important (fluid refers to both liquid
and gasesous states). The experimen-
tal data show that such changes must
be important in the realm in which
granite forms.

The anatectic model is somewhat less
concerned with fractionation by the
separation of crystals from the melt,
which is the main theme of the classic
model, because the melts most readily
formed are bound to be near the cotec-
tic minimum composition and there is
no place much for them to go by crys-
tal fractionation. Because of the Kkey
role played by water vapor under high
pressure in forming granite melts, the
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possible role of chemical transport and
fractionation by diffusion in an aque-
ous fluid phase extending into ranges of
temperature and water-vapor pressure
well below the range of silicate melts
becomes a major theme of the anatec-
tic model. The transport properties of
these fluids and the relative solubilities
and mobilities of rock-forming com-
ponents in them are already a factor in
the experimental work, although these
phenomena have not yet received much
systematic attention. One of the most
annoying problems encountered in ex-
periments with silicates at high water-
vapor pressures is that some com-
ponents, notably silica and alkalis, won’t
stay put in the crucible. Rapid transport
takes place in the vapor phase through-
out the pressure vessel (5, 28, 31). The
ratios in which the components of
granite are transported in the vapor
phase are not the same as their ratios
in the melt, but favor silica over the
feldspars and Or over Ab. Phenomena
of this kind can explain many anoma-
lous geologic relationships which are
difficult to explain in terms of melt
equilibria.

Much of the geologic data that has
been adduced in favor of transformist
or magmatist interpretations must be

Si0,

Cristobolite

Feldspor s s

Leucite

reexamined in the light of the new ex-
perimental data and the anatectic model.
Much of the argument for granitization
rests on the persistence within granites
of what seem to be relics of preexisting
rocks, minerals, and structures. To what
extent are these relics simply residues
from which the granitic fraction has
been extracted or redistributed by ana-
tectic mobilization? Once the granite
fraction becomes mobile, how far
might it move? How much chemical
mobility is there in intergranular fluids
below the stability field of granite
liquids, and to what extent is a melt
phase necessary to segregate a granite
fraction from rocks? When a melt
fraction forms in rocks, to what ex-
tent does the rock as a whole lose
cohesion and become subject to semi-
viscous flow, and under what conditions
does the melt phase segregate from the
unmelted residue? Up to what stage
will the geologic configuration continue
during these processes to simulate the
ghost stratigraphy and structural rela-
tionships on which the granitization
hypothesis rests? These and a host of
other intriguing questions suggest them-
selves.

H. H. Read has said that the granite
problem is essentially a field prob-
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Fig. 9. Stability fields at the liquidus in the system NaAlSiaOs-KAlSiaos-Sioz-HZO.fc.)r
various pressures of water vapor. Liquidus temperatures fall toward a trough on the join

between feldspar and the silica minerals. Two feldspars begin to crystallize, and a

ternary eutectic appears at water-vapor pressure of about 3,500 kg cm™. The minimum

temperature on the liquidus falls from about 950°C for the dry melt (compare Fig. 6)

to about 650°C with water-vapor pressure of 4000 kg cm™ [Tuttle and Bowen (28)]
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lem (32). I must offer a resound-
ing dissent. Whenever a geologist seeks
to discover the origin of a configura-
tion of rocks he must bring to it some
conception of the physical and chemical
processes which are possible in rocks.
The geologist interested in surficially
formed rocks can often study his proc-
esses at work in the field, but this op-
portunity is not vouchsafed the student
of granite except by extrapolation and
analogy from the crucible and the high-
pressure furnace.

Looked at from this point of view,
the granite controversy has been a
noble effort by geologists to pull them-
selves up by their bootstraps, to dis-
cover the origin of granite before the
physics and chemistry of the system
could be investigated experimentally or
theoretically in the appropriate regions
of pressure, temperature, and composi-
tion. The magmatist effort has been at
least superficially conservative. It has
been an effort to interpret the geology
in terms of models based only on well-
known fundamental physical and chem-
ical processes—basically, heat flow,
mechanical motion of solid and fluid
bodies, crystal-melt equilibria, and frac-
tional crystallization. Where the geo-
logic configuration has seemed to be at
odds with the ostensible consequences
of these processes, the magmatist has
sneaked behind his conservative facade
to make ad hoc assumptions about the
working of his processes under condi-
tions at depth.

The transformists have in a sense
been more openly imaginative and
more radical in turning to the poorly
known processes of diffusion where the
well-known ones seem to fail. Specula-
tive though a good deal of their special
geochemical doctrine may be, it has
performed a great service in shaking
the complacency which always over-
comes those who believe they are being
conservative. It has forced geologists to
look harder at their rocks, to define the
limitations of the processes, to question
oversimplified or inflexible models, and
to extend their experimental investiga-
tions into increasingly critical regions.
Transformists who have read these
words may well be smiling to them-
selves with the thought that at last the
magmatists have “discovered” granitiza-
tion. The difference is that modern ex-
perimental research is beginning to ex-
plore rather than hypothesize physical-
chemical processes which can ultimate-
ly reconcile the many puzzles presented
by the geology of granite.
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Research Program

Since August 1957, long-range, high-
altitude Lockheed U-2 aircraft of the
U.S. Air Forcc have been systemati-
cally sampling the radioactive debris in
the stratosphere as part of the High
Altitude Sampling Program sponsored
by the Defense Atomic Support Agen-
cy. The scientific direction of the
sampling program, the radiochemical
analysis of samples, and the meteor-
ological interpretation of the data are
the responsibility of Isotopes Inc.,
Westwood, N.J. (6).

After an initial training and testing
phase, from August to October 1957,
at Laughlin Air Force Base, Texas,
the sampling aircraft were based at
Plattsburg Air Force Base, New York.
and Ramey Air Force Base, Puerto
Rico. From these two bases a north-
south sampling corridor along the 70th
meridian (W) extending from latitude
66° N to 6° S, was monitored systemati-
cally from November 1957 through
May 1958. During June and July
1958, sampling was conducted only in
the vicinity of Puerto Rico. From Sep-
tember 1958 through August 1959 the
aircraft operated from Ramey Air
Force Base and from Ezciza Airfield,
near Buenos Aires, Argentina, in order
to sample the atmosphere in the South-
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