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Introduction. 

l n man y parts of the world it has be en shown that granite and 
allicd rocks have formed by replaccment of pre-existing rocks. In
deed, hard ly any geologist today will doubt the importance of meta
somatk processes in petrogenesis. However, the physical naturc of 
the active agents and the mechanism of the process are still much 

clebatccl. 

It has been proposed that the transfer of the chemical material 
was effected for example as mineral molecules or as oxides by a 

magma, a pore Equid, a gas, or by a hydrothermal solution. More 

recently various autihors have maintained that free atroms, Joosenecl 
from the crystalline lattke, are æsponsible for the transfer. 

In the present paper eight examples of granitization and basi

fication taken from the literature, will be discussed. It will be shown 
that the chemical data are susceptible to re interpretation as based on 
the importancc of diffusion in the transfer of chemical material. This 
means that material has been transferred in the form of individually 
moving atoms, molecules or ions, and not in the form of flowing liquid. 

H has reccntly been emphasized hy Barth that if rock alterations 

take place without changc of volume, it can be assumed that littlr 
net loss or gain of oxygen took place. This assumption is reasonablc 
because about or over 90 per cent of the rock-fonning mineral or rock 
volume is occupied by oxygen ( Barth, 1948 a, Reynolds 1949, p. 24 7). 
Therefore discussion of gain and loss of mater ial in rock alteration 
is greatly facilitated by Barth ' s concept of standard rock cell (Barth 
1048 b) which conta ins 160 oxygen ions. By listing the cations 

1 Condensed from doctoratc the�is at the university of Chicago 1948, sub
s�quently re\·ised. 
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associated with the unit rock cell, we arrived at !he rock fonnula. 
By comparing the rock formula of the altered with that of the un
altered parent rock and with that of the associated granite, we obtain 
the gain and loss of the altered rocks and of the granite in terms of 
cations. 

The gains and losses are compncl!Cnsively illustrated by the elia
grams, Fig. l to 7. With reference to F'ig. l, the diagramms are 
explained as foHows: The rock series from shale to granite consists 
in this case of 9 analyzecl members, they are arranged from right to 
left in order of increasing granitizaNon. The cation contents of the 

respective standard cells are calculated. 
The results of these cakulations are here given explicitely for 

the unaltered shale (l) only. The contents of all other standard cells 
are compared with that of the unalterecl cell and set out in terms 
of clifferences. Tihus rock No. 3 ( shale ne ar the contact) is shown 
by the diagram to have gained for cxample 3 K-ions but ,lost 12 Al
ions, etc., as compared to the composition of the standard cell of the 
unaltered shale. 

TI1Us the gain and loss cliagrams illustrate the variations of the 
cation content from the unaltered parent rock on the right to the 

granite on the Ieft through alterecl rocks of the transitional zone in 
between as found in nature. The socalled granitization fronts are 
indicated by dash and dot lines, and the basification fronts by long 
and short dash lines. The maximum values, corresponding to petro
chemical culminations, are undet�Iined. A second maximum is under
Iined by a dash line. 

A. Examples of Inclusions in Granitic Rocks: 

l) Sedimentary inclusions in the Boulder Batholith (Grout, 1937, 
pp. 1559-1563; Reynolds, 1946, pp. 402-403): 

No. 518 represents the chemical composition of the prevailing 
type of Boulder Batholith, a hornblende granite. No. 525 is the con
tact facies of the granite mass, and No. 526 is a contact facies of 
granite which is the type that surrounds the inclusions. Nos. 10, 8 
and 6 are dark inclusions 300 yards, 100 yards and six inches from 
the contact. No. 4 is the composition of hornfels hreccia at the contact 
of batolith. No. 3 is Cretaceous shale near the contact. No. l is the 
Cretaceous shale 100 yards outside of the batolith. The gain and loss 
diagram (Figure 1) shows the trend of chemical changes rather 
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clearly: No. 4 whioh is oloser to granite tha:n No. 3 gained Fe, Mg 
and H, whereas No. 3 lost Fe, Mg and H but gained K and more 
Na and Si. By comparing No. 3 with No. 518, the prevailing granite, 
it is clear that the trend of the change in No. 3 is toward the granite, 
whereas the change of No. 4 is toward the contaminated granites. 
The migration is, therefore, Na and Si out of granit-e in exchange for 
Mg and Fe from the Cretaceous sha,J.e-hornfels. 

The trend of change of the inclusions is that the farther inside 
the granite the more inclusions gain in Na, Al, Ca and Fe, and lose 
in Si and H. Basification of granite near the contact is also evident. 
The trend is quite similar to that of the inclusions. 
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The mineral mode of No. 6 is: 6 per cent quartz, 40 per cent 
labradorite, l O per cent biotite, 35 per cent amphibole, and 5 per cent 
ore minerals. It has on ·the o ne hand a mo æ basic feldspar and a 
larger amount of labradorite and amphibole than the less altered 
homfels, on the other hand, less labradorite il!nd more amphibole 
than the inclusion l 00 yards inside the granite. This assemblage is 
typical of amphibolite facies. The evidence is therefore in favour of 
the hypothesis that the change of rock composHion and the transfer 
of particles are governed by the development of the stable minerals. 

2) Sedimentary inclusions in the FlamanviJie Granite (LeC:ere, 
l 906, pp. 7-11; R,eynolds, 1946, pp. 393-397): 

The Flamanville granite (G) of Normandy, France cuts obliquely 
across three horizons of the Devonian sediments composed of fissile 
shaie ( a1 ), graywacke (b1 ), and calcareous shale ( cJ. 'nhese sedi
ments were aUered in to metamorphic shaJ.e (a), horn feis (b), and 
cakareous shale (c) and ,c' a schistose type of calcareous shale at 
the contact with the granite. Extending into the granite along the 
strike of these beds are contaminated granites (A, B, C) and un
disturbed rdic felds:pathized inclusions (/33 ), the average indusion 
(/32 ), and schistose inclusion (/31 ) of the graywaoke, and a large 
re li c inclusion of the compacted calcareous shale ( yJ. 
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The gain and loss diagrams (figures 2 a and 2 b) show that in 
the case of the fiss,ile shalc a1, the Ca, Mg, Fe and Si lost hy th<: 
altered shalc (a) were gained by the contaminated gran i te A, whereas 

the loss of K and AI from A was gained by a. 

Figure 2 c shows 1he alteration of b effected by loss of Ca, and 
Fe, and gain of K and Si, a trend towards granitization as marked 

by the granitizing front. Similar and progressive changes etfected 
the inclusions {31, (32 and {3". On the other hand the contaminated 
granHe B when compared with G (figure 2 a) indicates loss of K 
and Si, and gain of Ca and Fe. An exchange of these ions is reason
ably clear. 

Figure 2 d shows that c and c' are notably desilicated and hasi
fied (marked hy the basifying front). The chemical changes of the 
inclusion y1 are similar to .those of {32 and {33, thus indicating of con
vergencc towards the deve1lopment of a stable mineral assemblage of 
originally different sediments. The contaminated granite C again 
shows complementary changes, i. e. loss of K and Si, and gain of Ca, 
Mg and Fe. 

It is noteworthy that all the alterecl rocks -- sediments am! 
granitc -gained Na and Mg. Therefore the chemical changes are 
not a simple complementary nature, but involve the migration .of 

materials from more distant sources. The expJantion is difficult and 
still obscurc; magmatic contamination or assimilation  presents no 
solution. 

It should be noticed also that various elements culminate at 
various places in different types of rocks, and that the culminations 
of elements do not Iie in the most altered rocks ( such as the culmin
ation of Al and Ca in c' instead of c). The ions mi gra te in various 
directions; 1here is an all over addition of Mg and Na. We ar<: 
forced to concludc, therefore that the operating process was highly 
sclective in the sense of diffusion and differential metasomatism. 

B. Examples of Granitized Contacts: 

3) The Jurassic sanclstone and the granite contact at Dunan. 
Isle of Skye (Day, 1931, pp. 58-59; Reynolds, 1946, p. 410): 

The Tertiary granophyre of Dunan (SJ with a small amount 
of hornblencle and a distinct granophyric texture alterecl the Jurassic 
sandstone Sx. The contact is gradational. The unaltered sandstonl' 
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Fig. 3. 

Sx has 88.03 per cent of sihca, 5.9 per cent of alumina and 4.2 per 

cent of total alkalies. 
The gain and 1loss diagram figure 3, shows that all the altered 

sandstones S8, S, and Su which are 100, 1 O and 5 feet from contact 
are desilicated and gained AI, K, and Na as described by the gra

nitizing front. They also gained Fe and H. The petrochemical cul
minations of Na, Mg, and H in S,, Fe in s .. , and AI in Su together 

with the second maxima of Mg, Fe and H indicate that the migration 
of these ions was both from the granophyre and from the sediments. 
Any such m igrat i on evidently is against the concentration gradient. 
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Dolerite 

4) The granophyre and the Breven Dolerite Dike ( Krokstrom, 
l 932, p p. 289-299, 302-305; Reynolds, 1946, p. 417): 

The Breven Dolorite D.ike extends east-west for 30 km from 
Lake Ravsjon to Lake Storsjon in Sweden and has a width of 0.3 to 
1 km. The granophyre (7) is in the central portion of the dike, 
flanked by epidolerite ( nos. 6, 5 and 4) on both sides. These altered 
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Fig. 5. 

epidolerites grade away from the granophyre into olivine free dolerite 
(3) (see Kroksrtrom, 1932, p. 290, fig. 25, and p. 299, fig. 26). 

The fresh dolorite is of a speckled black and white color, coarse
grained with large light-colored feldspar-laths. The epidolerit·e is 
chemically as well as mineralogicaJ,ly different from the dolerite. The 
anorthite percentage of the plagioclase decreases gradually from the 
high values 54 to 62 per cent of the doJ.erite to 25 to 30 per cent of 
the epidolerite. Simultaneously the epidolerite becomes enriched in 
potash feldspar. 

The granophyre is red with sporadic green spots of epidote. 
Phenocrysts of guartz are prominent. The potash feldspar and guartz 
are partly independent and partly micrographically intergrown. 

The first impression is that the dolerite has been retrogressively 
metamorphosed, caused by intrusion of the granophyre and that the 
intermediate rock (6) and the acid epidolerite (5) are granitizied. 
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This picture of grani.tization is not complete, however. Figure -!
indicates that the basic epidolerite ( 4) has lost K, Na, Si and AL 
and gained all other ions , �especiaHy Fe with consequent development 
of amphibole and hiotite in ( 4) and ( 5) ( amphibolitization) . Thus 
K, Na and Si migrate towards the granophyre, the basic ions the 

other way, causi,ng gran iH z ation of (6), and probahly influencing 
the formation of the granophyre itself. 

No assimilation of dolerite by granophyre took place, there is no 
fie-ld indkation of any solution accompanying the granophyre. The 
compositional changes of the epidoierHes are, therefore, most likely 
due to diffusion, no matter how slow it might have been, in a fairly 

dry state. The original zoned plagioclase in the dolerite was in this 
case homogenized. 
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5) Contact of pegmatite and limes tone of Mansjo Mountain, 
Sweden (Eckermann, l 922, p. 326): 

The skarn rocks developed at the contact of a pegmatite inside 

the limestone format·ion at Stora Kalkbrottet of the Mansjo Mountain, 

Sweden. The pegmatite is made up of perthitic microcline, plagio

-::lase of An 25 per cent, quartz, plus accessory biotite and zircon. 

The composi,tion of a pegmatite ·is rather diffioult to determine by 
chemical analysis, and the composition of the olosely related granite 
gneiss is given instead (I). li--V (diagram figure 5) represent skarn 
rocks collected at one quarter, one-half, one, and two meters from 
the contact. 

Chemical exchange took place within these two meters of rock. 

The gain and loss variation diagram, figure 5, indicates progressive 
ga.ins of K by the skarn rocks approaching the contact, and ga:in of 
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Na and AI with their culmination at a distance of one-half meter from 
the contact. Ca and, possibly, smaH amounts of Mg were lost by the 
skarn (partly accounting for the high A:n per cent of the plagioclase 
of the pegmati<te). The ex,change of material and the petrochemical 
culminations of Na and AI seem to be best explaåned by fractional 
diffusion in two directions. This phenomenon is difficult if not im
possible to explain by soak,ing in a mobi·le pegmatiNc liquid. 

C. Examples of Granitization on a Regional Scale. 

6) Example of grani,tization of the Stavanger region (Gold
schmidt, 1920, p. 110; MacGregor and Wi!S'on, 1939, p. 196; Rey
nolds, 1946, p. 405): 

The c!assical work of Goldschmidt gives us a series of no less 
than ten anaJy,ses inoluding granite (X & XI), gneiss (IX, dark layer), 
augen gneiss (VIII), mica-rich au gen gneiss (VII), po,rphyritic alibi te 
schist (VI, average of 6 samp!es), quartz-muscov.ite-biotite-garnet
mica schist (V, average of 4), quartz-musco'V'ite-biotite-garnet schist 
(IV, average of 6), quartz-muswvite-biotite phyllite (Ill), quartz
musoovite-chlorite-garnet phyllite (Il, average of 8) and quartz
muscovite-chlorite phyllite (1, average of 18) farthest away from 
the granite. 

The gain and loss vaniation diagram, figure 6, of these regionally 
metamorphosed Cambro-silurian sediments c!early shows ·the fixed 
granitizing front and the fixed basifying front. The former is in
dicated by the progressive gain of Na, and Si by rocks doser to the 
granite and the latter, the gain of Ca, Mg, Mn, and Fe. Such radical 
change of chemical composi,tion of the basified Il, Ill and IV and 
the granitized V, VI, VII, VIII and IX 1is regional in scale. From the 
overlappJng of the two fronts, the complementary nature of the mi
gration and exchange ·of mi,neral matter is olear. Tihis fact is turther 
shown by the independent petro-chemical culmination of different 
ions at various di·stances from any reference plane parallel to the 
contact. 

It should not lbe overlooked that granitizaUon in this case was 
also accompanied by the loss of AI and dehydration. In other words. 

there is no evidence of a hydrothermal phase connected wHh the 
granite. 
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7) The sparagmite rocks of southern Norway (Barth, 1938, 
pp . 58 and 63) : 

The composition of the Eocambnian sparagmites of southwestern 

Norway are mineralogically the same as the rocks 1termed "arkose" 
in the United States. They consist almost e�clusively of fragments 

of quartz and feldspar and are frequently conglomeratic. The uniform 

composition throughout the whole formation of the sparagmite in 

southern Norway is well known to Norwegian geologists. These 

sparagmites (2 to 5) are progressively metamorphosed (in space) 

into "granulites" or f:lagstones (6 to 8) which grade into the basal 

gneisses (B and A) from southeast to northwest during the Cale

donian orogenesis. 

The chemical ·changes of the altered sparagmatite are not distinct 

probably because the o11iginal compos.ittion of the sparagmite ås dose 
to that of a grani1te. Figure 7, shows ·that tin general, the sparagmites 

and granulites show desilkation and an .increase of Na, and AI. The 

change is towards beooming more like the basal gnei.sses and the 

culmination of Na, K and AI ,is correlated to albi�tization, the re

crystallization of potash feldspar and the increase of muscovite 

(Barth, 1938, p. 60) . 

Other examples of granitization on a regional scale such as that 

described by Quirke and CoHins ( 1930), MacGregor and Wilson 

( 1939) and Reynolds ( 1946) are available and in general serve as 

field evidence in support of the discussion carried out in the last 

section of this paper. Lapadu-Hargues (1945) made a study of the 

chemical composition of av•erage nwtamorphic rocks. He selected 

seven groups of metamonphic rocks viz., Group I- Schistes sedi

mentaires; Il- Schistes a serisite et micaschistes a muscovite; Ill
Micaschistes a bi o tite et muscovite; IV- Gnei1ss a deux mkas; V
Gneiss granitoides, o·eilles, a biotite seule; VI- Granites; and VII-
Granuii>tes. His comparison of the average oomposition of these 

groups 'is arranged in the above order, which is supposed to represent 

a series of increasing metamorphism. U nfortunately, the chemical 

analyses given include only eight important oxides. Moreover, he 
seleoted his data uncritically from available rock analyses in the 
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geo logic literature, without regard to the original composition of the 
sediments tint were mctamorphosed. Because of its importance to 

this paper, the writer has checked his data. The result was very dis
appninting.1 Therefore Lapadu-Hargues' data can not he ntilized. 

Diffusion as a Basic Principle in the Interpretation 

of Petrochemical Changes. 

All examples investigated above have indicated that 1) meta
morphism of the rocks under ·consideration 1is not isochemical, but 
addition, suhtraot,ion and migration of material are evident; 2) petro
chemical culmination of certain element ion, atoms, or molecules is 
a characteristic feature of the chemical changes; 3) concentration, as 
inclicated hy petrochemical culmination of certain elements, is corre
Jated with the formation of the most stable mineral phases; 4) mi
grations of different elements are .in different direotions; and 5) 
overlapping of the fixed granitizing and basifying front exists tu 
some extent , indicating their complementary nature. 

The partial chemical potential and its derivatives (va p or tension, 
chemical activity etc.) va ry wHh pressure, temperature, composition. 
size of minerals, and with the surrounding phases. Any gradients in 
these factors wi1H 'Create a chemical potential gradient along which 
the particular ion or atom of the mineral under consider.c.tion will 
migrate. 

Applying the ·principle of diffusional migration, Perrin and Rou
hault (1939, 1949) H. Ramberg ( 1944 a; 1944b, pp. 102-109; and 
1946) and ]. Bugge ( 1945, p p. 9-�31) emphas·ized the importance 
of this p roe ess in petro genesis. Barth ( 1936, p. 806) and Ramberg 
( 1944 b, p. 104) als o demonstrated the application of such principles 
in the 1interpretation of zoning and the origin of certain veins and 

pegmatites. 

' Looking over the analyses used in the average of shale from twenty 

sev en sources ( each a:nalysis in turn may represent the avemge of several 

analyses fmm different authors), I found the following discrepancies: Nu 

analysis can be found as indicated by Nos. 2, 4 and 5. No. 8 gives a 
reference to gneiSises instearl of the average of five palaeozoic shale.; 

from Amerka. Nos. 9, 10 and 11 are with references only given in terms 
of Niggli valus. These may be due to mistakes of cross-references given . 
Nevertheless, nos. 13 anrl 14 are typical schists instead of shales and 
no. 16 is a typical kyanite se hist. 
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It is clear that ,the addition, subtraction and migration of mate
rial as shown in the above examples must have happened in one of 
the following ways: l) leaching and precipitation by a circulating 
solution or gas of unknown composition along supercapillary and 
capillary openings, or 2) by diffusion of activated ions, atoms, or 
molecules wi,thout the aid of a moving condensate. A large pressure 
gradient is generally needed to cause a solution to flow or circulate 
continuously. Holser (1947, p. 395) in his study of the transport of 
material through various sizes of openings, concluded that in rocks 
v,nith subcapillary openings, transport of matter by diffusion through 
a liquid medium along grain boundaries or through crystalline lattices 
is more effective than by flow of the condensate. It seems to the 
author that an addi,tional criterion 'is at hand to distinguish between 
pure chemical diffusion and mechanical flow. If pure liquid is essen
tially stationary, migraNon and transport of material is not governed 
by the pressure gradient but by chemical portential gradients. Under 
such condition, the migration becomes highly selective, and the direc
tions are not limited to the path of flow of �the solution or the pore 

liquid. 
Let us for a moment examine the pattern and requirement of 

movement of so,lutions through a mek mass of reduced porosity. We 
must remember that we are dealing with a rock where free channels 

for flow of solution are greatly limited. Solutions and gases can only 

move into areas of low pressure, but �the complicated chemical changes 

in the examples described in this paper require migration of material 

in many directions. Furthermore, precipitation and solution of sili

cates by a moving liquid is governed by the law of mass action. 

This implies that large quantities of liquid solvent are necessary to 
effectively transport silicates. The sources of such large quantities, 

and the mechanism of flow through rocks of greatly reduced porosity 

and permeability are, indeed, mysterious. According to Holmes ( 1936, 

p. 321) it is mechanically impossible to separate 1 O to 15 per cent 

of liquid from a crystalline mesh. The difficulty of squeezing out the 

pore liquid from a solid rock mass would be considerably greater. If 
gre at press u re is operating on a rock mass with 5 to l O per cent of 

pore liquid, the whole mass is likely to be plastically deformed instead 

of driving out the pore liguid. 

Norsk geoL tidsskr. 29, 7 
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It is a well known fact that porosity is reduced rapidly with 
increase of depth of buriaJ.l At a depth of about 5 km, the porosity 
of sediments is reduced to nearly zero. Deformation also reduces the 
porosity of clastic sediments (Rubey, 1930). Shearing easily destroys 
the shale laminae of the order of 1-500 ,u thick (Kienow, 1949, 
p. 348) resulting in a mass of fine aggregate which favors transport 
by diffusion. But it is the permeability of rock that controls the 
effective transport and penetration of liquid condensates. Coarse 
clastics whose porosity is greatly reduced by diagenetically deposited 
mineral cement and secondary overgrowth together with pelitic sedi
ments are all prepared to be more or less impervious in the beginning 
of metamorphic action. Recent data on the degree of cementation of 
clastic sediments and its relation to clepths of burial shoulcl be of 
some interests in this respect. 

In order to show that chemical changes as characterized by 
culminations are hrought about by diffusion, let us examine again 
the widely quotecl chemical data obtained by Adams on bricks ( 1930, 
pp. 153-161). A dead bumecl Austrian magnesite brick (no. 5) 
Jow in lime, and another brick (no. 6) of synthetic clinker made from 
dolomitic magnesite and mHl scale (largely Fe,104) were heated in 
a kiln for 60 hours to 1430° C and cooled gradually for four clays 
to 150° C. The iron-rich no. 6 brick bent over and accidentally 
touched no. 5 brick at one point, thus �cleveloping three con:.:entric 
zones a, b, and c in the no. 5 brick with zone c at the contact. The 
partial chemical analyses of the two hricks and these three alterecl 
zones are as follows: 

1 Athy (1930) has computed the porosity o.f a shale from its Jepth uf 
burial from the formul'a P= p(e-bx ), where P is porosity, p is averagc 
porosity of surface clays, b is a coefficient, and x is the depth of burial. 
He also found that a�n original porosity of 50 per cent of a shale was 
reduced to only 8 per cent at 8 000 feet below surface, and that shale� 
at 6 000 feet below surf.ace are not uncommon to have only 5 per cent 
of porosity. Assuming that the day size partides of the shale are spheres 
and are close-packed, a rough estimate of the order of magnitude of the 
diameter of the openings at the depth of 6 000 feet with 5 per cent 
porosity is something of 200 m". With platy clay minerals it should be 
easy to see that pore space at depths hardly exists. The effective tran
sport of matter through such pelitic rocks will according to Holser's de
duction (op.cit.) neces,sarily be diffusion. 
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brick 
In no. 

in no. 

in no. 

brick 

· · · · · · · · · · · · · · · · · · · · · · · · · · ·  . . . . . . 

5 
5 
5 

brick 
brick 

brick 

... . ....... . . . . ...... 
· · · · · · · · · · · · · · · · · · · · ·  

. . .. . . . .. . . ... . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SIO., AL< l. Fe/ l .• Ca O 

1.0 l.O 22.4 R.4 
0.6 0.5 17.2 -tO 
1.6 1.3 15.6 5.4 
3.5 1.7 12.4 ()3 
2.3 0.9 8.3 2.4 

The analyses show clearly the migration of Fe along its concen

tration gradient, whereas Si, Al and Ca culminated in zone a, farthest 
away from the point of contact. Migration of these ions evidently 
were mostly against their concentration gradient. The explanation is 
difficult for Jack of mineralogical data. Could it be due to the devcl
opment of dicalcium silicate or gehlenite as a more stable assemblage 
in zone a? W as it because Fe did not participate in an y chemical 
reaction that it migrated along the concentration gradient as described 
by Fick's lavv? No matter what the explanation and the state of 

equilihrium, the diffusion and migration of matter took place.1 

With this experience as a guide a summary discussion and inter

pretation of metasomatic rocks by diffusion can proceed by con

sidering the chemical composition of the parent rocks, the tempe

rature and pressure and their gradients under which alteration of 
rocks takes place. 

In pelitic rocks and graywackes, rich in clay minerals, progres
sive metamorphism produces slate, green schists and eventually rocks 
of amphibolite and hornfels facies. Under the P-T conditions of the 
amphibolite facies, Fe, Mg, Ca, Ti, Mn and some Al will form hiotite 
and amphibole, depending upon the amount of K, Na or Ca and HJ) 
availahle. Consequently there develops a surplus of Si which is a 
proba:ble source of the associated quartz veins,2 or else may serve 
as one of the granitizing agents. In the case of the basifiecl schists 
of the Stavanger area, there are two ways of accounting for the 
desilication of no. li, the quartz-muscovite-ch>Joritc-garnet phyllitc: 

1 Wiiliamson (1949, pp. 73�1 and 741) pointed out that this evidence does 
not support the interpretation as advanced hy Reyno.ids, Backiund etc. 
to be solid diffusion, i. e., diffusion through crystalline Iattice. 
Goodspeed (1940, pp. 175-195) and Ramberg (1944 b, p. 104: EWl) 
have shown that the source of SiO, of some 4uartz veins are derived 
from the surrounding rocks hy lateral segre.gation ( diffusion). 
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a) with the aid of a moving solution and b) by diffusion. Wholesale 
removal or Ieaching of Si by a so.lution moving in the rock should in
troduce cations proportional to the removal of Si. But the culmination 
of Ca, Mn, and Fe are sporadic and rather independent of desHication. 
If the formation of amphibole and biotite is accepted as the cause of 
desilication, then basification is a differential process (the formation 
of stable mineral phases) and complementary to the formation of 
quartz veins and ·silicificaHon in adjacent areas (the redeposition of 
unstable mineral components). 

The examples above show that with Si, also Na, K and P are 
removed as a result of basification. They form what may be arbi
trarily called the granitizing agents. 

· Basification is generaJ:ly indistinct in arkose and quartzite. But 
the Dunan Jurassic Sandstone as altered by the granophyre shows a 
fixed basified front (fig. 3). This implies a concentration of cations 
from the surrounding rocks, and not isochemical contact meta
morphism. 

Sparagmites are also desilicated. The replacement of quartz by 
feldspars Is clearly observed in the granitized quartzites of the Black 

Hills.1 The origina�l textuæ of the qua:rtzites is retained. Feldspar 
grows along 'grain boundaries and cuts into grains of quartz, thus 
the total volume of s:i:Hca is reduced. 

The limestone contact of Mansj<) Mountain, Sweden is an ex
ample of basification and decarbonation. Supplementing examples 
are amphibolites and skarn rock described by Barth (1928; 1948 c) 
and Bugge ( 1945, pp. 43-44 and 54 in gahbroidal rocks) where 
concentration of Na, K and Si in areas of �low pressure forms peg
matites. 

The basic Breven Dolerite Dike suffered profound chemical 
changes as indicated by the conrversion of zoned plagioclase to un
zoned moæ sodic plagioclase, and recrystallization of ortho- and 
clino-pyroxenes into amphiboles. Ca ions in the labradorite (An 54 
-·62 %) were activated and went into miner als having a lower Ca
ion activity i. e., the newly folimed a:mphibok In simillar manner ions 
such as Si, Al, K and some Na migrated into no. 5 and no. 6 to form 
potash feldspar,s. Such changes not only depend on the bulk com-

, Chao, E. C. T., Some A:plngranite of Black Hills, S. Dakota, U.S. A. 
unpublished 
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position of the original dolerite but also on the ions that were foreign 
to the rock itself. These foreign ions may either come from the ad
jacent rocks or the postulated intrusive bodies. The new condition 
set up chemical activity gradients that influenced the ions of the rock, 
bringing about the amphibolitization and basification of no. 4 and 
granitization of no. 5 and no. 6. 

Chemical changes of rocks induced by new P-T conditions and 
new chemical environments are, generally speaking, of two kinds: 
basification and granitization. A summary diagram of metasomatic 
alteration of rocks of various compositions is given in figure 10. 
figure 8 illustrates various P--T condWons under which inclusions. 
aureoles and regional zones of rocks are altered. 

Inclusions picked up by granitic magma are heated and the 
temperature soon will approach that of the gradually cooling granitic 
rock. The thermal gradient at that temperature was therefore essen
tially zero, so was the pressure gradient. All components of higher 
free energy in the inclusions went into the "melt" and what remained 
reacted with the "melt" to fonn the stable mineral phases (for ex
ample biotite and amphibole). The chemicarl changes seem to be 
controlled mainly by the chemical environment and the temperature 
and pressure of the granitic rocks which is cooling down slowly 
enough to devel o p the granular hollocrystalline tex ture ( curve Ill, 
figure 8). Most petrologists would probably agree that large am o unt 
of diffusion has taken place in the alteration of such inclusions. 

Contamh1ated granites which surround basified inclusions are 
usually desilicated as compared with uncontaminated granites. Che
mical reaction of a closed system alone can not account for the de
silication, because there is an apreciable loss of silica per unit rock 
cell of contami,nated granite. The interpretation can only be that Si 
and some K migrated into the surrounding granite. Moreover the 
addition of Mg to the inclusions and the contaminated granite con
firms that Mg-metasomatism has taken place. 

The part of the altered rock not in imrnediate contact with the 
bulk of granite must be influenced solely by diffusion. The ions must 
move from the hasified zone to the granitizied zone and vice versa 
in order to accnunt for the changes undergone by the rocks of ex
amples l to 5. In these examples, the mobilized material is seen in 
a sharply defined narrow zone of the country rock. This is prohably 
due to a steep thermal gradient. Rapicl cooling (as indicatecl by curve 
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ASSIMILATION 

c• 

TIME 

Fig. 1). --- Schematic diagram showing qualitatively the rates of heating 

and cool·ing of the country rock of different examples of gra:nitization and 
related petwchemical changes.' T•hc curves represent the he·aling of the country 
rocks that surround the he.at center. The slope of these curves is a vital factor 
which determines the state of equilihrium, rates of diffusinn and pegmatitization, 
<1nd the rebtive widths of "metamorphic" zone�'L 

VI of tigs. 8 and 9) arrests rather than promotes further diffusion. 

l n such cases, equilibrium is not attained and there is little evidence 

of homogenization. This interpretation is supported by the geology 

of skarn rocks and by artificially produced zonary structures 

at contacts between silica melts and ceramic ware ( attribubed to 

' The schematic diagram is developed and expanded on the basis of the 
original concept of the cooling of host rock in relation to zoning as advanced 

hy W. H. Newhouse and A. F. Hagner (1947, p. 1212). 
A rapid rise of temperature, that is the steep slope on the left (Il, Ill 

and IV) is supposed to give no opportunity for equilibrium between the in
coming material and the country rock, the contact should therefore be sharp. 

r\ slow rise of temperature with a low maximum (V, VI, VII and VIll) will 
give more time fnr the diffusion and adjustment of the ·incoming ions and the 
ions in the country rock and produce a less sharp contact. A liquid phase 
probably will occur or start to form only when the maximum temperature is 
generaHy higher than 600, C (Gi.imnson, 1932). The examples discussed in 
thi·s paper demonstrated that ba:sification-desiJ.ication will take place as the 
temperi!Jture ris·es. Aft.er the tempem.ture has reached its maximum it falls in 

different mimners a1nd rates. As the temperature reaches >its maximum, the 
mobility of matcnal also becomes maximum, so that the domilllant process a,; 
temperature faUs would be that of feldspathization, formation of porphyrob!asts 
in �chists, development of wned pegm atites at low pressure areas (in open 
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VIl VIll 

5 JO 

DISTANCE (MILES} -

HEAT CENTER 

t'iig. 9. - Various thermal gradients induced in the country ro·cks. The number:< 

as in figure 8. Dash lines indkate variation of .thermal gradi,ent with time. 

solid diffusion due to a temperature gradient by Williamson, 1949, 
pp. 736-739) . 

The conditions for diffusion differentiation to produce granitiz
ation on a regional scale are quite different. Curves V, VII and VIII 
(Hgure 8) presuppose that granitiza:tion ext,ends over a 'long period 

of time at much lower temperature than is necessary for remelting. 

Long time periods and a large amount of diffusion are necessary to 

,.;tructure) and pegmatitizatjon with the formation of huge porphyrobJ.asts in 
a fine-grained gneissic mek. The ra1te of coolrng is partiaJI!y goV'emed by depth 
where this the�maJ w'<we takes plaoe, that is the deeper it is, the s1ower the 
heat wi'11 be dissipated into the country mcks. SimHarly the tighter the struc

tural openings, th.e slower the penetration of heat. 

I- Conso1idation of a granite-Hquid melt. 
11- Hypothe.Nc·ail. conctH1on of injection. lf the maximum is low (tem

perature) � this condition, or the steepness of the curve shaH re

present that of veins fonmed by hydrotherma1l solutions, in fissures 
or low pressure al"eas. 

Ill - Hypothetioal condition of assimi'lation of sedimentogeneous in

clusions. 

IV- Similar to Ill, ex cept that there is no assimilatio•n. 

V, VIl, VIII- Regional granitization at relatively low temperatures and extre

mely slow �ate of heating and cooling. 

VI-- Possible condition of granitized con tacts. 
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F.ig. 10. --- Tentative Scheme of Diffusion Differentiation. 

Eclogites 

* No examples of granHization of wavse-grained basic rocks such as gabbro 

have been inves,tigated here, but the trend of development is believ,ed to 
more or less follow that of the fine-grained basic igneous rocks. 

form the hroad metamorphic zones at Stavanger, or in the sparag
mites of Norway. The chemical reorganization is extend into lower 

temperature regions because dynamic metamorphism reduces the 

critical temperature at which recrystallization begins (Buerger and 

Washken, 1947). At a depth of about 5 km the rock temperature is 

normaJ,Jy about 105° C, and at l O km about 210° C (Misener, 1949. 

pp. 125-133) . During an orogeny the thermal gradient is probably 

appreciably raised; at great depths confining pressure (hydrostatic) 
p10oduces structura:lly isotropic conditions, higher up the stress pro
duces anisotropism (as indicated by schistosity etc.) . Thus structural 
influence becomes dominant in the upper crust controlling the role 
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and rate of diffusion in the process of granitization which always 
acwmpanies orogeny. 

Pegmatites are found in places where structurwl discontinuities 

are indicated. Areas protected from shearing stress become centers 
of acoelerated diffusion. As the areas are slowly heated and .cooled, 
prolonged diffusion may give rise to huge porphyroblasts in rocks 
and to pegmatites. 

To sum up: In rocks of greatly reduced porosity and permeaJbility 
diffusion is a more important process tha:n �transport by a moving 
liquid condensate. Water between minerals is held by molecular 
attradion and remains essentially stationary. In the up.per regions 
of the earth cmst, �oompwhensive and sheari.ng stress plays a much 
more important role in controlling the diffusion. More open spaces 
are available and diffusion is coupled with flow of a mobile conden
sate directing the travel of ions and molecules. With a stationary pore 
Iiquid the direotion �of migration of the diffusible ions depends on the 
partial chemica'l activity gradients of the several ions. 

It is easier to acoept a saturated essentially stationary pore liquid 
than a mobile solution moving through capillary spaces in the rock 
mass. Difusion in rock metasomatism takes place through zones of 
imperfect disordered mosaic crystals (fine a�gg�eegat,e) resuHing from 
orogenic stresses (Reynolds, 1949, p. 247) . 
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