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Abstract. Many of the recent studies of chemical equilibrium in metamorphic rocks may 
have been hampered by sampling which did not reflect single regions or domains of local 
equilibration. This paper records results of tests performed to determine the specific volume 
of rock in chemical equilibrium with respect to a certain phase, under a particular set of condi- 
tions. Two samples of high-grade metamorphic gneisses from the Grenville Series of south- 
eastern Ontario were selected for intensive study. The garnets of one specimen, possessing 
a biotite-garnet-cordierite assemblage, underwent in situ laser microprobe spectrochemical 
determinations for Fe, Mg, Mn and Ca. Conclusions are thus possible as to the volumes over 
which free diffusion and chemical equilibrium took place. These volumes were found to be 
on the order of only a few cubic centimeters and their shapes are strongly controlled by rock 
structures such as foliation and lineation. A higher-grade pyroxene granulite was also investi- 
gated with respect to garnet and biotite equilibrium. Somewhat larger volumes of equilibration 
were noted in this rock. 

Introduction 
Attempts to define equilibrium relations in metamorphic rocks through the 
application of solid-state and chemical thermodynamics have become more popu- 
lar in recent years with the advances in analytic apparatus and techniques (KR]~TZ, 
1959, 1960, 1961; MU~LLER, 1961, 1962; MOXHAM, 1965; MOORV,, 1960; KRANK, 
1961; PHrZCNEY, 1963; WYNN~-EDwARDS and HAY, 1963). The data of these 
studies and those obtained by the author during a preliminary study of equilibra- 
tion in the Grenville gneisses of southeastern Ontario (BLACKBURn, 1967), com- 
monly show considerable scatter when plotted on Roozeboom diagrams. In  the- 
rory, this scatter should indicate non-equilibrium. However, Z~N (1963) has 
shown that  form a textural and mineralogical standpoint, most metamorphic 
rocks are in equilibrium even at much lower grades than that  of the rocks of this 
study. Irregularities in the elemental distributions between coexisting minerals 
might possibly be due to any of the following: 
1. Lack of Chemical Equilibrium in the Rock System. In  most cases this possibility 
may be eliminated; for both texture and mineralogy are consistent with thermo- 
dynamic equilibrium in metamorphic rocks as discussed by ESKOLA (1915), 
FYFE et al. (1958) and others. Further, WY~cE-EDwARDS and HAY (1963) have 
demonstrated equilibrium in the mineral assemblages of analogous cordierite- 
bearing gneisses of southeastern Ontario. 
2. Poor Precision and Accuracy of Chemical Determinations. This is highly unlikely 
because many workers using different analytic techniques have encountered 



Chemical Equilibrium in some High-Grade Metamorphic Rocks 73 

the same difficulties with respect to the major and sometimes minor elements. 
3. Lack o/Knowledge o /A l l  the Variables in the Chemical System. This is indeed 
a serious problem in equilibration studies. Some of the parameters of metamor- 
phism are cryptic and in order to decipher many of the variables, it is necessary 
to "plot everything against everything". Further, the distribution coefficient, 
KBio/Gar for example, may vary with temperature and pressure according to the 3s 
following relations after MCI~TIRE (1963), 

3~- ]p (--daO/RT) A ~  
A T P - -  RT 2 (1) 

~-P T A P T RT (2) 

Where A H is the change in partial molar enthalpy and A V is the change in partial 
molar volume. Under such circumstances the distribution coefficients could be 
altered by a change in temperature, T, and to a substantially less degree by change 
in pressure, P. Then the scattered distribution diagrams of equilibration studies 
could be caused by different P, T conditions among samples. However, PHIN~EY 
(1963) studied samples less than 25 feet apart, and some of the author's samples 
were taken within 40 feet of one another; and these samples showed no less 
scatter. 

4. Samples Examined do not Reflect a Single Region or Domain o/Chemical Com- 
munication and Equilibrium, or a Statistically Signi]icant Number o/these Domains 
i/ they are Small. This indeed may be the fundamental problem, as the size of 
natural chemical systems in rocks is usually an unknown quantity. Local equi- 
librium is certainly established within a specific rock under the conditions imposed 
on it, but  indication of this equilibrium may be lost by irregularities in the dis- 
tribution functions due to small scale disequilibrium ( P ~ r ~ E u  1963). This 
disequilibrium could reasonably arise because of metamorphic equilibration 
throughout very small volumes caused by: (1) initial chemical inhomogeneities 
of the proto-rock; (2) slowness of diffusion to and from the sites of mineral growth; 
(3) low reaction rates; (4) zoning of some of the various metamorphic products. 

Throughout the literature there has been vague and sketchy mention of the size 
of the domains of local equilibration ( H ~ x E n ,  1932; K~]~Tz, 1960; MOXHAM, 
1965; PHI~NEY, 1963). Workers in the field of metamorphic equilibration have 
striven to collect and use small samples to insure local equilibrium conditions. 
However, the poor quality of the distributions and the unexplained indications 
of disequilibrium were still evident. PHINNEu (1963) found a correlation between 
the FeO/Mg0 ratios and the garnet/staurolite ratios in the rocks from St. Paul 
Island and Money Point, Nova Scotia. He attributed this to the regularity of the 
small scale diffusion of Fe and Mg during metamorphism. Checking his theory, 
he hand-picked biotite grains from several thin sections, noting the position of 
the grains picked. When analyzed spectrographically, these grains exhibited a 
distinctive Fe/Mg ratio and it was evident that  the samples with a homogeneous 
texture showed similar compositions for all biotite grains. However, in the less 
homogeneous rocks, biotite grains showed similar compositions over a distance 
of only a few millimeters. 
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Similar observations have been made by  HARx~g (1893) in thermally metamor- 
phosed limestones; by  HAGNER et al. (1965) in mafic silicates of a single specimen 
of pyroxene amphibolite; by  KR~TZ (1966) in Australian biotite-muscovite-garnet 
gneisses ; and by ALB~,~ et al. (1966) in kyanite-zone schists from Vermont. 
Thus the problem remains of assigning a specific volume of equilibration to a 
particular phase with respect to a particular element under certain conditions 
of metamorphism. This paper  gives the results and the conclusions drawn from 
tests on the assumption of local or mosaic equilibrium in some metamorphic rocks. 

Method of Study 

Geologic Setting 

A regionally metamorphosed terrain of great age, which has most  likely been 
affected by  more than one regime of metamorphism, would seem to afford the 
most favorable conditions for the a t ta inment  of chemical equilibrium between 
coexisting minerals. With this end in view the author chose the Gananoque- 
Westport  region of southeastern Ontario, situated on the "Frontenac Axis" - -  a 
belt joining the Adirondack Highlands to the main Grenville terrain (See Fig. 1). 

TORONTO~ / 
Lake OntariO 

0 25 50  75 Miles 

Scale 

Fig. 1. Index map showing the location of the Frontenac Axis in relation to the Grenville 
Series rocks of Ontario and ~Tew York State. Grenville rocks are shown as hatch-marked areas 

Approximately eighty percent of the exposed bedrock is Precambrian metamor- 
phosed basic and acid voleanics, meta-sedimentary rocks (mainly marble, amphi- 
bohte, paragneiss and quartzite) and intrusions of basic and acid plutons ( W Y ~ -  
EDWA~1)S, 1959, 1962, 1967; HEWITT, 1964). The meta-sedimentary rocks of 
this area are for the most  par t  quartz-biotite-feldspar gneisses and coarsely 
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crystalline marble. Garnet, garnet-cordierite and cordierite gneisses form units 
of varying thicknesses within the stratiform quartz-biotite-feldspar rocks. The 
gneisses are medium to coarse grained with lepidoblastie to granoblastic texture 
and pronounced foliation. The major minerals present are garnet, cordierite, 
biotite, sillimanite, magnetite, plagioclase, orthoclase or microcline and/or perthite. 
Corundum, spinel, zircon, apatite, dumortierite and tourmaline occur locally 
as trace constituents. 
The assemblages associated with the garnet-eordierite gneisses of the Gananoque- 
Westport  area, although biotitic, resemble granulite facies rocks. In  the south- 
western par t  of the Westport  area, the rocks contain abundant  hypersthene, 
only minor biotite and no cordierite ( W ~ - E D w A ~ D S ,  1959; W u  
and HAY, 1963). Metamorphism in this area thus has its upper P and T limit in 
true pyroxene-granulite facies. WYNNE-EDwA/~DS and HAY (1963) proposed 
tha t  the garnet-cordierite assemblages represent a stage transitional between the 
upper amphibolite and granulite facies. 

Description o/ the  Samples 
Two samples were selected for a s tudy of the shape and size of equilibration 
domains. The selection was made on the basis of: 
1. Sufficient garnet and biotite for analytical purposes. 
2. Lack of retrogression of garnet and biotite. 
3. Possession of typical assemblages for the gneisses of the Gananoque-Westport  
area. 
4. Rocks with two different grades of metamorphism were chosen to see the effect 
of grade on the size of the domains of chemical communication. 
5. Possession of distinct micro-structures, since it is possible tha t  diffusion may  
be largely controlled by  structural phenomena such as foliation and lineation. 
The samples selected for this intensive s tudy included a biotite-garnet-cordierite 
gneiss (No. 17) and a pyroxene-garnet gneiss (No. 42) with a less distinct foliation. 
Modal analyses for these rocks are shown in Table 1. 

Sample 17 is a medium grained, strongly 
Table 1. Modal analyses a o/the gneisses used 
/or the study o/ equilibration domains 

Sample number 17 42 

Quartz 34.1 
K-Feldspar 22.9 
Plagioelase 2.9 
Biotite 3.5 
Garnet 11.1 
ttypersthene 
Cordierite 13.4 
Sillimanite 9.9 
Opaques b 2.2 
Zircon Tr 
Sericite and chlorite Tr 

a Modal values ~ volume percents. 
b Magnetite, ilmenite and pyrite. 
Tr = 0.05 percent; - - :  Not present. 

foliated gneiss with quartz, K-feldspar, 
garnet and biotite as major  components 
observable in hand specimen. Micro- 
scopically, the gneiss exhibits an ex- 

17.8 tremely well-developed foliation with 
56.9 foliation planes populated mainly with 
9.7 
1.4 biotite, sfllimanite, garnet and cordierite 
5.2 grains. A section, cut perpendicular to 
6.9 the foliation, shows greatly elongated 

- -  garnets in the foliation plane. Some of 
1.7 these elongated garnets contain, besides 

_ local inclusions of quartz, K-feldspar 
0.3 and biotite, sfllimanite needles which 

continue uninterrupted through the gar- 
net. The biotite inclusions, like those of 
sfllimanite, retain their orientation with 
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respect to foliation and lineation. The uneqnidimensional garnets, common in the 
gneisses collected, are described elsewhere (BLAcKBurN and D~NNElV, 1968). 
Cordierite occurs as subhedral grains containing inclusions of quartz and silli- 
manite. I t  is usually altered to a waxy, yellow aggregate at  grain boundaries 
and along fractures. The biotite is observed mainly as unaltered, ragged grains 
concentrated along the foliation surfaces but  also scattered throughout the quartz- 
feldspar layers. The feldspars of specimen No. 17, orthoclase and a plagioclase 
of composition An40, are unaltered. 
Sample 42 exhibits a well developed layering in outcrop but  foliation is not dis- 
t inct  due to the lack of pla ty  minerals. The major phase constituents arc quartz, 
K-feldspar, plagioclase, garnet and orthopyroxene. Garnet occurs as small- to 
medium-sized, unaltered, rounded grains with sparse inclusions of quartz. The 
orthopyroxene is hypersthene and occurs as scattered subhedral grains. Local 
chloritic alteration of the hypersthene is observed at  grain boundaries. Biotite 
is a minor constituent of the rock and occurs as small ragged, unaltered grains 
scattered throughout the gneiss but  concentrated in pyroxene-garnet-biotite 
layers. The K-feldspar present seems to be of the monoclinic var ie ty  and the 
plagioclase is An30. Both K-feldspar and plagioclase are unaltered. 

Spectrochemical Determinations o] the Garnets o/Sample 17 
The original specimen of sample No. 17, measuring 9.0 • 7.5 • 7.3cm, was 
t r immed with a diamond saw to remove any weathered rind. Surfaces were than 
cut, parallel to (17II) and perpendicular to (17I) the foliation. These thick slices 
were in turn cut into slabs of roughly the dimensions of a petrographic slide. 
The slabs thus formed were cemented to petrographic glass slides and the exposed 
surface ground parallel to the glass base. 
The selection of an analytic system for the investigation of the chemistry of many  
garnets distributed over a sizable area was of fundamental  concern for this study. 
The electron micro-analyzer is, for many  elements, a precise and accurate tool 
but  handles only very small samples which would not be satisfactory in the present 
s tudy where the garnets were examined with respect to size and distribution as 
well as chemistry (BLACK,YR,, 1967). I t  was decided tha t  the most practical 
tool for the job was the laser microprobe ( B ~ c H ,  1965, 1967). The technique 
for the laser-excited spectrochemical determinations in the garnets of sample 17 is 
described in detail elsewhere (BLAcI~BU~N et al., 1968). 
After grinding the slabs of sample 17 (17I and 17II)  and measuring the apparent  
diameters of the garnets and the coordinates of their centers, a slab was placed 
on the microscope stage of the laser microprobe. Each garnet exposed on the 
slab was "shot"  with the laser beam. When each garnet was determined in sec- 
tions 17I (perpendicular to the foliation) and 17I I  (parMlel to the foliation), 
the slabs were ground again to remove 0.25 mm, the garnet apparent  diameters 
measured and the garnets probed again. Chemically analyzed standard glasses 
were "shot"  on every plate. Following microphotometry of the analytic plates, 
line intensities were converted to intensity ratios for each element determined. 
In tens i ty  ratio data, for both the garnets and standards, were converted to 
concentration data by  means of a For t ran IV  program of a least squares analysis 
adapted from S~Aw and BAlKIeR (1954). The precision and accuracy of this 
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method was found to be entirely satisfactory for most petrologic investigations 
(BLACKBUI~N et al., 1968). 

Chemistry of the Garnets o[ Sample 17 

Results 

In  total, 365 garnet grains were determined for Fe, Mg, Mn and Ca. I t  is desirable 
to present the data in the context of the rock, showing the concentration of an 
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Fig. ~. Spatial distribution of iron in the garnets of Section 17L Section 17I is cut perpendi- 
cular to the folistion 
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Fig. 3. Spatial distribution of magnesium in the garnets of Section 171 

element in a grain with respect to its position in the rock section. Since tabular 
notation is obviously useless, a diagrammatic presentation showing the position 
of each garnet grain along with the concentration of the element in question is 
employed. 
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Fig. 4. Spatial distribution of manganese in ~he garnets of Section 17I 
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Fig. 5. Spatial distribution of calcium in the garnets of Section 17I 

Fig. 2 to 5 show the spatial distr ibution of Fe, Mg, Mn and Ca in the garnets  
of section 17 I,  which is cut  perpendicular  to the lobation. A s tandard  error of 
10 percent  is assumed for the analyses of all elements and various symbols arc 
used to illustrate the concentra t ion value of an element rounded off to the nearest  
significant decimal place. I t  is felt t ha t  this procedure gives a liberal estimate 
of the concentrat ion since magnesium was the only element measured with a 
coefficient of var ia t ion above 10 percent  (12.8%). Fig. 6, 7, 8 and 9 show the 
spatial distr ibution of Fe, Mg, Mn and Ca respectively, in section 17II .  

An  examinat ion of the figures il lustrating the spatial distr ibution of various 
elements in garnets of section 17I,  shows small equilibration domains which, 
usually measure only a few m m  across foliation bu t  more extensive in the foliation 
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Fig. 6. Spatial distribution of iron in the garnets of Section 17II. Section 17II is cut parallel 
to the foliation 

plane.  Sect ion 1 7 I I  shows more  extens ive  domains  of equi l ibra t ion,  and  these  
are  usua l ly  e longated  in the  d i rec t ion  of hneat ion .  The areas  which conta in  garne ts  
of the  same composi t ion  with  respect  to a specific e lement  have  been out l ined  
solely as a guide to  the  reader .  These outl ines are no t  in tended  to  be composi t ion  
contours.  
Traverses ,  a t  25 ~ in te rva ls  across garne ts  from sections 17I  and  17 I I  showed 
no composi t iona l  zoning wi th  respect  to  Mn, Mg, Fe  or Ca (BLAcKBUg~, 1968). 
Thus  i t  is concluded t h a t  composi t ional  zoning in th is  rock  is no t  p reva l en t  and  
t h a t  the  va r ia t ions  of ga rne t  composi t ions  wi th in  Sample  17 are real.  

Discussion 

The domains  of ga rne t  equi l ibra t ion  for F e  and  Mg in Sample  17 are l imi ted  to  
less t h a n  4 cm in the  longest  direct ion.  I n  Sect ion 17I,  the  areas  over  which gar-  
nets  arc  of the  same composi t ion  arc e longated  in the  plane of the  foha t ion  to  such 
an ex t en t  t h a t  in some cases chemical  communica t ion  has  been in effect over  a 
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Fig. 7. Spatial distribution of magnesium in the garnets of Section 17II 

distance of about 3 cm. However, garnets in the adjacent layer, a distance of 
about 1 cm, are of a different composition with respect to Fe and Mg. An e x -  

a m i n a t i o n  of Fig. 6 and 7 gives the spatial relations of •e and Mg in the garnets 
of section 17II,  cut parallel to the foliation. Here the domains of equilibration 
are more extensive although elongated in the lineation direction. 
In  summary, the domains of spatial equilibration of Fe and Mg in garnets range 
from only a few millimeters to a few centimeters and tend to be elongated along 
foliation and lineation. Parallel to the foliation, chemical communication of 
garnets with respect to Fe and Mg took place over a maximum distance of 4 cm 
in the lineation direction and about 2 em across it. Communication across foliation 
planes was usually limited to less than a centimeter suggesting equilibration 
volumes that  are roughly ellipsoidal in shape with an axial ratio of close to 4: 2 : 1. 
I n  section 17II,  the spatial equilibration of Fe is more extensive than Mg. I ron 
shows less distinguishable domains but these are larger than the Mg domains. 
The domains of Mg equilibration are much more regular in their orientation in 
the lineation direction. This is possibly a reflection of the relative mobilities of 
Fe and Mg during metamorphism. 
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Fig. 8. Spatial distribution of manganese in the garnets of Section 17II 

The spatial equilibration of Mn in garnets in sample 17 was found to be somewhat 
more extensive than  tha t  for Fe or Mg and the domains of identical garnet Mn 
concentration are more irregular in shape than their Fe and Mg counterparts. 
A distinct structural control is still evident, but  equilibration across structural 
features is more extensive. For example, in section 17I (Fig. 4) equilibration 
domains measuring up to 1.5 cm across the foliation can be distinguished. The 
elongation in the foliation surface still persists, however. In  section 17II  (Fig. 8) 
the domains of Mn equilibration in garnets are at  least as extensive as those for 
Fe, but  they are regular in their orientation to the lineation direction. 
The spatial degree of equilibration in the garnets of sample 17 with respect to 
their Ca content is shown in Fig. 5 and 9. In  Fig. 5, looking at  the section per- 
pendicular to the foliation, equilibration domains controlled by  structure and 
those having no obvious structural control are both observed. The structurally 
controlled domains, for the most  part,  occur at  one end of the section and it  is 
proposed tha t  variations in the whole rock Ca content were more prevalent here. 
This would probably be reflected in the mineral assemblage associated with each 
of these garnet equilibration dom r~ns. Calcium equilibration in the garnets of 

6 Contr.  Mineral .  and  Petrol . ,  VoL 19 
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section 1711 (Fig. 9) is more extensive than Fe, Mg or Mn. The domains are usually 
elongated in the lination direction and extend up to 5 cm in their longest direction. 
There are also regions of garnets having the same Ca content which are distinctly 
elongated almost perpendicular to the trace of the lineation and some which show 
no preferred orientation. 

Chemical Determinations of Biotite and Garnet from a Pyroxene Granulite Rock 

As discussed above, it was decided to examine the spatial extent of chemical 
equilibration in a rock having a different mineral assemblage and possibly a 
different grade of metamorphism. The rock selected was a garnet-biotitc-ortho- 
pyroxene gneiss, sample No. 42, which was described earlier. The relationship 
of biotite to hypersthene in this rock is unclear. From thin section analysis, 
no definite s ta tement  can be made as to whether the biotite is retrograde or the 
hypersthene prograde. The biotite occurs as small discrete grains only rarely in 
association with the pyroxene. I t  is suggested tha t  the assemblage observed in 
Sample No. 42 is indicative of a pyroxene granulite and represents a higher 
temperature  of metamorphism than  Sample No. 17. 
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Method o/Separation and Analysis 
Sample 42 was trimmed with a diamond saw on those faces exhibiting weathering. A section, 
1 cm thick, was then cut parallel to the foliation. This section, from here on referred to as 
42II, was cut up into small cubes measuring roughly 1 cm on a side. Selected cubes of 42II 
were then crushed to -- 20, ~- 100 mesh in a percussion mortar similar to that described by 
~VAGER and B~ow~ (1960). The garnet and biotite were hand-picked under a binocular micro- 
scope and placed in electrodes or stored in gelatine capsules until analysis. 
Determinations for Fe, Mg, Mn and Ca were made on the garnets separated; Fe, Mg and Mn 
were determined in the biotite. All analyses were performed by emission spectrography accord- 
ing to the parameters in Table 2. The samples of biotite and garnet were placed in prearced 
electrodes and arced neat as the anode. Standards were neat samples of biotite and garnet 
whose Fe, Mg, Mn and Ca values had been determined by atomic absorption spectrophoto- 
merry (BLACKBUR:~ ~, 1967). l~clative line intensities of samples and standards for Fe, Mg and 
Mn were recalculated to the ratios Fe/Fe ~- Mg ~- Mn, Mg/Fe + Mg -~ Mn and Mn/Fe + 
Mg-F-Mn. Working curves were made for the various elemental ratios by plotting these 
intensity ratios against the corresponding concentration ratios of the standards. The coeffi- 
cient of variation of the method was close to 12 percent for all the elements determined. 

Table 2. Excitation parameters /or the spectrochemical determination o/Fe, Mg, Mn and Ca 
in garnet and biotite/rom Section 4211 

Spectrograph 

Excitation 

Electrodes 

Plates and 
development 

Plate calibration 
and photometry 

Analytic lines 

3m Littr6w-mounted quartz prism (Adam Hilger. Co., Ltd. No. E-478); 
source focused on masked collimator. 

9 amp. anode for 40 sec.; 25 ~2 ; 7 mm analytic gap. 

Sample-National Carbon Co. AGKSP Specpure graphite with a cavity 
measuring 0.5 • 3.0 mm. 
Counter-National Carbon Co. Ll138F Specpure carbon, pointed. 

Kodak Spectrum Analysis-l, developed for 4.5 minutes at 20~ in 
Kodak D-19 developer. 

Calibration by the preliminary curve method; photometry with a 
Hilger non-recording microphotometer. 

Fe 2912.2 A, Mg 2779.8 A, Mn 2794.8 A, Ca 3158.9 A 

Results o/the Determinations in Section d2 I I  

Figs. 11 and  l l A  show the spatial  d is t r ibut ion of Fe in  garnet  and  bioti te from 
Section 42I I .  Fig. 12, 12A, 13, 13A and  14 show the spatial  dis t r ibut ions of Mg 
in  garnet  and  biotite, Mn in  garnet  and  bioti te and  Ca in  garnet ,  respectively. 
I n  all the graphic representat ions the concentra t ion  ratios are rounded  off to the 
nearest  significant decimal place. A semi-quant i ta t ive  modM anMysis of the section 
was made while the garnet  and  bioti te were being picked. The results of this  
are shown in  Fig. 10. I t  should be noted  tha t  while bioti te is ub iqui tous  in  this  
sections, there is no garnet  in  the upper  r ight  hand  corner. Traverses across 
garnets  of Section 4 2 I I  showed no composit ional zoning (BLAcKBurN, 1968). 

Discussion 

The spatial  d is t r ibut ion  of Fe in  the garnets  of section 4 2 I I  (Fig. 11) is more 
uni form tha t  the same dis t r ibut ion  in  section 17II .  The greater pa r t  of the section 
shows garnets  with the ratio Fe /Fe  Jr Mg ~ - M n  close to 0.6. Comparison of 
Figs. 10 and  11 shows tha t  the areas with garnets  of low Fe concent ra t ion  are 
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Fig. 12. Spatial distribution of magnesium in:the garnets of Section 42II 
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Fig. 12A. Spatial distribution of magnesium in the biotite of Section 42II 

also areas of low garnet modal values and both the modal and compositional 
differences are probably due to a decrease in the whole-rock FeO/MgO ratio in 
the areas with little or no garnet. The spatial distribution of Fe in biotite (Fig. 11 A) 
shows a uniform distribution of Fe values over most of the section but the area 
containing little or no garnet exhibits somewhat higher biotite Fe values. However, 
this is expected as hypersthene is ubiquitous in the section and probably acts 
as an Fe-Mg buffer in the biotite-garnet-orthopyroxene system. 

The distributions of magnesium in the garnet and biotite of section 42I I  are 
shown in Figs. 12 and 12 A. Most of the garnets in the section have a Mg/Fe ~- Mg ~- 
Mn ratio of 0.4. Those garnets from cubes bordering on or in the garnet free area 
are higher in Mg, the ratio being 0.6 to 0.7. The magnesium content of biotite 
in this section is quite uniform throughout the section with lower values found 
in the garnet-deficient area. 

The spatial distribution of the value yGar in the section 421I is quite uniform. 
Out of the 28 cubes in which manganese was determined in the garnet, only 6 had 
garnets in which the ratio Mn/Fe ~- Mg -~ Mn was outside of the range 0.03 to 0.04. 
These irregular values were scattered and no correlation between the modal ratio, 
garnet/biotite, is apparent. The accuracy of these irregular results might be 
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Fig. 14. Spatial distribution of calcium in the garnets of Section 42II  

ques t ioned a l though  there  is no jus t i f ica t ion  in d iscarding these  values  for ana ly t i c  
reasons.  I t  is obvious f rom Fig.  13 t h a t  the  equi l ibra t ion  domain  wi th  respec t  
to Mn in ga rne t  is much  larger  t h a n  those  observed  in sample  17 and  i t  m a y  
be said t h a t  the  garne ts  of th is  specimen have  close to  the  same Mn con ten t  
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throughout the section and possibly beyond. The spatial distribution of Mn/Fe ~- 
Mg ~- Mn in the biotite of specimen 4 2 I I  is less regular than distributions 
of Fe and Mg (see Fig. 13A). There seems to be an increase in the Mn content of 
the biotite going from the lower left hand corner to the upper right hand corner 
or towards the garnet deficient zone possibly due to an increase in MnO content 
of the rock in this area. 
The calcium content of the garnets in this section varies from 0.02 to 0.06 as 
the ratio Ca/Fe + Mg ~ Mn ~ Ca (Fig. 14). Quite definite relationships to the 
zone of garnet deficiency and to the Ca content of the garnet surrounding this 
zone may  be seen. The garnet closest to this zone has a very low Ca content 
ranging from x G a r z  0.02 down to undetectable Ca. The next  zone outwards 
contains garnets in which "~c~Y~r groups around the value 0.04. Moving farther 
outwards, i.e. to the lower left hand corner, the atomic ratio for Ca drops again 
to 0.03. The relationship here is unclear and the Ca contents of the gneiss and of 
the orthopyroxene would have to be taken into consideration before a meaningful 
evaluation could be made. WYNNE-EDwARDS and HAY (1963) point out tha t  
in the biotite-cordierite-garnet gneisses discussed above, a low CaO content 
prohibits the growth of garnet and biotite-cordierite gneisses are formed. I f  the 
pyroxene-garnet gneiss under question here is a prograde product of a biotite- 
garnet cordierite gneiss, it is possible tha t  the hypersthene displaced cordierite 
and par t  of the biotite in the changing ferromagnesian assemblage, and the area 
now deficient in garnet was originally a biotite-eordierite assemblage deficient 
in CaO. 
In summaly, it may be said that for Fe, Mg and Mn in garnet, the spatial degree 
of equilibration was measurably ]arger in this pyroxene garnet gneiss. Variations 
within a hand specimen may still be seen, however, and these variations are 
probably due to variations in whole rock chemistry as reflected in the mineralogi- 
cal variations. The spatial equilibration of Ca in garnets was found to be no more 
extensive than in the biotite-cordierite-garnet assemblages. Again the calcium 
content of the garnet seems to be related to their modal abundance which may 
in turn be dependent on the CaO content of the rock. 
Fig. 15 shows the distribution coefficient K~2 r/Bi~ for each cube in the section 
421I where garnet and biotite were both measured. A distinct elongated area 
within the section exhibits a distribution coefficient K~ at/m~ ---- 1.0, while the sur- 
rounding garnet-biotite pairs show h'Gar/Bi~ The elongation of this zone 
of ~Fe~Gar/Bi~ ~ 1.0 is reminiscent of the structural control on the equilibration 
domains exhibited in specimen 17. However, there is no obvious macroscopic 
reason for the elongation of the equilibration domain as shown in Fig. 15. The 
zone measures above 4 cm across at its widest point and has an apparent length 
of close to 8 cm although it probably extends past the edge of the section. 
The spatial distribution of the coefficient K ~r/~io is not nearly so regular as that 
for Fe. Four distinct groups of values for K Gar/~io a~ear these being 0.4, 0.6, 0.7 M g  k ' i "  , 

and 1.0. These values are shown diagrammatically in Fig. 15A. Comparison of 
Fig. 10 and 15A shows tha t  the value KGag r/Bi~ : 1.0 in all but  one case is corres- 
pondent with a low garnet/biotite ratio. Areas over which the values KG~ r/Bi~ 
are equal are much smaller than the equivalent distribution for Fe. I t  is possible 
tha t  this irregularity is due to the dependence of the atomic ratio Mg/Fe -~ Mg -~ 
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Mn in garnet on whole-rock chemistry and/or the composition of the coexisting 
hypersthene and its modal concentration in the rock. 

The values of the distribution coefficient/(Gar/Bio are shown in Fig. 16. I t  is obvious 
~ M n  

from this diagram that  the value of ~/( MnGar/Bi~ is constant over very small intervals. 
The variability lies in the irregular distribution of the Mn content of the biotites 
as the ratio Mn/Fe Jr Mg ~- Mn in the garnets is nearly constant over the section. 

Summary and Conclusions 

The spatial extent of chemical equilibration in the garnets of specimens 17 and 42, 
as described above for Fe, Mg, Mn and Ca is in good agreement with the results 
of other workers. P~I~N~u (1963) found that the Fe/Mg ratios of the biotites 
picked from some thin sections showed significant change over a few millimeters. 
However, biotites from sections which exhibited the same assemblage throughout 
and were essentially mineralogically and texturally homogeneous gave nearly 
identical Fe/Mg ratios. BROW~LOW (1961) described a similar phenomenon 
where the compositions of coexisting biotite-actinolite pairs from a contact 
zone show significant differences within a few inches. Z~N (1961) has discussed 
the petrology of pyrophyllite deposits in North Carolina and finds that  the coexist- 
ing minerals are in equilibrium, but  only on a small scale and within a particular 
assemblage which is controlled by the relative concentrations of AI~O 3, SiO 2 
and H~O. ttA~KE~ (1932, p. 19) described metasediments in which bands of 
different composition, and only a few millimeters thick, are preserved into high 
grades of metamorphism. Finally ALB~ et al. (1966) have shown that  although 
the schists of the Mr. Grant area of Vermont have reached widespread equilibrium 
with respect to the 01s/O 16 ratio, the presence of different mineral assemblages 
in adjacent bands of the schist point to equilibration of cations on a very small 
scale. 

The data of this study coupled with the examples above give persuasive evidence 
to the concept of "local" equilibration (T~o~Pso~, 1959) or the analogous situa- 
tion of "mosaic" equilibrium discussed by Kogz~n;sK~ (1959, p. 19). In  each 
case, the rock system as a whole may not be in equilibrium but in each of the 
small regions thermodynamic equilibrium is attained if definite relationships 
occur between all the parameters. In  other words, the chemical potential of an 
element must be equal in each phase of the assemblage. The spatial extent  of 
local equilibration of the assemblage is thus the volume over which all minerals 
have equal chemical potentials for each component element. The definition of the 
extent of local chemical equilibrium for one of the phases of an assemblage thus 
defines the maximum extent of the equilibration domain of the assemblage. 
For example, the garnet bearing assemblages of specimen 17 are as follows: 

eordierite q- garnet q- biotite 
cordierite q- garnet 
garnet q- biotite. 

If the spatial extent of local equilibration is defined for garnet, then this places 
an upper limit on the volume of local equilibration with respect to a specific 
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element in the particular assemblage. In  this case, the assemblage is possibly 
controlled by  the whole rock chemistry (WYNNE-EDWAI~DS and HAY, 1963). 
I t  may  be concluded that,  in agreement with P ~ n Y  (1963), the author finds 
tha t  the chemically analyzed minerals from a normal hand specimen really 
represent average compositions, different parts of which are in equilibrium with 
different assemblages. I t  is germane to note tha t  often the domains of equilibration 
for the particular elements, as described earlier in this chapter, do not coincide 
in shape or size, thus causing the volumes in which the garnets are of the same 
concentration for all elements determined to be very small. The hypothesis tha t  
the domain of chemical equilibrium will increase in size with increased grade of 
metamorphism seems to hold true. P ~ N ~ Y  (1963) found Fe/Mg equilibration 
in biotites from staurohte bearing schists on the order of only a few millimetres. 
Specimen 17 of this s tudy showed equilibration of Fe and Mg over distances of 
about 4 cm in the longest direction. A pyroxene granulite, Sample No. 42I I ,  
showed equilibration, parallel to foliation, over areas of almost hand specimen 
dimensions. 
The examination of equilibration domains in specimen 17 showed the distinct 
structural control on their sizes and shapes. The longest axis is almost always 
parallel to the foliation and lineation, the intermediate axis being parallel to 
the foliation and perpendicular to the lineation. I t  is interesting to note here 
tha t  the axial ratio for the shape of the equilibrium volumes very often corresponds 
with the axial ratio of the flattened, elongated garnets positioned on the foliation 
surfaces. I t  is possible tha t  during metamorphism the structural features largely 
control the rate and extent of diffusion and thus the rate of garnet growth (BLACK- 
~Vn~ and D ~ ,  1968). In  this light, the size of the volume of chemical equi- 
librium with respect to a Certain element is a direct measure of the volume of 
free diffusivity and chemical communication. The small volumes encountered 
in this s tudy indicate tha t  diffusion in metamorphic rocks of high grade is very 
limited and the origin of seemingly homogeneous granites without the intervention 
of a liquid phase is deemed virtually impossible. 
Further,  the results given here add complications to the sampling of metamorphic 
rocks for chemical analysis. An analysis, if used to define the chemical system 
to which the rock belongs, should be representative of the assemblage present 
in thermodynamic equilibrium. The common practice of assuming a closed system 
over the size of a hand specimen for rocks of medium grain size (or a thousand 
grains) is not sufficient. The specimen taken should, strictly speaking, be the size 
of one domain of equilibration or, better  still, a volume sufficiently large to 
include 1,000 domains. 
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