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Abstract. The ca t ion  exchange  reac t ion  Fe3A12Si30 a 2 

+ KMg3A1Si3Olo(OH)2  = M g 3 A l z S i 3 0  m + KFe3-  
A1Si3Olo(OH) /  has been inves t iga ted  by  deter-  
min ing  the pa r t i t i on ing  of  Fe  and  M g  between 
synthet ic  garnet ,  (Fe, Mg)3A11Si3012, and  synthet ic  
biot i te ,  K(Fe ,  Mg)3A1Si3Olo(OH) 2. Expe r imen ta l  re- 
sults at  2.07 kbar and 550~ ~ C are consis tent  with 
in [ (Mg/Fe)  ga rne t / (Mg/Fe )  b io t i t e ]  = - 2 1 0 9 / T ( ~  
+0.782.  The prefer red  es t imates  for AI~ and AS of 
the  exchange  reac t ion  are  12,454cal  and  4.662 e.u., 
respectively.  Mix tures  of  garne t  and  b io t i t e  in which 
the ra t io  ga rne t /b io t i t e  = 49/1 were used in the ca t ion  
exchange  exper iments .  Consequen t ly  the compos i t i on  
of  ga rne t -b io t i t e  pai rs  could  a p p r o a c h  equ i l ib r ium 
values  in the  exper iments  with min ima l  change  in 
garne t  compos i t i on  (few tenths  of a mole  percent).  
Equ i l i b r ium was d e m o n s t r a t e d  at  each t e m p e r a t u r e  
by reversal  of  the exchange react ion.  N u m e r i c a l  anal-  
ysis of  the exper imenta l  d a t a  yields a geo the rmo-  
mete r  for rocks  conta in ing  b io t i t e  and  garne t  tha t  are  
close to b ina ry  F e - - M g  compounds .  

Introduction 

One  of  the m a j o r  goals  of  exper imenta l  pe t ro logis t s  is 
to p rov ide  me thods  that  can be used to es t imate  the 
t empe ra tu r e  at  which minera l s  in rocks  crystall ize.  
L a b o r a t o r y  ca l ib ra t ion  of  e lement  pa r t i t i on ing  be- 
tween minera l  phases  is a pa r t i cu la r i ly  useful m e t h o d  
because  it is a t e m p e r a t u r e - d e p e n d e n t  p h e n o m e n o n  
tha t  is i ndependen t  of  the act ivi ty  of  vola t i le  com-  
ponents  (e.g., CO 2 and  H a O  ) in the geologic  environ-  
ment.  The  fugaci ty  of vola t i le  c o m p o n e n t s  m a y  de- 
t e rmine  the s tabi l i ty  of  a phase  but  not  the pa r t i t i on -  
ing of  e lements  be tween phases.  This  r epo r t  presents  
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da t a  on the pa r t i t i on ing  of  Fe  z+ and M g  between 
garnet ,  F e 3 A 1 2 S i 3 0 1 / ( a l m ) - - M g 3 A l z S i 3 0 1 2  (py), and 
biot i te ,  KFe3A1Si  301 o(OH)2(ann ) - -KMg3A1S i3  0 ~ o- 
(OH)2 (phi). A n  exper imenta l  p rocedure  is p resented  
by  which the de t e rmina t i on  of  F e - - M g  pa r t i t i on ing  
be tween two phases  can be achieved be low 800 ~ 
The  p rocedure  is significant because  de t e rmina t i on  of 
F e - - M g  pa r t i t i on ing  between phases  be low 800~ 
has in the pas t  been unsuccessful  (Medaris ,  1969; 
Gunter ,  1974). 

Experimental Procedures 

Garnets (almsopy2o and aImgopylo ) were synthesized dry in gra- 
phite capsules in a solid medium, high-pressure apparatus at 
1100 ~ C, 26 kbar (piston-out, no friction correction) for 18 h. Bio- 
tites (ann25phl~5, annsophlso , ann75phlzs, and annloophloo ) were 
synthesized hydrothermally in AgToPd3o capsules in cold-seal pres- 
sure vessels at 7500-780 ~ C, 2.07 kbar, at fo~ defined by the iron- 
wustite buffer, for 124-206 b. Both minerals were prepared from 
appropriate mixtures of fayalite, 7-Al103, cristobalite, MgO, and 
crystalline K2Si~Os, ground for one hour under acetone. Fayalite 
was synthesized from a mixture of cristobalite and Fisher reagent- 
grade Fe203 held at 1000 ~ C, logl0fo2= -14  in a one atmosphere 
CO--CO2 gas-mixing furnace for 24 h. The mixture was quenched 
and crushed at six hour intervals. Cristobalite, 7-A1203, and MgO 
were synthesized by firing Fisher reagent-grade silicic acid, 
AI(OH)a, and MgO, respectively, at 1400 ~ C, one atmosphere, for 2 
h. The AI(OH)3 was heated gently over a Bunsen burner for 5 min 
before firing at 1400 ~ C. The crystalline K2Si20 5 was synthesized 
from Fisher reagent-grade K2CO 3 and cristobalite by the method 
of Schairer and Bowen (1955). 

Synthetic products were > 99 %o biotite or garnet, as estimated 
optically. Powder X-ray diffraction patterns of synthetic products 
contained only biotite or garnet peaks. The composition of syn- 
thetic almsopy2o was checked by a four-element chemical analysis 
with the automated MAC electron microprobe at the Geophysical 
Laboratory on a flat, polished specimen using various natural 
silicate minerals as standards, and its composition was found to be 
as planned within the error of measurement (_+0.01 X~m). The 
intended composition of alm9opy 1 o was verified by a partial chemi- 
cal analysis by electron microprobe for Fe and Mg using synthetic 
almsopy2o as a standard. Approximately ten analyses were made of 
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Table 1. Unit cell parameters and refractive indices of synthetic biotites, K(Fe, Mg)3A1Si3010(OH)2 

Composition a (~) b (~) c (A) /~ (o) V (A 3) db~q (calc) n~ 

annoophl~o o 5.3138(8) 9.204(1) 10.311(2) 99.86(2) 469.9(2) 1.5340 - 
ann2sphIvs 5.341 (4) 9.236 (5) 10.315 (5) 99.93 (6) 501.2 (5) 1.5412 - 
anns ophl5 o 5.361 (2) 9.288 (3) 10.330 (4) 99.91 (5) 506.7 (4) 1.5478 - 
ann75phl25 5.382 (1) 9.309 (5) 10.337 (2) 100.13 (3) 509.9 (3) 1.5532 1.659 (3) 
ann ~ oophloo 5.391 (3) 9.337 (4) 10.324 (6) 100.02 (6) 511.8 (5) 1.5562 1.684 (3) 

Figures in parentheses represent the standard deviation in terms of least units cited for the value to their immediate left; these were 
calculated by the program used to refine the parameters and represent precision only. 

garnets alm9opy~o and alrnsopy2o, randomly spaced over the sam- 
ple mounts, and no chemical zonation was observed in the syn- 
thetic garnets (within • 0.01 XaZ,, ). 

The unit cell dimensions of biotites synthesized in this study 
are listed in Table 1; in addition, refractive index data were 
collected for some of the synthetic biotites. The unit cell dimen- 
sions for synthetic biotites were calculated by refining powder 
patterns obtained with an X-ray diffractometer, CuK~ radiation, a 
silicon internal standard (National Bureau of Standards, SRM 
640), and the computer program LCLSQ written by Burnham 
(1962). Refractive index, n, was measured at 25~ using sodium 
light (2 = 589 nm). 

The unit cell dimensions and refractive indices of biotites 
listed in Table 1 agree very well (in most cases within experimental 
error) with the values listed for corresponding biotite compositions 
in Hewitt and Wones (1975), with the exception of the biotite with 
composition ann~oophloo. The discrepancy between the unit cell 
dimensions of annloophloo from this study and those of Hewitt and 
Wones may be explained by the presence of a small amount 
(approximately 6 ~) of A1 in the octahedral sites of our biotite 
synthesized from the ann~oophloo mix. The consistency between the 
results of this study in Table 1 and the results of Hewitt and 
Wones (1975) is a strong argument that the synthetic biotites of 
intermediate F e - - M g  composition had compositions as planned. 
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Fig. 1. Measured relation between IFe/IMg and C r j C ~  for syn- 
thetic biotites (ann2sphlTs, annsophlso, ann75phl2s). Circles and 
light horizontal lines are the average and range, respectively, of the 
population. The C i and I~ are defined in the text. Operating 
conditions are 15 kv, 50 na; 100 second counting times. Grains in 
the size range 3-8 microns were analyzed 

Further evidence for this conclusion is presented in Figure 1. 
Synthetic biotites were dispersed on flat, polished diamond sur- 
faces, and the intensities of background-corrected X-ray peaks for 
Fe and Mg, IFe and IMg, respectively, were measured. For 
ann25phl75 , annsophlso; and ann75Phl25 , measured Iw/I~g is a 
linear function, passing through (0,0), of CFe/CMg , where C~ is the 
weight fraction of element i. The internal consistency of the IFe/[Mg 
VS. CFe/CMg data would be a necessary consequence of synthetic 
biotites having compositions as planned. 

The F e - - M g  partitioning experiments consisted of combi- 
nation of garnet with biotite in a mixture in which molar garnet/ 
biotite = 98/2 (on a 12 oxygen atom basis). This mixture was ground 
under acetone to an average particle size of approximately one 
micron, sealed with H20  in Agv0Pd30 capsules, and held at tem- 
peraIures of 550 ~ 800 ~ C and 2,07 kbar for 3-9 weeks. Temperature 
was measured by unsheathed chromel-alumel thermocouples, ne- 
wly prepared from unoxidized wire before each experiment and 
calibrated in situ (1 atm pressure) against the melting point of 
NaC1 (800.4 ~ C). Temperature in each experiment was maintained 
within a • 1 7 6  cycle by a Honeywell-Brown controller. Reported 
temperatures are believed to be accurate to _+6 ~ . Pressure was 
measured with a bourdon tube gauge calibrated against a factory- 
calibrated Heise gauge. Reported pressures are believed to be 
accurate to + 50 bars. The fugacity of oxygen was controlled in the 
partitioning experiments by the graphite-methane buffer (Eugster 
and Skippen, 1967). The high H20 content of the experimental 
samples (Table 2), intended to facilitate reaction, apparently did 
not significantly change the bulk composition of the solids because 
garnet composition remained unchanged, within uncertainty of 
electron microprobe analysis, after the experiments. The refractive 
index of the garnet after the experiments was ~1.82, the value 
appropriate for alm9opylo ( th inner  et al., 1960), and hydrogarnet, 
therefore, could not have formed during the partitioning experi- 
ments (H.S. Yoder, 1977, personal commun.). At the conclusion of 
the experiments, the capsules were opened and the contents were 
dispersed on flat, polished diamond surfaces. The compositions of 
biotite grains were subsequently determined by electron micro- 
probe using a linear relation between Ive/IMg and Cv,/CMg (Fig. 1 is 
a sample calibration curve). Five to fifteen grains in a population 
of unknowns were analyzed and their compositions averaged. This 
method was developed by White (1964) and has been successfully 
exploited by Eugster et al. (1972) and Spear (1976). Repeated 
analysis of synthetic biotites of known compositions, with the 
procedures described above, indicated that measured biotite com- 
positions are accurate to • X,, , .  

Equilibrium was demonstrated at each tempera- 
ture by placing two capsules in the same pressure 
vessel: one capsule contained garnet and a biotite 

Y 

more magnesian and the other capsule garnet and a 
biotite more iron-rich than the composit ion of the 
biotite in equilibrium with the garnet at a given 
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Fig. 2. Compositions of coexisting biotites and garnets at some 
arbitrary temperature and pressure. Tie lines D, E, and Z are 
equilibrium tie lines. All tie lines are explained further in the text 

I I 

2109 
- I .8 In K : -  T~; ~ -  +0 .782  

, o  

_.c 
- I .4  . �9 

- I .2 

8 0 0 o C  75"0oC 7 0 0 o C .  6 5 0 o C  6 0 0 o C  5 5 0 ~  

- I 0  I i I I I I I i I 
9,0 I0.0 I1.0 12.0 

Ioo00/T(~ 

Fig. 3. Plot of lnK=ln{(Mg/Fe)g ...... /(Mg/Fe)biolite vs. 1/T(~ for 
the data in Table 1 A. The solid line is calculated from a least- 
squares fit to the data points (see inset). Size of boxes corresponds 
to 4-5 ~ uncertainty in temperature and +0.01 uncertainty in Xa, .. 
Dashed line is from Thompson (1975, Fig. l - B ) .  Dotted line is 
from Goldman and Albee (1977, Equation (8)) 

temperature. In experiments with garnet alm9opy~o, 
the compositions of biotites at the end of the two 
different experiments did not differ by more than 
0.04 mole fraction ann. 

The advantage of the 98-2 garnet-biotite ratio in 
the experimental samples is that garnet, which is slug- 
gish to react, does not have to change significantly 
in composition during the experiments. For example, 
two mixtures, alm9opy~o+annsoPhlso and alm9opylo 
+annzoophloo (solid circles on tie lines A and B, 
respectively, Fig. 2), have very nearly the same bulk 
composition. If the two mixtures are held at the 
arbitrary temperature and pressure of Figure 2, tie 
lines A and B will rotate to the equilibrium tie line, 
Z. Biotite composition in the two mixes changes 
considerably as equilibrium is approached, but the 
composition of garnet changes negligibly. In the 
740~ experiment (Table 2) a garnet alm9opy~o was 
mixed with annloophloo. At the conclusion of the 
experiment, the measured composition of the biotite 
was ann73phl27, requiring, by mass balance, a change 
in the garnet composition of only +0.0055 mole frac- 
tion alto. The largest change in garnet composition 
occurred in the 740~ experiment; garnets in the 
other experiments changed even less, usually by 
about 0.002mole fraction. This predicted small 
change in the garnet composition was verified experi- 
mentally by determining that the composition of the 
garnet from selected experiments remained un- 
changed within the uncertainty of electron micro- 

probe analysis ( _+0.01 X,~m). This technique should be 
applicable to determination of element partitioning 
between any mineral pair provided at least one min- 
eral (such as biotite in this study) is sufficiently 
reactive. 

The narrow reversal brackets in Figure 3 indicate 
that biotite did not equilibrate with rims of garnets 
that were significantly different in composition from 
alm9opylo. I f  biotite reacted only with garnet rims in 
the experiments, then the effective bulk composition 
of the biotite-garnet couple would lie along tie lines 
A or B (Fig. 2) but at garnet-biotite ratios less than 
98-2. Starting tie lines A and B consequently would 
rotate, for example, to tie lines D and E, respectively, 
which differ greatly in biotite composition. Because 
starting tie lines A and B converged very nearly to 
the same tie line, Z, at each temperature investigated, 
biotite must have effectively equilibrated with the 
bulk of the garnet in the samples. 

Results 

Results of experiments with garnet, aIm9opylo , and 
biotite are presented in Table 2 and Figure 3. The 
data in Table 2 and Figure 3 are consistent with the 
expression (at 2.07 kbar): 

in K = - 2109/T( ~ K) + 0.782, (1) 
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Table 2. Composit ions of  biotite equilibrated at various tempera- 
tures and 2.07 kbar with garnet almgopylo or almsopyz o. Garnet and 
biotite were mixed in a molar garnet/biotite = 98/2 

Run T(~ Starting Time Final Number  I n K  
# ( • 6 ~ Material (h) X,,,, of Grains 

(X,,,) (• 0.01) Analyzed 

A. Experiments with garnet alm9opylo 

112 799 1.00 551 0.750 8 -1 .155  
116 799 0.50 551 0.710 12 -1 .258  

89 738 1.00 316 0.730 4 -1 .271 
123 749 ~50 818 a 0.695 12 -1 .330  
128 698 0.75 672 0.704 15 -1 .342  
125 698 0.50 1151 b 0.690 10 -1 .353  
138 651 0.75 523 0.679 11 -1 .459  
135 651 0.50 1002 ~ 0.661 11 -1 .497  
139 599 0.75 498 0.645 8 -1.623 
137 599 0.50 1344 a 0.608 4 - 1.728 
126 550 0.75 911 0.620 5 -1.741 
118 550 0.50 911 0.587 3 -1.811 

B. Experiments with garnet almsopy2o 

153 697 0.75 869 0.574 15 - 1.113 
149 697 0.25 869 0.468 11 -1 .486  
152 601 0.50 869 0.500 6 -1 .386  
150 601 0.25 869 0.392 2 -1 .806  

(316/502)=Sample run for 316h, opened, ground under ace- 
tone for 1 h, reloaded, and run for an additional 502 h 
b (479/672) 

c (523/479) 
" (846/498) 

where K=(Mg/Fe)g . . . .  t/(Mg/Fe)biotite (either on a 
weight or atomic metal basis) and the coefficients 
were determined by a linear least-squares fit of the 
in K values vs. 1/T (Table 2A ; data were unweighted 
in the regression). At equilibrium for the reaction 

Fe3AlzSi3012 + KMg3A1Si30 t 0(OH)2 

= KFe3A1Si3Olo(OH)2 + Mg3A12Si3012 , (2) 

A G = A H - T A  S+PAV+3RTlnK=O. (3) 

If AH, AS, and AV for reaction (2) are independent 
of pressure and temperature in the range of con- 
ditions experimentally investigated, by comparing 
Equations (1) and (3), 

AS = 3R(0.782) = 4.662 e.u.; (4) 

AI~ + 2070AV = 3R(2109). (5) 

For  reaction (2), AV= +0.057cal/bar (Robie et al., 
1967), and 

A H = 3R (2109) - 2070(0.057) = 12,454 cal. (6) 

The preferred estimates of Ag and AI~ for reaction 
(2) are 4.662 e.u. and 12,454cal. respectively. The 
experimental data in Table 1 are consistent (con- 

sidering errors in measurement of T and K), howev- 
er, with values of AS in the range 0.143-9.227 e.u. 
and with values of AH in the range 8166-  16,784 cal. 
A polybaric, polythermal expression for F e - -Mg  par- 
titioning between biotite and garnet may be for- 
mulated by substituting values of AH, AS, and AV 
(from Equations (4) and (6) above) into Equation (3): 

12,454 - 4.662T( ~ K) + 0.057P(bars) + 3R T lnK= 0. (7) 

Experiments were conducted at 600 ~ and 700 ~ C, 
2.07 kbar, with garnet aImsopy2o starting material, to 
test the compositional dependence of InK within the 
system alm-py-ann-phl. The brackets of lnK as a 
function of 1/T from experiments using almsopyzo are 
much larger than the brackets using alm9opylo (Table 
2). The results of experiments with almsopy2o, howev- 
er, are consistent with Equation (1) and suggest that 
Fe and Mg mix ideally in biotite and garnet solid 
solutions at least in the composition interval 
0.80 < Fe/(Fe + Mg) < 1.00. 

Applications 

Figure 3 and Equation (7) represent a geothermo- 
meter for rocks containing biotite and garnet that are 
close to binary F e - - M g  compounds. It is clear, from 
analyses of biotite and garnet of different compo- 
sitions that crystallized at the same metamorphic 
grade, that K is also a function of Ca and Mn 
content of the garnet and the Ti and A1 w content of 
the biotite (Dallmeyer, 1974; Saxena, 1969). Caution 
should be exercised in applying the data in Figure 3 
to systems containing significant amounts of Ca, Mn, 
or Ti. The experiments of this study, nevertheless, 
demonstrate a procedure by which the dependence of 
K on Ca, Mn, and Ti in garnet and biotite could be 
experimentally determined. 

The partitioning of Fe and Mg between biotite 
and garnet has been calibrated in two studies by 
measuring the compositions of biotite and garnet 
from natural rock specimens for which temperatures 
of crystallization were estimated by independent 
means (Goldman and Albee, 1977: temperatures 
from 180/160 fractionation between quartz and mag- 
netite; Thompson, 1975: temperatures mainly from 
comparison of mineral assemblages with results of 
phase equilibrium experiments). Both calibrations as- 
sumed no pressure affect on F e - -Mg  fractionation 
between biotite and garnet. The experimental results 
of this study and an extrapolation of them to lower 
temperatures agree with the calibration of Thompson 
(Fig. 3, dashed line) in the temperature range 400 ~ 
600~ and lie approximately 50 ~ higher than the 
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Goldman and Albee calibration (dotted line). The 
agreement between the laboratory results of this 
study and the two calibrations based on natural 
samples suggests that Figure 3 and equation (7) may 
be a useful geothermometer without correction for 
components (up to ~0.2 (Ca + Mn)/(Ca+ Mn + Fe 
+Mg) in garnet and up to ~0.15 (AlVX+Ti)/(A1 v~ 
+ T i + F e + M g )  in biotite) other than Fe and Mg. 
The geothermometer in Figure 3 has a maximum 
practical resolution of approximately _+50 ~ , which 
corresponds to the error in temperature that results 
when _+0.01 errors in X . . . .  Xph D X~l,,, and Xpy are 
propagated through Equation (1). 
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