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Abstract We have experimentally determined the dis-
placement of the equilibrium Grossular1 2 Kyanite1
Quartz[ 3 Anorthite (GASP) as a function of garnet
composition in the systems Mg-Ca-Mn, Fe-Mg-Ca and
Fe-Mg-Ca-Mn at 10008C. The results were treated along
with selected experimental and observational data avail-
able in the literature as well as binary parameters from
other workers to obtain a set of mutually compatible bi-
nary mixing parameters of the quaternary (Fe,Mg,-
Ca,Mn)- aluminosilicate garnet solid solution. Attempts
to determine equilibrium garnet composition in the
GASP equilibrium in the Ca-Mg binary were unsuccess-
ful due to the formation of pyroxene. Calculations of
binary and ternary miscibility gaps show that theP,T,X
combination required for unmixing of garnet solid solu-
tion is not realized by natural samples. The solution
model was applied to account for compositional effects
on Fe-Mg exchange between garnet and ortho- or clino-
pyroxene. Applications of the revised thermometric
formulations to selected natural assemblages yield
P-T conditions which are much less sensitive to compo-
sitional effects compared to the other available for-
mulations, and are consistent with independent con-
straints.

List of symbols

ai
aandgi

a: Activity and activity coefficient of the componenti in
the phasea, respectively, referred to pure component (1 bar,T)
standard state.

DGXS, DHXS, DSXS, DVXS: Excess Gibbs free energy, excess
enthalpy, excess entropy and excess volume of mixing, respective-
ly.

KD: Equilibrium Fe21-Mg distribution coefficient between
garnet and a coexisting phase (a) defined as (Fe21yMg)Gty
(Fe21yMg)a.

DV̄¯and DV0: Partial molar volume change and end-member
molar volume change of a reaction, respectively.

Wij
G, Wij

H, and Wij
S: Subregular free energy, enthalpic and

entropic binary interaction parameter, respectively, between the
components i and j.

WG(i-j), WH(i-j), and WS(i-j): Regular solution or simple mix-
ture free energy, enthalpic and entropic interaction parameter, re-
spectively, between the components i and j.

DWi: W(Mg-i) - W(Fe-i).
Xi

a: Atomic fraction of the componenti in the phaseain the
site of mixing.

Introduction

The compositional properties of garnet and coexisting
minerals provide important record of the pressure-tem-
perature-time (P-T-t) history of the host rocks (e.g.
Lasaga 1983; Ganguly and Saxena 1987; Chakraborty
and Ganguly 1991, 1992; Spear 1993; Ganguly et al.
1996). These calculations, however, require knowledge
of the thermodynamic mixing properties of the multi-
component garnet solid solution that are commonly en-
countered in the natural assemblages. So far, most exper-
imental efforts to constrain a garnet solution model have
been confined to the binary and ternary compositions in
the Fe-Mg-Ca subsystem. In this work, we report new
experimental data involving primarily Mg-Ca-Mn and
Fe-Mg-Ca-Mn and to a limited extent Fe-Mg-Ca and
Mg-Ca garnet compositions, and develop a comprehen-
sive model for the mixing properties of the (Fe,Mg,-
Ca,Mn)-aluminosilicate garnet solid solution, taking in-
to account the constraints imposed by experimental
phase equilibrium data from this and other works, along
with calorimetric and observational data. Finally we
present phase diagrams to illustrate unmixing in the bi-
nary and ternary garnet solid solutions, and apply the
solution model to develop compositional corrections for
the garnet-orthopyroxene and garnet-clinopyroxene Fe-
Mg exchange thermometers.J. Ganguly (✉) ? W. Cheng? M. Tirone
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Formal aspects of binary and multicomponent
solution model

In all studies so far, the properties of garnet solid solu-
tion have been analyzed in terms of a regular or a subreg-
ular solution model. The excess Gibbs free energy of
mixing in a subregular binary join is given by

DGXS5(WG
ij Xj1WG

ji Xi) Xi Xj, (1)

where WG is a free energy interaction parameter. The
latter is often decomposed into enthalpic (H), entropic
(S) and volumetric (V) contributions according to

WG
ij (P,T)5WG (1,T)1&

P

1
SdWG

dT D
p

dP

5WH
ij (1,T)2TWS

ij (1,T)1(P21)WV
ij (2)

where WG (1,T) 5 WH(1,T) - TWS(1,T), and WV is as-
sumed to be independent of pressure. For a regular solu-
tion model, Wij 5 Wji 5 W(i-j). Following common
practice, we would assume WH and WS to be independent
of temperature. This assumption, however, cannot be
correct (Powell 1974; see Ganguly and Saxena 1987, for
a discussion), but the available data, at least in any miner-
alogical system, do not permit a more sophisticated treat-
ment.

In this work we use the term ‘regular solution’ in the
same sense as ‘simple mixture’ of Guggenheim (1967),
so that W(i-j) 5 f(P,T). DGXS in a quaternary solution
with subregular binaries can be represented as (Cheng
and Ganguly 1994)

DGXS5*
i°j

(Wij Xji1Wji Xij )Xi Xj1 *
i°j°k

Xi Xj XkCijk , (3)

whereXij 5 1
2(11Xi - Xj) andXji 5 1

2(11Xj - Xi) (defining
a point in the i-j binary obtained by normal projection of
a quaternary composition), and Cijk is a ternary interac-
tion parameter, which can be calculated from the corre-
sponding binary parameters when one of the binaries
behave nearly ideally.

Experimental studies

Phase equilibrium

We investigated the displacement of the equilibrium
(acronym: GASP)

Grossular1 2 Kyanite1 Quartz[ 3 Anorthite, (a)

as a function of garnet composition at 10008C, the prima-
ry emphasis being in the Mn-bearing compositions. Ac-
cording to the data of Koziol (1990), the reaction rate is
too sluggish at 9008C to yield equilibrium garnet compo-
sitions in run durations of¥7 days. The quenched sam-
ples were examined by X-ray diffraction to ensure that
all phases (garnet, kyanite and quartz) were present, and
also to check for the formation of extraneous phases, and

were analyzed in an electron microprobe to determine
the garnet compositions. The experimental data were
then modeled to constrain the mixing properties of the
garnet solid solution.

Experimental procedure

All experiments were carried out in a piston-cylinder apparatus.
The pressure cell consisted of CsCl outer bushing and a graphite
internal resistance furnace. Pressure and temperature were mea-
sured and corrected for friction and cold-junction, respectively,
according to the procedure of Bose and Ganguly (1995). Follow-
ing Koziol and Newton (1989), finely ground crystalline starting
materials (see next sections below) of garnet, kyanite, and quartz
were thoroughly mixed and sealed with Li2MoO4 flux in gold cap-
sules and held at desired pressures at 10008C for 102–164 h. Each
experiment at a fixedP,Tcondition consisted of two capsules (‘re-
versal couple’), one with garnet containing less Ca and the other
with garnet containing more Ca than that in the equilibrium com-
position at the experimental condition (see Lee and Ganguly 1988,
for illustration of the cell and capsule geometries).

Preparation of glasses of garnet compositions

Glasses of both end-member and intermediate garnet compositions
in the Fe-Mg-Ca-Mn system were synthesized from appropriate
mixtures (with indicated purity levels) of Fe2O3 (99.99%), MgO
(99.998%), CaO (99.9%) or CaCO3 (reagent grade) as source of
Ca, MnCO3 (99.99%),g-Al2O3 (.99.9%) and SiO2 (99.9%).

A mixture of desired Mg-Ca-Mn garnet composition, prepared
from chemicals dried at 1208C, was first decarbonated in a Mo
crucible at 8008C under controlledfO2

to prevent oxidation of the
crucible material. After the decarbonation was complete (which
took about 30 minutes for 1.5 gram of mixture), the sample was
heated at 11008C for ¥30 min, accompanied by readjustment of
fO2

into the field of Mo, and finally melted between 1350 and
15508C, depending on the Mg content of the glass. After 30 min,
the sample was pulled to the top of the furnace (¥4008C), held for
¥30 s, and quenched in an ice-water bath. The resulting glass was
orange-brown in color, and homogeneous to within+ 3% of the
average composition, as determined by microprobe spot analyses.

In earlier studies (Geiger et al. 1989; Pattison and Newton
1989; Koziol 1990), Fe bearing glasses of garnet compositions
were prepared according to a technique developed by Bohlen et al.
(1983), in which a mixture of appropriate composition, with
Fe2O3 as the source of Fe, was melted in a graphite capsule, and the
duration of the melting experiment was adjusted so that it was
sufficient to reduce all Fe2O3 to FeO, but was insufficient for the
further reduction to metallic Fe. A grass green color of the glass,
without any noticeable metallic iron, was considered to be a satis-
factory criterion for the formation of glass in which all iron was in
a divalent state. However, subsequent analyses of garnet glasses by
Mössbauer spectroscopy showed significant amounts of Fe31 in
several such glasses (Geiger, personal communication).

In this study, we developed a new technique for the preparation
of FeO bearing glasses under controlledfO2

condition. Since diffu-
sion of oxygen is very slow through melt, the Fe2O3 in the oxide
mixture was reduced prior to melting in a Mo capsule at 11008C
and fO2

© 10–14 bars, which is a condition within the stability
fields of both FeO (wüstite) and Mo. It was found that 3 h were
adequate to reduce¥2 g Fe2O3 to FeO. The mixture was then
rapidly heated to 1480–15808C, melted and held for¥45 min.
Immediately after melting,fO2

was readjusted to a condition within
the wüstite field but below MoyMoO2 equilibrium. Although it
took ¥20 min to stabilizefO2

in the last step, there can be no
significant effect of the transientfO2

condition on the oxidation
state of iron because of the very slow diffusion rate of oxygen
through the melt. The product glass was always grass green in
color.
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Starting materials

Garnets of various compositions were synthesized hydrothermally
either from glasses of corresponding compositions, or from mix-
tures of synthetic end-member garnets (also synthesized from
glasses), in sealed gold capsules at 25 kbar, 10008C, 40–48 h
(Table 1). A number of high pressure hydrothermal experiments
yielded garnet solid solutions which showed poor resolution of the
a1 anda2 doublet at 2u . 508 in X-ray diffractometer scan using
Cu radiation, indicating significant compositional heterogeneity
(Ganguly et al. 1993). These samples were ground, remixed and
then recycled at 35–40 kbar, 1350–14008C under dry conditions in
a graphite capsule for 24–48 h to achieve homogeneity of compo-
sitions.

Attempts to synthesize Fe-Mg-Ca ternary garnets from glasses
of appropriate compositions according to the above procedure

were unsuccessful. The products of the high pressure hydrother-
mal syntheses showed small amount of pyroxenes, which persisted
even when the products were recycled to 40 kbar, 14008C for 20 h.
However, single phase Fe-Mg-Ca garnets were successfully syn-
thesized at 25 kbar, 10008C using mechanical mixtures of synthet-
ic end member garnets, which were sealed with water in gold
capsules.

Anorthite was prepared from a stoichiometric mixture of CaO
(99.9%),g-Al2O3 (.99.9%), SiO2(99.9%) in a hydrothermal ap-
paratus at 2 kbar, 7008C for 10 days. Kyanite was obtained from
Litchfield, Connecticut (FeO content5 0.16 wt%), and quartz was
obtained from Lisbon, Maryland (purified by N.L Bowen and
J. Goldsmith).

Table 1 Experimental conditions for the syntheses of end-member and solid solution garnets, and results (Mg' Mgy(Mg1Fe), Mg9
Mgy(Mg1Mn), Gt garnet,Py pyrope,Gr grossular,Alm almandine,Spessspessartine,CPx clinopyrosene)

Expt. Starting material P(kbar) T (8C) t (h) Results
No.

Pyrope-grossular

JW12 Glass 25 1000 20 Py, 500–800mm
JW16 Glass 25 1000 24 Gt, 40–50mm, heterogeneous
JW25 Product of JWy16 40 1400 48 Gt(XCa50.073)¥60 mm
JW18 Glass 25 1000 24 Gt1¥5% CPx
JW29 Product of JWy18 40 1400 48 Gt(XCa50.384)
JW03 Glass 30 1000 12 Gt(XCa50.797)¥35 mm

Pyrope-grossular-spessartine

JW58 Glass 25 1000 21 Gt(XCa50.092, Mg950.23),¥80 mm
JW64 Glass 25 1000 24 Gt(XCa50.4, Mg950.24),¥30 mm
JW61 Glass 25 1000 24 Gt(XCa50.8, Mg950.24),¥30 mm
JW66 Glass 25 1000 24 Gt(XCa50.05, Mg950.23),¥80 mm
JW57 Glass 25 1000 21 Gt(XCa50.088, Mg'50.41),¥50 mm
JW56 Glass 25 1000 20 Gt,¥15 mm, heterogeneous
JW65 Product of JWy56 37 1400 46 Gt(XCa50.4, Mg950.42), homogeneous
JW62 Glass 25 1000 24 Gt(XCa50.8, Mg950.44),¥50 mm
JW59 Glass 25 1000 24 Gt(¥20 mm), ,3% other phases
JW70 Product of JWy59 39 1400 48 Gt(XCa50.1, Mg950.68),,30 mm
JW63 Glass 25 1000 24 Gt(XCa50.4, Mg950.7), 115% CPx
JW69 Product of JWy63 40 1400 48 Gt1¥5% CPx
JW68 Mixture of Gr1Py1Spess 25 1000 45 Gt(XCa50.4, Mg950.66),1¥3% CPx
JW60 Glass 25 1000 24 Gt(XCa50.8, Mg950.7), ¥50 mm
JW67 Mixture of Gr1Py1Spess 25 1000 45 Gt(XCa50.2, Mg950.68),,2% other phases

Almandine-pyrope-grossular

JW107 Glass 25 1000 28 Gt(XCa50.1, Mg'50.2), 1¥5% CPx
JW108 Product of JW108 40 1380 40 Gt1small amount of CPx
JW121 Glass 40 1380 40 Gt1¥3% CPx
JW120 Mixture of Gr1Py1Alm 25 1000 26 Gt(XCa50.1, Mg'50.2), ¥40 mm
JW124 Mixture of Gr1Py1Alm 25 1000 24 Gt(XCa50.4, Mg'50.2), ¥20 mm

Almandine-pyrope-grossular-spessartine

JW91 Glass 25 1000 25 XCa50.8, Mg950.5, Mg'50.6, ,3% CPx
JW92 Glass 25 1000 25 XCa50.8, Mg950.5, Mg'50.1, ,5% CPx
JW93 Glass 25 1000 24 Gt(XCa50.4, Mg950.5, Mg'50.6), ¥30 mm
JW94 Glass 25 1000 24 Gt(XCa50.4, Mg950.5, Mg'50.1), ¥5% CPx
JW97 Glass 25 1000 24 Gt(XCa50.1, Mg950.5, Mg'50.6), ¥30 mm
JW98 Glass 25 1000 24 Gt(XCa50.1, Mg950.5, Mg'50.2),

1small amount of other phases
JW99 Product of JW91 38 1380 40 Gt1small amount of CPx
JW100 Product of JW92 38 1380 40 Gt1small amount of CPx
JW101 Mixture of Gr1Py1Alm1Spess 25 1020 40 Gt(XCa50.7, Mg950.5, Mg'50.2), ¥30 mm
JW102 Mixture of Gr1Py1Alm1Spess 25 1020 40 Gt(XCa50.1, Mg950.5, Mg'50.2), ¥20 mm
JW103 Mixture of Gr1Py1Alm1Spess 25 1020 40 Gt(XCa50.4, Mg950.5, Mg'50.2), ,2% CPx
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Table 2 Experimental condi-
tions and shifts of garnet com-
positions in the GASP equi-
librium at 10008 C in the
ternary subsystems
(Mg9 Mgy(Mg1Mn),
Mg' Mgy(Fe1Mg))

Expt. No P(kbar) Time Starting garnet Final garnet Reaction
(h) composition composition

XCa Mg9 XCa Mg9

Mg-Ca-Mn ternary

JW89 12.2 143 0.05 0.233 0.130 0.241 Gt growth
JW87 12.2 143 0.42 0.234 0.151 0.225 Gt breakdown
JW73 13.7 102 0.05 0.233 0.159 0.235 Gt growth
JW74 13.7 102 0.42 0.234 0.205 0.229 Gt breakdown
JW80 15.8 161 0.09 0.230 0.279 0.221 Gt growth
JW79 15.8 161 0.42 0.234 0.312 0.243 Gt breakdown
JW76 17.6 119 0.09 0.230 0.405 0.238 Gt growth
JW75 17.6 119 0.79 0.233 0.447 0.250 Gt breakdown
JW95 19.7 106 0.42 0.234 0.641 0.229 Gt growth
JW96 19.7 106 0.79 0.228 0.678 0.229 Gt breakdown
JW71 13.7 102 0.05 0.436 0.150 0.388 Gt growth
JW72 13.7 102 0.43 0.442 0.179 0.397 Gt breakdown
JW82 15.8 161 0.12 0.452 0.253 0.394 Gt growth
JW81 15.8 161 0.43 0.442 0.290 0.379 Gt breakdown
JW78 17.6 119 0.12 0.452 0.397 0.424 Gt growth
JW77 17.6 119 0.81 0.417 0.431 0.413 Gt breakdown;,5% CPx
JW113 17.1 112 0.12 0.452 0.368 0.415 Gt growth
JW114 17.1 112 0.81 0.417 0.392 0.392 Gt breakdown;,5% CPx
JW118 16.9 114 0.12 0.452 0.343 0.387 Gt growth
JW119 16.9 114 0.43 0.442 0.382 0.405 Gt breakdown
JW98 19.7 106 0.12 0.452 Gt1CPx
JW97 19.7 106 0.81 0.417 Almost complete

Gt breakdown;
CPx growth

JW90 12.2 143 0.05 0.713 0.090 0.678 Gt growth
JW88 12.2 143 0.42 0.686 0.111 0.682 Gt breakdown
JW122 15.8 144 0.10 0.705 0.216 0.711 Gt growth
JW123 15.8 144 0.42 0.686 0.248 0.663 Gt breakdown
JW128 17.0 164 0.10 0.705 0.267 0.699 Gt growth
JW129 17.0 164 0.42 0.686 0.323 0.674 Gt breakdown;,5% CPx
JW84 19.8 114 0.10 0.705 0.528 0.684 Gt growth,,3% other phases
JW83 19.8 114 0.81 0.417 Gt breakdown; CPx growth

Fe-Mg-Ca ternary
Mg' Mg'

JW125 16.1 142 0.145 0.219 0.283 0.197 Gt growth
JW126 16.1 142 0.410 0.223 0.305 0.231 Gt breakdown
JW130 17.4 144 0.145 0.219 0.378 0.205 Gt growth
JW131 17.4 144 0.410 0.223 0.394 0.212 Gt breakdown

Experimental results

The experimental results on the change of garnet compo-
sitions in the GASP assemblages are summarized in Ta-
bles 2 and 3. The garnets were always compositionally
zoned, with the core composition usually representing or
close to being the original composition. Thus, garnet
compositions determined from cell dimensions in the ex-
perimental GASP assemblages (Hensen et al. 1975;
Cressey et al. 1978; Wood 1988) represent the average
composition of the garnets, which are not necessarily
their equilibrium composition at the experimental condi-
tions. Figure 1a shows a backscattered electron image of
a typical garnet crystal in a quenched experimental
product, whereas Fig. 1b illustrates the variation of gar-
net composition within a ‘reversal couple’, as deter-
mined by microprobe spot analyses of garnet composi-
tions. The most evolved compositions from the low and

high calcium sides were taken to bracket the equilibrium
composition of garnet. A discussion of the results for the
specific systems follows.

Pyrope-grossular garnet

We made 12 experiments at 14–19.5 kbar, 10008C with
mixtures of binary pyrope-grossular garnet (XCa50.0, 0.1
and 0.8) in order to determine the effect of pyrope com-
ponent on the GASP equilibrium at 10008C. However, the
products of all experiments yielded some amount of py-
roxene (with compositions in the system CaMgSi2O62
CaAl2SiO62Mg2Si2O6) along with garnet, kyanite and
quartz. Because of the repeated formation of pyroxene in
the experimental products, we did not find it feasible to
put unambiguous experimental constraints on the effect
of the pyrope component on the GASP equilibrium.
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Table 3 Experimental condi-
tions and shifts of garnet com-
positions in the GASP equi-
librium at 10008 C in the
quaternary system
(Mg9 Mgy(Mg1Mn),
Mg' Mey(Fe1Mg))

Expt. P (kbar) Time Starting garnet Final garnet Reaction
No. (h) composition composition

XCa Mg9 Mg' XCa Mg9 Mg'

JW104 14.8 145 0.11 0.53 0.24 0.176 0.478 0.212 Gt growth

JW105 14.8 145 0.41 0.51 0.21 0.252 0.483 0.206 Gt breakdown

JW109 15.9 121 0.11 0.53 0.24 0.275 0.468 0.194 Gt growth

JW110 15.9 121 0.41 0.51 0.21 0.317 0.475 0.197 Gt breakdown

JW115 17.0 122 0.11 0.53 0.24 0.336 0.486 0.181 Gt growth

JW116 17.0 122 0.72 0.51 0.21 0.406 0.481 0.194 Gt breakdown

JW111 15.9 121 0.09 0.49 0.64 0.278 0.505 0.573 Gt growth

JW112 15.9 121 0.39 0.52 0.62 0.317 0.476 0.583 Gt breakdown

JW117 17.0 122 0.09 0.49 0.64 0.362 0.486 0.559 Gt growth

JW127 17.2 122 0.39 0.52 0.62 0.393 0.477 0.572 Gt breakdown

Pyrope-grossular-spessartine garnet

Three sets of garnet compositions with fixed Mgy
(Mg1Mn) ratios of 0.23, 0.41 and 0.68 were used to
determine the effect of variation of garnet composition in
this ternary system on the GASP equilibrium. The results
are illustrated in Fig. 2 (a,b,c). The initial garnet compo-
sitions are represented by small filled circles, whereas
the most evolved garnet compositions are illustrated by
tips of arrows pointing in the direction of evolution of
garnet composition.

Almandine-pyrope-grossular garnet

We determined the equilibrium compositions of garnet in
this ternary system at 16.1 and 17.4 kbar, 10008C. The
initial and the most evolved compositions of garnet are
illustrated in Fig. 3 along with the results of Koziol and
Newton (1989).

Almandine-pyrope-grossular-spessartine garnet

Two sets of garnet compositions were used to determine
the displacement of the GASP equilibrium at 10008C in
this quaternary system. These garnets had Mgy(Mg1Fe)
ratio of 0.20 and 0.60, while the Mgy(Mg1Mn) ratio was
kept fixed at 0.50. The initial and most evolved garnet
compositions at several different pressures are illustrat-
ed in Fig. 4 (a,b).

Modeling of experimental and natural data

The experimental data on the GASP equilibrium deter-
mined in this study were modeled along with several sets
of experimental data by other workers to develop an opti-
mized thermodynamic model of the (Fe,Mg,Ca,Mn)-
garnet solid solution. The additional experimental data
used in the modeling were as follows.

(a) The experimental data on the GASP equilibrium
by Koziol and Newton (1989) in the Fe-Mg-Ca ternary
system, and by Koziol (1996) in the Fe-Mg-Ca-Mn qua-
ternary system.

(b) The results of calorimetric measurements on the
enthalpy of mixing at 7508C in the Ca-Mg binary by
Newton et al. (1977; Fig. 5).

(c) The experimentally determined effect of Ca on the
Fe-Mg fractionation between garnet and olivine by
O’Neill and Wood (1979; Fig. 6) at 1200 C.

The mixing properties of the Fe-Mg, Fe-Ca, Fe-Mn
and Ca-Mn binaries were constrained as discussed in the
next section.

Constraints on binary joins

Fe-Mg binary

For this binary, we accepted the mixing properties de-
duced by Hackler and Wood (H-W: 1989), which show a
small excess positive Gibbs free energy of mixing, with
the maximum towards the Fe-rich end and a nearly ideal
behavior towards the Mg rich end. Ganguly and Saxena
(1984) deduced a qualitatively similar mixing property,
but with a somewhat larger positive deviation from ideal-
ity. The H-W model is based on the experimentally deter-
mined effect of the FeyMg ratio on Fe-Mg fractionation
between garnet and olivine at 1000 C (O’Neill and Wood
1979; Hackler and Wood 1989) and satisfied that be-
tween garnet and orthopyroxene at 12008C, 26 kbar (Lee
and Ganguly 1988), as well as the phase equilibrium data
on the equilibrium garnet1 rutile [ ilmenite 1 silli-
manite1 quartz (GRAIL) in the Fe-Mg system at 900
and 10008C (Koziol and Bohlen 1992). Assuming
DSXS 5 0, the H-W model yieldsDHXS in the binary join,
which is compatible with that determined calorimetrical-
ly at 7508C by Geiger et al. (1987) except atXFe $ 0.70,
where the calorimetric values are much higher than that
predicted by the model. This discrepancy may be due to
the presence of ferric iron in the Fe-rich synthetic sam-
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Fig. 1a Backscattered electron image showing compositional
zoning in a typical garnet crystal in a quenched experimental
product consisting of ternary (Mg,Mn,Ca)-garnet, kyanite, anor-
thite and quartz.b Variation of garnet compositions as determined
by electron microprobe spot analysis in a ‘reversal couple’ of the
GASP equilibrium in the Mg-Ca-Mn ternary at 16 kbar, 10008C.
The equilibrium garnet compositions, marked bydashed lines, are
bracketed by the most evolved compositions. The initial garnet
compositions are designated by relativelylarger filled symbols,
whereas the direction of change of garnet composition is shown by
arrows

ples rather than due to an asymmetricDSXS (which is
negligible atXFe ,0.70 but has a significant positive de-
viation from ideality at more iron rich compositions).

Bhattacharya et al. (1991) decomposed the mixing
property of the Fe-Mg join into enthalpic and entropic
contributions by completely accepting the calorimetric
data of Geiger et al. (1987) and introducing excess en-
tropy parameters (WSFeMg 5 –6.385 ( + 0.527) and
WS

MgFe 5 5,849 (+ 0.510) Jycation-mol) to reconcile
the calorimetric data with the experimental phase equi-
librium data at 1000–12008C (Lee and Ganguly 1988).
Because of our concern about the presence of ferric iron
in synthetic Fe rich garnets, we decided not to incorpo-
rate this model in our scheme even though it is self con-

Fig. 2 Displacement of the equilibrium Grossular1 Kyanite1 3
Quartz [ 3 Anorthite as a function of garnet composition at
10008C in the Mg-Ca-Mn ternary system at Mgy(Mg 1 Mn) ratios
of a 0.23,b 0.41 andc 0.68. The original garnet compositions are
represented bysmall filled circles, whereas the most evolved com-
positions are represented by thetips of arrows. The solid curve
represents the calculated equilibrium boundary according to the
optimized ‘preferred’ mixing parameters summarized in Table 4,
whereas thedashed curvesrepresent the equilibrium boundaries
according to ideal mixing model. The equilibrium boundary cal-
culated according to the alternative model (Table 4) is essentially
the same as that calculated from the ‘preferred’ mixing model in
Figs. 2–4
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Fig. 3 Displacement of the equilibrium Grossular1 Kyanite 1
3 Quartz[ 3 Anorthite as a function of garnet composition at
10008C in the Fe-Mg-Ca ternary system at Mgy(Mg 1 Fe) ratio (or
Mg') of 0.21–0.22. Thedashed arrowsrepresent the results of
Koziol and Newton (1989) for Mg'50.21 whereas the solid ones
represent the results of this study for a slightly different Mg' of
0.23. See caption of Fig. 2 for explanation of thesolid anddashed
curves. The equilibrium boundary calculated according to the
Berman (1990) model is essentially the same as that calculated
according to our model if the pressures of both end-member and
solid solution equilibria are treated in the same way (see text). See
Fig. 1 for the designations of original and most evolved garnet
compositions

sistent and matches the available phase equilibrium con-
straints quite well.

Ca-Fe binary

We accepted Berman’s (1990) optimized WH and WS

parameters for the Ca-Fe join which were deduced from
analysis of the available experimental data on the GASP
(Cressey et al. 1978; Koziol and Newton 1989), GRAIL
(Bohlen and Liotta 1986) and GAF (3 Fa1 3 An 5 Gr
1 2 Alm: Bohlen et al. 1983) equilibria, along with the
calorimetric data on the enthalpy of mixing in the binary
join (Geiger et al. 1987). The WV parameters used in our
model are those determined by Geiger et al. (1989) using
synthetic crystals in the Ca-Fe join. Although Berman
used slightly different WV parameters in his optimization
analysis, using the results of Geiger et al. does not mate-
rially alter the WH and WS parameters since theDVXS is
very small.

Fe-Mn and Ca-Mn binaries

To constrain the mixing properties in these binaries, we
used the experimental data on the effect of Ca on Fe-Mn
fractionation between garnet and ilmenite, as determined
by Pownceby et al. (1991) at 650–10008C. In these ex-
periments, the equilibrium Fe-Mg fractionations were
constrained by approaching from both sides of the equi-
librium values. Using WG(Fe-Mn)5 2200 Jycation-mol
for ilmenite (O’Neill et al. 1989), thermodynamic and
statistical analysis of their data (O’Neill, personal com-

Fig. 4 Experimentally determined displacement of the GASP
equilibrium as a function of the garnet composition in the quater-
nary system Fe-Mg-Ca-Mn at Mgy(Mg 1 Mn)50.50 witha Mgy
(Mg 1 Fe)50.2 andb Mgy(Mg 1 Fe)50.6. See caption of Fig. 1
for explanations of original and most evolved garnet compositions
and of thesolid and dashed curves. The calculated quaternary
equilibrium also agrees with the data of Koziol (1996)

Fig. 5 Comparison of the excess molar enthalpy of mixing (DHXS)
in the pyrope-grossular join (1-cation basis), as calculated from
the optimized models developed in this work and by Berman
(1990) with the calorimetric data of Newton et al. (1977). The
latter are shown bysquareswith bars representing+ 1 s error. Of
the two models labelled ‘this work’, the one with largerDHXS

represents the ‘preferred’ model (Table 4). The model of Ganguly
et al. (1993) represents the elastic contribution toDHXS arising
from mismatch of volume of the end members andDVXS in the
pyrope-grossular binary
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of the integrals in Eq. 4, the thermal expansion coeffi-
cient,a, and compressibility,b, were taken from the opti-
mized database of Berman (1988), it being assumed that
V̄ī and Vi

o have the sameP-T dependencies. In Eq. 6,
olivine was treated as a binary solution of the Fe and Mg
end-members (sinceXCa

Ol # 0.01); further, since the
bulk Fey(Fe1Mg) ratio was kept fixed (0.90) in the ex-
perimental studies (O’Neill and Wood 1979), it was as-
sumed that the observed variation of KD was essentially
due to that in the Ca concentration in garnet.

The GASP equilibria,DHXS in the Ca-Mg join, and
RTlnKD vsXCa

Gt, as calculated from Eqs. 4, 5 and 6 from
a set of values of the interaction parameters, were com-
pared with the experimental data, the interaction
parameters were changed automatically in the next step,
and the process was repeated to yield a set of optimized
values of the interaction parameters until the squares of
the deviations between the calculated and experimental
values were minimized. In these calculations, the ex-
perimentally determined equilibrium value ofXCa

Gt

in the GASP reaction at 10008C was allowed to be any
point within a reversal bracket (Figs. 2, 3, 4), and of the
calorimetric DHXS in the Ca-Mg join was allowed to
be any point within the+ 1s of the mean calorimetric
value at a given composition (Fig. 5). The calculations
were repeated with different initial values of the inter-
action parameters, and in each case the same set of opti-
mized values of the interaction parameters was obtained.

Haselton and Westrum (1980) determined theDSXS of
a garnet solid solution of Pyr60Gr40 composition from
calorimetric measurements of theDCpXS at 10–350 K.
Assuming that theDSXS is symmetric to composition,
their results yield WS(Mg-Ca) 5 6.26+ 0.42 Jycation-
mol K. This result was not included in the optimization
process through MINUIT, but was used as an external
test of the result. The optimization of all experimental
phase equilibrium data at 1000 and 12008C and of calori-
metric enthalpy of mixing data at 7508C in Mg-Ca join
discussed above yields WS(Mg-Ca)5 3.67 Jycation-mol,
which does not agree with the value derived from the
heat capacity data of Haselton and Westrum (1980).
However, it was found that neglecting only one datum
from the calorimetric DHXS in the Mg-Ca join at
XCa 5 0.47 (Fig. 5) yields WS(Mg-Ca)5 5.78 Jycation-
mol, which agrees well with its calorimetric value.

The results of optimization analysis both including
and excluding the calorimetricDHXS datum at
XCa 5 0.47 are summarized in Table 4. Weprefer the
results obtained by excluding this calorimetricDHXS da-
tum since the derived WS(Mg-Ca) value agrees with that
calculated from the calorimetric heat capacity data inthe
Mg-Ca join. The GASP equilibrium in theMg-Mn-Ca,
Fe-Mg-Ca and Fe-Mg-Ca-Mn systems,DHXS in the
Mg-Ca binary, and lnKD(Fe-Mg) between garnet and
olivine vs XCa

Gt, as calculated according to the models
summarized in Table 4, are illustrated in Figs. 2, 3, 4,
5 and 6, respectively. We also show in Figs. 5 and 6
the calculatedDHXS and lnKD curves, respectively, ac-
cording to the Berman (1990) model.

Fig. 6 Comparison of the calculated and experimentally deter-
mined effect of Ca concentration in garnet on the Fe-Mg distribu-
tion coefficient between garnet and olivine at 30 kbar, 12008C, and
Mg' 5 0.9 (O’Neill and Wood 1979; O’Neill, personal communi-
cation). The calculated curves are according to the garnet mixing
models developed in this work and by Berman (1990). WS(Fe-Ca)
was kept fixed at 1.69 Jycation-mol according to Berman (1990).
WS(Mg-Ca)5 3.67 and 5.78 Jycation-mol represent the results of
two alternative optimizations of garnet mixing property (see text
for discussion and Table 4)

munication) show the mixing behavior in the Fe-Ca and
Mn-Ca binaries in garnet to be very similar (in that there
was no significant effect of Ca on Fe-Mn fractionation),
and yield WG(Fe-Mn)5539+ 109 Jycation-mol for gar-
net. We, thus, used these Fe-Mnmixing data along with the
constraints that WGCaMn5 WG

CaFeand WG
MnCa 5 WG

FeCa.

Modeling procedure

The modeling was carried out by the well known opti-
mization program MINUIT (James and Ross 1975).
Starting with guessed input values of the binary interac-
tion parameters, the program calculated

(a) the position of the GASP equilibrium in the above
ternary and quaternary systems according to the equi-
librium condition (kyanite and quartz being assumed to
be stoichiometric)

23RTln (XCagCa)
Gt1&

p

1

(DV̄̄a)T, X2 &

po

1

(DVo
a)TdP50, (4)

(b) DHXS in Mg-Ca join according to the subregular
model

DHXS5(WCaMgXMg1WMgCaXCa)XMgXCa, (5)

and

(c) the effect of Ca on KD(Fe-Mg) between garnet and
olivine for a fixed Fey(Fe1Mg) ratio according to

RTlnKD5RTlnKD (XCa50)2RTln (gFeygMg)Gt. (6)

The expressions for the activity coefficients (gi) were
developed according to the multicomponent subregular
model of Cheng and Ganguly (1994). For the calculation
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Modeling of natural data

In this section we try to constrain the Mg-Mn mixing
property in garnet at lower temperature from the ob-
served compositional dependence of KD(Fe-Mg) be-
tween garnet and biotite in a suite of nearly isothermal-
isobaric assemblages from Pecos Baldy, New Mexico
(Fig. 7), as reported by Williams and Grambling (1990).
The variation of KD(Fe-Mg) must be due to the variation
of components in garnet and biotite with significant non-
ideal mixing behavior. However, since Ti, Al and Fe31

contents of these biotites have very restricted ranges
(0.06–0.10, 1.59–1.90, and 0.19–0.22 cations, respec-
tively, per 11 oxygen), and biotite and garnet are unlikely
to have significantly different nonideal Fe-Mg interac-
tions according to the analysis of the Fe-Mg mixing in
biotite by Mueller (1972) and Ganguly and Saxena
(1987), and of that in garnet by Hackler and Wood (1989)
and Berman (1990), the large variation of KD in the Pecos
Baldy assemblages should be primarily due to the varia-
tion of Mn (¥0–30 mol%) and Ca (¥3–8 mol%) con-
tents of garnet. The observed compositional dependence
of KD, however, implies a much larger positive deviation
from ideality of the Mg-Mn join than that deduced above
from the experimental data at 10008C, which suggest a
significant entropy effect on the mixing property in the
Mg-Mn join of garnet so that the WG(Mg-Mn) increases
with decreasing temperature.

An approximate temperature of the Pecos Baldy as-
semblage can be deduced from the garnet-biotite Fe-Mg
exchange thermometer determined experimentally by
Ferry and Spear (1978) in the binary Fe-Mg system, and
KD(Fe-Mg) between garnet and biotite in the natural
samples with minimal concentration of the other compo-
nents. Two such samples are No. 77–85B and 77–420,
which have a combined concentration of Ca and Mn in
garnet of¥3% (Williams and Grambling 1990). These
samples yield a temperature of¥4858C if we neglect the

Table 4 Summary of the internally consistent binary subregular
interaction parameters in aluminosilicate garnets.WH

ij ,WS
ij and

WV
ij are respectively the enthalpic (Jymol), entropic (Jymole-K)

and volumetric (Jybar) contributions to the subregular free energy
parameter (WG

ij ) on one-cation basis. For the Ca-Mg binary, there
are two alternative solutions. The one associated withWS55.78 Jy
cation-mol is thepreferred model

Parameter (ij) WH
ij WS

ij WV
ij

CaMg 21 627 5.78 0.012a

18 522 3.67
MgCa 9 834 5.78 0.058a

7 388 3.67
CaFe 873b 1.69b 0c

FeCa 6 773b 1.69b 0.03c

MgFe 2 117d 0 0.07e

FeMg 695d 0 0e

MgMn 12 083 7.67 0.04e

MnMg 12 083 7.67 0.03e

FeMn 539f 0 0.04e

Mn-Fe 539f 0 0.01e

a Ganguly et al. (1993);b Berman (1990);c Geiger et al. (1989);
d Hackler and Wood (1989);e Geiger et al. (1994);f Powencby
et al. (1991), modified (O’Neill, personal communication)

The garnet solution model developed by Berman
(1990) seemed to have fitted the ternary data of Koziol
and Newton (1989) quite satisfactorily. However,
Berman adjusted the pressure of the end-member GASP
reaction by Koziol and Newton (1988) downwards by
300 bars from the nominal pressure of 21.70 kbar, but
did not adjust the pressures of the experiments in the
ternary system. We argue that since both the end-member
and the solid solution equilibria were determined by the
same workers following the same procedure and using
the same flux (which is also the flux used in our work), it
is not justified to make pressure adjustments of selected
data. All data should have similar errors in pressure, so
that their relative pressures should be essentially unaf-
fected. The equilibrium boundary in the Fe-Mg-Ca
system calculated according to Berman’s model (1990)
is almost indistinguishable from that calculated ac-
cording to the solution model developed in this work
(Fig. 3) if no friction correction is applied selectively
to the nominal pressure (21.7 kbar) of the end-member
reaction.

The experimental data used to retrieve the mixing
property of the Mg-Mn binary are restricted to 1000 C,
and consequently the ideal mixing of this join inferred
from the optimization analysis should not be extrapolat-
ed to lower temperature. Further, we recall that the Fe-
Mg mixing model of Hackler and Wood (1989), which is
adopted in this work, are based on Fe-Mg partitioning
data at 10008C. Their analysis of the calorimetricDHXS

data in the Fe-Mg join (Geiger et al. 1987) and Berman’s
(1990) analysis of the Fe-Mg mixing properties at lower
temperature are suggestive, but not conclusive, of little
or noDSXS mixing in this binary join. Careful calorimet-
ric measurement ofDHXS of well characterized samples
are needed in both Fe-Mg and Mg-Mn joins to sort out
their mixing behavior at lower temperatures.

Fig. 7 Variation of the Fe-Mg distribution coefficient between
garnet and biotite as a function of Mn content of garnet in a suite
of rocks from Pecos Baldy, New Mexico. Data (circles) are from
Williams and Grambling (1990). The lnKD vs XCa

Gt relationships
calculated from the preferred model (Table 4) and Berman (1990)
model are shown bysolid anddashedlines respectively
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possible nonideal effect of Al, Ti and Fe31in biotite
(Patiño Douce et al. 1993) and the small effect of the Ca
and Mn in garnet. The thermodynamic relation govern-
ing the compositional dependence of KD(Fe-Mg) be-
tween garnet and biotite in a multicomponent system can
be derived by expanding the relation (e.g. Ganguly and
Kennedy 1974)

RTlnKD5RTlnK2RTln SgFe

gMg
DGt

1RTln SgFe

gMg
DBt

(7)

Assuming that the Mg-Mn and Fe-Mn binary joins in
garnet behave as a regular solution whereas the other
joins behave as subregular solution, and that biotite be-
haves as a regular solution with ideal Fe21-Mg binary,
the expansion of Eq. 7 yields

RTlnKD5RTlnK2[WCaMg(22XCaXMg1A)1WMgCa(2X2
Ca1A)

1WCaFe(2XCaXFe1B)2WFeCa(X
2
Ca1B)

1WMgFe(2XMgXFe2X2
Fe1C)

1WFeMg(X2
Mg22XMgXFe1C)2DWMnXMn]

Gt

2[DWTi XTi1DWAl XAl1DWFe31 XFe31]Bt (8)

where

A5
1
2

XCa(XMg2XFe2XMn)

B5
1
2

XCa(XMg2XFe1XMn)

C5
1
2

(XCa1XMn) (XMg2XFe)

We regressed the lnKD(Fe-Mg) data for the Pecos
Baldy samples (Williams and Grambling 1990) against
XMn(Gt) according to Eq. 8 by constraining the mixing
properties in all the binary joins of garnet excepting Mg-
Mn, according to the data summarized in Table 4, and
treating the mixing properties of biotite in three different
ways, viz (a) modelsa and b of Patiño-Douce et al.
(1993) for the mixing of Al and Ti, (b) ideal mixing of Al
and Ti, and (c) unconstrained values ofDWTi andDWAl.

All iron in garnet was treated as Fe21, as in the work
of Williams and Grambling (1990). The regression with
unconstrained biotite properties yieldedDWTi 5 –
59 + 22 kJycation-mol (+ 1 s) andDWAl © 0. These
values may be compared with the mixing models derived
by Patiño-Douce et al. (modela: DWTi 5 –10+ 15 and
DWAl © 2.7 + 10 kJycation-mol, and modelb: DWTi

5 –12.3+ 15 andDWAl © 22.2+ 10 kJycation-mol).
From this comparison, we prefer the modela of Patiño
Douce et al. (1993) to their modelb since theDW
parameters therein are much closer to those derived in
the unconstrained regression. In all these regression
analyses,DWFe31 (Bt) turned out to be an insignificant
variable (P factor5 0.35), which is most likely due to its
restricted compositional range rather than the equality of
interaction of Fe31 with Fe21 and Mg. Further, we car-
ried out the regression withunconstrained Fe-Mg mixing
in garnet, but with WFeMg5WMgFe, in addition to uncon-
strained binary mixing properties in biotite in the Fe-
Mg-Al system. The WG(Mg-Mn) values in garnet derived

from the above analyses fall within a restricted range of
7162+ 639 Jycation-mol. These results suggest the Mg-
Mn mixing in garnet to be have significantly larger posi-
tive deviation from ideality at¥5008C than deduced
above at 10008C from the experimental phase equilibri-
um data.

Our results for Mg-Mn mixing in garnet derived from
the experimental phase equilibrium data at 10008C and
natural data at¥4858C are illustrated in Fig. 8 along
with that of Wood et al. (1994) at 13008C, which was
derived from experimental data on Fe-Mg partitioning
between garnet and olivine as a function ofXMn(Gt). If it
is assumed that WG is a linear function of temperature
according to WG5WH - TWS, then these data suggest a
minimum value of WS(Mg-Mn) of 7.67 Jycation-mol K.
The resulting expression is

WG(Mg-Mn)51208327.67T (9)

In addition, when the Fe-Mg mixing property in garnet
was unconstrained, we obtained WG

MgFe5WG
FeMg5

3271 + 1905 Jycation-mol, which is compatible with
their high temperature (¥10008C) nearly ideal values,
but does not preclude a significant positiveDSXS.

From analyses of the compositional dependence of KD

between garnet and clinopyroxene in granulite facies
rocks from several localities (T 5 650–8508C) encom-
passing a large range of Mn concentration in garnet
(XMn 5 0–0.97), Sengupta et al. (1989) deduced WG(Mg-
Mn) 5 6.7+ 2.1 kJycation-mol at the average tempera-
ture these rocks. Their results are compatible with Eq. 9.
However, they constrained the mixing parameters in the

Fig. 8 Regular solution (or simple mixture) interaction parameter
per cation-mole in Mg-Mn join vs temperature. The WG parame-
ters at 4858C are based on the analyses of compositional depen-
dence of KD between garnet and biotite in a suite of samples from
Pecos Baldy, New Mexico (Williams and Grambling 1990), treat-
ing biotite and garnet mixing properties in several different ways
(see text).a Al and Ti mix according to the modela of Patiño
Douce et al. (1993),b Al and Ti mix ideally,c Al and Ti mixing
were unconstrained. In all these, the binary joins in garnet (except
Mg-Mn) were constrained according to the preferred model in
Table 4. Modeling with unconstrained Fe-Mg mixing in garnet and
unconstrained Al and Ti mixing in biotite yields essentially the
same result asa
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other binary joins of garnet according to Ganguly and
Saxena (1984).

The compositional dependence of KD calculated for
the Pecos Baldy samples according to the garnet solution
models derived in this work and by Berman (1990) are
illustrated in Fig. 7 by solid and dashed lines, respective-
ly. These lines represent least squares fits to the calculat-
ed lnKD vs XMn(Gt), assuming that there is no effect on
KD from the possible nonideality of the biotite solid solu-
tion.

Expression of activity coefficients in the quaternary
garnet solid solution

Following the general expression ofRTlngi in a multi-
component subregular solution developed by Cheng and
Ganguly (1994), the activity coefficient of Fe in the qua-
ternary subregular garnet solid solution can be expressed
as

RTlngFe5(122XFe) (WFeMgX
2
Mg1WFeCaX

2
Ca1WFeMnX

2
Mn

12 (12XFe) (WMgFeXMgXFe1WCaFeXCaXFe

1WMnFeXMnXFe)
22 (WMgCaXMgX2

Ca1WCaMgXCaX2
Mg1WMgMnXMgX2

Mn

1WMnMgXMnX2
Mg1WMnCaXMnX2

Ca1WCaMnXCaX2
Mn)

1
1
2

(122XFe) [XMgXCa(WFeMg1WMgFe1WFeCa

1WCaFe1WMgCa1WCaMg)
1XMgXMn(WFeMg1WMgFe1WFeMn1WMnFe

1WMgMn1WMnMg)
1XCaXMn (WFeCa1WCaFe1WFeMn1WMnFe

1WCaMn1WMnCa)]
2XMgXCaXMn (WMgCa1WCaMg1WMgMn1WMnMg

1WCaMn1WMnCa). (10)

The activity coefficient of any other component J (i.e.
Mg, Ca or Mn) follows from the above expression by the
following substitutions WFeK[ WJK and WFeJ[ WJFe.

Unmixing of garnet solid solutions

Using the preferred data for the mixing properties in the
binary joins, as summarized in Table 4 and Eq. 9, we
calculated the binary and ternary solvi and binary
spinodals of the garnet solid solution. The binary solvi
were calculated according to the equilibrium condition
RTlnXa

11RTlnga

15RTlnXb

11RTlngb

1

RTlnXa

21RTlnga

25RTlnXb

21RTlngb

2. (11)

The ternary solvus must satisfy an additional
analogous relation for the third component. This system
of equations was solved numerically as a function of
pressure and temperature. The results for the Mg-Ca and
Mg-Mn binaries are illustrated in Fig. 9a, and those for
the Fe-Mg-Ca and Mn-Mg-Ca ternaries are illustrated in
Fig. 9b. Also shown in Fig. 9a are the spinodals for the
Ca-Mg and Mg-Mn joins at 5 kbar, which were calculat-

ed according to the spinodal conditiond2GydX2 5 0 (e.g.
Ganguly and Saxena 1987).

The pressure dependence of the solvus in the Ca-Mg
join, as calculated in this work, is very different from
that calculated by Haselton and Newton (1980). This dif-
ference is due to different volumetric properties of the
Ca-Mg join used in the two sets of calculations. Whereas
Haselton and Newton used the volumetric properties by
Newton et al. (1977), we used those determined by Gan-
guly et al. (1993) from Rietveld refinement of synthetic
and compositionally homogeneous samples in the Ca-
Mg join (Table 4). The latter results have been substanti-
ated by single crystal X-ray determination of a few sam-
ples (L. Ungaretti, personal communication) selected
from those used by Ganguly et al. (1993).

Our results (Fig. 9) suggest that the combination of
temperature and composition required for unmixing gar-

Fig. 9 a Chemical solvi or binodals (solid lines) and spinodals
(dashed lines) in the grossular-pyrope and spessartine-pyrope bi-
naries, as calculated from the ‘preferred’ garnet mixing model
(Table 4). Also shown is the pressure dependence of the solvus in
the grossular-pyrope binary calculated according to the volumet-
ric data of Ganguly et al. (1993).b Calculated miscibility gaps at
5 kbar in the almandine-pyrope-grossular and pyrope-grossular-
spessartine ternaries as a function of temperature. The pressure
dependence of the ternary solvi is insignificant within the range of
pressure of geological interest
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net fall outside those realized by the natural samples. For
example, at¥5008C, which is a temperature near the
garnet isograd, the garnet compositions are too far off the
pyrope-grossular binary to be candidates for exsolution,
whereas for the garnets whose compositions lie near the
pyrope-grossular binary, such as those in grosspydites
(Sobolev et al.1968), the crystallization temperature is
much above the calculated critical temperature¥6208C.
Schmetzer and Bank (1981) reported almost binary py-
rope-spessartine garnets with compositions ranging
from near the spessartine end to¥60 mol% pyrope from
Tanzania and Sri Lanka. Their data also incorporate
those of similar garnets by Jobbins et al. (1978) and
Schmetzer and Ottemann (1979). These data are not in-
compatible with the miscibility gap shown in Fig. 9a, as
the crystallization temperatures of these garnets certain-
ly lie above the calculated critical temperature of
¥2308C in the pyrope-spessartine binary, which further
decreases with the incorporation of additional compo-
nents.

Refinement of garnet-orthopyroxene and
garnet-clinopyroxene geothermometers

The equilibrium condition for Fe-Mg exchange between
garnet and a coexisting minerala (Mg-Gt 1 Fe-a [

Fe-Gt1 Mg-a, written on single cation basis) yields

lnKD5[lnK (1,T)1
1

RT
&

P

1

DV̄̄dP]2ln SgFe

gMg
DGt

1ln SgFe

gMg
Da

(12)

where the activity coefficients (gi) are at 1 atm
(0.101 MPa),T, and

KD5
(XAlmyXPyr)

Gt

(XFe2ayXMg2a)a
. (13)

The explicit expression of the termRTln (gFeygMg)
Gt is

obvious from Eqs. 7 and 8.
It is a common practice to write KD as

KD5
(Fe21yMg)a

(Fe21yMg)b
. (139)

Equations 13 and 139 are equivalent in the case of
Fe-Mg fractionation between garnet and orthopyroxene,
but not equivalent for that between garnet and clinopy-
roxene due to the partial occupancy of the M2 site by Fe
and Mg (Ganguly 1979). In the systems considered
above,DV̄¯© DVo (e.g. Ganguly et al. 1993).

Experimental data (Lee and Ganguly 1988) show that
the Fe-Mg exchange betweengarnet and orthopyroxene
is essentially independent of the FeyMg ratio so that the
lnKD determined in the Fe-Mg binary should approxi-
mately equal the terms within the square brackets of Eq.
12, which we denote as lnK9. Using the data of Lee and
Ganguly (1987), we then obtain.

lnK9 (Gt2OPx)«
1981 (+166)111.9P(kbar)

T
20.97 (14)

For the Fe-Mg exchange betweengarnet and clinopy-
roxene, substitution of the expression of KD given by Eq.
139 in Eq. 12 causes an inherent error which leads to a
dependence of KD on the Ca content of clinopyroxene
(Blander 1972; Ganguly 1979). In the absence of ade-
quate data to address this problem, we develop below a
restricted formulation of the garnet-clinopyroxene
geothermometer for assemblages withXCa(CPx)5 0.40–
0.45, for which, according to Ganguly (1979), as modi-
fied by Ganguly and Saxena (1987),

lnK9 (Gt2CPx)«
4100111.07P(kbar)

T
22.40 (15)

The above expression represents aneffectiveequi-
librium constant in that it has implicitly incorporated a
nearly constant error term, arising from the substitution
of Eq. 139 for KD in Eq. 12.

Syntheses experiments by Ra˚heim and Green (1974)
suggest KD(Fe-Mg) between garnet and clinopyroxene,
as defined by Eq. 139, to be essentially independent of
FeyMg ratio, whereas ‘reversal’ experiments by Pattison
and Newton (1989) show a rather complex dependence of
this KD on the FeyMg ratio. The results of Ra˚heim and
Green (1989) are not definitive as they did not demon-
strate attainment of equilibrium, whereas those of Patti-
son and Newton (1974) have been a subject of consider-
able debate (see, for example, Perkins and Vielzeuf
1992). Thus, in the absence of definitive experimental
data, we assume, by analogy with the results in the gar-
net-orthopyroxene pairs (Lee and Ganguly 1988), that
KD9 between garnet and clinopyroxene is also insensitive
to FeyMg ratio as long as the M2 site in clinopyroxene
has a nearly constant Ca content. We have, thus, neglect-
ed the Fe-Mg interaction terms in the expressions of
ln(gFeygMg) for garnet, orthopyroxene and clinopyroxene
(Eq. 12) in order that the Fe-Mg fractionations in the
garnet-orthopyroxene and garnet-clinopyroxene pairs
are independent of FeyMg ratio. It should also be noted
that the carefully reversed experiments of Perkins and
Vielzeuf (1992) show the KD9 between olivine and
clinopyroxene to be essentially independent of FeyMg
ratio for XFe(CPx) $ 0.30.

Dahl (1980) described a suite of granulite samples
from the Ruby Range, Montana with widely variable Ca
and Mn concentration in the garnets (Xca5 0.15–0.54,
XMn5 0.02–0.44). We estimated the temperatures of
these assemblages on the basis of the compositions of
coexisting garnet-clinopyroxene and garnet-orthopyrox-
ene pairs, using Eqs. 12, 14 and 15 and the preferred
garnet solution model in Table 4. The nonideality of the
pyroxenes has been neglected as a first approximation,
but treated later in an empirical form. The estimated
temperatures of the Ruby Mountain assemblages are il-
lustrated in Figs. 10a and 11 for the garnet-clinopyrox-
ene and garnet-orthopyroxene assemblages, respectively.
Fig. 10b shows the temperatures estimated from the gar-
net-clinopyroxene geothermometers of by Ellis and
Green (1979) and Krogh (1988), which have been used
widely in the literature.
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Fig. 11 Estimated temperatures of garnet-orthopyroxene pairs at
6 kbar from Ruby Mountain, Montana, described by Dahl (1980)
as function of Mn concentration in orthopyroxene. The least
squared fit to the data suggest a positive correction ofDT © 599
(XMn)OPx to the temperature estimated from our thermometric for-
mulation (see text)

value. If these three samples are included, then the tem-
perature estimate changes to 729+ 378C.

For the garnet-orthopyoxene assemblages, we find a
fairly systematic dependence of the estimated tempera-
tures on theXMn(OPx), which varied between 0.00 and
0.21. On the basis of these data, we suggest an empirical
correction of temperature by adding aDT value to the
estimated temperatures as

DT5599 (XMn)OPx. (16)

Incorporating this correction, we get 728+ 318C as the
temperature of the Ruby Mountain garnet-orthopyrox-
ene assemblages, which are in excellent agreement
with those derived for the garnet-clinopyroxene assem-
blages, and also with the ‘consensus’ temperature of
750+ 508C derived by Dahl (1979) from comparison of
the temperatures estimated from several thermometers.

Using core compositions of the coexisting garnet and
clinopyroxene, and Ellis and Green (1979) formulation,
Tuccilo et al. (1992) obtained metamorphic tempera-
tures between 620 and 6508C for the Britt domain of the
Ontario Grenville orogen, Canada, as compared to a tem-
perature of 700+ 508C that they anticipated from the
mineral assemblages and the pattern of regional distribu-
tion of temperature inferred from other thermometers.
Application of the garnet-clinopyroxene thermometric
formulation developed above yields 702+ 148C (+ 1s),
which is in very good agreement with the anticipated
temperature. However, note that for these samples
XCa(CPx)© 0.47–0.48, which is slightly higher than the
Ca concentration in clinopyroxene for which our thermo-
metric formulation is valid, so that the metamorphic tem-
perature could be somewhat higher.

Discussion

The mixing parameters summarized in Table 4 should be
viewedmore aseffectivebinary parameters which, when
used together, are consistent with the available phase
equilibrium constraints, both experimental and natural,

Fig. 10 Temperatures of garnet-clinopyroxene pairs at 6 kbar
from Ruby Mountain, Montana, described by Dahl (1980), as esti-
mated froma the thermometric formulation developed in this work
andb those developed by Ellis and Green (1979) and Krogh (1988)

The garnet-clinopyroxene geothermometric tempera-
tures obtained from the present formulation show much
less scatter than those from the formulations of Ellis and
Green (1979) and Krogh (1988), which, in principle, are
not valid for systems with significant concentration of
Mn. However, there seems to be a systematic dependence
of the estimated temperatures onXCa1 XMn in garnet in
our formulation. This dependency could be the result, at
least partly, of the correlated compositional variations of
clinopyroxene. However, since Mn is very dilute in the
clinopyroxene (XMn50.00–0.06), the observed variation
of temperature should be due to the variation of Ca con-
tent of clinopyroxene (XCa50.40–0.51). It has been
shown by Blander (1972) that increasing Ca content of
clinopyroxene tends to increase the KD, which would
lead to an underestimation of temperature. However, we
still do not have a reliable method of correcting for this
effect. Also the statistical correlation of the estimated
temperature with the Ca content of clinopyroxene in the
samples from the Ruby Mountain is too poor (r250.51)
to be meaningful. Nonetheless, we note that the three
lowest temperature samples have the highest Ca contents
in clinopyroxene (XCa50.47–0.51), which are beyond the
range (XCa50.40–0.45) for which our garnet-clinopyrox-
ene thermometer has been formulated. Neglecting these
three samples, we obtain 744+ 258C for the garnet-
clinopyroxene assemblages from the Ruby Mountain
range, Montana, where the uncertainty indicates+ 1s
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and the limited amount of calorimetric data on the en-
thalpy and entropy of mixing.

We recall that a large positive deviation from ideality
in the Mg-Mn join was derived from modeling the com-
positional dependence of KD(Fe-Mg) between garnet and
biotite, and that this deviation persisted even when the
constraints on all the binaries excepting the Fe-Ca and
Mg-Ca joins in garnet were relaxed (Fig. 8). Thus, if the
inferred low temperature Mg-Mn mixing property in
garnet is an artifact of the errors in the constrained prop-
erties, then it should be traced to those in the Fe-Ca and
Mg-Ca binaries in garnet. In this work, we accepted the
Fe-Ca mixing model of Berman (1990) and our result for
the mixing property in the Mg-Ca binary is similar to his.

It should also be noted that the optimizedDHXS in the
Mg-Ca binary has a sense of asymmetry which is oppo-
site to that of the heat of mixing due to elastic strain,
DHXS(elastic), as calculated by Ganguly et al. (1993;
Fig. 5). The calculated asymmetry ofDHXS vsXCa in this
work results from that in the calorimetric data of Newton
et al. (1977). The reason for these opposing senses of
asymmetry in the net and elasticDHXS is not clear. The
maximum in the calculated value of lnKD(Fe-Mg) be-
tween garnet and olivine vsXCa

Gt (Fig. 6) is a conse-
quence of different senses of asymmetry in the Fe-Ca
and Mg-Ca joins.

Cheng and Ganguly (1994) have developed a method
of calculating the ternary interaction parameter from the
binary mixing properties when at least one of the bi-
naries is nearly ideal. Since each ternary subsystem in
the quaternary garnet solid solution has one nearly ideal
binary, the ternary interaction parameters can be calcu-
lated according to their method (Cheng and Ganguly
1994, Eq. 13). However, as these turn out to be small,
neglecting the ternary parameters causes relatively mi-
nor error in the phase equilibrium calculations.

Our garnet-clinopyroxene geothermometer (and also
those of Ellis and Green 1979; Krogh 1988; Pattison and
Newton 1989) should not be applied to eclogites unless
these are mantle derived (T. 10008C). At lower temper-
atures (metamorphic eclogites), Na has a significant ef-
fect on the KD (Koons 1984; see Ganguly and Saxena
1987, for thermodynamic analysis), which we are still
not in a position to correct for, owing to the lack of the
necessary thermodynamic and experimental data. We
further emphasize that our garnet-clinopyroxene formu-
lation is valid for assemblages in whichXCa(CPx)50.40–
0.45. Temperatures would be underestimated for assem-
blages with higherXCa(CPx) and vice versa.
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garnet-orthopyroxene and garnet-clinopyroxene thermometric
temperatures is available from the authors on request.


