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Abstract We have experimentally determined the dis- DV and DV® Partial molar volume change and end-member
placement of the equilibrium Grossular 2 Kyanite + mo'\?vr gol\tllvmg C;n%“%gfgurgrae‘gﬁgxr ??Sgeé’,ﬁ'gﬁ% enthalpic and
Quartz [ 3 Anorthlte (GASP) as a function of game'é trolﬁ)ié bi%a’ry interaction parameter, respecti\}ely, between the
composition in the systems Mg-Ca-Mn, Fe-Mg-Ca andmponents i and j.

Fe-Mg-Ca-Mn at 100T. The results were treated along  WS(i-j), W"(i-j), and WS(i-j): Regular solution or simple mix-
with selected experimental and observational data avdilte free energy, enthalpic and entropic interaction parameter, re-
able in the literature as well as binary parameters fro?ﬁeg\t/{xe'\)’\}(?/leg“_"i’f?WPFee?i‘))mpO“e”ts hand j.

other workers to obtain a set of mutually compatible bi- x a"atomic fraction of the componeritin the phaseain the
nary mixing parameters of the quaternary (Fe,Mgsite of mixing.

Ca,Mn)- aluminosilicate garnet solid solution. Attempts

to determine equilibrium garnet composition in the
GASP equilibrium in the Ca-Mg binary were unsuccesgstroduction

ful due to the formation of pyroxene. Calculations of

binary and ternary miscibility gaps show that tA&,X The compositional properties of garnet and coexisting
combination required for unmixing of garnet solid solusinerals provide important record of the pressure-tem-
tion is not realized by natural samples. The solutiofeatyre-time R-T-) history of the host rocks (e.g.
model was applied to account for compositional effe_c Sisaga 1983; Ganguly and Saxena 1987; Chakraborty
on Fe-Mg exchange between garnet and ortho- or clingsg Ganguly 1991, 1992; Spear 1993; Ganguly et al.
pyroxene. Applications of the revised thermometrigggg) These calculations, however, require knowledge
formulations to selected natural assemblages Yi€d the thermodynamic mixing properties of the multi-
P-T conditions which are much less sensitive to comp@ymponent garnet solid solution that are commonly en-
sitional effects compared to the other available fogoyntered in the natural assemblages. So far, most exper-
mulations, and are consistent with independent copjental efforts to constrain a garnet solution model have
straints. 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
List of symbols Fe-Mg-Ca-Mn and to a limited extent Fe-Mg-Ca and

a;=andg,= Activity and activity coefficient of the componenin Mg—Ca garnet composl'glons, and d_eveIOp a comprehen-
the phasea respectively, referred to pure component (1 bBr, Sive model for the mixing properties of the (Fe,Mg,-
standard state. Ca,Mn)-aluminosilicate garnet solid solution, taking in-
DG*S, DH*®, DS*®, DV*®: Excess Gibbs free energy, excesgg account the constraints imposed by experimental
Ienthalpy, excess entropy and excess volume of mixing, respectlbeﬁase equilibrium data from this and other works, along
g Ko: Equilibrium F&*-Mg distribution coefficient between With calorimetric and observational data. Finally we
garnet and a coexisting phase) (defined as (F&/Mg)®/ present phase diagrams to illustrate unmixing in the bi-
(Fe™/Mg)= nary and ternary garnet solid solutions, and apply the
solution model to develop compositional corrections for
the garnet-orthopyroxene and garnet-clinopyroxene Fe-
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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.

Formal aspects of binary and multicomponent
solution model

In all studies so far, the properties of garnet solid sol
tion have been analyzed in terms of a regular or a subreg-
ular solution model. The excess Gibbs free energy Bkperimental procedure
mixing in a subregular binary join is given by ) ) _ ] .
All experiments were carried out in a piston-cylinder apparatus.
DG S= (W X +WS X5) X, X, (1) The pressure cell consisted of CsCl outer bushing and a graphite
internal resistance furnace. Pressure and temperature were mea-

where WP is a free energy interaction parameter. Thered and corrected for friction and cold-junction, respectively,

; ; ; cording to the procedure of Bose and Ganguly (1995). Follow-
latter is often decomposed into enthalpic (H), e””OP.Pn‘Pg Koziol and Newton (1989), finely ground crystalline starting

(S) and volumetric (V) contributions according to materials (see next sections below) of garnet, kyanite, and quartz
P /AWe were thoroughly mixed and sealed with,MoO, flux in gold cap-

WE (P, T)=W®(1,T)+& <7> dpP sules and held at desired pressures at 1000r 102—-164 h. Each
L\ AT/, experiment at a fixe®, T condition consisted of two capsules (‘re-

- _ _ versal couple’), one with garnet containing less Ca and the other
Wi (1T T\l\:ﬁ(l,'l‘)Jr(P 1)W‘\J/ (2) with garnet containing more Ca than that in the equilibrium com-
_ \WH _ S ; _ position at the experimental condition (see Lee and Ganguly 1988,
where WP (1’.T) WH(L,T) - TWX(1,T), and W is as fi)r illustration of the cell and capsule geometries).
sumed to be independent of pressure. For a regular solu-
tion model, W = W, = W(i-j). Following common
practice, we would assume'Vnd W to be independent Preparation of glasses of garnet compositions
of temperature. This assumption, however, cannot be
correct (Powell 1974; see Ganguly and Saxena 1987, folpsses of both end-member and intermediate garnet compositions

: : : : : the Fe-Mg-Ca-Mn system were synthesized from appropriate
a discussion), but the available data, at leastin any min ixtures (with indicated purity levels) of E®, (99.99%), MgO

alogical system, do not permit a more sophisticated tre@dg . 998%), CaO (99.9%) or CaGQreagent grade) as source of
ment. Ca, MnCQ, (99.99%),9-Al ,0, (>99.9%) and SiQ(99.9%).
In this work we use the term ‘regular solution’ in the A mixture of desired Mg-Ca-Mn garnet composition, prepared

I ; ) ; m chemicals dried at 12Q, was first decarbonated in a Mo
same sense as ‘simple mixture’ of Guggenheim (196?: ucible at 80€C under controlled., to prevent oxidation of the

so that W(i-j) = f(P,T). DG in a quaternary solution crycible material. After the decarbonation was complete (which
with subregular binaries can be represented as (Chetgk about 30 minutes for 1.5 gram of mixture), the sample was

and Ganguly 1994) heated at 110C for %30 min, accompanied by readjustment of

fo, into the field of Mo, and finally melted between 1350 and

DGXS=* (W X5+ W X ) X X+ XX X, Cie (3) 1550C, depending on the Mg content of the glass. After 30 min,
i+ ik the sample was pulled to the top of the furna®&QCC), held for

1 1 . ¥30 s, and quenched in an ice-water bath. The resulting glass was
whereX;; = 3(1+X; - X)) andX;; = 3(1+X; - X;) (defining orange-brown in color, and homogeneous to witkin3% of the
a pointin the i-j binary obtained by normal projection ofverage composition, as determined by microprobe spot analyses.
a quaternary composition), ang,ds a ternary interac- In earlier studies (Geiger et al. 1989; Pattison and Newton

: : 989; Koziol 1990), Fe bearing glasses of garnet compositions
tion parameter, which can be calculated from the corr ere prepared according to a technique developed by Bohlen et al.

sponding binary parameters when one of the binarig®gs), in which a mixture of appropriate composition, with
behave nearly ideally. Fe, O, 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 E®; to FeO, but was insufficient for the
further reduction to metallic Fe. A grass green color of the glass,

Experimental studies without any noticeable metallic iron, was considered to be a satis-
factory criterion for the formation of glass in which all iron was in
Phase equilibrium a divalent state. However, subsequent analyses of garnet glasses by

Mdssbauer spectroscopy showed significant amounts df Fe
. . . ... . several such glasses (Geiger, personal communication).
We investigated the displacement of the equilibrium |n this study, we developed a new technique for the preparation
(acronym: GASP) of FeO bearing glasses under controlfggcondition. Since diffu-
sion of oxygen is very slow through melt, the B in the oxide
Grossular+ 2 Kyanite + Quartz [[ 3 Anorthite,  (a) mixture was reduced prior to melting in a Mo capsule at T€D0
andf,, © 107* bars, which is a condition within the stability

i it ima. fields of both FeO (wistite) and Mo. It was found tt&ah were
as a function of garnet composition at 16G0the prima dequate to reduc¥?2 g FeO, to FeO. The mixture was then

ry empha5|s being in the Mn'bea”ng compos[tlons. A%\pidly heated to 1480-1580D, melted and held foR¢45 min.
cording to the data of Koziol (1990), the reaction rate Ismediately after melting,, was readjusted to a condition within
too sluggish at 90T to yield equilibrium garnet compo-the wistite field but below M@MoO, equilibrium. Although it
sitions in run durations o¥7 days. The quenched sam 2L e80T & S8 Cer i i condition on the oxidation
ples were examined by .X_ray diffraction to ensure thég e of iron because of the veryzslow diffusion rate of oxygen
all phases (garnet, kyanite and quartz) were present, @iﬂéugh the melt. The product glass was always grass green in
also to check for the formation of extraneous phases, atutbr.
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Starting materials were unsuccessful. The products of the high pressure hydrother-
mal syntheses showed small amount of pyroxenes, which persisted

Garnets of various compositions were synthesized hydrothermaglyen when the products were recycled to 40 kbar, 31@@6r 20 h.
either from glasses of corresponding compositions, or from mixiowever, single phase Fe-Mg-Ca garnets were successfully syn-
tures of synthetic end-member garnets (also synthesized fréihesized at 25 kbar, 1000 using mechanical mixtures of synthet-
glasses), in sealed gold capsules at 25 kbar, 400@0-48 h ic end member garnets, which were sealed with water in gold
(Table 1). A number of high pressure hydrothermal experimentapsules.
yielded garnet solid solutions which showed poor resolution of the Anorthite was prepared from a stoichiometric mixture of CaO
a anda, doublet at 2 > 50° in X-ray diffractometer scan using (99.9%),g-Al,0; (>99.9%), SiQ(99.9%) in a hydrothermal ap-
Cu radiation, indicating significant compositional heterogeneitgaratus at 2 kbar, 70Q for 10 days. Kyanite was obtained from
(Ganguly et al. 1993). These samples were ground, remixed dritchfield, Connecticut (FeO contert 0.16 wt%), and quartz was
then recycled at 35-40 kbar, 1350-140@nder dry conditions in obtained from Lisbon, Maryland (purified by N.L Bowen and
a graphite capsule for 24—48 h to achieve homogeneity of compb-Goldsmith).
sitions.

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

Table 1 Experimental conditions for the syntheses of end-member and solid solution garnets, and hg#lts1§/(Mg-+Fe), Mg’
Mg/(Mg-+Mn), Gt garnet,Py pyrope,Gr grossular Alm almandine SpesspessartineCPx clinopyrosene)

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

Pyrope-grossular

Jw12 Glass 25 1000 20 Py, 50080/
JW16 Glass 25 1000 24 Gt, 40-bfn, heterogeneous
JW25 Product of JW16 40 1400 48 G¥.,=0.073)¥60mm
Jw18 Glass 25 1000 24 GB5% CPx
JwW29 Product of JW18 40 1400 48 G¥.,=0.384)
JW03 Glass 30 1000 12 G4,=0.797)%35mm
Pyrope-grossular-spessartine
JW58 Glass 25 1000 21 G4,=0.092, Md=0.23),%¥80mm
JwWé4 Glass 25 1000 24 G4{,=0.4, Mg'=0.24),3¥30 mm
Jwe1l Glass 25 1000 24 G4,=0.8, Mg =0.24),%30 mm
JW66 Glass 25 1000 24 G¢,=0.05, Mg=0.23),%¥80mm
JW57 Glass 25 1000 21 G4£,=0.088, Mg#=0.41),%¥50mm
JW56 Glass 25 1000 20 G¥15mm, heterogeneous
JW65 Product of JW56 37 1400 46 GX.,=0.4, Mg =0.42), homogeneous
JW62 Glass 25 1000 24 G4.,=0.8, Mg =0.44),%50 mm
JW59 Glass 25 1000 24 G20 mm), <3% other phases
JW70 Product of JW59 39 1400 48 GX.,=0.1, Mg =0.68),<30mm
JW63 Glass 25 1000 24 &4,=0.4, Mg =0.7), +15% CPx
JW69 Product of JW63 40 1400 48 Gt¥5% CPx
JW68 Mixture of Gr-Py+Spess 25 1000 45 Gt(,=0.4, Mg =0.66), +*3% CPx
JW60 Glass 25 1000 24 G4,=0.8, Mg=0.7),¥50 mm
JW67 Mixture of GrPy+Spess 25 1000 45 Gt(,=0.2, Mg =0.68),<2% other phases
Almandine-pyrope-grossular
JW107 Glass 25 1000 28 G,=0.1, Mg#=0.2), +¥5% CPx
JW108 Product of JW108 40 1380 40 tmall amount of CPx
Jw121 Glass 40 1380 40 G¥3% CPx
JW120 Mixture of Gr-Py+Alm 25 1000 26 GtK..=0.1, Mg#=0.2),%¥40 mm
Jw124 Mixture of Gr-Py+Alm 25 1000 24 GtK.,=0.4, Mg#=0.2), %20 mm
Almandine-pyrope-grossular-spessartine
Jw9l Glass 25 1000 25  Xc.=0.8, Mg =0.5, Mgi#=0.6,<3% CPx
JwW9a2 Glass 25 1000 25  Xc,=0.8, Mg=0.5, Mg#=0.1, <5% CPx
JW93 Glass 25 1000 24 G4,=0.4, Mg =0.5, Mg#=0.6), ¥30mm
JW9o4 Glass 25 1000 24 G4.,=0.4, Mg=0.5, Mg#=0.1), ¥5% CPx
Jw9a7 Glass 25 1000 24 G4,=0.1, Mg =0.5, Mg#=0.6), ¥30mm
Jw9s Glass 25 1000 24 G4,=0.1, Mg =0.5, Mg#=0.2),

+small amount of other phases
JW99 Product of JW91 38 1380 40 €¢mall amount of CPx
JW100 Product of JW92 38 1380 40 &mall amount of CPx
JW101 Mixture of Gr-Py+Alm+Spess 25 1020 40 Gt(,=0.7, Mg =0.5, Mg#=0.2), ¥30mm
JW102 Mixture of GrPy+Alm+Spess 25 1020 40 Gf.=0.1, Mg =0.5, Mg#=0.2), ¥20mm

JW103 Mixture of GH-Py+Alm+Spess 25 1020 40 G{.=0.4, Mg =0.5, Mg#=0.2), <2% CPx
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Table 2 Experimental condi-

tions and shifts of garnet com- Expt. No P(kbar) Time Starting garnet Final garnet Reaction
positions in the GASP equi- (h) composition composition

librium at 1000 C in the

ternary subsystems Xca Mg’ Xca Mg’

(Mg’ Mg/(Mg+Mn),

Mg# Mg/(Fet+Mg)) Mg-Ca-Mn ternary

JW89 12.2 143
Jw87 12.2 143
JW73 13.7 102
JW74 13.7 102
JW80 15.8 161
JW79 15.8 161
JW76 17.6 119
JW75 17.6 119
JWO5 19.7 106
JWO6 19.7 106
JW71 13.7 102
JW72 13.7 102
Jwa2 15.8 161
Jws1l 15.8 161
JW78 17.6 119
JW77 17.6 119
JW113 17.1 112
JW114 17.1 112
JW118 16.9 114
JW119 16.9 114

0.233 0.130 0.241 Gt growth

0.234 0.151 0.225 Gt breakdown

0.233 0.159 0.235 Gt growth

0.234 0.205 0.229 Gt breakdown

0.230 0.279 0.221 Gt growth

0.234 0.312 0.243 Gt breakdown

0.230 0.405 0.238 Gt growth

0.233 0.447 0.250 Gt breakdown

0.234 0.641 0.229 Gt growth

0.228 0.678 0.229 Gt breakdown

0.436 0.150 0.388 Gt growth

0.442 0.179 0.397 Gt breakdown

0.452 0.253 0.394 Gt growth

0.442 0.290 0.379 Gt breakdown

0.452 0.397 0.424 Gt growth

0.417 0.431 0.413 Gt breakdowf% CPx
0.452 0.368 0.415 Gt growth

0.417 0.392 0.392 Gt breakdowf% CPx
0.452 0.343 0.387 Gt growth

0.442 0.382 0.405 Gt breakdown

0000000000000 000000000
OFRPRNROFRPORPRMARPRNONRARNOPMNODMNODNMNO
PNWONENEPENWONWOOITONOONONOIN O

JWo8 19.7 106 0.452 GCPx
JW9I7 19.7 106 0.417 Almost complete

Gt breakdown;

CPx growth
JW90 12.2 143 0.05 0.713 0.090 0.678 Gt growth
Jwa88 12.2 143 0.42 0.686 0.111  0.682 Gt breakdown
JwW122 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 breakdow®% CPx
JW84 19.8 114 0.10 0.705 0.528 0.684 Gt growt!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 high calcium sides were taken to bracket the equilibrium
composition of garnet. A discussion of the results for the

The experimental results on the change of garnet comspecific systems follows.

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 Byrope-grossular garnet

close to being the original composition. Thus, garnet

compositions determined from cell dimensions in the edVe made 12 experiments at 14-19.5 kbar, £Q0®@ith

perimental GASP assemblages (Hensen et al. 197%ixtures of binary pyrope-grossular garn¥t(=0.0, 0.1

Cressey et al. 1978; Wood 1988) represent the averagel 0.8) in order to determine the effect of pyrope com-

composition of the garnets, which are not necessarppnent on the GASP equilibrium at 100@) However, the

their equilibrium composition at the experimental condproducts of all experiments yielded some amount of py-

tions. Figure 1a shows a backscattered electron imageafene (with compositions in the system CaMg®i—

a typical garnet crystal in a quenched experiment@bAlLSiO;—Mg,Si,O,) along with garnet, kyanite and

product, whereas Fig. 1b illustrates the variation of gaquartz. Because of the repeated formation of pyroxene in

net composition within a ‘reversal couple’, as detethe experimental products, we did not find it feasible to

mined by microprobe spot analyses of garnet compogit unambiguous experimental constraints on the effect

tions. The most evolved compositions from the low amaf the pyrope component on the GASP equilibrium.
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Table 3 Experimental condi-

tions and shifts of garnet com- Expt P (kbar) Time  Starting garnet Final garnet Reaction

positions in the GASP equi-  NoO (h) composition composition

librium at 1000 C in the

quaternary system Xeca Mg"  Mg#  Xoo Mg’ Mg

(Mg’ Mg/(Mg+Mn),

Mg# Me/(Fet+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 0.583 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 (a) The experimental data on the GASP equilibrium

by Koziol and Newton (1989) in the Fe-Mg-Ca ternary
Three sets of garnet compositions with fixed Mgsystem, and by Koziol (1996) in the Fe-Mg-Ca-Mn qua-
(Mg+Mn) ratios of 0.23, 0.41 and 0.68 were used tternary system.
determine the effect of variation of garnet compositionin (b) The results of calorimetric measurements on the
this ternary system on the GASP equilibrium. The resulénthalpy of mixing at 75 in the Ca-Mg binary by
are illustrated in Fig. 2 (a,b,c). The initial garnet compdNewton et al. (1977; Fig. 5).
sitions are represented by small filled circles, whereas (c) The experimentally determined effect of Ca on the
the most evolved garnet compositions are illustrated Bg-Mg fractionation between garnet and olivine by
tips of arrows pointing in the direction of evolution ofO’Neill and Wood (1979; Fig. 6) at 1200 C.
garnet composition. The mixing properties of the Fe-Mg, Fe-Ca, Fe-Mn
and Ca-Mn binaries were constrained as discussed in the

) next section.
Almandine-pyrope-grossular garnet

We determined the equilibrium compositions of garnet i@onstraints on binary joins
this ternary system at 16.1 and 17.4 kbar, I@0rhe _
initial and the most evolved compositions of garnet afee-Mg binary

illustrated in Fig. 3 along with the results of Koziol and
Newton (1989). 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
Almandine-pyrope-grossular-spessartine garnet the maximum towards the Fe-rich end and a nearly ideal
behavior towards the Mg rich end. Ganguly and Saxena
Two sets of garnet compositions were used to determi(i984) deduced a qualitatively similar mixing property,
the displacement of the GASP equilibrium at 1800n but with a somewhat larger positive deviation from ideal-
this quaternary system. These garnets hadMig+Fe) ity. The H-W model is based on the experimentally deter-
ratio of 0.20 and 0.60, while the MgMg+Mn) ratio was mined effect of the FAVig ratio on Fe-Mg fractionation
kept fixed at 0.50. The initial and most evolved garndietween garnet and olivine at 1000 C (O’Neill and Wood
compositions at several different pressures are illustrd979; Hackler and Wood 1989) and satisfied that be-
ed in Fig. 4 (a,b). tween garnet and orthopyroxene at 120026 kbar (Lee
and Ganguly 1988), as well as the phase equilibrium data
on the equilibrium garnet- rutile [ ilmenite + silli-
Modeling of experimental and natural data manite + quartz (GRAIL) in the Fe-Mg system at 900
and 1000C (Koziol and Bohlen 1992). Assuming
The experimental data on the GASP equilibrium detebS*® = 0, the H-W model yield®H*< in the binary join,
mined in this study were modeled along with several sesich is compatible with that determined calorimetrical-
of experimental data by other workers to develop an opty-at 750C by Geiger et al. (1987) except4t, = 0.70,
mized thermodynamic model of the (Fe,Mg,Ca,Mnwhere the calorimetric values are much higher than that
garnet solid solution. The additional experimental dafaedicted by the model. This discrepancy may be due to
used in the modeling were as follows. the presence of ferric iron in the Fe-rich synthetic sam-
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22 5

1 1000°C /
201 Mg/(Mg+Mn)=0.23
181
/\1Gj — .
0 ]
5/14: -
a7 s
12: .—>-/
10; Model Fit
8] /T Ideal Solution
6: a.
0.0 0.1 02 03 04 05 06 07 08 09 1.0
XCG(Gt)
22T 000%
207 Mg/(Mg+Mn)=0.41
184
o el
o0, ]
P=16 kb ° ~18
T=1000 Gross+2Ky+Qtz=3 2 14l
a7
124
10] /> Model Fit
g1 [/ Ideal Solution
6’llllI'I"I"“I'"‘I“"I"‘IAI"'I""I""I""‘
0.0 01 02 03 04 05 0.6 07 08 0.9 1.0
XCo (Gt)
Mn§l T T T T T T T T - T Io CG
0 20 40 60 80 100 29 .
1 1000°C
Fig. 1a Backscattered electron image showing compositional 54 Mg/(Mg+Mn)=0.68
zoning in a typical garnet crystal in a quenched experimental ]
product consisting of ternary (Mg,Mn,Ca)-garnet, kyanite, anor-  1gJ
thite and quartzb Variation of garnet compositions as determined ]
by electron microprobe spot analysis in a ‘reversal couple’ of the _ 16
GASP equilibrium in the Mg-Ca-Mn ternary at 16 kbar, 1000 o
The equilibrium garnet compositions, markeddgshed linesare <144
bracketed by the most evolved compositions. The initial garnet o
compositions are designated by relativédyger filled symbols 127
whereas the direction of change of garnet composition is shown by : 3 Model Fit
arrows 1/
g1 [ i Ideal Solution
5] C.
ples rather than due to an asymmetBg*S (which is 0o o1 02 035 04 05 06 07 08 09 1.0

negligible atX, <0.70 but has a significant positive de- Xeo (GV)

viation from ideality at more iron rich compositions).

Bhattacharya et al. (1991) decomposed the mixifgy > pisplacement of the equilibrium GrossularKyanite + 3
property of the Fe-Mg join into enthalpic and entropiQuartz L 3 Anorthite as a function of garnet composition at
contributions by completely accepting the calorimetrit000C in the Mg-Ca-Mn ternary system at M@g + Mn) ratios
data of Geiger et al. (1987) and introducing excess eff:20.23.0 0.44 and: 0.68. The original garnet compositions are

_ represented bgmall filled circles whereas the most evolved com-
tI’OSpy parameters (WeM N _6'_385 (+ 0.527) an,d positions are represented by thips of arrows The solid curve
WSygre = 5,849 (+ 0.510) Jcation-mol) to reconcile represents the calculated equilibrium boundary according to the
the calorimetric data with the experimental phase equwiptimized ‘preferred’ mixing parameters summarized in Table 4,
librium data at 1000-120Q (Lee and Ganguly 1988).Whereas thalashed curvesepresent the equilibrium boundaries
Because of our concern about the presence of ferric irg(ﬁ:ordlng to ideal mixing model. The equilibrium boundary cal-

. - ; . . ated according to the alternative model (Table 4) is essentially
in synthetic Fe rich garnets, we decided not to inCorpgte same as that calculated from the ‘preferred’ mixing model in

rate this model in our scheme even though it is self coRigs. 2-4
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1 1000°%C ] h1/|0(}o°c \=0.5
1 Mg/(Mg+Fe)=0.21 1 Mg/(Mg+Mn)=0.
207 Ma/(Mg+Fe) 201 Mg/EMg+Fe)=O.2
18 18 -
18] 167
2 ] 0 b
Z14 14
A o ]
12 124
10 f 104
8- ,"'\Ideol Solution 8—
6] 6] a.
0.0 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
Xca(G1) Xca(Gt)
Fig. 3 Displacement of the equilibrium Grossular Kyanite + 22
3 Quartz L 3 Anorthite as a function of garnet composition at 1 1000°C

1000C in the Fe-Mg-Caternary system at Mtylg + Fe) ratio (or 201 MQ/EM9+Mn)=0.5
Mg#) of 0.21-0.22. Thelashed arrowsepresent the results of ] Mg/(Mg+Fe)=0.6
Koziol and Newton (1989) for Mg =0.21 whereas the solid ones 1
represent the results of this study for a slightly different#gf ]
0.23. See caption of Fig. 2 for explanation of th&id anddashed 16
curves The equilibrium boundary calculated according to the 5 ]
Berman (1990) model is essentially the same as that calculated< 14
according to our model if the pressures of both end-member and, ]
solid solution equilibria are treated in the same way (see text). See 12+
Fig. 1 for the designations of original and most evolved garnet
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compositions 10
81
sistent and matches the available phase equilibrium con- sb
straints quite well. 00 01 02 03 04 05 06 07 08 09 1.0
Ca
Ca-Fe binary Fig. 4 Experimentally determined displacement of the GASP

equilibrium as a function of the garnet composition in the quater-
We accepted Berman’s (1990) optimized™Vdnd WP naryfyétee)f_nolzze;i'\::gt;Cl\?-?ﬂ(Twatyg\g? ggflns)e:eo-cio tiV\gtnhgfl\é?/ .
param_eters for the.Ca_Fe join WhICh were deduced fr gexplanations of origignal a%d most evolved garr?et compogitions
analysis of the available experimental data on the GAQRy of thesolid and dashed curvesThe calculated quaternary
(Cressey et al. 1978; Koziol and Newton 1989), GRAIkquilibrium also agrees with the data of Koziol (1996)
(Bohlen and Liotta 1986) and GAF (3 Fa 3 An = Gr

+ 2 Alm: Bohlen et al. 1983) equilibria, along with the

calorimetric data on the enthalpy of mixing in the binary . 55
join (Geiger et al. 1987). The Wparameters used in our S 4] Bermon'90 ____ This Work
model are those determined by Geiger et al. (1989) using |E ] \ /
synthetic crystals in the Ca-Fe join. Although Berman S 33 NN
used slightly different W parameters in his optimization 5 L] [P NN
analysis, using the results of Geiger et al. does not mate- <X 3 o7 Estie effect N
rially alter the W' and WP parameters since tHaV*S is 217, (Ganguly et 01.'93) .
very small. P/ \
T 01
< Ejl Calorimetric data (Newton et al., '77)
Fe-Mn and Ca-Mn binaries T I VAR e e To

Xeo
To constrain the mixing properties in these binaries, we ¢

used the experimental data on the effect of Ca on Fe-Nii§; 5 Comparison of the excess molar enthalpy of mixibgi{)

. - . . .In the pyrope-grossular join (1-cation basis), as calculated from
fractionation between garnet and ilmenite, as determlnfﬂ oprt)i¥nizK)e>dgmodeIs d]evel(()ped in this w)ork and by Berman

by Pownceby et al. (1991) at 650-1000 In these ex- (1990) with the calorimetric data of Newton et al. (1977). The
periments, the equilibrium Fe-Mg fractionations werktter are shown bgquareswith bars representing—_lserror.)(()sf
constrained by approaching from both sides of the equpe two models labelled ‘this work’, the one with largBH

shri ; - _ P represents the ‘preferred’ model (Table 4). The model of Ganguly
librium values. Using W(Fe Mn) = 2200 J'cation-mol t al. (1993) represents the elastic contributiorDt¢™** arising

for iimenite (O'Neill et al. 1989), thermodynamic antrom mismatch of volume of the end members @dd*S in the
statistical analysis of their data (O’Neill, personal conmpyrope-grossular binary
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14 3 0 o of the integrals in Eq. 4, the thermal expansion coeffi-

] 30kb, 1200°C ; L .

1 Mg/(Mg+Fe)=0.9 cient,a and compressibilityy, were taken from the opti-
121 mized database of Berman (1988), it being assumed that
101 W(Ca-Mg) J/mol V,; and V/° have the sam®-T dependencies. In Eq. 6,

olivine was treated as a binary solution of the Fe and Mg
end-members (sinc¥...' = 0.01); further, since the
bulk Fe/(Fe+Mg) ratio was kept fixed (0.90) in the ex-
perimental studies (O’Neill and Wood 1979), it was as-
sumed that the observed variation gf as essentially
due to that in the Ca concentration in garnet.

The GASP equilibriaDH*S in the Ca-Mg join, and
RTINK, vs XS4, as calculated from Egs. 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,
S con b St i s o Py g e process was fepeated to yield a set of optimized
tion coefficient between garnet and glivine at 30 kbar, fgl)@nd Values (.)f t_he interaction parameters until the squares of
Mg# = 0.9 (O'Neill and Wood 1979: O'Neill, personal communi-the deviations between the calculated and experimental
cation). The calculated curves are according to the garnet mixiwglues were minimized. In these calculations, the ex-
models developed in this work and by Berman (1990j(Mé¢-Ca) perimentally determined equilibrium value of.St

was kept fixed at 1.69/¢ation-mol according to Berman (1990).; i
WS(Mg-Ca) = 3.67 and 5.78 [tation-mol represent the results ofIn the GASP reaction at 108D was allowed to be any

two alternative optimizations of garnet mixing property (see tef@0iNt within a rexvsersal bracket (Figs. 2, 3, 4), and of the
for discussion and Table 4) calorimetric DH*® 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
munication) show the mixing behavior in the Fe-Ca antere repeated with different initial values of the inter-
Mn-Ca binaries in garnet to be very similar (in that theraction parameters, and in each case the same set of opti-
was no significant effect of Ca on Fe-Mn fractionationynized values of the interaction parameters was obtained.
and yield WB(Fe-Mn)=539+ 109 Jcation-mol for gar- Haselton and Westrum (1980) determined EIg* of
net. We, thus, used these Fe-Rtixing data along with the a garnet solid solution of PyyGr,, composition from
constraints that - .y, = WCearcand Woy, e = Weec,  Calorimetric measurements of tlCp*® at 10-350 K.
Assuming that theDS*S is symmetric to composition,
their results yield W(Mg-Ca) = 6.26 + 0.42 Jcation-
Modeling procedure mol K. This result was not included in the optimization
process through MINUIT, but was used as an external
The modeling was carried out by the well known optitest of the result. The optimization of all experimental
mization program MINUIT (James and Ross 1975phase equilibrium data at 1000 and 120@nd of calori-
Starting with guessed input values of the binary interagretric enthalpy of mixing data at 790 in Mg-Ca join
tion parameters, the program calculated discussed above yields$Wg-Ca)= 3.67 Jcation-mol,

(a) the position of the GASP equilibrium in the abovevhich does not agree with the value derived from the
ternary and quaternary systems according to the egneat capacity data of Haselton and Westrum (1980).
librium condition (kyanite and quartz being assumed tgowever, it was found that neglecting only one datum
be stoichiometric) from the calorimetricDH*S in the Mg-Ca join at

et " . Xca = 0.47 (Fig. 5) yields W(Mg-Ca) = 5.78 Jcation-
~3RTIN(Xeadea) +§ (DVB)T'X_f (BVa)rdP=0, @) mCoI, which gg?ees) \)//vell with(itsgcalczrimetric value.
(b) DH*S in Mg-Ca join according to the subregular The results of optimization analysis both including
model and excluding the calorimetricDH*® datum at
Xca = 0.47 are summarized in Table 4. \jgeefer the
DH*S=(WeamgXmgt WgcaXca) XmgXcas (5) results obtained by excluding this calorimetBie*® da-

tum since the derived WMg-Ca) value agrees with that
calculated from the calorimetric heat capacity datéia

(c) the effect of Ca on K(Fe-Mg) between garnet and¥9-Ca join. The GASP equilibrium in thélg-Mn-Ca,

and

olivine for a fixed Fé¢/(Fe+Mg) ratio according to Fe-Mg-Ca and Fe-Mg-Ca-Mn systemsDH*® in the
Mg-Ca binary, and InK(Fe-Mg) between garnet and
RTINKp=RTINKp, (Xc2=0)—RTIN (Gre/Iug) " 6) olivine vs X..®', as calculated according to the models

summarized in Table 4, are illustrated in Figs. 2, 3, 4,
The expressions for the activity coefficients)(were 5 and 6, respectively. We also show in Figs. 5 and 6
developed according to the multicomponent subregulidwe calculatedDH*S and InK; curves, respectively, ac-
model of Cheng and Ganguly (1994). For the calculatiamording to the Berman (1990) model.
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Table 4 Summary of the internally consistent binary subreguldvlodeling of natural data

interaction parameters in aluminosilicate garnwé*! V\/”S and

Wy’ are respectively the enthalpic/@ol), entropic (Jmole-K) | this section we try to constrain the Mg-Mn mixing
and volumetric (dbar) contributions to the subregular free energ

parameter\(\/ijG)on one-cation basis. For the Ca-Mg binary, therbr()perty n garm_et at lower temperature from the ob-
are two alternative solutions. The one associated With-5.78  ~ Served compositional dependence of(Re-Mg) be-
cation-mol is thepreferred model tween garnet and biotite in a suite of nearly isothermal-

isobaric assemblages from Pecos Baldy, New Mexico

Parameter (ij) W WP Wy’ (Fig. 7), as reported by Williams and Grambling (1990).
CaMg 21627 5.78 0.012 The variation of k,(Fe-Mg) must be due to the variation
18522 3.67 of components in garnet and biotite with significant non-
MgCa 9834 5.78 0.058 ideal mixing behavior. However, since Ti, Al and¥e
CaFe 73887% 13-592 - contents of these biotites have very restricted ranges
FeCa 6778 169 0.0%F (Q.O6—O.10, 1.59-1.90, anq Q.l9—0.22 cations, respec-
MgFe 2117 0 0.07 tively, per 11 oxygen), and biotite and garnet are unlikely
FeMg 695 0 0 - to have significantly different nonideal Fe-Mg interac-
MgMn 12083 7.67 0. tions according to the analysis of the Fe-Mg mixing in
I'\:/'gl\m? 12ggg 07'67 00(')94? biotite by Mueller (1972) and Ganguly and Saxena
Mn-Fe 539 0 0.0F (1987), and of that in garnet by Hackler and Wood (1989)

and Berman (1990), the large variation of k the Pecos
:ﬁgggrg :rg;'v\%ggi’(')l'?ggg;emégi(%3298%);6(61%32)?g(')-v\%gggﬁ Baldy assemblages should be primarily due to the varia-
etal. (1991), modified (O’Néill, pgersonal commun’ication) Y tion of Mn (%0-30 mol%) and Ca¥3__8 mol%) con-
tents of garnet. The observed compositional dependence
of K, however, implies a much larger positive deviation
The garnet solution model developed by Bermdiom ideality of the Mg-Mn join than that deduced above
(1990) seemed to have fitted the ternary data of Kozitsbm the experimental data at 10@) which suggest a
and Newton (1989) quite satisfactorily. Howeversignificant entropy effect on the mixing property in the
Berman adjusted the pressure of the end-member GA®B-Mn join of garnet so that the W}(Mg-Mn) increases
reaction by Koziol and Newton (1988) downwards byith decreasing temperature.
300 bars from the nominal pressure of 21.70 kbar, but An approximate temperature of the Pecos Baldy as-
did not adjust the pressures of the experiments in te@mblage can be deduced from the garnet-biotite Fe-Mg
ternary system. We argue that since both the end-mempb¥ghange thermometer determined experimentally by
and the solid solution equilibria were determined by threerry and Spear (1978) in the binary Fe-Mg system, and
same workers following the same procedure and usikg(Fe-Mg) between garnet and biotite in the natural
the same flux (which is also the flux used in our work), isamples with minimal concentration of the other compo-
is not justified to make pressure adjustments of selecteents. Two such samples are No. 77-85B and 77-420,
data. All data should have similar errors in pressure, ¥dich have a combined concentration of Ca and Mn in
that their relative pressures should be essentially unggrnet of¥3% (Williams and Grambling 1990). These
fected. The equilibrium boundary in the Fe-Mg-C&amples yield atemperature¥485C if we neglect the
system calculated according to Berman’s model (1990)
is almost indistinguishable from that calculated ac- 2.5 g
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 2.3 ]
reaction. ]

The experimental data used to retrieve the mixing
property of the Mg-Mn binary are restricted to 1000 C, | 2.1
and consequently the ideal mixing of this join inferred £
from the optimization analysis should not be extrapolat- :g

ed to lower temperature. Further, we recall that the Fe- ~ 1.9 ] Berman model (1990)
Mg mixing model of Hackler and Wood (1989), which is ]
adopted in this work, are based on Fe-Mg partitioning ]
data at 100TC. Their analysis of the calorimetr@H*s 1.7 3 :
data in the Fe-Mg join (Geiger et al. 1987) and Berman'’s 0.0 0.1
(1990) analysis of the Fe-Mg mixing properties at lower

temperature are suggestive, but not conclusive, of littfég. 7 Variation of the Fe-Mg distribution coefficient between

or noDS*® mixing in this binary join. Careful calorimet- 9arnet and biotite as a function of Mn content of garnet in a suite

; XS ; of rocks from Pecos Baldy, New Mexico. Dateircles) are from
ric measurement ddH”> of well characterized Sarnples\Nilliams and Grambling (1990). The InKvs X B! relationships

are needed in both Fe-Mg and Mg-Mn joins to sort oikjculated from the preferred model (Table 4) and Berman (1990)
their mixing behavior at lower temperatures. model are shown bgolid anddashedines respectively

OData from Wiliams & Grambling (1990)

0.2
Xun(Gt)
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possible nonideal effect of Al, Ti and Fen biotite from the above analyses fall within a restricted range of
(Patito Douce et al. 1993) and the small effect of the CaL62+ 639 Jcation-mol. These results suggest the Mg-
and Mn in garnet. The thermodynamic relation govern mixing in garnet to be have significantly larger posi-
ing the compositional dependence of,(ke-Mg) be- tive deviation from ideality a®¢500C than deduced
tween garnet and biotite in a multicomponent system cabove at 1000 from the experimental phase equilibri-
be derived by expanding the relation (e.g. Ganguly amen data.

Kennedy 1974) Our results for Mg-Mn mixing in garnet derived from
O\ O A the experimental phase equilibrium data at 1@and

RTINK=RTnK—RTIn <gﬂ> +RTn <g£> (7) natural data at¢485C are illustrated in Fig. 8 along
Mo Me with that of Wood et al. (1994) at 1300, which was

Assuming that the Mg-Mn and Fe-Mn binary joins irflerived from experimental data on Fe-Mg partitioning
garnet behave as a regular solution whereas the othefween garnet and olivine as a function@f,(Gt). If it
joins behave as subregular solution, and that biotite b&-assumed that Wis a linear function of temperature

haves as a regular solution with ideal?FeMg binary, according to V#=W" - TWS, then these data suggest a
the expansion of Eq. 7 yields minimum value of W(Mg-Mn) of 7.67 Jcation-mol K.

The resulting expression is
RTINKp=RTINK—[We apig(— X aXmg+A) +Wingeal— X2, +A)

+WCaFe(2XCaXFe+ B)_WFeCa(Xéa-’_B) WG(Mg-Mn):1208}767T (9)
+WMgFe(2XMgXFe7X|2:e+ C)

In addition, when the Fe-Mg mixing property in garnet
+WFeMg(X§/Ig_2XMgXFe+C)_DWMnXMn]Gt d ’ ere-Vg g prop y g ©

H H G — G —
was unconstrained, we obtained “\Wec=W%:opq=

~ [DWi; X7+ DWoy X DWW X 1% (8) 3271+ 1905 Jcation-mol, which is compatible with
where their high temperatureX1000C) nearly ideal values,
but does not preclude a significant positD&*S.
A:% Xea(Kmg=Xee™Xur) From analyses of the compositional dependencepf K

between garnet and clinopyroxene in granulite facies
rocks from several localitiesT(= 650-850C) encom-
passing a large range of Mn concentration in garnet
1 (Xun = 0-0.97), Sengupta et al. (1989) deducet(Wg-
=3 (XeatXun) Kng=Xee) Mn) = 6.7 + 2.1 kJcation-mol at the average tempera-
ture these rocks. Their results are compatible with Eq. 9.

We regressed the Ini{Fe-Mg) data for the Pecosyowever, they constrained the mixing parameters in the
Baldy samples (Williams and Grambling 1990) against

Xun(Gt) according to Eq. 8 by constraining the mixing
properties in all the binary joins of garnet excepting Mg- 10
Mn, according to the data summarized in Table 4, and ] E“ﬂ. b ' ol ‘oa
- J i A N 1 .— Pattino Douce et al., (a)
treating the mixing properties of biotite in three different @/ Ideal (b)
. ™ Unconstrained (c)

ways, viz (a) modelsa and b of Patifo-Douce et al.
(1993) for the mixing of Al and Ti, (b) ideal mixing of Al
and Ti, and (c¢) unconstrained valuesii,; andDW,,.

Alliron in garnet was treated as Fg as in the work
of Williams and Grambling (1990). The regression with
unconstrained biotite properties yieldddW,, = -
59 + 22 kJ/cation-mol & 1 s) andDW,, © 0. These
values may be compared with the mixing models derived
by Patito-Douce et al. (moded: DW; = =10+ 15 and
DW,, © 2.7 + 10 kJcation-mol, and modetb: DW+,
= —12.3+ 15 andDW,, © 22.2+ 10 kJcation-mol). 400 600 800 1000 1200 1400
From this comparison, we prefer the modedf Patito T (°¢)
Douce et al. (1993) to their moddl since theDW g g Regular solution (or simple mixture) interaction parameter
parameters therein are much closer to those derivedpiit cation-mole in Mg-Mn join vs temperature. The®\Warame-
e e oK botwoas /o o Do . S o S o
ane.llysesDWFea‘L (BY tumed.out to be an InSIgnIfICa.“—]tPecos Baldy, New Megxico (Williams and Grambling 1998), treat-
varla.ble (P fact0|=.0..35), which is most likely due to IS ing biotite and garnet mixing properties in several different ways
restricted compositional range rather than the equality @ke text).a Al and Ti mix according to the moded of Patiio
interaction of F&" with Fe#* and Mg. Further, we car- Douce et al. (1993)p Al and Ti mix ideally,c Al and Ti mixing
ried out the regression witlmconstrained Fe-Mg mixing Were unconstrained. In all these, the binary joins in garnet (except

; ; _ ; e ~ Mg-Mn) were constrained according to the preferred model in
in garnet but with Weeyg=Wiygr, in addition to uncon Table 4. Modeling with unconstrained Fe-Mg mixing in garnet and

strained binary mixing properties in_biOtite in th? Feanconstrained Al and Ti mixing in biotite yields essentially the
Mg-Al system. The V(Mg-Mn) values in garnet derived same result aa

1
BZE xCa(ng_xFe+ XMn)

Natural Data
Wood et al., '94

a

This work

We(Mg—Mn) (kJ/cation—mol)

Experimental Data
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other binary joins of garnet according to Ganguly angd according to the spinodal conditidfG/dX? = 0 (e.g.
Saxena (1984). Ganguly and Saxena 1987).

The compositional dependence of Kalculated for ~ The pressure dependence of the solvus in the Ca-Mg
the Pecos Baldy samples according to the garnet solutjein, as calculated in this work, is very different from
models derived in this work and by Berman (1990) at®at calculated by Haselton and Newton (1980). This dif-
illustrated in Fig. 7 by solid and dashed lines, respectivierence is due to different volumetric properties of the
ly. These lines represent least squares fits to the calculgi-Mg join used in the two sets of calculations. Whereas
ed InK; vs Xy,(Gt), assuming that there is no effect oMaselton and Newton used the volumetric properties by
Kp from the possible nonideality of the biotite solid soluNewton et al. (1977), we used those determined by Gan-
tion. 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-

Expression of activity coefficients in the quaternary ated by single crystal X-ray determination of a few sam-

garnet solid solution ples (L. Ungaretti, personal communication) selected
from those used by Ganguly et al. (1993).

Following the general expression BfTing; in a multi- Our results (Fig. 9) suggest that the combination of

component subregular solution developed by Cheng ainperature and composition required for unmixing gar-
Ganguly (1994), the activity coefficient of Fe in the qua-
ternary subregular garnet solid solution can be expressed

as 700
RTINGee=(1—2X:e) (WFeMngAg+WFeCaXéa+WFeMnxi/ln Pyr—Gross_—= a
+2 (17XFe) (WMgFeXMgXFeJrWCaFexCaXFe 600; !
+WunreXmnXre) ]
~2 WangeaXmXeat WeamgXcaXimg + WaignnXugXan 5007
+WMnngMnxi/lg-i_WMnCaXMnX<2:a+WCaMnXCaX§/In) 400_-
+%(1_2XFE) [XMgXCa(WFeMg+WMgFe+WFeCa ;L-)\ ]
+WCaFe+WMgCa+WCaMg) — 300
+XMgXMn(WFeMg+WMgFe+WFeMn+WMnFe
+Wanguan Waanmig) 2007
+XcaXmn Weecat Wearet Weemnt Winke ]
FWeapartWaanca)] 1993
_XMgXCaXMn (WMgCa+WCaMg+WMgMn+WMnMg o]
FWeamntWiunca)- (10) 00 02 04 06 08 1.0

The activity coefficient of any other component J (i.e.
Mg, Ca or Mn) follows from the above expression by theO
following substitutions W [ W, and Weg ;I W ke

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 accordingbto the equilibrium condition
RTINS+RTIG2=RTINX+RTIrg? Sy , : : : (
RTINX+RTIg2=RTINX+RTIrgd. (11) Am 0 20 40 80 80 100 Gr

The ternary solvus must satisfy an additioniqj;-g a Chemical solvi or binodalssplid line§ and spinodals

. . - ashed linegin the grossular-pyrope and spessartine-pyrope bi-
analogous relation for the third component. This syst ries, as calculated from the ‘preferred’ garnet mixing model

of equations was solved numerically as a function @fable 4). Also shown is the pressure dependence of the solvus in
pressure and temperature. The results for the Mg-Ca amelgrossular-pyrope binary calculated according to the volumet-

Mg-Mn binaries are illustrated in Fig. 9a, and those fdi¢ data of Ganguly et al. (1993p. Calculated miscibility gaps at
I—%kbar in the almandine-pyrope-grossular and pyrope-grossular-

the Fe-Mg-Ca and Mn-Mg-Ca ternaries are illustrated essartine ternaries as a function of temperature. The pressure

Fig. 9b. Also ShOWI’_\ i_n Fig. 9a are th(‘?‘ spinodals for thé&pendence of the ternary solvi is insignificant within the range of
Ca-Mg and Mg-Mn joins at 5 kbar, which were calculatpressure of galogical interest



148

net fall outside those realized by the natural samples. ForFor the Fe-Mg exchange betwegarnet and clinopy-
example, at¥50C0C, which is a temperature near theoxene substitution of the expression ofKjiven by Eq.
garnetisograd, the garnet compositions are too far off th®&' in Eq. 12 causes an inherent error which leads to a
pyrope-grossular binary to be candidates for exsolutioshependence of Kon the Ca content of clinopyroxene
whereas for the garnets whose compositions lie near {f#ander 1972; Ganguly 1979). In the absence of ade-
pyrope-grossular binary, such as those in grosspyditpsate data to address this problem, we develop below a
(Sololev et al.1968), the crystallization temperature isestricted formulation of the garnet-clinopyroxene
much above the calculated critical temperatd@2FC. geothermometerforassemblages wWith(CPx)= 0.40-
Schmetzer and Bank (1981) reported almost binary p§-45, for which, according to Ganguly (1979), as modi-
rope-spessartine garnets with compositions rangifigd by Ganguly and Saxena (1987),
from near the spessartine end¥60 mol% pyrope from
Tanzania and Sri Lanka. Their data also incorporale’ (Gt—CPX)<<4lOO+11$7P(kbar)
those of similar garnets by Jobbins et al. (1978) and
Schmetzer and Ottemann (1979). These data are not in-The above expression represents effective equi-
compatible with the miscibility gap shown in Fig. 9a, aBbrium constant in that it has implicitly incorporated a
the crystallization temperatures of these garnets certamearly constant error term, arising from the substitution
ly lie above the calculated critical temperature aff Eq. 13 for K in Eq. 12.
¥230C in the pyrope-spessartine binary, which further Syntheses experiments by fRam and Green (1974)
decreases with the incorporation of additional compsuggest K(Fe-Mg) between garnet and clinopyroxene,
nents. as defined by Eq. 13to be essentially independent of
Fe/Mg ratio, whereas ‘reversal’ experiments by Pattison
and Newton (1989) show a rather complex dependence of
. this K, on the F¢Mg ratio. The results of Reeim and
Refinement of garnet-orthopyroxene and Green (1989) are not definitive as they did not demon-
garnet-clinopyroxene geothermometers strate attainment of equilibrium, whereas those of Patti-
son and Newton (1974) have been a subject of consider-
The equilibrium condition for Fe-Mg exchange betweeable debate (see, for example, Perkins and Vielzeuf
garnet and a coexisting minera (Mg-Gt + Fe-a [[ 1992). Thus, in the absence of definitive experimental
Fe-Gt+ Mg-a written on single cation basis) yields data, we assume, by analogy with the results in the gar-
1F ot o net-orthopyroxene pairs (Lee and Ganguly 1988), that
INKp=[INK (1,U+R—T& DvdP]—In <E> +In <b> (12) Kp' between garnet and clinopyroxene is also insensitive
1 Mg v to Fe/Mg ratio as long as the M2 site in clinopyroxene
where the activity coefficientsg) are at 1 atm hasanearly constant Ca content. We have, thus, neglect-

—2.40 (15)

(0.101 MPa) T, and ed the Fe-Mg interaction terms in the expressions of
o IN(gre/9mg) fOr garnet, orthopyroxene and clinopyroxene
K= Kaim/Xey) ™ @a3) (EQ. 12) in order that the Fe-Mg fractionations in the
Xee-a/Xg-a)™ garnet-orthopyroxene and garnet-clinopyroxene pairs
The explicit expression of the terRTIN (gro/Guo)®" is are independent of F#lg ratio. It should also be noted
obvious from Egs. 7 and 8. that the carefully reversed experiments of'P’erkms and
It is a common practice to write Kas Vielzeuf (1992) show the K between olivine and
clinopyroxene to be essentially independent of Vg
k. _(F&€"/Mg)= (13) ratio for X(CPx) = 0.30.
° (Fe** /Mg)>” Dahl (1980) described a suite of granulite samples

. . . rom the Ruby Range, Montana with widely variable Ca
Equations 13 and I3are equivalent in the case offand Mn concentration in the garneté (= 0.15-0.54,

Fe-Mg fractionation between garnet and orthopyroxeng, = 0.02-0.44). We estimated the temperatures of
but not equivalent for that between garnet and clinopy'" : o

. : nese assemblages on the basis of the compositions of
roxene due to the partial occupancy of the M2 site by Illh - T ) )
and Mg (Ganguly 1979). In the systems consider& existing garnet-clinopyroxene and garnet-orthopyrox

above DV © DV° (e.g. Ganguly et al. 1993). %he pairs, using Eqgs. 12, 14 and 15 and the preferred

g rnet solution model in Table 4. The nonideality of the
Experimental data (Lee and Ganguly 1988) show th ?roxenes has been neglected as a first approximation,
the Fe-Mg exchange betwegarnet and orthopyroxenebu

; ; ; : t treated later in an empirical form. The estimated
is essentially independent of the Mg ratio so that the 4o e atires of the Ruby Mountain assemblages are il-

InKp Idetermllnﬁd in the Feh—_Mghbmary shg)uldkappr?m ustrated in Figs. 10a and 11 for the garnet-clinopyrox-
rlnzat\?vzigﬂﬁe t d:ntgtrerzn:sV\;lrgKlLrJ]stine Stﬂléaégtargﬁ_ztes e?n Jehe and garnet-orthopyroxene assemblages, respectively.
Ganauly (1987 th btai 9 Fig. 10b shows the temperatures estimated from the gar-
anguly (1987), we then obtain. net-clinopyroxene geothermometers of by Ellis and
1981 (+166)+11.9P (kbar) Green (1979) and Krogh (1988), which have been used

InK" (Gt=OPY<< T widely in the literature.

0.97 (14)
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0.20 0.30 0.40 0.5 0.60 Fig. 11 Estimated temperatures of garnet-orthopyroxene pairs at
X(carum(Gt) 6 kbar from Ruby Mountain, Montana, described by Dahl (1980)
as function of Mn concentration in orthopyroxene. The least
3 « Ellis & Gr (1979) b squared fit to the data suggest a positive correctiobbf® 599
900 & Krogh (19‘:-368") . (Xmn)°"*to the temperature estimated from our thermometric for-
mulation (see text)
800 . '
° [m)
o . 54 o value. If these three samples are included, then the tem-
~7003 o g, ” perature estimate changes to 72937°C.
B . = For the garnet-orthopyoxene assemblages, we find a
6003 oo . fairly systematic dependence of the estimated tempera-
E o tures on theX,,(OPx), which varied between 0.00 and
500 Jrorrrrerrrr R R 8 R N 0.21. On the basis of these data, we suggest an empirical
20 0.30 0.40 0.50 0.60 correction of temperature by addingDY value to the
Xcarurs(G) estimated temperatures as
Fig. 10 Temperatures of garnet-clinopyroxene pairs at 6 kbaf_ oPx
frgm Ruby Mpountain, Mont%na, describpgd by DahFI)(1980), as es?:T_Sgg (o) (16)

mated fromathe thermometric formulation developed in this wor . . . o
andb those developed by Ellis and Green (1979) and Krogh (19g§)cOrporating this correction, we get 728 31°C as the
téemperature of the Ruby Mountain garnet-orthopyrox-

ene assemblages, which are in excellent agreement

The garnet-clinopyroxene geothermometric tempenaith those derived for the garnet-clinopyroxene assem-
tures obtained from the present formulation show mudiiages, and also with the ‘consensus’ temperature of
less scatter than those from the formulations of Ellis afd0-+ 50°C derived by Dahl (1979) from comparison of
Green (1979) and Krogh (1988), which, in principle, arthe temperatures estimated from several thermometers.
not valid for systems with significant concentration of Using core compositions of the coexisting garnet and
Mn. However, there seems to be a systematic dependenlieopyroxene, and Ellis and Green (1979) formulation,
of the estimated temperatures ¥n,+ Xy, in garnetin Tuccilo et al. (1992) obtained metamorphic tempera-
our formulation. This dependency could be the result, atres between 620 and 6%Dfor the Britt domain of the
least partly, of the correlated compositional variations @ntario Grenville orogen, Canada, as compared to atem-
clinopyroxene. However, since Mn is very dilute in th@erature of 700+ 50°C that they anticipated from the
clinopyroxene X,,,=0.00-0.06), the observed variatiommineral assemblages and the pattern of regional distribu-
of temperature should be due to the variation of Ca cotien of temperature inferred from other thermometers.
tent of clinopyroxene X.,=0.40-0.51). It has beenApplication of the garnet-clinopyroxene thermometric
shown by Blander (1972) that increasing Ca content fidfrmulation developed above yields 78214°C (+ 1s),
clinopyroxene tends to increase theg,Kwhich would which is in very good agreement with the anticipated
lead to an underestimation of temperature. However, wemperature. However, note that for these samples
still do not have a reliable method of correcting for thiX.(CPx)© 0.47-0.48, which is slightly higher than the
effect. Also the statistical correlation of the estimate@a concentration in clinopyroxene for which our thermo-
temperature with the Ca content of clinopyroxene in thraetric formulation is valid, so that the metamorphic tem-
samples from the Ruby Mountain is too poof<£0.51) perature could be somewhat higher.
to be meaningful. Nonetheless, we note that the three
lowest temperature samples have the highest Ca contents
in clinopyroxeneX.,=0.47-0.51), which are beyond theDiscussion
range K.,=0.40-0.45) for which our garnet-clinopyrox-
ene thermometer has been formulated. Neglecting thd3e mixing parameters summarized in Table 4 should be
three samples, we obtain 74# 25°C for the garnet- viewedmore asffectivebinary parameters which, when
clinopyroxene assemblages from the Ruby Mountaused together, are consistent with the available phase
range, Montana, where the uncertainty indicateds equilibrium constraints, both experimental and natural,
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Note added in proof A computer program in BASIC to calculate
garnet-orthopyroxene and garnet-clinopyroxene thermometric
temperatures is available from the authors on request.



