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Ansrucr

The reversed phase equilibrium data of Koziol and Newton (1989) involving grossular
(Gr)-pyrope (Py)-almandine (Alm) solid solutions have been analyzed in conjunction with
standard state thermodynamic data of Berman (1988) in order to constrain ternary mixing
properties for this system. The experimental data are consistent with a single P-1" inde-
pendent ternary interaction parameter, although its magnitude cannot be fixed indepen-
dently of binary mixing properties. Sensitivity analysis of ternary excess properties to
assumed binary interactions offers support for small excess enthalpy and entropy on the
Gr-Alm join (Geiger et al., 1987; Koziol, 1990; Berman, 1990), in contrast to calibrations
(Ganguly and Saxena, 1984; Anovitz and Essene, 1987) based on the phase equilibrium
data of Cressey et al. (1978). The ternary dataare consistent with the strongly nonideal
Py-Alm parameters of Ganguly and Saxena's (1984) preferred model only when a more
positive ternary excess parameter is used than proposed by Ganguly and Saxena (-15
compared to -66.5 kJlmol on a 12 O atom basis). The experimental data are most
compatible, however, with small nonideality on the Py-Alm join. The Py-Alm calibrations
of Hackler and Wood (1989), Sack and Ghiorso (1989), and Berman (1990) are consistent
with a ternary interaction parameter equal to zero.

The strong influence of the ternary Gr-Py-Alm interaction parameter in thermobarome-
try calculations is illustrated for several granulites. These calculations indicate that the
ideal ternary interaction parameter consistent with available experimental data produces
pressures that are lower by as much as 2.4 kbar compared with those computed with the
ternary interaction parameter equal to -66.5 kJlmol. Temperatures differ by as much as
120 "C, with the direction of difference being dependent on specific garnet composition.

fNrnonucrroN

Accurate description of garnet activity-composition re-
lations is important in thermobarometric and P-?"-time
calculations because garnet occurs in a wide range ofbulk
compositions and over a wide range of metamorphic
grades. Most theoretical studies of garnet mixing prop-
erties have focused on calibration ofbinary interactions,
assuming that ternary interactions contribute no addi-
tional nonideality (e.g., Newton and Haselton, l98l;
Hodges and Spear, 1982; Wood, 1987; Berman, 1990).
Ganguly and Saxena (1984), however, proposed signifi-
cant ternary excess parameters from optimization of alu-
minosilicate polymorph occurrences, with pressures com-
puted with the equilibrium 3 An : Gr * 2 Ky + Qz,
and this feature has been incorporated in some recent
calibrations of important barometers (Anovitz and Es-
sene, 1987; Moecher et al., 1988). Several authors (e.g.,
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Ganguly and Saxena, 1984; Perkins and Chipera, 1985;
Moecher et al., 1988) have noted that, for low-entropy
equilibria, many of which are used commonly for the
purpose of geobarometry, the difference between ideal and
nonideal ternary interactions translates to significant dif-
ferences in calculated pressures. For this reason, it is im-
perative to define the nature of ternary garnet interac-
tions.

Koziol and Newton (1989) recently determined impor-
tant limits on grossular activity in ternary Gr-Py-Alm
garnets from reversed experimental data on the displace-
ment of the equilibrium 3 An : Gr * 2 Ky + Qz by
garnet solid solution. Within the confines of various as-
sumptions about the nature of binary garnet interactions,
regression analysis led to the conclusion that their data
could not be represented adequately with a single com-
position-independent ternary interaction parameter, and
they presented an empirical model for grossular activity
in ternary Gr-Py-Alm garnets. The purpose ofthe present
paper is to evaluate Gr-Py-Alm garnet mixing properties
on the basis of Koziol and Newton's (1989) data, using a
mathematical technique that allows one to examine both
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TABLE 1 . Garnet solution properties (three-site basis) taken from
Berman (1990)
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Parameter
w6

ItY" (J/mol) (J/mol K) W, (Jlbar)

efficients (Anderson and Lindsley, l98l; Helffrich and
Wood, 1989). For systems with more than two compo-
nents, it is therefore more appropriate to use the excess
equation suggested by Wohl (1953) and inciependently
derived by Anderson and Lindsley (1981). The Wohl
equation can be recast in the more compact form of the
excess Equation l, above, by making the substitution

War: (W,,1 + Witr + Wiik

I W,oo + Wok + W,oo)/2 - Cau (3)

where Cxr is referred to here as the Wohl ternary inter-
action parameter. Substitution of Equation 3 into Equa-
tion 2 yields the following expression foryo, written ex-
plicitly in terms of the Wohl ternary interaction parameter:

RZln 7o. : W,rrl2X,X, - 2XX, + (0.5 - X,)(XrX3)l

+ w,,lX|- 2xI1+ (0.5 - X,)(X,X3)]

+ wtBl2xtx3 - 2x1x' + (0.5 - x')(x,x3)l

+ wA[x1- 2X'X3 + (0.5 - X')(X,X)]
+ w/n10.5 - xt - 2xr)x2x3l
+ wBl0.5 - xt - 2x3)xrx3l
+ cwlxzx3(2xt - l)1. (4)

Note that Xt + Xz + Xj: l; Equation 4 can be rear-
ranged to yield Equation 54a of Wohl (1953) or the ter-
nary equivalent of Equation 6 of Helffrich and Wood
(1989), althouglr the ternary constant in the latter equa-
tion is of opposite sign. The general Equations I and 3
are recommended because they are compact and easy to
remember.

Mnrrroool,ocv

The technique of mathematical programming (Berman
et al., 1986) has been used tg analyze the phase equilib-
rium data of Koziol and Newton (1989). Each half-brack-
et on the position of the equilibrium 3 An : Gr + 2 Ky
+ Qz is cast as an inequality constraint on the Gibbs free
energy of reaction, with the directional sense of the in-
equality constraint reflecting the side from which the
equilibrium has been approached:

a,G s 0. (5)

Ifgarnet is the only phase that exhibits solid solution in
the experiment, this can be expanded (for a three-site
formula) to

A,Go + 3RZ ln 7o, + 3RZ ln Xc. S 0. (6)

Upon rearrangement, it can be seen that each experiment
offers direct linear constraints on the set of Margules pa-
rameters used to represent the activity coefrcient term if
the standard state properties are treated as known and
Xo, are obtained from each experiment:

WX' S -L,Go - 3RIln X* (7)

where W' represents the set of Margules parameters and
X the sum of all mole fraction coefrcients resulting from
substitution ofEquation l. Ifthere are no contradictory
experimental data, the system of linear inequalities bounds
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Note.'The tabulated ternary constant is to be used with Equation 4; the
ternary constant for use with Equations 1 and 2 is given by Equation 3:
Wn,": 58825; Wo"": 23.87; W-,": 0.265. Component order: 1 : Gr;
2 : P Y ;  3 : A l m .

* Parameter notation following Wohl (1946).

the sensitivity of the results to different assumptions about
binary garnet mixing properties as well as the constraints
the ternary data place on these binary mixing properties.
Second, this study will provide garnet solution properties
that are internally consistent with the thermodynamic data
for end-member minerals given by Berman (1988, 1990).
Last, the implications of the inferred garnet ternary mix-
ing properties for thermobarometry are examined.

Equ.l,rroNs FoR MULTTcoMroNENT soLUTroNS

The present study utilizes the form ofthe general excess
equations (Eqs. 9 and22) derived by Berman and Brown
(1984) for multicomponent solutions. For a third-degree
polynomial (asymmetric excess model), the activity coef-
ficient of the ruth component is calculated from (Berman,
1990):

p

nRZln t^:> Wuk(Q-X,XjXk/X-- 2X,XjX) (l)

where each Wrcfercto Wo: WH - TWs + PW,, Q-is
a term that sums how many of the yk subscripts are equal
to m, n is the number of sites on which mixing occurs,
and p is equal to the number ofexcess parameters needed
for a given system. This number and the identity of the
parameters in a given component system represent all
possible permutations of the three subscripts without all
three being the same. For the specific case ofthe ternary
garnet solution considered in this paper, Equation I ex-
pands to

RZ ln 7o, : W,,,(2X,X, - 2X1X,) + W'2(XZ - 2X61)
+ wlB(2x'x3 - 2x?x3)
+ w9(x3 - 2xI3)
r wrrr(- 2x3x) t wrrr(- 2xrxl)
+ wL(xzx3 - 2x'x'x) (2)

where the subscripts l, 2, and 3 refer to the components
grossular, pyrope, and almandine. The relationship be-
tween this subscript notation and that given by Wohl
(1946, 1953) is given in Table l.

The derivation of Equations I and 2 implies a specific
relationship between binary and ternary power series co-



a feasible region that contains all possible solutions con-
sistent with these data. An objective function maximizing
or minimizing some combination of variables is used to
obtain a unique solution from within the feasible solu-
tion.

Advantages of the mathematical programming ap-
proach have been discussed in detail by Berman et al.
(1986) and Berman and Brown (1987). With respect to
the present analysis, there are two major advantages. First,
the exploration of the thermodynamic constraints pro-
vided by any experimental data can be achieved because
uncertainties in pressure and temperature and in deter-
mining compositions ofexperimental products can be ex-
plicitly incorporated. Thus, each constraint relation (Eq.
7) is written not with the nominal experimentally deter-
mined values, but with pressure, temperature, and com-
positions adjusted for estimated uncertainties (+0.3 kbar,
+10 "C, and +0.008 X",). Second, the sensitivity of the
results to various assumptions about binary mixing prop-
erties can be analyzed conveniently by mapping out the
feasible solution space, with appropriate manipulation of
the objective function.

The thermodynamic activity of a mineral component
can be calculated from the diference between the posi-
tion of a univariant equilibrium with the end-member
mineral and with the solid solution. In this study, pref-
erence is given to the position of the end-member equi-
librium 3 An : Gr + 2 Ky + Qz calculated with the
thermodynamic data of Berman (1988, 1990) rather than
given by the experimental data of Koziol and Newton
(1988) because one ofthe goals ofthis study ofternary
garnet mixing properties, combined with an analysis of
binary mixing properties (Berman, 1990), is to provide
internal consistency between garnet solution properties
and thermodynamic data for end-member minerals. Such
consistency between end-member and solution properties
must be established for meaningful applications to nat-
ural assemblages.

The position of the equilibrium 3 An : Gr + 2 Ky +
Qz, computed with the thermodynamic data of Berman
(1988), agrees with the overall distribution of Koziol and
Newton's (1988) experimental reversals (adjusted down
in pressure by 0.2 kbar to account for their estimation of
friction effects in 3/+ in. NaCl pressure assemblies), al-
though the computed curve is displaced to the low-pres-
sure uncertainty limit (0.3 kbar) of the brackets at 950
and 1050 'C. If these differences indicate experimental
difficulties, they may suggest slightly greater friction ef-
fects than estimated by Koziol and Newton or an upward
displacement of the equilibrium caused by incorporation
of small amounts of Li (from the LirMoOo flux) into the
feldspar structure. The former possibility has been ig-
nored in the following analysis because the friction effects
should be smaller at the lower pressures of the displaced
equilibrium experiments. Koziol and Newton (1989) sug-
gest that feldspars in their experiments incorporate 3-4
molo/o LiAlSirOr. Thermodynamic calculations indicate
that this amount of ideal solution would shift the equi-
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Fig. 1. Cornparison of the experimental brackets of Koziol

and Newton (1988) for the equilibrium 3 An : Gr + 2 Ky +
Qz with its position calculated with the thermodynamic data of
Berman (1988). Dashed line corresponds to Equation 5a ofKo-
ziol and Newton (1988). Symbols represent location ofexperi-
ments after adjustment of nominal values (end of lines) for P-T
uncertainties and the 0.2 kbar friction correction suggested by
Koziol and Newton.

librium upward by 0.2 kbar. Therefore, in this analysis
of the <iata of Koziol and Newton (1989), all brackets
have been adjusted downward by 0.2 kbar in addition to
the 0.2 kbar friction correction recommended by Koziol
and Newton.

At 1000 and 900 "C (the temperatures at which the
ternary Earr,et data were gathered), the computed curve
lies 0.5-0.6 kbar below the curve best fitted to Koziol
and Newton's (1988) data (Fig. l), but it is still within
their brackets. Because of this difference, activity coeffi-
cients derived in this study are systematically larger than
those derived by Koziol and Newton (1989).

Rrsur,rs
Experiments on the displaced equilibrium 3 An : Gr

+ 2 Ky + Qz give a measure of the activity coefficient
ofgrossular in garnet that can be calculated for a ternary
garnet solution with Equation 4. Inspection of Equation
4 shows that any experimental constraints on RZ ln "yo,
cannot define the ternary interaction parameter, C,rr, in-
dependent of the binary interactions. In the context of
the data of Koziol and Newton (1989), which are con-
centrated in almandine-rich compositions (0. 12 I Xo, I
0 .45,0.10 < Xr"  10.5,0.45 < &,-  < 0.80) ,  resul tsare
most sensitive to assumed interactions on the Gr-Alm
and Py-Alm binaries, and any error in these binary cali-
brations is transferred to the ternary parameter. Since the
mole fraction coefficient for Crrr, Xp"X^h(2Xc, - l), is
largest when Xo. is smallest, calibration of the ternary
parameter is most dependent on the experimental data
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Fig. 2. The range of excess free energy parameters at 1000
'C on the Py-Alm join that are consistent with the ternary phase
equilibrium data of Koziol and Newton (1989) assuming the Gr-
Py and Gr-Alm model parameters of Berman (1990). Outer
polygon is the feasible solution space with the ternary interaction
parameter unconstrained. Inner polygon is the feasible solution
space with Crrr: 0.Dashed curves are approximate contours of
the ternary interaction parameter. Proposed binary mixing pa-
rameters: HS(82) : Hodges and Spear ( I 982); GS(84) : Ganguly
and Saxena (19E4); G(87) : Geiger et al. (1987); HW(89) :
Hackler and Wood (1989); SG(89) : Sack and Ghiorso (1989);
B(90): Berman (1990).

nearest to the Py-Alm binary join, as noted by Ganguly
and Saxena (1984, 1987).

Koziol and Newton (1989) observed that a single com-
position-independent ternary parameter could not ac-
count for their ternary phase equilibrium data when the
properties of the Gr-Alm and Py-Alm joins were fixed by
the calorimetric calibrations of Geiger et al. (1987). In-
sIead, C,r, varied with Mg/(Mg + Fe), becoming most
negative in Fe-rich compositions. They noted that this
dependence of Cr, on the Mg ratio was reduced but did
not disappear by assuming that the Py-Alm join was ide-
al. These problems led Koziol and Newton to formulate
an empirical model for the calculation of 7o,.

The present mathematical programming analysis of
Koziol and Newton's (1989) data supports their obser-
vation that a single ternary interaction parameter cannot
represent their data with the calorimetric calibrations of
the Gr-AIm and Py-Alm binaries (Geiger et al., 1987).
An inconsistent solution is also obtained when the binary
parameters of Ganguly and Saxena (1984) are used. In
contrast to calibrations that have large asymmetric non-
ideal mixing on the Py-Alm join, when Py-Alm nonideal-
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ity is zero (Hodges and Spear, 1982) or small (Berman
and Brown, 1988; Berman, 1990), feasible solutions are
obtained. This difference from the modeling results re-
ported by Koziol and Newton stems most importantly
from differences in the assumed binary mixing properties
but also from the explicit incorporation of compositional
uncertainties into the present analysis (see above). The
results described above are not sensitive to various cali-
brations of the Gr-Py join (e.g., Ganguly and Kennedy,
1974; Newton and Haselton, 1981; Wood, 1988; Ber-
man. 1990).

Dependence of ternary interaction pararneter to
assumed binary mixing properties

In view of the observation that a single ternary inter-
action parameter can be calibrated successfully with cer-
tain models of the component binary systems, it is im-
portant to explore this dependence in greater detail with
an eye to investigating the extent to which the ternary
data can be used to corroborate or constrain models for
the binary systems. To test the range of parameter values
for each binary system that is consistent with the ternary
phase equilibrium data, it is necessary to hold mixing
parameters for the other two binaries constant (see Eq.
4). In the calculations that follow, the binary calibrations
of Berman (1990) are used, as these are most compatible
with what we believe to be the most reliable experimental
and thermodynamic data. The effects of assuming alter-
nate binary calibrations are discussed. We will first ex-
amine the data in the Py-Alm system, followed by the
Gr-Alm system.

Results for the Py-Alm system are summarized in Fig-
ure 2. Using the calibration of Berman (1990) for the Gr-
Alm and Gr-Py binaries (Table l), a wide range in excess
properties for the \-Alm system is possible (solid outer
line). Only the Py-Alm mixing parameters proposed by
Geiger et al. (1987) on the basis of enthalpy of solution
data are inconsistent with these broad constraints. The
magnitude of the ternary interaction coefficient, C'r,
(contours in Fig. 2), is inversely correlated with the values
of the W2n and Wr, binary parameters, with the most
negative C,r, associated with the most positive binary
parameters. A much smaller range of binary parameters
is consistent with C,r. : 0 (inner polygon in Fig. 2). With
the above assumptions regarding the Gr-Alm and Gr-Py
binaries, the mixing parameters for the \-Alm system
proposed by Hackler and Wood (1989), Sack and Ghior-
so (1989), and Berman (1990) are compatible whereas the
calibrations of Hodges and Spear (1982), Ganguly and
Saxena (1984), and Geiger et al. (1987) are not.

As might be expected, the results for the Py-Alm excess
properties are sensitive to the assumed mixing properties
on the other binary joins, particularly the Gr-Alm join.

For example, the Hodges and Spear (1982) calibration is
entirely consistent with C,r, : 0, but their assumption of
ideal mixing on the Gr-Alm join is strongly at odds with
calorimetric (Geiger et al., 1987) and phase equilibrium
(Cressey et al., 1978; Koziol and Newton, 1989) con-
straints.

.20



Other calibrations proposed for the Gr-Alm join are
plotted in Figure 3, along with the range in Gr-Alm mix-
ing parameters that are consistent with the ternary phase
equilibrium data of Koziol and Newton (1989) assuming
the mixing parameters for the Py-Alm and Gr-Py joins
suggested by Berman (1990). The inner polygon outlines
the range of binary mixing parameters consistent with
C,r, : 0.The ternary phase equilibrium data clearly dis-
criminate against the large excess free energies of mixing
on the Gr-Alm join proposed by Ganguly and Saxena
(1984) and more recently by Anovitz and Essene (1987),
both of which were based primarily on analysis of the
displaced phase equilibrium data ofCressey et al. (1978).
On the other hand, the ternary data are compatible with
the mixing parameters calculated by Geiger et al. (1987)
on the basis of calorimetric data and by Koziol (1990)
and Berman (1990) from analysis of the phase equilibri-
um data of Koziol (1990). These latter three calibrations
are also consistent with C,r. : 0.

The calibrations of Ganguly and Saxena (1984) and
Anovitz and Essene (1987) invoke large symmetric excess
entropy on the Gr-Alm join. The latter authors deduced
this model from consideration of the phase equilibrium
data of Cressey et al. (1978) together with Geiger et al.'s
(1987) enthalpy of solution data. If the Gr-Alm enthalpy
data of Geiger et al. are accepted, symmetric excess en-
tropy on this join must be less than about l0 J/mol.K to
stay within the feasible region defined by the ternary phase
equilibrium data (Fig. 3). This conclusion supports the
zero excess entropy suggested by Geiger et al. (1987) and
Koziol (1990), as well as the small excess entropy (5.08
J/mol.K) deduced by Berman (1990) from an analysis of
the phase equilibrium data of Koziol (1990), Bohlen et
al. (1983), and Bohlen and Liotta (1986).

The feasible region of Figure 3 shifts to more positive
excess parameters when the Py-Alm parameters (Wrrr:
36.17; W,r, : - 15.7 6 kJlmol) of Geiger er al. ( I 987) are
used (upper polygon in Fig. 3) instead of those of Berman
(1990), reflecting the positive correlation between the Gr-
Alm and Py-Alm parameters in Equation 4. In contrast
to the previously discussed results, none ofthe proposed
Gr-Alm calibrations is compatible with Koziol and New-
ton's ternary data and these parameters for the Py-Alm
join. When the Py-Alm properties of Ganguly and Saxena
(1984) are used, the feasible region is shifted to a lesser
extent so that it encompasses the Gr-Alm mixing prop-
erties of Koziol (1990) and Berman (1990) but narrowly
excludes those of Geiger et al. (1987). These results in-
dicate that the ternary phase equilibrium data are most
compatible with small deviations from ideality on the Py-
Alm join given, for example, by the calibrations of Hodg-
es and Spear (1982), Hackler and Wood (1989), and Ber-
man (1990).

DrscussroN

The mathematical programming analysis discussed
above demonstrates that displaced phase equilibrium data
of Koziol and Newton (1989) are consistent with a single
ternary interaction parameter only for specific ranges in
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Fig. 3. The range ofexcess free energy parameters at 1000

"C on the Gr-Alm join that are consistent with the ternary phase
equilibrium data of Koziol and Newton (1989), assuming the
Gr-Py and Py-Alm model parameters of Berman (1990). Upper
polygon shows the efect of using the Py-Alm model of Geiger
et al. (1987). Outer polygons are feasible solution spaces with
the ternary interaction parameter unconstrained. Dashed inner
polygon is the feasible solution space with C,r, : 0.Note that
only the Gr-Alm calibrations of Geiger et al. (1987, G87), Koziol
(1990, K90), and Berman (1990, B90) are consistent with the
ternary data. Other Gr-Alm mixing properties are: A & E (87)
: Anovitz and Essene (1987); G & S (84) : Ganguly and Saxena
(l 984). If available, uncertainties are shown.

the mixing properties of the \-Alm and Gr-Alm binary
systems. Although the exact magnitude of this interaction
parameter cannot be fixed without fixing all binary mix-
ing properties, the added constraints provided by the ter-
nary data clearly support calibrations of the Gr-Alm join
with small excess free energies of mixing (Geiger et al.,
1 987; Koziol , 1990; Berman, 1990) but cannot discrim-
inate between them. For the Py-Alm join, the ternary
data are consistent with a range of mixing properties,
although they are most compatible with small nonideality
(e.g., Hodges and Spear, 1982; Hackler and Wood, 1989;
Berman, 1990). The last set of parameters, reproduced in
Table l, is consistent with a range in Cr^ values between
-0.8 and 30.1 kJlmol. Until more data become available
to allow further refinement, Crr, : 0 is assumed. This
value is considerably more positive than proposed by
Ganguly and Saxena (1984) for both their preferred bi-
nary parameters (-66.5 kJlmol) and their calculations
assuming ideal Py-Alm mixing (-31.4 kJlmol), and it is
also more positive than that which is consistent with their
preferred Py-Alm properties and the ternary phase equi-
librium data (Fig. 2).
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Fig. 4. Comparison of pressures and temperatures computed
from the intersection of the Di, Hd, and garnet-clinopyroxene
equilibria for metabasites from Mica Creek, British Columbia
(Ghent et al., I 983). Solid curves and squares show intersections
with Table I garnet properties (C,, : 0). Dashed curves and
diamonds were computed with Table I parameters except for
C,n: -66.5 kJlmol. See text for discussion.

Jordan et al. (1950) reported a technique for estimation
of ternary interaction parameters. With this technique
C,r, is computed by C,r, : l(Wrr, - Wrrr) I (Wrr, '

W,rr) I (Wr., - Wn)l/2 and can change sign depending
on the choice of components 2 and 3. Ganguly and Sax-
ena's (1984) optimization of GASP barometry with alu-
minosilicate polymorph occurrences produced C,r, :
-66.5 kJlmol, in good agreement with this estimation
scheme using their preferred binary parameters. More re-
cently, Ganguly and Saxena (1987) have urged extreme
caution in applying this estimation scheme, a point sup-
ported by Helffrich and Wood (1989). The present anal-
ysis displays the inadequacy of the above estimation
scheme, with the value of Crr, (+34.4 kJ/mol) predicted
using the properties for garnet in Table I being outside
the range that is consistent with Koziol and Newton's
ternary phase equilibrium data. In contrast, the Wohl
equation (Eq. 4) with C,r. : 0 is consistent with these
phase equilibrium data. These results demonstrate the
success of Wohl's (1953) equation, which was derived to
permit "a better founded prediction of the behavior of
temary systems from that of the three binary pairs" (Wohl,
1 9 5 3 ,  p . 2 1 8 ) .

Appr,rc,q,rroNs

Although the experimental data of Koziol and Newton
(1989) constrain only the grossular activity coefficient,
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Fig. 5. Comparison of pressures and temperatures computed

from the intersection of the Di, Hd, and garnet-clinopyroxene
equilibria for gneisses from northeast Ox Inlier, Ireland (Sanders
et al., 1987). Solid curves and squares show intersections with
Table I garnet properties (C'r. : 0). Dashed curves and dia-
monds were computed with Table I properties except for C,r, :
-66.5 kJlmol. See text for discussion.

the use of the Margules equation in this calibration of the
Gr-Py-Alm garnet mixing parameter also allows the effect
of the ternary interaction coefficient on the pyrope and
almandine activity coefficients to be computed. This has
important consequences for petrological calculations be-
cause each of these garnet end-members is involved in a
wide range of commonly used geothermometers and ba-
rometers.

Ganguly and Saxena (1984) utilized the influence ofthe
Gr-Py-Alm garnet interaction parameter in their empir-
ical calibration of the garnet-aluminosilicate-quartz-pla-
gioclase (GASP) barometer. Optimum agreement ofGASP
pressures with aluminosilicate polymorph occurrences was
found with Crr. : -66.5 kJlmol, using their preferred
Mg-Fe garnet mixing properties. In their calibration of
garnet-orthopyroxene-plagioclase-quartz barometers,
Perkins and Chipera (1985) noted, however, that use of
ternary interaction parameters with Ganguly and Saxe-
na's (1984) binary garnet mixing parameters produced
significantly worse results. Our analysis of Koziol and
Newton's phase equilibrium data indicates that the Gr-
Py-Alm interaction parameter is indeed small, support-
ing Perkins and Chipera's (1985) calculations.

Because R 7 ln 7, is dependent on C ,r, (2X, - l) through
combination of Equations I and 3, the calibration of C,r,
: 0 compared with -66.5 kJlmol (Ganguly and Saxena,
1984) leads to activity coefficients that are smaller when



Temperature ( 'C)
Fig. 6. Comparison of four geobarometers computed for

granulite BUR83C70 (Anovitz and Essene, 1990) with the bi-
nary mixing parameters in Table I and C,., : 0 (solid curves)
vs. C,.3 : -66.5 kJlmol (dashed curves). The light dotted curve
shows the position of one equilibrium computed with C,r, :
34.4 kJ/rnol (the upper limit compatible with the ternary phase
equilibrium data of Koziol and Newton, 1989) and the binarv
garnet mixing parameters of Berman (1990).

X, < 0.5 and larger when X, > 0.5, differences that are
greatest when .{ is furthest from 0.5. For many geoba-
rometers (see below) that have garnet components with
{ < 0.5 on the high-pressure side ofequilibria, the small-
er activity coefficients computed with C,r. : 0 produce
significantly lower pressures, particularly for low-entropy
reactions that are extremely sensitive to perturbations of
the parameters of the model. For Fe-Mg exchange ther-
mometers, the influence of the ternary interaction param-
eter is most profound in extremely ferroan (&,- >> 0.5,
X"" << 0.5) or extremely magnesian (X*, >> 0.5, X^- <<
0.5) bulk compositions because the changes of "yo,- and
7"" in opposite directions reinforce each other. To illus-
trate these systematics, the examples summarized below
compare calculations using the binary garnet mixing pa-
rameters of Berman (1990) with either C,r, : 0 or Crrr:
-66.5kJ/mol. It should be noted, however, that Ganguly
and Saxena (1984) calibrated the latter value using highly
asymmetric Mg-Fe mixing parameters recommended for
successful application to garnets with XAh > 0.75; they
reported that a value of C,rr: -31.38 kJ/mol was more
appropriate for calculations assuming ideal Mg-Fe mix-
ing. The efect of the smaller ternary interaction param-
eter can be estimated visually on Figures 4-7 by points
approximately halfway between those calculated with C,r.
: 0 and C,zz : -66.5 kJ/mol. The general effect of as-
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Temperature ( 'C)
Fig. 7. Comparison of equilibria computed for granulite

BUR83C70 (Anovitz and Essene, 1990) with Table I binary
mixing parameters and Crr, : 0 (solid curves) vs. C,., : -66.5
kJ/mol (dashed curves).

suming the asymmetric Py-Alm mixing properties of
Ganguly and Saxena (1984) in the following comparisons
is to moderate the pressure differences but to amplify
temperature differences.

Mica Creek, British Columbia

The initial thermodynamic calibration by Newton and
Perkins (1982) of the equilibrium diopside + anorthite
: grossular + pyrope + qvafiz predicted pressures that
required an empirical correction of +2.2 kbar to give
results similar to other geobarometers. Recently Moecher
et al. (1988) have undertaken a recalibration ofthis ba-
rometer (Di) as well as the Fe equivalent of the equilib-
rium (Hd) hedenbergite + anorthite : grossular * al-
mandine + qtlartz using the Ganguly and Saxena (1984)
quaternary garnet solution parameters with the Gr-Alm
parameters ofAnovitz and Essene (1987). In general, these
calibrations lead to quite reasonable agreement in pres-
sures computed with the Di and Hd equilibria compared
with the equilibrium (Fs) ferrosilite + anorthite : gros-
sular + almandine + quafiz and compared to constraints
imposed by the kyanite * sillimanite equilibrium. A no-
table exception involves sillimanite zone metabasites from
Mica Creek, British Columbia (Ghent et al., 1983), for
which Moecher et al. (1988) computed average pressures
of 10.5 + 0.6 and 9.8 + 0.9 kbar with the Di and Hd
equilibria, respectively. They note, however, that the
proximity of the kyanite-sillimanite and garnet-clinopy-
roxene isograds places a maximum pressure constraint of
7.8 + I kbar at an upper temperature limit of 700 'C
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computed with the garnet + clinopyroxene equilibrium
diopside + almandine : hedenbergite + pyrope. To il-
lustrate the influence ofthe ternary garnet interaction pa-
rameter in thermobarometric results, P-?" results for the
Mica Creek samples have been computed with standard-
state thermodynamic data from Berman (1988, 1990, and
unpublished data for hedenbergite) combined with the
activity models of Fuhrman and Lindsley (1988) for pla-
gioclase, Newton (1983) for ortho- and clinopyroxene,
and Berman (1990) with C,rr: 0 for garnet (solid curves
and squares in Fig. 4). Garnet-clinopyroxene tempera-
tures range between 650 and 750'C. Average pressures
at 650 oC, the temperature used by Ghent et al. (1983),
are 9.0 and 8.4 kbar for the Di and Hd equilibria. When
C,rr: -66.5 kJ/mol is used with the same binary garnet
parameters, the results are shifted systematically to high-
er pressures and temperatures (dotted curves and dia-
monds in Fig. 4): average pressures are shifted to 10.9
and 8.7 kbar for the Di and Hd equilibria, and temper-
atures are shifted to 770-870'C. Although the discrep-
ancy with the upper pressure constraint (6.9 kbar at 650
"C, calculated with the data of Berman, 1988) imposed
by the occurrence of sillimanite in these samples still re-
mains, the above comparisons clearly show the large ef-
fect of the present calibration of C,r. : 0 in producing
temperatures that are 100-120 "C lower and pressures
that average 1.9 and 0.3 kbar lower with the Di and Hd
barometers. The larger effect on the Di barometer reflects
the Mica Creek garnet compositions with X", << 0.5 and
X^- close to 0.5, so that the decrease in 7o. caused by
C,rr: 0 relative lo C,r.: -66.5 kJ/mol is reinforced by
a large decrease in "y"" and a small change in ?o,-.

Ox Inlier. Ireland

Figure 5 illustrates results for gneisses from the north-
east Ox Inlier, Ireland (discussed recently by Sanders et
al., 1987) that are more magnesian in bulk composition
(0.35 < Xr, < 0.46;0.26 < Xo,^ I 0.41). In these sam-
ples with both X", and Xo,- < 0.5, the calculated tem-
perature differences with Cr23 : 0 and C,rs: -66.5 kJ/
mol are much smaller since both 7* and 7o,- increase
and partly cancel in the garnet-clinopyroxene exchange
equilibrium. In contrast to the Mica Creek samples, "yo,-
increases more than 7e, because Xo,- < Xr, producing
higher temperatures with C,r, : 0. Average pressures
computed with C,23 : 0 are about 1.3 and 1.8 kbar lower
for the Di and Hd equilibria, respectively.

Algonquin Parko Ontario

As a last example, Figure 6 summarizes the effects of
the Gr-Py-Alm interaction parameter on pressures com-
puted for a granulite (no. BUR83C70) from Algonquin
Park, Ontario, reported by Anovitz and Essene (1990).
Four equilibria can be used as geobarometers for the re-
ported garnet + plagioclase * orthopyroxene * clino-
pyroxene + quartz assemblage in the system MgO-CaO-
Al,O.-SiO,. Only two of the equilibria are independent,
intersecting at 6.5 kbar and 615'C when C,r, : 0 is used
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(solid curves). When Crr, : -66.5 kJ/mol is assumed
along with the same set of binary mixing parameters, the
curves (dashed in Fig. 6) move upward by 2 to 2.4 kbat,
intersecting at 8.2 kbar and 525'C. For the BUR83C70
garnet composition of Gr,rPy,rAlmuoSpo' 'ls ?rrd 7o, equal
1.32 and 1.29 with the Table I properties, compared with
1.64 and 1.57 with the same model incorporating C,,, :
-66.5 kJlmol. The difference of 300/o in pressure that is
directly attributable to the influence ofthe ternary inter-
action coefficient (Fig. 6) clearly has important implica-
tions when the barometric dala are used as constraints in
thermal and crustal evolution models and underscores
the significance of the experimental data of Koziol and
Newton (1989) in allowing this difference to be resolved.

Anovitz and Essene (1990) used the Fs equilibrium to
compute a preferred pressure of 9.6 kbar at 725 "C. For
this sample with xAr- : 0.6, this equilibrium is much less
sensitive to the effects of the ternary interaction param-
eter, the difference between Crr, : 0 and Crr, : -66.5

kJ/mol translating to a difference of 0.5 kbar in pressure
(Fig. 7). The higher pressure computed by Anovitz and
Essene (1990) compared to Figure 6 stems mostly from
the significant slope of Fs equilibrium combined with a
higher temperature computed with the garnet * clino-
pyroxene equilibrium.

Figure 7 illustrates the effect ofthe ternary interaction
parameter on temperatures calculated with the garnet +
clinopyroxene thermometer as well as the garnet * or-
thopyroxene equilibrium almandine + enstatite : py-
rope + ferrosilite. Solid curves are computed with the
garnet properties in Table | (C,rr:0), and dashed curyes
show their positions when C'r, : -66.7 kJlmol is used.
For the BUR83C70 sample, the latter curves are shifted
to higher temperatures by approximately 100 'C and 55
"C for the garnet-orthopyroxene and gamet-clinopyrox-
ene thermometers, respectively. The lower temperatures
are a direct consequence of our analysis of Koziol and
Newton's (1989) experimental data, but they clearly are
too low to represent peak metamorphic conditions. Al-
though garnet-clinopyroxene temperatures below 700 lC

are not exclusively produced with the thermodynamic
data used in this paper (see Figs. 4 and 5), the results for
BUR83C70 emphasize the general influence of ideal ter-
nary interactions in lowering temperatures for samples
with X^,- > 0.5 to the extent that their significance as
peak metamorphic conditions may be questioned, a point
that has been the focus ofseveral recent studies (Pattison
and Newton. 1989: Frost and Chacko, 1989). It should
be noted however that the pressures and temperatures
computed above incorporate nonnegligible uncertainties
in mixing data for plagioclase and pyroxenes as well as
standard state thermodynamic data. Only after these un-
certainties are reduced will it be possible to assess the
degree to which resetting has occurred and is dependent
on different uplift histories. For this reason, we do not
wish to dwell on this much larger scale question other
than to stress the need to compute (or recompute) pres-
sures and temperatures with the small ternary garnet in-



teraction parameter calibrated on the basis of Koziol and
Newton's (l 989) experimental data.
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