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SCHWEIZ. MINERAL. PETROGR. MITT. 67, 53-73, 1987

Derivation and application of a solution model for calcic garnet™

by Martin Engi!and Paul Wersin?

Abstract

Contrary to earlier studies, the thermodynamic solution behaviour derived here for calcic garnet is
strongly nonideal. Published experimental data on grossular-andradite (Ca;Al,Siz;0,,-Ca;zFe,Siz0,) are
carefully analyzed and are shown to be well represented by an asymmetric (subregular) Margules solution
with

Wero = +12.906 kI mol-!
WG,and = -46.910 kJmOl_l

Whereas lattice strain effects cause the positive deviation from ideality in grossular-rich grandite, Al-Fe3+
ordering is thought responsible for the pronounced negative deviation. Theoretical models of both these pro-
posed structural mechanism yield energetic effects in approximate agreement with the interaction parameters
found by purely thermodynamic analysis. The consequences of the solution model are further supported by
recent crystallographic data on exsolved and anisotropic calcic garnets.

Petrological uses of the solution model include an update of the skarn geothermometer based on the equi-
librium ;

Wy gro = ~2.60 cm’mol-!
Wy ang = —0.55 cm?mol-!

C83Alzsi30 12
garnet

+ Si0,
quartz

CaAlzsizog
anorthite

+ 2CaSiO,
wollastonite

and extensions thereof, which limit the T-X(CO,) conditions of equilibration for common calc-silicate and
skarn assemblages. Comparison of this thermometer with the calcite-dolomite thermometer from alpine skarn

occurrences and selected exampies from the literature proved favorable.

Keywords:Solution model, grossular-andradite, garnet, geothermometry, Alps.

1. Introduction

Low-variance assemblages in metamorphic
calc-silicate rocks, including skarns, typically
contain grandite, a garnet variety rich in the
components grossular (Ca;Al,8i301,) and an-
dradite (Ca3Fe,Si3;O;5). At low metamorphic
grade a few mole percent of hydro-garnet com-
ponents are typical (e.g. Coomss et al., 1977;
HuckennsoLz and FEHR, 1982), espectally in
quartz-undersaturated assemblages. Nearly bi-
nary solutions between grossular and andra-
dite are common (Fig. 1) at high metamorphic
grade, except for Mn-rich bulk compositions

and certain skarns which equilibrated under
very reduced conditions (see e.g. SHIMAZAKI,
1977, NEWBERRY, 1983). In calc-silicate gneisses
from regionally or contact-metamorphosed
terrains, a variety of parageneses include
grandite for which the mole fractions Xy, +
Xand typically add to 0.95 or greater; alman-
dine, pyrope, spessartine and Ti-components
contribute the remainder (SOBOLEvV, 1964; EIN-
AUDI and BuUrT, 1982). Compared with garnet
varieties from pelitic or mafic rocks, calc-sili-
cate garnets are thus compositionally simple.
For these reasons, the thermodynamic charac-
teristics of grandites, especially their detailed

* Dedicated to Professor Ernst Niggli on the occasion of his 70th birthday.
! Mineralogisch-Petrographisches Institut, Universitit Bern, Baltzerstrasse 1, CH-3012 Bern.
2 Institut fiir Mineralogie und Petrographie, ETH-Zentrum, CH - 8092 Ziirich.



54 ENGI, M. AND P. WERSIN

X (others) = 0.2

AND

Fig. 1 Range of garnet compositions in quartz-satu-
rated calc-silicate assemblages equilibrated at tem-
perature higher than approximately 300°C. Molar
abundances of components beside GRO(ssular) and
AND(radite) are combined in “others”. Data com-
piled from literature (shaded areas) and present
study (single symbols).

activity-composition relations, would seem of
particular petrological interest.

Yet pertinent investigations of grandite are
surprisingly scarce, when compared to the at-
tention chemically more complex solutions of
the pyralspite series have received (e.g. NEw-
TON and HASELTON, 1981; HODGES and SPEAR,
1982; GANGULY and SAXENA, 1984, and refer-
ences therein).

Furthermore, previous studies of the miner-
alogy of grandite, its thermodynamics and
stable phase relations, yield an inconsistent
picture and, in part, derive opposing conclu-
sions (e.g. BIRD and HELGESON, 1980; WASSER-
MANN et al., 1982).

In the present paper we analyze the avail-
able experiment phase equilibrium and crystal-
chemical data with the intent of first identify-
ing and resolving inconsistencies and then de-
riving from the accepted data set a solution
model for calcic garnet, especially for the gros-
sular-andradite binary. Theoretically derived
coefficients for a multicomponent activity
model will be presented subsequently.

By way of example, the newly developed so-
lution model is then applied to interpret min-
eral equilibria typical of calc silicate paragen-
esis. The petrogenesis of assemblages involving
grandite and plagioclase is explored and a new
formulation of the garnet-plagioclase-wollas-
tonite-quartz geothermometer is suggested.
Applications are based primarily on new mi-
croprobe data of suitable assemblages from
several localities in the Alps. In addition, se-
lected examples from the literature are dis-
cussed, with the aim of characterizing their
P-T-X(CO,) conditions of metamorphism.

2. Review and critique of previous work
2.1.EXPERIMENTAL DATA

Experimental stability relations of calcic
garnets, as well as their thermochemical prop-
erties have been investigated primarily for the
endmembers grossular (phase equilibria:
YODER, 1950; Hays 1966; NEWTON, 1966;
HARIYA and KENNEDY, 1968; BOETTCHER, 1970;
STORRE, 1970; GORDON and GREENWOOD, 1971;
HoscHEK, 1974; SHMuULOVICH, 1974, 1977;
HuckeNHOLZ, 1974; HUCKENHOLZ et al., 1975;
WiNnDOM and BOETTCHER, 1976; WoobD, 1978;
GoLDpsMITH, 1980; GAsPARIK, 1984; KERRICK
and GHENT, 1984. Calorimetry: PERKINS et al.,
1977; KoLesNIK et al., 1979; KrRuprka et al.,
1979; WESTRUM et al., 1980) and, to a much
lesser extent, andradite (phase equilibria:
HuckeNHOLZ and YODER, 1971; GUSTAFSON,
1974; Liou, 1974; Suwa et al., 1976; TAYLOR
and Liou, 1978).

Much less attention has been devoted to the
stability of intermediate grandite; for example,
no calormetric data are available to date. HoL-
DAWAY (1972) and HUCKENHOLZ et al. (1981)
measured the composition of grandite equili-
brated in the presence of anorthite, wollaston-
ite, and silica (quartz or tridymite). PERCHUK
and ARANOVICH (1979) studied the Al-Fe3+
exchange equilibrium between grandite and
aqueous chloride solutions. Garnet equilibria
from two other experimental studies (HOLDA-
waAY, 1972; Liou, 1973) involve epidote solid
solutions and thus yield less readily interpret-
able constraints on the solution properties of
grandite. For that reason, data from these latter
two studies are not analyzed in the present pa-

per.

2.2. THEORETICAL WORK

HoLbaway (1972) and PERCHUK and ARANO-
VICH (1979) interpreted their experimental data
to indicate, within the analytical uncertainties,
ideal solution behaviour for the grossular and
andradite components. It was concluded that
component activities in the binary system are
adequately expressed by a two-site model:

Agro = (X(C33A|25i30|2))3 (1)
and
aand = (X(Ca;3Fe;S8i30),))? (2
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BirD and HeLGEsON (1980, 1981) also advo-
cated this type of an ideal ionic model on the
basis of general crystal chemical arguments,
especially the assumed randomness in the
Al-Fe3+ distribution over the two sites. How-
ever, recent crystallographic studies indicate
that substantial ordering between these sites
(M1 and M2) does occur and may be responsi-
ble for an ultimate reduction in symmetry
(TAKEUCHI and HAGA, 1976; MARIKO and Na-
Gal, 1980; TAKEUCHI et al., 1982; Hiral and
NAKAzAwA, 1986), as observed in several X-
ray studies and commonly evidenced by opti-
cal anisotropy of calcic garnet in thin section.
These new crystal-chemical data render doubt-
ful whether the ideal solution model proposed
earlier is adequate, at least at low temperatures
and for grossular-rich compositions. Indeed,
positive deviations from ideality have been
proposed by WASSERMANN et al. (1982} for the
grossular component, although they performed
their analysis based on an ideal molecular
model, i.e. assuming

Agro = X(Ca3AIZSi3QI2)
» ¥(CazAl,S8i30,) 3)

Such a formulation is inadequate on statistical-
mechanical grounds (CoHEN, 1986). For this
reason and because the results of WASSERMANN
et al.’s data analysis are not given in analytical
form, their excess terms are not readily com-
parable with those of the ionic model derived
below.

We present below the results of a careful
analysis of all of the experimental data, not-
ably including those of HoLpaway (1972) and
HuckenHOLZ et al. (1981). Mathematical pro-
gramming methods (BERMAN et al., 1986) were
applied to investigate the internal consistency
of the data and to derive empirical activity-
composition relations. We confirm that the
grandite solution behaviour is strongly asym-
metric, showing negative departure from ideal-
ity for Fe-rich compositions and a positive
excess free energy in the Al-rich part of the
composition range. The model so derived is at
least qualitatively compatible with the ob-
served ordering of calcic garnet and the appar-
ent compound formation at low temperatures.

Apparent inconsistencies with previous
models are due to unwarrented simplifying as-
sumptions made in the literature about the so-

lution behaviour of phases coexisting with
grandite, such as aqueous chloride fluids (PEr-
CcHUK and ARANOVICH, 1979) or the epidote
solid solution (BIrRp and HELGESON, 1980,
1981).

3. Mixing properties of the grandite solution

3.1. MOLAR VOLUME DATA

Table 1 contains a compilation of reliable
X-ray unit cell measurements of grandites,
most of them synthetic. By contrast to the vol-
ume data of pure grossular which indicate only
minor scatter (125.270 £ 0.007 cm*mol-1), the
cell dimensions reported for endmember an-
dradite depend on synthesis conditions
(GusTAFsON, 1974). Even disregarding samples
prepared hydrothermally at low temperature
which probably contain some hydroandradite
component (CazFe,(OH);,), the weighted av-
erage of the molar volume data for andradite
(131.937 £ 0.013 cm*mol-!) show more vari-
ability than those for grossular.

Among the data for intermediate calcic gar-
nets, only those of HUCKENHOLZ et al. (1981)
for synthetic grandite and of MEAGHER (1975)
for a natural near-binary garnet yield a uni-
form pattern. A very minor negative excess vol-
ume of mixing is indicated by these data
(Fig. 2). By contrast, the synthetic samples pre-
pared by Liou (1973), as well as natural calcic
garnets reported by BABUSKA et al. (1978) show
somewhat larger unit cells, but also much great-
er scatter. Within their uncertainty, Liou’s data
follow Vegard’s Law, i.e. they require no
excess volume. The reasons for the discrepancy
with the data of HuckenHoLz et al. are not
known. However, a very small amount of hy-
drogarnet component cannot be ruled out and
would suffice to explain the observed cell in-
crease in LioU’s samples.

Inasmuch as the cell dimensions reported
by HuckeENHOLZ et al. (1981) are the smallest
and their variation with composition the most
regular, an expression for the excess volume of
mixing for grandite was derived from these
data only. Weighted least squares regression to
an asymmetric Margules model

Vys = XgroXand(WV,grngro
* WV,anannd) (4)
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Tab. 1 Cell parameter and molar volume data of anhydrous grandite.

Bracketed numbers indicate uncertainly in the digits to their immediate left.

Skinner 1956

Pistorius & Kennedy 1960

Newton 1965
Robie et al 1967

Liou 1973

Huckenholz et al 1975
Huckenheolz et al 1975
Newton et al 1977
Charlu et al 1978
Cressey et al 1978
Hazen & Finger 1978
Shmulovich 1978
Kolesnik et al 1979
Krupka et al 1979
Krupka et al 1979

Perchuk & Aranovich 1979
Perchuk & Aranovich 1979
Haselton & Westrum 1980

Hsu 1980

* Weighted average

Meagher 1975

Huckenholz

et

Holdaway 1966

Huckenholz
Babuska et
Babuska et
Liou 1973

Huckenholz
Huckenholz
Huckenholz
Liou 1973

Huckenholz
Huckenholz
Huckenholz
Liou 1973

Babuska et
Huckenholz
Huckenholz

et
al
al

et
et
et

et
et
et

al
et
et

Skinner 1956

Swanson et
Naka et al
Huckenholz
Huckenholz
Huckenholz
Liou 1973

Gustafson 1974
Gustafson 1974

Liou 1974

al

al 1974

al 1974
1978
1978

al
al
al

1974
1974
1974

1974
1974
1974

al
al
al

1978

al 1974
al ‘1974

1960

1968

& Yoder
& Yoder
& Yoder

1971
1971
1971

Suwa et al 1976
Suwa et al 1976
Taylor & Liou 1978

Perchuk & Aranovich 1979
Perchuk & Aranovich 1979

* Weighted average

.025
.100
.126
.200
. 142
.221
.250
.300
.400
-500
.500
.550
.600
.700
.750
.704
.800
-900

1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
T.
1.
1.
1.
1.
1.

.003

.032

LO04

.013

.029

.022
.005

.004
.013

.028 .005

11.851(1)
11.850
11.850

11.852(2)
11.845(3)
11.850

11.849(1)
11.849(1)
11.849(1)
11.846(1)

11.827(7)
11.851(2)

11.849(2)

11.846(2)
11.866(2)
11.877(3)
11.882(2)
11.870(2)
11.910(5)
11.904(2)
11.896(4)
11.920(3)
11.943(2)
11.956(2)
11.953(3)

11.965(3)

11.987(1)
12.005(2)
12.009(1)
12.011(3)
12.032(3)

12.048(1)
12.059
12.062
12.054(2)
12.056(3)
12.059(3)
12.055(2)
12.0560(5)
12.0580(5)
12.064(4)
12.059(3)
12.051(3)
12.061(3)
12.056(7)
12.048(2)

125.31(3)
125.26
125.26
125.30(3)
125.32(7)
125.10€10)
125.26
125.23(2)
125.23(2)
125.23(3)
125.13(3)
125.48
125.55(9)
125.26(4)
125.35(4)
124.52(22)
125.30(5)
125.28(1)
125.23(5)
125.270(7)

125,13(7)
125,77(7)
126.12¢10)
126.28(7)
125.90(7)
127.17(16)
126.98(7)
126.72(13)
127.49(10)
128.23(7)
128.65(7)
128.55(10)
128.94(10)
129,.66(3)
130.24(7)
130.37(3)
130.44(10)
131.12¢10)

131.69(3)

131.84(7)
131.91(10)
132.01¢10)
131.87(7)
131.91(2)
131.97(2)
132.17(13)
132.01(10)
131.74(10)
132.07(10)
131.91(22)
131.65(53)

nat

nat

nat

nat
nat

nat

nat

131.937(13)
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Excess Volume

-0.6 " L PR 4 o .~

0.0 B.5 1.0
X (grossular>

Fig. 2 Excess molar volume (cm®mol-!) of mixing
for binary grossular-andradite samples. Data with er-
ror bars from HUuCkeNHOLZ et al. (1981) were used for
least squares fit (solid curve, equation 4). Filled sym-
bols refer to data not included in the fit (diamonds:
Liou, 1973; circle: MEAGHER, 1975).

yields
Wy gro = -2.60 cm*mol-!
Wy ana = -0.55 cm®mol-!

The excess volume (Fig. 2) shows only slight
asymmetry in Xy, but, by contrast to the
model implied by Figures 1 and 3 of WASSER-
MANN et al. (1982), V,, is negative throughout.
The discrepancy to their model seems to be pri-
marily due to the volume data for pure grossu-
lar.

3.2. ACTIVITY-COMPOSITION RELATIONS

Only two of the experimental data sets in-
volving grandite equilibria (HoLpAwWAY, 1972;
HuckennoLz et al., 1981) yield activity values
for a grandite component without requiring
any assumption on the solution behaviour of
another Al-Fe3+-phase. Both studies consider
the displacement by Fe3+ of the equilibrium

C&3A12Si3012 + SIOZ =
garnet quartz
or tridymite
= CBAIzSizOg + 2 CaSlO3 (5)
anorthite wollastonite or
pseudowollastonite

Tab.2 Experimental data on equilibrium (5).

Xgro Temp P, P Poly- Ref
(°C) (bar) morphs

0.940 7172 6000 6214 gz,wo 1
0.734 700 4000 4613 qz,wo 1
0.601 625 2000 2988 gz ,wo 1
0.592 750 4000 5721 gz, wo 1
0.523 750 4000 6622 gz ,wo 1
0.514 680 2000 4170 gz ,wo 2
0.465 740 2068 5500 gz ,wo 1
0.455 750 2000 5721 gz, wo 1
0.419 840 2000 7759 gz, wo 1
0.388 750 i 5239 tr,pswo 1
0.352 850 1 8021 tr,pswo 1
0.310 850 1 10877 tr,pswo 1
0.255 1050 1 13804 tr,pswo 1
0.241 1110 1 15596 tr,pswo 1
Ref. 1: HUCKENHOLZ et al. (1981)

2: HOLDAWAY (1972), his value of Xgro was
adjusted to correct for different cell
parameters used.

and, together, they span a wide range in tem-
perature, pressure and grandite composition
(Tab. 2). In each experiment the four-phase as-
semblage was equilibrated at fixed P, T and
bulk composition, with run durations of 10
days (T > 1100°C) to 6 weeks (T < 750°C).
Garnet composition was measured by powder
X-ray diffraction of the products. In most
cases, the reported experimental details do not
indicate the sense of the reaction, except in one
reversal by HoLpaway (1972). Nonetheless,
complete equilibration is likely for the data of
HUCKENHOLZ et al. (1981, Table 2) as well, be-
cause they report average grandite composi-
tions from 2-5 experiments (at any given P and
T), each starting from different (but unspeci-
fied) Xgro-

Assuming, therefore, that the data in
Table 2 do represent equilibrium (5), activity-
composition relations for grandite can be ob-
tained as shown schematically in Figure 3.
Neglecting the minor Fe-contents of anorthite
and wollastonite and adopting the usual stan-
dard state of unit activity for the pure compo-
nents at any P and T, the equilibrium condition
demands that

Py
j AsV dP (6)
Py

RT In(ag,)
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Fig. 3 The isothermal shift from P to Px in equilib-
rium (5) is compensated by a reduction in the activity
of grossular.

where the integral is taken from P,, the equilib-
rium pressure at reduced grossular activity
(where x = X,1,) up to Py, the equilibrium pres-
sure for pure grossular, all at temperature T,
and R is the universal gas constant. Expanding
the volume terms as

V(P,T) =V, + A{(T-T,) + Ax(T-T,)?

+ By(P-P,) + By(P-P,)? (N
and combining (6) with (1) yields an expression
for the activity coefficient of grossular for a
given T, Py, and X, (Fig. 3):

2RT ln('\/gro) = (P1-P)(V, + A(T-Ty)
+ A(T-T,)? + Px(B1-ByP,))
+ (P;2-P,2)(B|-2B,P,)/2
+ (P3-P3)B,/3 (®)

The accuracy of activity coefficients so de-
rived depends crucially on our knowledge of
P(T), the equilibrium condition for (5) in the
Fe-free system. While it is possible to calculate
P{(T) from available calorimetric data (Was-
SERMANN et al., 1982) or to rely on the several
sets of direct experimental brackets for equilib-
rium (5), these methods bear an unnecessary
risk of introducing systematic errors. By con-
trast, our approach (BERMAN et al., 1986) con-
siders all of the available calorimetric and
phase equilibrium data simultaneously in de-
riving a consistent and optimized thermo-
dynamic data base for all of the phase com-
ponents involved.

ENGI, M. AND P. WERSIN

We used the nonlinear mathematical pro-
gramming methods described by BERMAN et al.
to obtain the standard state properties (Table 3)
which then yielded the Py(T) values in Table 2.
The combined uncertainties in T, P(T), P, and
Xgro Were propagated into 6RTin(yyy,) which
was adopted as an approximate standard devi-
ation in subsequent computations. Errors in
the standard state volumes and in V(P,T) of the
minerals are small owing to the optimization
methods used in the derivation. Therefore, pos-
sible systematic errors of this kind were
ignored.

Figure 4 depicts the results of the first step
of data analysis. Application of (8) and the er-
ror propagation outlined above yield the data
shown by error bars. In the discussion that fol-
lows, we shall refer to these data as the “VdP-
data”. It is instructive to compare these to val-
ues shown as solid symbols (Fig. 4) which indi-
cate nominal results (uncertainties not shown)
of an identical analysis, but in which the com-
mon approximation (e.g. HOLLAND, 1983)

P
f AV dP = A V(P;-P,)
PX

was made. The data symbolized by diamonds

©

[kJ/moll]

1
N

RT 1n Ogro )

P SEPEEPERPUNT U RIS S S MU N

G. 4 0.8 G.8 1.0

X (grossular)

Fig.4 The excess free energy (per mole of Al+Fe3*)
as a function of grandite composition. Symbols ex-
plained in text. Solid curve from equation (8); dashed
curve assumes approximation (9).
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Tab.3 Standard state thermodynamic properties of phases considered.

ST is the code for standard state properties - G, H, S, V. Molal units: J, J, J/K, I /bar.
C1 is the code for the first line of Cp terms - K0, K1, K2, K3. Molal units: Cp in J/K.

T1 (T3, T5) is the code for the first line of transition terms. For each transition the following is needed: T,
(K); reference T for integration; lambda Cp terms L, and L, (BERMAN and BrowN, 1985); heat of transition.
Molal units: J and XK.

T2 (T4, T6) is the code for the second line of transition terms. For each transition the following is needed:
dT/dP slope ~f transition, parameter for higher order fit of transition T as function of P, dV/dT for low T
polymorph, dV/dP for low T polymorph. Molal units: J, bar, K.

V1 isthe code for the terms describing volume as a function of P, T (eq. 7).

Heat capacity equation (BERMAN and BROWN, 1985)is: Cp = Kg; g 7703 * Ko 2 + Kyp3,

ANORTHITE CA41AL251,0g An
ST -4230207.50 199.4396 10.075
C1 439.36938 -3734.149 0.0 -317023232.
vi 1.04113548 0.00030471 -0.14020248 0.00070471
CALCITE CAqC103
ST -1206970.80 91.7929 3.690
ci 178.18748 -1657.697 -482722.000 166604928.
Vi 0.91738718 0.00224963 -0.21141076 0.00027104
GROSSULAR CA3AL25I3012 Gr
ST -6633577.40 255.4265 12.536
(o] 573.43042 -2039.405 -18887168.000 2319311872.
Vi 1.81167898 0.00080806 -0.07315774 0.00031030
A-QUARTZ SI,02 aQz
ST -910699.90 41.4600 2.269
c1 80.01199 -240.276 -3546684.000 491568384.
V1 2.38945698 0.0 -0.24339298 0.00101375
T1 848.00 373.00 -0.09186959 0.00024607 0.0
T2 0.023743 0.0 0.0 0.0
B-QUARTZ SI40 bQz
ST -908626.73 44.2068 2.370
C1 80.01199 -240.276 -3546684.000 491568384.
V1 0.0 0.0 -0.12382672 0.00070871
LOW TRIDYMITE SI110p 1Tr
ST -907616.64 44.1568 2.699
(o) 75.37267 0.0 ~5958095. 958246144.
v1 1.93394983 c.0 -0.25084238 0.0 ;
T 390.15 298.15 0.42670490 -0.00144575 130.54
| HIGH TRIDYMITE SI10; hTr
ST -907100.19 45,4753 2.732
C1 75.37267 0.0 -5958095. 958246144.
VAl 0.48286524 0.0 -0.07396833 0.00037354
WOLLASTONITE CA¢SI403 Wo
ST -1631545.20 81.7700 3.983
C1 149.07266 ~-690,295 -3659348.000 484349440.
v 1.97553101 -0.00037158 -0,13781321 0.00069295
PSEUDOWOLLASTONITE CA415I103 Pwo
ST -1627258.22 85.3994 4.022
C1 141.15611 -417.232 -5857595.000 940734976,
V1 1.97553101 -0.00037158 -0.13781321 0.00069295
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and the corresponding model will be termed
“PV-approximation™ below. Figure4 would
suggest that the difference between the VdP-
data and the PV-approximation is minor, ex-
cept that the excess free energy implied by the
latter is systematically lower (more negative).
Some consequences of this discrepancy will be
explored below.

Figure 4 emphasizes the asymmetry in X,
of the grandite solution model. However, the
strong (negative) correlation between T and
Xgro—eXxperiments at higher temperatures gen-
erally yielded grandite with lower X, —afford
no clean separation of a poss1b1e T-depen-
dence in the excess free energy. Because the
compositional dependence is likely to out-
weigh the effect of temperature and because at-
tempts to include excess entropy terms in the fit
resulted in unrealistic values, a subregular so-
lution model was deemed adequate. We thus fit
the data (Table 2) to

2 RTIn(Ygro) = XgroXandXegro WG, gro

-+ XandWG,and) =0 (11)
by means of least squares regression using the
inverse estimated variance (6-2g s s )) as a
welghtmg factor. For the VdP-data tht Tesult-
ing Margules parameters are
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Fig. 5 Computed isotherms (at 200° intervals) in ac-
tivity-composition space. For comparison: Dashed
curves = ideal ionic models (1) and (2). Diagonals =
ideal molecular models (a; = X).

+12.906 kJmol-1

WG,gro =
-46.910 kJmol-!

WG,and =

which yield the solid curve in Figure 4. As ex-
pected, the representation of the data is satis-
factory, as it is also for the model shown by the
dashed line that results from a fit to the PV-ap-
proximation data. Comparison with Figure 5
of WASSERMANN et al. (1982) shows that, as a
consequence of the inadequate activity model
(3) they chose, their excess free energy is quite
temperature-dependent, whereas it is T-invar-
iant in the present model (11).
Activity-composition relations computed

from the VAP model using
dgro = X2 p1exp (XzFe(wgro
+ 2X Al(Wand-Wgro))/(RT)) (12a)
and
8and = X?Fe €XP (X241 (Wang
+ 2Xpe(Wgro-Wana))/(RT)) (12b)

are shown in Figure 5. The deviation from ideal
(ionic) is evidently positive for the grossular
component, at least for Fe-poor grandites. By
contrast, the andradite component shows an
even stronger negative deviation over most of
the composition range. For grossular-rich
grandites, the positive excess free energy domi-
nates the configurational contribution at tem-
peratures below 444 °C, predicting a distinctly
asymmetric solvus (Fig. 6). [so-activity lines,
shown here for the grossular component only,
are quite temperature-dependent at high gros-
sular contents.

It is in the activity-composition diagram
that some remarkable differences emerge be-
tween the VdP-model and the PV-approxima-
tion. Figure 7 shows two isotherms of ag, com-
puted from each model. Except for Fe-poor
compositions, the PV-approximation (dashed
curves) yields somewhat lower values of agg
even at high temperatures (1000°C). The
discrepancy becomes considerable at tempera-
tures below 500°C such that, for example, at
the critical temperature for unmixing predicted
by the PV-approximation model (322°C), the
VdP-model predicts a miscibility gap for com-
positions 0.66 < Xy, < 0.94. Solution models
derived from high pressure phase equilibrium
data generally appear to be more sensitive to
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Fig.6 Computed lines of constant grossular activ-
ity and two-phase region (stippled) of grandite at low
temperature (P = 1 bar).

the assumed V(P,T) behaviour than was hith-
erto recognized. This conclusion rests on
several solutions in addition to the grandite
example and underscores the need for accurate
volume data for minerals at high Pand T.

In summary, the available phase equilib-
rium data indicate that grandite behaves as a
strongly asymmetric, approximately subregu-
lar solution. The excess enthalpy is quite nega-
tive for Fe-rich members, whereas it is moder-
ately positive for Fe-poor grandites. A solvus is
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Fig. 7 Comparison of isotherms in a,,, according to
VdP model (solid curve) and PV-approximation
(dashed).

predicted with a critical temperature of 444°C
(at Xgpo = 0.82). The extent of the two-phase re-
gion and the details of the activity-composition
relations are surprisingly sensitive to errors in-
troduced by the assumption that the volume of
reaction is independent of P and T (approxi-
mation 9).

4. Crystal chemical causes of the nonideal
solution behaviour

Considering the known complexities (such
as optical anisotropy, cation ordering, phase
separation) in some grandite-rich garnets, the
thermodynamic model developed above cer-
tainly has its limits in describing the real solu-
tion behaviour even approximately. The func-
tional form of a subregular model was chosen
merely for convenience and offers little insight
into the details or crystal chemical reasons of
the particular behaviour of grandite. A full an-
alysis of the data on ordered and exsolved or
non-cubic caicic garnets is beyond the scope of
the present paper, but a few general conclu-
sions are justified.

The magnitude of the positive deviation
from ideality observed in part of the system is
in accord with the systematics compiled by
Davies and NAVROTSKY (1983) which estab-
lished a general correlation between volume
mismatch and excess free energy parameter.
Because these systematics derive primarily
from solutions in which singly or doubly
charged ions are mixed, the present case in-
volving Al3* and Fe3+ is expected to yield a
somewhat more positive interaction parameter
than the correlation predicts (NAVROTSKY,
1982). Indeed, we obtained Wg g, = +12.9
kJmol-!, whereas DAVIES and NAVROTSKY
(1983) would predict only 4.8 kImol-1. It is
noteworthy, however, that for solutions as
strongly asymmetric as the one considered
here, any correlation based on interaction para-
meters is less satisfactory than a comparison of
the actual excess free energy (or enthalpy). In
our sample, the two interaction parameters
clearly counteract each other; in the absence of
a strongly negative Wq ,nq the required posi-
tive deviation for Al-rich grandite would be
well described by Wg o, = 5 to 7 kImoi-L.
Nonetheless, it seems possible to connect the
observed positive excess free energy for gro-
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rich grandite with strain effects induced by
Fe3+ substituting for the smaller Al3+. This in-
terpretation is also in line with the asymmetry
in the solution behaviour, because it appears to
be generally “easier” to substitute a smaller
component into a lattice of larger unit cell than
vice versa.

However, these consideration in no way ac-
count for the pronounced negative excess free
energy found over much of the compositional
range. In general terms, such behaviour is indic-
ative of order, presumably involving Al- and
Fe3+-ions on the octahedral sites. Based on re-
‘cent crystallographic data, which appear con-
sistent with a convergent disordering process, a
simple BRAGG-WILLIAMS model of cooperative
Al-Fe disordering has been tested. For realisti-
cally low temperatures of critical disordering,
say T, < 1000°C, the predicted energy of order-
ing turns out to be of the correct order of mag-
nitude to account for the observed negative
excess free energy of mixing. It must be empha-
sized again, that comparison on the basis of the
interaction parameters alone is misleading ow-
ing to the pronounced asymmetry. The positive
value in Wg g, “fights” the strongly negative
term which dominates at intermediate and Fe-
rich compositions. The fact that structural in-
vestigations of isotropic (high-temperature)
grandite generally failed to detect considerable
short range order amongst the trivalent cat-
ions, need not be in conflict with our ordering
model, for the equilibrium degree of ordering
at temperatures T < (%5)T; is small over
a large range of composition (see e.g.
Navrotsky and Loucks, 1982) and is thus dif-
ficult to verify by structure refinement, except
at compositions near Xgro/Xang = 1.

A close connection must exist between the
solution behaviour and the microstructural
mechanism, especially cation ordering and pos-
sibly cluster formation, leading ultimately to
chemically inhomogeneous demains. Recent
work summarized by TAKEUCHI (1986) empha-
sizes the structural complexities involved, how-
ever, and no simple model is likely to be able to
connect the known structural and thermody-
namic data. It appears, for instance, that in
chemically distinct lamellae one phase is typi-
cally anisotropic, whereas directly adjacent
lamellae are (optically) isotropic. Ordering ap-
parently can lead to a reduction in symmetry
for some intermediate grandites, complicating
further their energetics and rendering inade-

quate the present simple solution model, at
least for such samples. Indeed, even for iso-
tropic parts of (presumably coherent) inter-
growth, our model is at best an approximation
and the miscibility gap predicted above for (cu-
bic) grandite cannot be expected to pertain.

Summarizing, further work is needed to es-
tablish a quantitative link between the structur-
al properties of grandite and its thermody-
namic properties, especially the negative por-
tion of its excess free energy. We conclude here
that Al-Fe3+ ordering is likely to be responsi-
ble, whereas strain effects in grossular-rich
members of the series may account for the posi-
tive deviation.

5. Petrological applications of the
grandite model

The solution model derived in the preceding
chapter permits analysis of a number of critical
mineral equilibria, especially in siliceous calcic
marbles and calc silicate rocks, including
skarns. Assemblages involving grossular-rich
garnet are widespread and critical phase rela-
tions, including the stability of grossular itself,
have been identified by field work (e.g. MiscH,
1964; TROMMSDORFF, 1968 and 1972) as well as
the laboratory studies cited above. Towards
high temperature, the stability limits for gran-
dite in SiO,-undersaturated systems, are
defined by

grossular = anorthite + wollastonite

+ gehlenite (13)
and
grossular + corundum = anorthite
+ gehlenite  (14)
whereas
grossular + quartz = anorthite
+ wollastonite (5

limits the upper thermal stability for quartz-
saturated compositions. All of these critical
equilibria are obviously affected by solid solu-
tion effects in grandite and the present activity
model can be usefully applied.

At low temperature, mixed-volatile
(CO,-H,0) equilibria are of particular petro-
logical interest because grossular is confined to
a field relatively low in Xco, (GorDON and
GREENWOOD, 1971). Phase d;agrams (Fig. 8)
depicting these stability relations were com-
puted based on the thermodynamic data in
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Table 3 for the phases considered above and
additional data consistent with that table (up-
dated from BERMAN et al., 1985). Two main pet-
rological applications derive from these and
subsequent equilibrium calculations: a geother-
mometer and a series of useful T-X(CO,) con-
straints.

5.1. GEOTHERMOMETRY

Inspection of figure (8) shows that for
known activity of grossular (and anorthite), the
equilibrium temperature may be determined
for any pressure. An approximate analytical
solution of the equilibrium condition of (5) is
given by

Teq = [ArVO(Peq +AH%) ~ (I“Xgro)z(wand
+ 2Xgro(wgro - Wand))]/ [ArVoASo

+ R(zln(Xgro) - In(aan))] (15)

which, for pressures below 5 (10) kbar, yields
results within 7° (18°) of the complete equilib-
rium calculation. The latter can easily be ob-
tained by iterative refinement of A,V as a func-
tion of Poq and Teg.

The accuracy of this thermometer (15) is li-
mited primarily by uncertainties in the activity

10000
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Fig. 8 Calculated isopleths of grossular activity for

grandite in equilibrium with anorthite, quartz (tridy-

mite), and wollastonite.

models of grandite and plagioclase, in the min-
eral analyses, as well as in pressure. Clearly,
the thermometer can be no better than the un-
derlying data. Application to the experimental
data in Table2 yields the following residual
temperatures:

Maximum deviation overall. .........
Average deviationoverall............ 9°
Maximum deviation for T < 800°C ., .
Average deviation for T < 800°C

For garnet close to the grandite binary, typi-
cal uncertainties from microprobe analyses
add a systematic error of between 2° and 8° to
Teq, to which a potentially considerable uncer-
tainty must be added if garnet is substantially
non-binary, e.g. due to hydrogarnet- or Ti-
components, and if the plagioclase is very
sodic, such that the available solution models
are questionable,

6. Calc-silicate assemblages in contact aureoles

Calc-silicate and skarn samples collected in
the vicinity of the Adamello and the Bregaglia
granitoid intrusives (Fig. 9) commonly contain
low-variance assemblages, including notably
calcic garnet (gar) + quartz (qz) + plagioclase
(plag) + wollastonite (wo) and/or calcite (cc),
though frequently one or two of these phases
are missing. Instead of them or in addition, sili-
cates such as diopside (dio), K-feldspar (Ksp),
scapolite (scap), or idocrase (ido) typically oc-
cur. Phase relations involving the latter three
are not reported here, because we intend to
focus on some common equilibria near the
chemical subsystem CaO-Al,0;-Fe,0;-
Si0,-(C0O,~H,0). Thus, we selected samples
for further analysis which contain at least two
“simple” calc-silicate phases in addition to gar-
net and which satisfied our criteria of textural
equilibrium. Short descriptions of these sam-
ples and references to their geological context
are given in Appendix 1. Electron microprobe
analyses obtained for garnet (Tab.4, Fig. 1)
and plagioclase indicate that these are nearly
binary solutions; cc, wo and qz contain negligi-
ble impurities in these assemblages. Where the
four phases gar, plag, wo and qz coexist, our
thermometer (15) may thus be directly applied,
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Fig. 9 Sketch map of the late alpine intrusives Bergell and Adamello (top), the eastern Bergell area (left), and
the eastern Adamello (right). Stars mark sample localities. Their coordinates are given in Appendix 1.

once a solution model for plagioclase is
adopted (GHIORSO, 1984). Where calcite coex-
ists, the composition of the (CO,-H,0) fluid
phase is fixed as well. Where one of the three
phases coexisting with garnet is absent, in-
equality constraints on the T-X(CO,) condi-
tions of equilibration can be inferred.

The following sections present our results
for some typical samples. First, thermometric
results will be discussed and compared, where
possible, to P-T-estimates obtained by other
methods. Next, higher variance assemblages
will be viewed in T-X(CQO,) space and, finally,
examples from the recent literature on garnet-
bearing calc-silicate assemblages will be reexa-
mined in the light of the proposed solution
model.

6.1. THERMOMETRY WITH'
GAR-PLAG-WO-QZ ASSEMBLAGES

Adamello samples

Calcic skarns occurring along the intrusive
SE-contact of this body (Fig. 9) provide a use-
ful test of our geothermometer because previ-
ous petrologic studies of these same samples
yielded geothermometric results. All of the
samples considered are characterized by po-
lygonal small-scale textures.

Sample “K1” is in immediate contact with
the tonalite and contains gar, 