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Thermodynamic Evaluation of Fe Effect on Alumina
Solubility in Orthopyroxene coexisting with Garnet

Han Yeang Lee*
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Abstract: In the FMAS system the effect of iron on alumina solubility in orthopyroxene has been determined by
experiments with crystalline starting mixtures of garnet and orthopyroxene of known initial compositions at 20 kb, 975°C
and 25kb, 1,200°C. These data have been modeled to develop a thermodynamic method for the calculation of ALO; in
orthopyroxene as a function of P, T and composition. The direct application of the alumina solubility data in the MAS
system to natural assemblages could lead to significant overestimation of pressure, probably by about 5kb for the relatively
common garnet-lherzolites with abot 25 mol per cent Ca+ Fe** in garnet and about 1 wt. per cent ALO; in orthopyroxene
since the effect of Fe is similar to that of Ca and Cr’ in reducing the alumina solubility in orthopyroxene in equilibrum

with garnet relative to that in the MAS system.
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Introduction

After Boyed and England (1964) suggested its
potential of ALO; content of ortho pyroxene as a
geobarometer, researches have been carried on inten-
sively because natural orthopyroxene (Opx) may
contain up to about 10 wt% Al:Os, depending on
pressure, temperature, and the compositions of the
coexisting phases. Previous studies include MacGre-
gor (1974), Wood and Banno (1973), Wood (1974),
Obata (1976), Akella (1976), Howells and O'Hara
(1978), Mori and Green (1978), Danckwerth and
Newton (1978), Jekins and Newton (1979), Lane
and Ganguly (1980), Perkins and Newton (1980),
Perkins et al. (1981), Kawasaki and Mastsui (1983),
Harley (1984), and Gasparik and Newton (1984).

However, most of the previous studies were done
in the three component system MgO-AlLOs-SiO,
(MAS). Only a few experiments in the CaO-FeO-
MgO-ALO;-SiOACFMAS) system have been done
(e.g., Wood, 1974; Harley, 1984; Bertrand et al.,
1986), and those too on a very narrow range of
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compositions which can not acount for multi-compo-
nent effects in natural system, with respect to Xc.
and Xp, in orthopyroxene and garnet (Gt). Chatter-
jee and Terhart (1985) calculated the effect of Cr
on the sloubility of AlLO; in orthopyroxene coexist-
ing with gamnet or spinel in the MgO-AlLO;-SiO,-
Cr,0; system. Their calculations were based on
experimental data obtained by Danckwerth and New-
ton (1978). Perkins et al. (1981), and Gasparik and
Newton(1984). Chatterjee and Terhart (1985) showed
that the solubility of Al203 in orthopyroxene in this
system is sensitive to the Cr,Os content of the coex-
isting gamet. Besides, most of the starting materi-
als used in the experimental works were non-
crystalline samples, in which case the determination
of equilibrium Al,O; was ambiguous.

Thus, more precise data on alumina solubility in
FeO-MgO-AlLOs-SiO, (FMAS) system are neces-
sary to constrain the effect of FeO on the ALO;
solubility in orthopyroxene in equilibrium with gar-
net, which constitutes the most extensively used
geobarometer for mantle derived rocks. The main
goal of this study has been to obtain carefully
reversed experimental data on the equilibrium alu-
mina solubility in orthopyroxene in equilibrium with
gamnet in the simple FMAS system and then the
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experimental data have been combined with the
available thermodynamic data to have important
implications for the evaluation of compositional
effect on this geobarometer,

Experimental Method and Results

All experiments were conducted at 975, 1,200°C
and 20-30kb in a 3/4 or 1 inch diameter Piston-
Cylinder apparatus with NaCl or CsCl pressure
medium, using a mixture of PbO and PbF, as flux
material to promote reactions. Details of flux mate-
rial, pressure cells, and pressure and temperture
measurements were described in Lee (1988).

Natural and synthetic garmnet and orthopyroxene
were used to prepare starting materials for this study.
Natural samples with Xp+Xmy;=0.97 were seper-
ated from various rocks and handpicked under binoc-
ular microscope. Two types of orthopryoxenes
(aluminuous and non-aluminuous opx) were pre-
pared from the natural and synthetic minerals for the
determination of equilibrium alumina solubility in
orthopyroxene in equilibrium with gamet such that
the equilibrium ALQ; content of the orthopyroxene
could be approached from both higher and lower ini-
tial ALO; values during an experiment as in all clas-
sical reversal experiments. The starting orthopyroxene
was mostly nonaluminuous. Since it was difficult to
synthesize a variety of aluminuous orthopyroxenes of
comparable composition with respect to Xp, limited
experiments were performed to approach the equilib-
rium alumina solubility from a supersaturated compo-
sition, using a mixture of the synthetic aluminuous
enstatite and gamet. Description of the experimental
procedure for synthetic starting minerals was given
by Lee (1988). The compositions of starting materi-
als are listed in Table 1.

The ALO; contents of orthopyroxene were made
to evolve from both undersaturated (low-aluminuous
orthopyroxene + garnet) and oversaturated (synthetic
high-aluminuous orthopyroxene+garnet) directions at
975°C, 20Kb and 1,200°C, 25Kb to investigate the

effect of FeO on alumina solubility in orthopyrox-
ene in equilibrium with garet. Although exact
reversal of ALO; content of orthopyroxene was not
attained, the overall pattern of a plot of ALO; con-
tent vs. ng * enables us to bracket the solubility
range of ALO; in orthopyroxene in equilibrium with
garnet. The resulting data have been plotted in Fig.
1 and summarized in Table 2. From these data it is
clear that alumina solubility in orthopyroxene in
equilibrium with gamet decreases significantly with
increasing FeO content of orthopyroxene.

Thermodynamic Evaluation

An important step in the thermodynamic analysis
of ALO; solubility in orthopyroxene concemns the
formulation of an aluminuous orthopryoxene compo-
nent that leads to a relatively simple expression of
gamet-orthopyroxene equilibrium. This problem has
been addressed using these experimental data for the
effect of FeO on ALO; solubility in orthopyroxene.

The Mg-tschermak molecule, MgALSiOs, is the
most commonly used aluminuous orthopyroxene
component. Ganguly and Ghose (1979), on the other
hand, showed that the solubility of ALO; in ortho-
pyroxene is limited to 25 mole%, and for this rea-
Mg;ALSi:01,(3MgSi0s - ALO;)
component with orthopyroxene structure as the Al-

son suggested

orthopyroxene end-member component. This compo-
nent has been called orthopyrope (opy) by Lane and
Ganguly (1980), it has the stoichiometry of pyrope
garnet, and has since been used in the literature by
other workers. The experimental data on ALQO; solu-
bility in FMAS system have been analyzed by cast-
ing the composition of orthopyroxene solid solution
in terms of the following sets of components:

(a) Mgzsi206 - Fe;Si,05 - MgA123106
(b) Mg4Si4012 - FesS140y; - Mg3A125i3012
(c) MgSiO;- FeSiO; - ALLOs

Using these components, the equilibrium relations
between orthopyroxene and garnet may be treated
according to the following reactions.



Table 1. Chemical compositions of starting materials
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Orthopyroxenes Garnet
Opx/1 Opx/2 Opx/3 Opx/4 Gt/l G2 Gt/3
FeO* 9.32 46.76 3114 - 35.37 22.74 0.04
MgO 3391 5.09 17.80 3777 5.34 13.01 29.80
Sio, 56.30 47.57 51.79 56.62 3848 39.18 4495
ALOs 0.08 0.75 0.07 6.43 21.33 2325 25.74
CaO 032 0.61 - - 0.40 1.80 0.19
MnO 0.05 0.05 - - 0.03 049 -
Cr 0’ - 001 - - - - -
Tio, - 0.02 - - 0.02 - -
Na,O - 0.03 - - 0.05 0.02 -
NiO 0.05 - - - - - -
KO - - - - - - -
Total 99.94 100.90 100.70 100.82 101.09 100.40 100.72
Fe 0.545 3.260 1.999 - 2322 1424 0.002
Mg 3.529 0.635 2.037 3.734 0.624 1452 2.960
Si 3942 3.966 3976 3.755 3.021 2934 2.994
Al 0.006 0.074 0.006 0.502 T 1.973 2,051 2.020
Ca 0.023 0.054 - - 0.040 0.144 0.013
Mn 0.003 0.003 - - 0.001 0.031 -
Cr - - - - - - -
Ti - - - - 0.001 - -
Na - 0.004 - - 0.007 0.003 -
Ni 0.002 - - - - - -
K - - _ _ _ R -
Cation Total 8.050 7.996 8.018 8.091 7.989 8.039 7.089
0:12
Fe/Mg 0.154 5.154 0.981 0.000 3717 0.980 0.000
Fe/Fe+Mg 0.133 0.837 0.495 0.000 0.788 0.495 0.000

Opx/1: Sample from Telmark, Norway (UCLA Mineral Museum). Opx/2: Sample No. XYZ, Tamgerg an Devore (1951). Opx/3:
Synthetic samople. Opx/4: Synthetic sample. Gt/1: Natural sample, Schneider Co. Gt/2: Natural sample No. 143895, Smithso-
nian collection. Gt/3: Synthetic pyrope. *All Iron assumed to be FeO.
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Where K| is the equilibrium constant for the reac-
tion (1) and K(1) collectively represents the activ-
ity coefficient terms in the expression of equilibrium
constant; similarly for other reactions. For brevity,
we call the terms within the square brackets of (1)
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Fig. 1. Experimental data on the alumina solubility in equi-
libium with gamet in the FMAS system at (a) 20Kb,
975°C, and (b) 25Kb, 1200°C. Upward and downward
pointing arrows indicate direction of approach to equilibrum.

as Ki(1), and so on. K is independent of composi-
tion when the corresponding Kr is constant. The lat-
ter condition will hold when both garnet and
orthopyroxene behave as ideal solutions with respect
to the specified choice of components, or there is a
fortuitous cancellation among the nonideal proper-
ties of the solid solutions so that K; remains inde-
pendent of composition.

The InK, values for the three different formula-
tions as functions of the compositions of orthopy-
roxenes at 20 Kb, 975°C and 25Kb, 1,200°C were

Table 2. Summary of selected run data

illustrated in Fig. 2. In the FMAS system K,(1) and
K«2) depend strongly on compositions whereas
K.«(3) is insensitive to compositional changes, at
least in the range of experimental conditions. It,
therefore, seems that thermodynamic evaluation in
terms of the reaction (3) will lead to relatively sim-
ple analytical formulation of ALQ; solubility in
orthopyroxene in equilibrium with garnet in multi-
component system. In particular, it may be possible
to treat the system as nearly ideal. This approach
should be tested for CMAS system.

For the MAS system, the expression for the equi-
librium constant for the reaction (3) reduces to

1 MAS
Ksam{—x—”]- MAS 3) =
(Xntsio,) - (Xaro,)
K:(3) - K(3) @)
Euqating (6) and (7), and rearranging terms, we
get
opx X T 1 K(3)
o e lwe) O

Note that K(3) and KM**(3) refer to the activ-
ity coefficient terms in a general multicomponent
system and in the MAS system, respectively, and

Nominal* Flux/sample Initial Results”
Time Starting
TC P, Kb hrs mixture watio  AROGWE -y Xorx ARG wi
n Opx in Opx

978+5 20+05 168 Opx/4, Gt/2 0.80 6.4 044 0.26 375
Opx/1, G2 0.80 0.08 049 031 2.85

Opx/1, Gt/1 0.80 0.08 0.56 037 2.55

Opx/4, Gt/1 0.80 6.43 0.58 0.38 2.18

Opx/2, G/l 0.80 0.75 091 0.83 1.44

1,200+5 261 120 Opx/4, Gt/2 0.10 6.43 0.22 0.13 3.90
Opx/1, Gv2 0.10 0.08 0.44 0.30 291

Opx/1, Gt/2 0.10 0.08 0.40 0.25 3.18

Opx/3, Gt/3 0.10 0.07 0.34 022 3.64

Opx/3, Gt/3 0.10 0.07 0.24 0.15 4.23

1,200£ 10 255105 55 Opx/1, Gt/2 005 0.08 0.64 047 2.61
1,200+ 10 325+15 48 Opx/2, G/l 0.05 0.75 0.84 0.74 146

*The temperatures sholud be revised upward, as follow, to correct for the pressure effect on the em.f. of W-Re thermocouple:
975 to 979, 1200 to 1206. *Average of at least 20 spot analyses.
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Fig. 2. In Kx vs. XoP*. Showing non-ideality of alumina solubility in orthopyroxene coexisting with gamet. Open, solid cir-
cles, and open squares represent reactions 3), (1), and (2) repectively in text.
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Fig. 3. ng; Xo3 Vs. X(F)ep * plot showing the effect of Fe on alumina solubility. Solid line represents the best visual fit to the
experimental data while the dashed line represents Xﬁ,"z‘o} vs. XPP* calculated on the assumption of ideal mixing (see text).

are not necessarily equal. For an arbitrarily speci-
fied composition of orthopyroxene, the ratio
(Kig/Xy) can be derived from the Gt-Opx geo-
thermometric expression of Kp (Lee, 1988) as a
function of P and T. Using the definition of KD,
the expression (8) can be rewritten as

1 E| 0
[1 + X (Kp— 1)} [K?AS}

Where ¢ stands for the ratios of K, in eqn. (8).
At fixed P-T condition, K?As is a constant.

Opx  _
XAi203 -

®

Thus, since Kp>1 (Lee, 1988), ngz’é)3 is
expected to decrease exponentially with XoF*. The

special case for ¢ =1 is illustrated in Fig. 3 for P-T
conditions of 20Kb, 975°C and 25Kb, 1,200°C.
K%AS values are taken from the data of Perkins et

(1981). The calculated alumina solubility in
orthopyroxene agrees with the experimentally deter-
For 25kb,
1200°C, the ideal approximation underestimates alu-

al.

mined relation within 1wt. percent.

mina solubility in orthopyroxene by less than 0.5
This that with
decreasing temperature ¢ value in eqn. (9) becomes

wt.  percent. difference  implies
greater than unity.
It is evident from eqn. (9) that this ratio, which

we denote by 0, is given by

_ KFMAS(3)
q) - [KMAS(S) :I

Op
| (X450 e

T XX

(10)

cal |FMAS

Opx Opx Opx
Where (XAiZOJ)expt and  (Xai0,). refer  Xaio,

values from experimental data and calcaulation from
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Table 3. Values of ¢ and ¥ for alumina solubility in orthopyroxene

Opx

Gt
In ¢ X XM PT
XMgSio3 XA1203 &
0.494 -0.042 0.6606 0.0310 04924 20 Kb, 975°C
0.587 -0.048 0.6104 0.0279 0.4258
0.505 -0.054 0.6022 0.0242 04121
0.609 -0.081 0.1699 0.0103 0.0846
0.000 -0.043 0.8320 0.040 0.760 20Kb, 1200
0.026 -0.037 0.8137 0.043 0.758
0.156 -0.046 0.7493 0.038 0.639
0.217 -0.056 0.7125 0.033 0.573
0.078 -0.059 0.6760 0.031 0.556
0.355 -0.086 0.2575 0.017 0.159
eqn. (9) on the assumption of ¢ =1 respectively. I
Table 3 shows values of ¢ calculated from the
experimental data at 975°C and 1200°C. At con-
stant P-T condition, it may be expressed as a func- " e
tion of composition by expanding the K terms o3 R Te
. —— e >3 ¢, 2 . _‘._ -
according to a specific solution model. A simple B R SEEm-
i2e TaR By R S [} T3

form of the compositional dependence of ¢, which
can be developed from the simple mixture model
and some simplifying assumptions (appendix), is as

follows
_3Wi
In ¢= =T (11)
with defined as
2= (Xi-X)+(1-X,)’~(1-X,)° (12)
where Xi= X376, in MAS and X2=X3%, in

FMAS system. Wyiy, is the simple mixture interac-
tion parameter between the MgSiO; and AlAIO;
components in orthopyroxene, and is assumed to be
approximately equal to the interaction parameter
between FeSiO; and AIAIO; components. It is also
assumed, based on the Fe-Mg fractionation between
garnet and orthopyroxene (Lee, 1988), that ngfdg/
RT = Wiy, /RT=0 at T>975°C.

Fig. 4 illustrates the variation of in ¢ as a func-
tion of % at 975°C and 1200°C. A statistical fit of
the data using the constraint that in ¢=0 at ¥x=0
yields.

Fig. 4. A plot of In ¢ vs. %, showing the effect of composi-
tion and temperature on alumina solubility Open and solid
circles indicate 975°C and 1200°C runs respectively..

Wit (20Kb, 975°C) =-7.997 Kcal
Wit (25Kb, 1200°C) = -3.594 Kcal

As a first approximation, one may assume that W
varies as a linear function of T around 975-1200°C
to yeild.

W =-31883 + 19.14T°K (13)

The eqn. (13) can be combined with (9) and (11)
to calculate Xgi’;’é;,} as a function of temperature
and composition in the FMAS system at pressures
around 25Kb, and temperatures around 975-1200°C.
In pﬁnciple, W is a function of pressure, but there
are no data at present to evaluate the pressure effect
on W. Calculated alumina solubilities in orthopyrox-
ene using the above relations at 20 Kb, 975°C and
25Kb, 1200°C agree well with visual fits derived
from experimental data in this study in Fig. 1.
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Discussion

The equlibrium pressures of garnet-Iherzolite xeno-
liths are often estimated on the basis of data on
alumina solubility in orthopyroxene in MAS system
without correction for the effects of additional com-
ponents (e.g., Finnerty and Body, 1984; Ganguly
and Bhattacharya, 1987). Although there are still
inadequate experimental and thermodynamic data to
make appropriate corrections for the compositional
effects and that in natural assemblages, the ALO; in
orthopyroxene in equilibrium with gamet could be
significantly lower than that in MAS system at the
sam P-T condition.

The effect of ALO; content in orthopyroxene on.

KD will be manifested through that on (Yr/ g™
(Lee, 1988; eqn. 1). The importance of this effect
may be illustrated by assuming orthopyroxene as a
ternary ‘Simple Mixture’ (Ganguly and Saxena,
1987) of FeSiO;, MgSiO; and AL O; components in
FMAS system. We can then write, following Gan-
guly and Kennedy (1974),

Opx
RTIn(h) =

Mg

Wt — (Kot = Xpe) 7+ (AW X 4, 0,) ©)

Where W™ is a ‘Simple Mixture’ interaction
parameter, and AW = Wga— Wiyga. Since  orthopy-
roxene bahaves very nearly ideally at T>700°C
(Chatillon-Colinet et al., 1983b), the first term in
eqn. 9 after equality should be negligible. Also, for
the same reason, the AW term should be very
small. In this study, the ALO; content of orthopy-
roxene varied approximately between 1 and 4 mol
per cent (Table 2). Consequently, even allowing for
a magnitue of 1Kcal for the AW term at 1000°C, 4
mol per cent ALO; leads to a change of in (w/
,YMg)Opx
Kp by a factor of 1.016. Thus, it can be con-
cluded that the varation of ALO; solubility in
orthopyroxene is of no practical significance in the

of 0.016, which corresponds to a change of

determination of equilibrium Kp values in the

FMAS system.
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Appendix

Derivation of ¢ as a Simple Funcation of T and X

Opx _ X]?/[tg 3 . 1
(XA1203) [Xopx] FMAS [(KX)MAS] ’ ¢
where ¢ = K(FMAS)/K{(MAS)

K = oo (YME) oo
(YMgSlO) “(Yan,0,)
For MAS system, Yvz=1
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For FMAS system
RTIn Yt = Wianeg(Xe)
RTIn Y](\]AlgSiO3 =Wygar® X12\1203 +WMgFeXl27e5103 +(Wigar +WMgFe_WFeAl)XAIZOJXMgSiOS
RTIn 72:203 =Wugar” Xnvte+ Wnigre - Xret (Wngart Weea— Weemg) - XmgXre
Where Wwgar= Wreai and Wremg=0 according to Fe-Mg partitioning data (Lee, 1988)
RTIN Ygsio, = Waga* Xaio,
RTIn 7510, = Witgai(Xntg + Xr)
RTINKY(MAS) = ~3Wyar(X:+ (X0 )ratas)
RTINKY(FMAS) = ~3Wyyua1 X2+ (X00 + X5 Niptas)
Where Xi= X0, (MAS) and X;=X3ho, (FMAS)
RTIn ¢=RT(INKYFMAS) ~ INKYMAS)) = 3Wyai( X1 - X3+ (1-X1)’ = (1-X,)%) = 3Wpear X

where ¥ = X2-X3+(1-X,)’=(1-X,)*

3WMgAI

thus, In ¢ = RT X
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