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Abstract

The solubility of Al,O, in orthopyroxene coexisting with olivine and spinel in the system
MgO-Al,0;-SiO, was calculated. The model used is based on the theoretical treatments by
Wood and Banno (1973) and Wood (1974) for garnet-orthopyroxene equilibria and on the
experimental data of MacGregor (1964) for the reaction orthopyroxene + spinel = forsterite
+ pyrope. The reaction curve was extrapolated outside the experimental range using a simple
solution model for orthopyroxene proposed by Wood and Banno (1973). The solubility of
Al;O; in orthopyroxene is calculated to be much less sensitive to pressure than suggested by
MacGregor (1974), and is essentially a function of temperature alone below 1000°C. Based on
the results in the system MgO-AL,0,-SiO,, the univariant curves for the reactions forsterite +
anorthite = clinopyroxene + orthopyroxene + spinel and clinopyroxene + orthopyroxene +
spinel = forsterite + garnet in the four-component system CaO-MgO-A1,0,-SiO,, and the
solubilities of Al,O, in orthopyroxene in plagioclase peridotite and in spinel pyroxenite, were
also calculated. Because of the compositional changes of pyroxenes which are involved in the
reactions, the univariant lines curve significantly, and simple linear extrapolations of high-
temperature experimental data to low temperatures are not valid. A method for applying the
calculated results to natural rocks is proposed.

Introduction

Among chemical parameters of minerals, the solu-
bility of Al,O; in pyroxenes is one of the most sensi-
tive indicaters of physical conditions, and is espe-
cially applicable to peridotites. Quantitative
estimates of equilibriation pressure have become
possible since the experimental work on the join
MgSiO;-Mg;ALSi;O,, by Boyd and England (1964)
and that in the system MgO-A1,0,-Si0O, by MacGre-
gor (1974). These experimental data have recently
been applied to garnet peridotite xenoliths in kimber-
lites (Boyd, 1973; Boyd and Nixon, 1975) and to
spinel peridotite xenoliths in basalts and peridotite
intrusions (MacGregor, 1974; Mercier and Carter,
1975). Some apparent discrepancies in the experi-
mental data for garnet peridotite between simple and
complex systems were discussed through a theoretical
treatment of orthopyroxene-garnet equilibria by
Wood and Banno (1973) and Wood (1974). From
more extensive experimental data by Akella and
Boyd (1972, 1973, and 1974) and Akella (1976), we
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can now estimate equilibration pressure of garnet
peridotites with some confidence, provided equilibra-
tion temperatures are known by independent methods.
On the other hand, there are still some contradic-
tions about the Al,O, solubility in orthopyroxene in
spinel peridotite among different authors: Mac-
Gregor’s experiments (1974) suggest that the Al,O,
isopleths for orthopyroxene have definite positive
slopes in the spinel peridotite field as well as in the
garnet peridotite field, and that the Al,0, content de-
creases with increasing pressure. This contradicts
O’Hara’s (1967) inference that the Al,O; isopleths for
clinopyroxene, and also by implication for ortho-
pyroxene, have negative slopes, and that the solu-
bility increases with increasing pressure. Moreover,
there are notable discrepancies between MacGregor’s
experiments (1974) and the low-pressure experiments
by Anastasiou and Seifert (1972) on the Al,0,
solubility in orthopyroxene, as noted by MacGregor
(1974). Obviously more careful experiments and
theoretical examination of this parameter are neces-
sary before geologic applications can be made with
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confidence. Theoretically the solubilities of Al,O, for
garnet peridotite and for spinel peridotite are not
independent, and there is some way to examine
internal consistencies of the experimental data.

The purpose of this paper is to demonstrate that
the AL,O, solubilities in orthopyroxene in spinel per-
idotite, plagioclase peridotite, and spinel pyroxenite
may be uniquely derived by simple thermodynamic
calculations from the published experimental data for
garnet peridotite and from positions of boundaries
between garnet-spinel and spinel-plagioclase per-
idotite facies.

Thermodynamic considerations

In order to calculate the AlO, solubility in or-
thopyroxene in various mineral assemblages, it is
convenient to first write appropriate stoichiometric
expressions of the aluminous pyroxene component,
MgAl,SiOg,! in terms of sets of components in the
phases present. For example, the equation

Mg;Al, Si;0,, = Mg,Si,0, 4+ MgAlL SiO;
garnet orthopyroxene solid solution

1)

has been used by Wood and Banno (1973) to analyze
orthopyroxene-garnet equilibria. Similarly, the equa-
tion

Mg, Si,0s -+ MgAlLO,
orthopyroxene spinel
= Mg,Si0, + MgAl, SiO, 2)
olivine orthopyroxene

may be used for an olivine-spinel-orthopyroxene as-
semblage,

CaAl, Si,0; + Mg, SiO,

plagioclase olivine
= CaMgSi,0 + MgAl,SiOq 3)
clinopyroxene orthopyroxene

for a plagioclase-olivine-clinopyroxene—orthopyroxene
assemblage,

0.5Mg,Si,0, + 0.5CaAl; Si, 04 + 0.5MgAl,0,

orthopyroxene plagioclase spinel
= 0.5CaMgSi,0; + MgAl,SiO; “4)
clinopyroxene orthopyroxene

for a spinel-plagioclase~clinopyroxene-orthopyroxene

! Although Ganguly and Ghose (1975) suggested that
Mg;ALSi;O,, is preferable to MgALSiOs as an aluminous py-
roxene component, the choice of a different component will not
cause differences in the result,
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assemblage, etc. Regarding these mathematical ex-
pressions as chemical reactions, the equilibrium con-
dition for the reaction is:

—RT In K(i) = AG® (i) (5)

where K(i) and AG°(i) are, respectively, equilibrium
constant and free energy change of reaction (i) at the
pressure and temperature of interest. The equilibrium
constants for each reaction are:

opXxX OpPX
AMgAl:8i0:" 9Mg. Si 06

K(1) = “Medl® (6)
AMeaAls Sis0, .
aopx aol
_ QMeA1; 810 YMg=8i0.
K@) = & = 0]
AMp. Si.0:" AMgA1,0,
aopx acnx
K(3) E— Nf:\]_ i pl(‘ﬂMgﬁx O (8)
AMg.Si0, " ACnAl, 8i,04
anpx - . (acpx i )1/2
K(4) — MgAl: SiOe CaMg 8iaO6 — (9)

)1/2

1
(a;::gsigos '(a?:amgsa.,o_)

where a% is the activity of component j in phase
al

If the free energy change AG® and the acti-
vity-composition relationships are known, the Al,O
solubility in orthopyroxene for each mineral assem-
blage can be calculated as a function of pressure and
temperature. Wood and Banno (1973) proposed a
simple mixing model for orthopyroxene solid solu-
tion, and calculated AG°(1) using Boyd and Eng-
land’s (1964) experimental data on the Al,O, solubi-
lity in orthopyroxene coexisting with pyrope. In spite
of simplifying assumptions, the model satisfied avail-
able experimental data in simple and complex sys-
tems within the limits of experimental precision.

In this paper, the Wood-Banno model for the
Mg,Si,0s~MgALSiO, orthopyroxene solid solution is
adopted, that is:

(1) Octahedral Al atoms occupy only the smaller of
the two octahedral positions, M.

(2) Tetrahedral Al atoms are completely coupled to
the octahedral Al atoms to maintain local charge
balance.

(3) An ideal random mixing of Al and Mg atoms was
assumed in M1 sites, so that considering assumption
(2) entropy of mixing of the solution is calculated

2 The names of phases are abbreviated as follows: cpx = cli-
nopyroxene; opx = orthopyroxene; sp = spinel; ol = olivine; fo =
forsterite; gar = garnet; py = pyrope; pl = plagioclase; an =
anorthite.
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from the proportion of Mg and Al atoms in the M1
site only.

(4) The solid solution is ideal at 1 bar and the non-
ideality is introduced by the excess partial molar vol-
ume at high pressures.

The olivine-spinel-orthopyroxene equilibria in the
system MgO-Al,0,-Si0O, are first discussed; and
based on the result, the assemblages plagioclase-
olivine-clinopyroxene-orthopyroxene and spinel-
plagioclase—clinopyroxene-orthopyroxene in the sys-
tem CaO-MgO-Al,0;-Si0, will be treated. A method
is then described whereby the results of calculations
in simple systems can be used as indicators of equi-
librium conditions in natural rocks.

Solubility of AL,O, in orthopyroxene coexisting with
Jorsterite and spinel in the system MgO-Al,0,-SiO,

In the system MgO-AlL0,-SiO;, ay,,s 0, and

@ 3P 1,0, in a spinel peridotite are unity, and
M1
ANz, 8i.0, = XMe VY Mes 8020 (10)
M1
a;?;‘u:s;os = Xa: *YMgAl, Si0, (1)

Xur + X0 =1

where X i1 and X{| are the concentrations of Mg
and Al atoms in the M1 site, and 4’s are activity
coefficients in orthopyroxenes. By introducing a pa-
rameter, K’ (2) = X%} /XYL, which is called the appar-
ent equilbrium constant, we may write for reaction
2):

—RT In K’ (2) = AG® (2) + AG* (2) (12)

where G** (2) is an excess Gibbs free energy change of
reaction (2) and

AGex(z) = —RT In <7M2Ah SiOs) (13)
VMg, 51,0,
AG™(2) = AH™(2) — TAS™(2) (14)

where the suffix “ex” denotes the excess term for
reference to the ideal system (Thompson, 1967).
AS®* (2) equals zero for the ideal random mixing
model of orthopyroxene used here, so relation (14)
becomes:

AG®™ (2) = AH* (2) (15)
Since
d AH
(_67)31 = AV (16)
and
d AH™ —
<_6P )S.T = AV an
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equation (12) becomes:
—RT In K'(2) = AH} ,(2) + (P — 1) AVQ)

+ (P — 1)AVQ) — TAS(2)
or

—RT In K'(2) = AH!? (2)
+ (P — 1AV — TAS'(2) (18)

where AH? r (2) and AS® (2) are an enthalpy change
at 1 bar, and entropy change of reaction (2), respec-
tively. AV (2) is a molar volume change of reaction

(2):
AV(Q2) = Vgagzsm. -+ VMgAlzsiOs
(19)

0
- VMngiEOS - VMgAI204

where 1°; and ¥, are the molar volume of the pure
phase and the partial molar volume of component j,
respectively. The values of AH? +(2) and AS°(2) are
not known, but as described below, may be indirectly
derived using values of HYr(l1) and AS°(1) deter-
mined by Wood and Banno (1973) and Wood (1974),
and the position of the univariant curve of the reac-
tion orthopyroxene + spinel = forsterite + pyrope in
the system MgO-Al,0;-Si0, (MacGregor, 1964).

An expression for the univariant reaction, opx +
sp = fo + py may be written:

2[ Xms Mg, Si,0q- X3\ MgAI, SiOs)
orthopyroxene solution

+ (Xm, — X'\1)MgALO,

spinel
- (XI\A:; - XIZ})MngiOAx + Mg;Al, Si;0,, (20)
forsterite pyrope

which is simply a linear combination of equations (1)
and (2):

(20) = (Xmx — X302 — (1) (21)

Similar relations can therefore be written for molar
enthalpy and molar entropy changes of reactions (1),
(2), and (20):®

AH(20) = (Xmy — XW)-AHQ2) — AH(1)  (22)
ASQ20) = (Xu; — X'11)-AS(Q2) — AS(1) (23)

The composition of pyroxene may be calculated using
equation (13) of Wood and Banno (1973). The Clapey-
ron equation

dp _ AS(20)

dT ~ AV(20) 24

It should be noted that these changes are on partial molar
quantities of the components, and not on those of pure phases.
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expresses AS(20) in terms of A¥(20) and the slope of
the univariant curve in P-T space. The slope can be
read directly from MacGregor’s (1964) phase diagram,
and AV(20) can be calculated from published data*
for spinel, forsterite, aluminous enstatite, and py-
rope. A value for AS(20) is thus obtained. AH(20) is
immediately known, because

AH(20) = TAS(20) (25)
on the univariant curve, We also have relationships:
AH(1) = AH} (1) + (P — 1) A V() (26)

AS(1) = AS’(1) — RIn (XD (Xu)  27)

1 Sources of data for molar volumes and entropies of minerals
used in this paper are given in Appendix 1.

Temperature in ‘C

LE L] L) L] T
1600 -
1400 .
1200 -
1000} J

L 1 L L L

15 20 25 30 35

Pressure in Kbar

FiG. 1. Calculated univariant line (curve 4) of the reaction

opx+sp = fo+py in the system MgO-Al,04-Si0, compared with
the experimental data of MacGregor (1964): open rectangles =
opx+sp; filled rectangles = fo+py.
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and
(28)

29

AHQ2) = AHS »(2) + (P — 1) AV()
ASQ2) = AS°(2) — R In (X'n1/ Xa,)

Substituting the values of AH(20) and AS(20) which
were obtained previously and AH and AS of equa-
tions (26), (27), (28), (29) into equations (22) and
(23), we finally arrive at values of AHSr(2) and
AS°(2). AS° (2) is also, by definition,

ASO(2) = S?\ig,su). + Sll’vlgAl;SiO“
30)

0 0
= SMggSi:Os = SMgAl,O.

where S9 is an entropy of formation of component j
in a pure phase at standard state (1 bar, 298°K).
Temperature dependence of AS® was neglected, since
heat capacity changes of the reactions are very small.
Using published entropy data at standard state for
forsterite, enstatite, and spinel, the entropy of
MgAl,SiO, pyroxene, as yet unknown, may be ob-
tained. The entropy of pyrope may also be obtained
using the relationship,

ASO(I) = S?wgzsuos + S?wg/uzsio.,
(31

Reading of the slope of the univariant curve has to
be varied continuously with temperature to hold a
value of AS® (2) constant. In the actual calculation,
the best value of AS® (2) was sought such that the
computed curve, which can be drawn by changing
pressure and temperature in a stepwise manner start-
ing from an arbitrary point of pressure and temper-
ature using the Clapeyron equation (24), satisfies the
experimental points. One of the calculated curves
which best fits the experimental data of MacGregor
(1964) is shown in Figure 1. The parameters of the
curve are AS® (2) = 4.05 cal/deg/mol and AH?} r(20)
= 10.4 kcal/mole. Entropies of MgAl,SiOs pyroxene
and pyrope at standard state were calculated to be
33.0 cal/deg/mole and 61.6 cal/deg/mole, respec-
tively.

A —10 percent friction correction was applied to
all the pressure values of the runs as proposed by
MacGregor (1974, p. 117). The values AH3 +(1) and
AS° (1) of 7012 cal/mole and 3.89 cal/deg/mole cal-
culated by Wood (1974) were used instead of those
calculated by Wood and Banno (1973) for reasons
mentioned by Wood (1974, p. 3) Substituting the
obtained values of AHS 7(2) and AS°(2) into equation
(18), the MgO-A1,0,-SiO, phase diagram was con-
structed in pressure-temperature-composition space

0
e SMgsAlz S8ia012
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(Fig. 2). This figure shows that, although the
univariant curve of the reaction opx + sp = fo + py
is nearly a straight line in the experimentally in-
vestigated area of pressure and temperature, the slope
becomes steeper as temperature decreases and is al-
most vertical below 8§00°C. Slopes of Al,O, isopleths
for spinel peridotite are very shallow and almost hori-
zontal below 1000°C. Anastasiou and Seifert (1972)
determined the ALO;, solubility in orthopyroxene on
the reaction curve opx + sp = fo + cordierite, using a
hydrothermal apparatus. Their data, 7.2 mole per-
cent MgAl,SiOs at 900°C-3 kbar, 13 mole percent
MgALSiOg at 1000°C-2.8 kbar, and 17.2 mole per-
cent MgAl,SiOg at 1100°C-2.6 kbar agree well with
the calculated values of 8, 11, and 15 mole percent
MgAIL,SiO; at the same conditions within the limits of
experimental uncertainty. These, however, are in
marked contrast to MacGregor’s (1974) values of
approximately 15, 21, and 24 mole percent
MgAl,SiOs respectively, at the same conditions. The
reasons for large discrepancies between the values
calculated here or those of Anastasiou and Seifert
and MacGregor’s data are not well understood.?
MacGregor (1974) considered a possibility that the
Al O, isopleths flatten as pressure decreases to match
his experiments to those of Anastasiou and Seifert.
The change of the slope may be caused through the
changes of molar volume and/or molar entropy
changes of reaction (2) with temperature and/or
pressure at constant composition of pyroxenes. It is
very difficult to expect the appearance of curvature of
the isopleths only in the spinel peridotite field while
the isopleths in the garnet peridotite field are well
approximated by straight lines. The only possible
way to have local rapid changes of the slopes of the
isopleths is by having some kind of polymorphic
transformation of aluminous enstatite. Examination
of this possibility must await detailed X-ray crystal-
lographic studies on aluminous enstatite at high pres-
sure and temperature.

If the shallow slopes are correct, it is practically
impossible to use the ALO, solubility in orthopyrox-
ene in spinel peridotite as a geobarometer except at
very high temperatures where the slopes are steeper.

® The thermodynamic treatment and the conclusions in the Sys-
tem MgO-Al,0,-Si0, are almost identical to those of Wood
(1975), whose manuscript became available to the author after the
1975 International Con%ercnce of Geothermometry and Geoba-
rometry at Pennsylvania State University. Wood discussed several
possibilities for the discrepancies between the calculated and the
experimental results and reached the conclusion that MacGregor’s
(1974) experiments are in error.
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Nevertheless, this model for spinel peridotite enables
us to calculate the solubilities of Al,O, in orthopyrox-
ene in plagioclase peridotite and in spinel pyroxenite
as is shown in the following section.

Phase equilibria in the system of CaO-Mg0O-Al,0;-
Si0, and the solubility of Al,O; in orthopyroxene in
plagioclase peridotite and in spinel pyroxenite

The apparent equilbrium constant of reaction (2)
remains essentially constant even after the fourth
component CaO is introduced into the system
MgO-Al,0,-Si0,, because the amounts of CaO en-
tering orthopyroxene, spinel, and olivine are not
great enough to cause significant changes of AV(2) in
equation (18). Therefore, the calculated result for
spinel peridotite in the system MgO-Al,0;-Si0, is a
“bridge” between the MgO-Al,0,-Si0O, and
Ca0-MgO-AL,0,-Si0, systems.

Kushiro and Yoder (1966) experimentally in-
vestigated the reactions an+fo=cpx+opx+sp, and
cpx+opxtsp=gar+fo. It is possible to calculate
these reactions using the model of the AL, O, solubility

1 ] 1 T
Sp peridotite /
20,
1600 30 4 .y
/ /
10
o 1400 |- / y
3 8
| 20 /
s — 6
c -
S 1200 | yd
= 4
3
O
@] /
1000 0 ° -
8
6 '/
800 |- =
4
600 | 2— .
Gar peridotite
—_— =
A
400 1 1 | —
0 10 20 30 40
Pressure in Kbar
Fig. 2. Calculated phase diagram for the system

MgO-ALO,-8i0, in temperature-pressure-composition space.
Curve 4 is the same as in Fig. 1. Isopleths refer to percentages of
the M1 site in orthopyroxene occupied by aluminum atoms. The
garnet peridotite portion is taken from Wood (1974).
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Initial P, T

Al in Cpx

Mass-balance 2quation for

the univariant reaction

AV, pS of the reaction,
dp/dT; slope of the curve

and Al-isopleths for
An-Fo~Cpx~Opx and Sp-An-Cpx-0px

l

o= L AR

P =P +AT-(dFP/4T)

FiG. 3. Calculation scheme for the reaction an+fo = cpx+opx+
in the system CaO-MgO-A1,0,-Si0O,.

in orthopyroxene and experimental data on the diop-
side-enstatite solvus. Calculation for the reaction
an+fo = cpx+opx+sp was performed as sche-
matically illustrated in Figure 3. The data of Mori
and Green (1975) were used to calculate the Ca/
(Ca+Mg) ratio of coexisting ortho- and clinopyrox-
ene. It was assumed that these numbers are indepen-
dent of the ALO, content of the pyroxenes, judging
from Boyd’s (1970) data on the pyroxene solvus in
the system Al,0,-CaSiO;-MgSiO;.* The procedure
by which AL,O, content in clinopyroxene was calcu-
lated from that in orthopyroxene is described in Ap-
pendix 2. If the compositions of pyroxenes are
known, we may write a mass-balance equation for the
reaction an+fo = cpx+opx+sp, and calculate the

§ Some experiments indicate that Al,O; appreciably reduces en-
statite solubility in clinopyroxene (O’Hara and Schairer, 1963;
Herzberg and Chapman, 1976). The effect of the reduction was
also examined in the calculation and was found to be no more than
1 kbar reduction of the position of the boundary around 1000°C,
fixing the point at 8.5 kbar, 1200°C, yet the slope at lower temper-
atures (below 800°C) stays the same, and the general shape of the
boundary remains unchanged regardless of the model used.
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volume and entropy changes’ of the reaction and
finally the slope of the curve from the Clapeyron
equation.

The calculation was started from 8.5 kbar, 1200°C,
which is a well-bracketted experimental point. The
agreement with the experimental runs is satisfactory
as is seen in Figure 4. The ratio of the amount of
AlLO, in orthopyroxene to that in clinopyroxene
changes regularly along the univariant curve from 1.2
at 1300°C to 0.9 at 500°C.

The same approach was taken to compute another
univariant line for the reaction cpx+opxtsp =
gar+fo. The method of each step of the calculation is
the same as that for the reaction an+fo =
cpx+opx-+sp, except that the CaO content in garnet
is also considered, as described in Appendix 2. The
calculation was started from 18.5 kbar, 1300°C, with
the ratio Ca/(Mg+Ca) of garnet varying from 0.13 at
1500°C to 0.16 at 500°C. The agreement with the

7 The calculation procedure of entropies of complex pyroxenes is
described in Appendix 3.

1 T T T T
1400} H_ - -
g_g 8
& . a £
£ An+F
n o
o nE
‘3]200— O/m  Cpx+ Opx+ -
3 Sp
£
=
- 0 I =
1000+ -]
B
| 1 1 1 |
6 8 10 12 14
Pressure in Kbar

FIG. 4. Calculated univariant line (curve B) for the reaction an+fo
= cpx+opx+sp in the system CaO-MgO-AL04-Si0O;, compared
with the experimental data of Kushiro and Yoder (1966): open
rectangles = an+fo; filled rectangles = cpx+opx+sp; half-filled
rectangles = indeterminate; crossed rectangles = above solidus.
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experimental data is excellent, as is shown in
Figure 5.

Slopes of the Al,O; isopleths for orthopyroxene
coexisting with plagioclase + olivine + clinopyrox-
ene and also with spinel + clinopyroxene + plagio-
clase were calculated along the univariant curve of
the reaction an+fo = cpx+opx+sp using the Clapey-
ron equation for constant composition of orthopyro-

xene:
@g =
aT/x\ ~
where AS and AV are respectively molar entropy and
molar volume changes of the reactions (3) or (4).
Similarly, the slopes of the Al,O, isopleths for gar-
net-clinopyroxene-orthopyroxene were calculated
along the curve for the reaction cpx+opx+sp =
gartfo. In contrast to the three-component system
MgO-A1,0,-Si0,, the isopleths are not straight in
the system CaO-MgO-Al,0,-SiO, since the Ca/
(Ca+Mg) ratio of pyroxenes and the Al,0, content in

as

AV ¢2)

T T I
1400 |- -]
O
[o]
1S
& o -
e
3
2 1200
g 1200r
[}
[,
1000} -
1 1 1
15 20 25
Pressure in Kbar

FIG. 5. Calculated univariant line (curve C) for the reaction
cpx+opx+sp = gar+fo in the system CaO-MgO-Al1,0,-Si0,,
compared with the experimental data of Kushiro and Yoder
(1966): open rectangles = opx+cpx+sp; filled rectangles = gar+fo.
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F1G. 6. Calculated Al isopleths for orthopyroxene in plagioclase
periodotite (dashed lines), spinel peridotite (dotted lines), and
garnet websterite or garnet peridotite (dash-dot lines) in the system
Ca0-MgO-A1,0,-Si0,. Thick solid lines B and C are the same as
in Fig. 4 and Fig. 5, respectively. Curve D is another univariant line
for the reaction cpx+opx+sp+an = gar, which was graphically
derived. KY is Kushiro and Yoder’s (1966) experimentally-deter-
mined line for the same reaction in the four-component system.

O

clinopyroxene change with temperature, resulting in
the gradual changes of molar entropy changes of the
reactions. Isopleths for the plagioclase peridotite
were drawn by calculating the slope from the Clapey-
ron equation (32) in a stepwise manner, starting from
the points on the univariant line of the reaction
antfo = cpx+opx+sp, as was done in drawing the
univariant lines, and the results are shown in Figure
6. They become less steep at high temperatures with
constant values of X}}'. Those for spinel peridotite
and for spinel pyroxenite, on the other hand, may be
safely approximated by straight lines, since extrapo-
lations are not far enough to cause significant errors.
Those for garnet peridotite will become steeper as
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temperature increases with constant values of XY,

but here they are approximated by straight lines.
Error by this simplification will be as much as one
kilobar overestimate in pressure.

The curve D, which appeared by connecting in-
tersection points of the isopleths for garnet—clino-
pyroxene-orthopyroxene with those for spinel-plagio-
clase—clinopyroxene-orthopyroxene, is another uni-
variant line of a reaction ¢px+opx+sp+an = gar.
This reaction has been investigated by Kushiro and
Yoder (1966), and the curve graphically drawn here is
also consistent with their experimental curve (KY in
Fig. 6).

Discussion

The calculated results in the four-component sys-
tem CaO-MgO-Al,0,-SiO, are illustrated over a
wide temperature range in Figure 6. The curve for the
reaction cpx+opx-+sp = gar+fo (curve C) retains the
same character as that in the MgO-Al,05-SiO, sys-
tem (curve 4 in Fig. 2), i.e. it curves significantly and
is nearly vertical below 800°C. The pressure is re-
duced by some 5-7 kbar from curve 4 by introducing
CaO in the system, and the minimum value of the
pressure of curve C is 12 kbar. The present theoretical
calculation supports O’Hara et al’s (1971) con-
clusion, based on their experiments, that simple
linear extrapolation of the univariant line out of the
experimentally investigated P-T range to unin-
vestigated lower temperatures is not valid, and that
garnet peridotite is not stable in normal continental
crust. The line for the reaction an+fo =
cpx+opx+sp curves in the opposite direction, i.e.,
the slope becomes less steep as temperature de-
creases, and this curve intersects the temperature axis
above 400°C. This may imply high-temperature ori-
gins of plagioclase peridotites, either as direct crystal-
lization products from magma or as recrystallized
products of hot spinel or garnet peridotites of high-
pressure origin. Curves B and C do not intersect each
other, and there is no condition where plagioclase
peridotite directly converts to garnet peridotite, in
contrast to the prediction by Kushiro and Yoder
(1966).

The ALO; solubility in orthopyroxene sensitively
increases with pressure but is not so sensitive to tem-
perature in plagioclase peridotite. In spinel pyroxe-
nite it increases with both pressure and temperature.
Since the solubility is insensitive to pressure in spinel
peridotite, this parameter may be used as a geother-
mometer, and in fact is a better one than the fre-
quently used Ca/(Ca+Mg) ratio in coexisting pyrox-

enes, which is insensitive to temperature below
1000°C.

Geothermometry and geobarometry

Although the bulk chemical composition of most
mafic and ultramafic rocks are well expressed in the
system CaO-MgO-Al,0,-Si0,, the presence of other
components, such as FeO, Na,O, Cr,0;, Fe,0;, is not
negligible in some cases. The effects of these minor
components are removed by the use of the “apparent
equilibrium constants’ which are defined as

M2, M1,
(Xlltflzlopx' X:lll.opx)(XM; opx | XMg DDX)

K'(1) = (33)
OMgsAl1.8i30:2
X.!fz.npx_ X‘Ml,npx)anlkﬂhi .
iy = SN uule (39
(Xme ' " A Yangai.o.
M2, opx M1, opx o pK .
K'(S) - (XMz“E Xan — Jacume 5i.0 (35)
(ahls:,Fio.)(aﬂu:\hﬂi_-o.)
K'(4)

M2, M1, . 1/2
(X me T X Dpx)(ag:;xm;snoﬁ)

= M2,0px M1,0px\1/2, DI 1/2, &b 1/2
(Xne - X ) (acarr.si.00)  (@mgar.o,

(36)

corresponding to the equations (1), (2), (3), and (4),
respectively. The simplest model, which is the ideal
solution model, may be applied to crystallographic
sites of the minerals as long as they are chemically
close to the system CaO-MgO-A1;0,-SiO,, and the
activities are:

rar 3 2
Aiteriasino. = (Xmg) (Xa1)

@i sio, = (Xu)(Xar)
aBesiso, = (XE)(Xa) (37)
alélumgs;go, = Xcaal.si.0,
Gentio, = (XX
where X 3 and X 2i" are the concentrations of Mg

and Al atoms in tetrahedral and octahedral sites in
spinel, respectively. Rigorously, all of these sites in
the solid solutions are expected to show positive non-
ideal behavior (Saxena and Ghose, 1971), but since
those excess terms will tend to cancel each other in
calculation of K’ in equations (33) to (36), it would be
more consistent at the moment to adopt an ideal
solution model for all the individual crystallographic
sites of the participating phases, rather than applying
more sophisticated models to some of the phases
whose thermodynamic properties are better under-
stood than others. This simplification may cause
serious errors, if the chemical composition of the



812

phases are far from the system CaO-Al,0,-MgO-
SiO, especially at low temperature, and in this case
nonideality has to be taken into account.

As demonstrated for K'(2) in equations (12) to
(18), the equilibrium condition (5) may generally be
rewritten as follows:

— RT InK' (i) = AH (i) +
(P — 1) AV(i) — TAS(G) (38)

AH} 7(i) and AS*(i) are independent of ‘composition
by definition, and A¥(i) only depends on the amount
of ALO; in orthopyroxene. If we neglect small
changes of AV(J) which will be caused by a small shift
of the amount of Al,O, after the correction described
below, it follows that the values of K'(s) will not
change by the introduction of components other than
CaO, MgO, ALQ;, and SiO,. The values of X' (2),
K' (3), and K’ (4), which are apparent equilibrium
constants for, respectively, spinel periodotite, plagio-
clase periodtite, and spinel pyroxenite, have also been
calculated along the univariant line of the reaction
an+fo = cpx+opx+sp, and they are tabulated with
the values of X% in Table 1.

The method to find an AL, O, isopleth for a given
natural rock is as follows:

(1) Calculate activities of components Mg;AlL,Si;O,,,
Mg,Si0,, CaMgSi,0,, CaAl,Si,05, MgAlO, in gar-
net, olivine, clinopyroxene, plagioclase, and spinel,
respectively, by equations (37), and calculate K' (i) by
one of the equations (33) to (36), depending on the
mineralogy of the rock. The method of Wood and
Banno (1973, p. 118) may be followed to assign
cations over M1 and M2 sites in ortho- and clino-
pyroxenes.

(2) Read a temperature which corresponds to the
calculated value of K’ for the mineral assemblage of
the rock from Table 1.
(3) Using the diagram in Figure 6 and starting from
the temperature point on the univariant line, draw a
line paraliel to the nearest isopleth for the particular
mineral assemblage. The equilibrium condition for
the rock lies somewhere on the line. Equilibration
temperature and pressure may be uniquely obtained
by combining another thermometer or barometer,
such as the diopside-enstatite solvus or the partition-
ing of Fe and Mg between ferromagnesian minerals.
For garnet periodtite and garnet pyroxenite, equation
(2) in Wood (1974), which is a more direct reduction
from the experimental data than the present model
calculation, is to be used.

Evaluation of overall uncertainties in the calcu-
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lated results is a difficult task, with direct experimen-
tal points being absent in plagioclase peridotite and
spinal pyroxenite fields. Uncertainties in the calcu-
lated values of AS® (2) and AH? (2) are estimated to
be + 0.5 cal/deg/mole and = 0.5 kcal/mole, respec-
tively, without considering errors in the original ex-
perimental data. These result in the uncertainties in
the positions of isopleths for spinel peridotite being
approximately + 20°C around 1000°C and + 50°C
around 800°C. The slope, however, will not be appre-
ciably changed, since the values of volume change of
the reaction (2) are very small compared with the
large values of entropy change. The uncertainties in
the spinel peridotite field are directly propagated into
those in the position of the isopleths for plagioclase
peridotite and for spinel pyroxenite; an uncertainty of
+ 50°C in an isopleth for spinel periodotite at 800°C,
for example, will cause uncertainties of approxi-
mately + | kbar for plagioclase peridotite and of + 2
kbar or + 50°C for spinel peridotite. Other sources
of uncertainties, especially the use of random mixing
model of Al and Mg atoms in M1 site and the use of
the ideal solution model for MgSiO;-MgAlSiO;
pyroxenes at one atmosphere, have not been consid-
ered, but they may become serious at low temper-
atures or for highly aluminous pyroxenes. The order-
ing of Al atoms in SiB site of orthopyroxene (Takeda,
1972; Ganguly and Ghose, 1975) may also cause
some ordering of Al atoms in M1 site, but the effect
has not been evaluated.

It is obvious now that more experimental work,®
both to locate the positions of the facies boundaries
and to determine the compositions of pyroxenes, is
highly desirable to evaluate the thermodynamic
model adopted here and to improve the accuracy of
the diagram in Figure 6 for its practical use in geo-
thermometry and geobarometry.

Conclusions

The solubility of AlLQO, in orthopyroxene is
uniquely derived as a function of pressure and tem-
perature in spinel and plagioclase peridotites and
spinel pyroxenite, using published experimental data
on pyroxene compositions in garnet periodotite and

®Recently three experimental studies relevant to the problem
have appeared; Herzberg and Chapman (1976) on the Al,O, solu-
bility in clinopyroxene in spinel peridotite, and Presnall (1976) and
Fujii and Takahashi (1976) on the Al,O; solubility in orthopyrox-
ene in spinel peridotite. All the results agree well with the present
calculated results, confirming the minimal pressure dependence of
the parameter in spinel peridotite, except that of Presnall, which
suggests a negative slope for the 8.5 weight percent AL O, isopleth.
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TABLE |. Apparent equilibrium constants: K’s and concentrations
of Al atoms in the M1 site of orthopyroxene: X%i on the
univariant line of the reaction: an + fo = cpx + opx + sp.

M1

Temp.( C) K'(2)x100 K' (3)x100 K'(4)x100 XA =x100
1300 21.9 9.18 15.2 18.0
1250 20.2 9.43 14.6 16.8
1200 18.4 9k,39) 13,8 15.6
1150 16.7 9.14 12.9 14.3
1100 14.9 8.75 11.9 13.0
1050 13.2 8.22 10.8 11.7
1000 11.5 7.59 9.62 10.3
950 9.91 6.88 8.46 9.02
900 8.39 6.11 7.31 7.74
850 6.98 5.30 6.20 6.53
800 5.69 4.50 5.14 Sr: 319
750 4.54 3.71 4.16 4.34
700 3.52 24,88 3.27 3.40
650 2.65 3.30 2.49 2.58
600 1.93 Ly onlid: 1.83 1.89
550 1.35 1.22 T 291 1.33
500 0.89 0.82 0.86 0.89
K'(2): for spinel peridotites (sp+ol+cpx+opx)
K'(3): for plagioclase peridotites (pl+ol+cpx+opx)
K'({4): for spinel pyroxenites (sp+pl+cpx+opx)

the locations of facies boundaries for garnet and
spinel peridotites. The main conclusions are:

(1) The facies boundary between garnet and spinel
peridotites and that between spinel and plagioclase
peridotites curve significantly due to the composi-
tional changes of pyroxenes with pressure and tem-
perature. The former becomes vertical below 800°C
and 12 kbar, and the latter curves in the opposite
direction and becomes less steep as temperature de-
creases. This further constrains the geological occur-
rences of garnet and plagioclase peridotites in the
earth’s crust.

(2) The solubility of Al,O; in orthopyroxene in spinel
peridotite is insensitive to pressure, but may be used
as a geothermometer. On the other hand, the parame-
ter for plagioclase peridotite is very sensitive to pres-
sure, and that for spinel pyroxenite is sensitive to
both pressure and temperature. Practically, these pa-
rameters may be used as geothermometers and
geobarometers, if the effects of components other
than CaO, MgO, Al,Q, and SiO, are considered

properly.
Appendix 1

Molar volumes and entropies at 1 bar and 298°K
of forsterite, anorthite, spinel, diopside, and grossu-
lar and entropy of CaAlSiO, pyroxene are from
Robie and Waldbaum (1968).

The entropy of clinoenstatite given by Robie and
Waldbaum (1968) was used for orthoenstatite, since
the difference between the two is very small (R. C.
Newton, personal communication, 1975).
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Molar volumes of pyrope and orthoenstatite are
from Skinner (1956) and Turnock et al. (1973), re-
spectively.

Partial molar volumes of CaAl,SiOs and Mg,Si,O4
in diopside solid solution are constant between diop-
side and diopside(50)-enstatite(50) and are 63.22 and
64.05 cm?®/gfw, respectively.

The partial molar volume of CaMgSi,O; in or-
thopyroxene near MgSiO, was calculated to be 69.8
cm?®/gfw from the pressure dependence of the diop-
side-enstatite solvus (Mori and Green, 1975).

Partial molar volumes of Mg,Si,Os and MgAIl,SiO,
components in orthopyroxene were calculated by
equation (12) in Wood and Banno (1973), which is
based on Skinner and Boyd (1964) and Chatterjee
and Schreyer (1972).

Appendix 2

Method to calculate the amounts of Al,O; in
clinopyroxene and that of CaO in garnet from the
composition of orthopyroxene

The aluminous pyroxene component CaAl,SiOg in
clinopyroxene may be related to the component
MgAlLSiO, by:

MgAl, Si0; + CaMgSi,O,
opx cpX
= CaAl,SiO; + Mg, Si,0,
cpx opx

39)

The calcium garnet component CazAl,Si,O;, may
be expressed as:
CaMgSi,0; + 1/3 Mg;Al, Si,0,,
cpx gar
= Mg,Si,0s + 1/3 Ca,Al; Si;0,,
opx gar

(40)

The equilibrium condition for these reactions may
be written in the same form as equation (18):

—RT In K' (i) = AH? (i) + (P—1)AV(i) — TAS (i) (41)
where K' (i) are defined as:

M2, 0px M1, 0px M2, cpx M1, epx
(XMg 'XMg )(XCa - X )

K'(39) = (42)
(e A e JT)
M2, 0px 3 M1, 0px gar
K'(a0) = (Ko Xue' ) Xen (43)

M2, epx M1,cpx gar
(XCa e XMg )XMg

The values of K’ may be calculated using the above
equations from Boyd’s (1970) microprobe analyses of
synthetic garnet, clino- and orthopyroxene which
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were equilibrated at 1200°C and 30 kbar in the sys-
tem Al;0;-CaSiO;-MgSiO;. The compositions of the
phases are:

X = 0.080, Xa, " = 0.920, Xm2"™ = 0.953,
XN = 0,062, Xur Y = 0.938, X¥2 e = 0,836,

and X¢&. = 0.15.

AHS +(39) and AHY (40) were then calculated to
be —168 cal/mole and 433 cal/mole, respectively, sub-
stituting the previously derived values of S¥ga1,si04
and  Sfigaisi0, and volume data into equation
(41). In the calculation of AV(i), clinopyroxene and
garnet solid solutions were assumed to be ideal in
terms of volume-composition relationships, based
upon the unit cell data of clinopyroxenes on the joins
CaMgSi,0,~CaAlSiO, and CaMgSi,0,-~Mg,Si, 0,
(Clark et al., 1962), and those of garnets on the join
Mg;Al,Si;0,,-Ca;sAl,Si;0,, (Chinner et al., 1960). K’
(39) and K’ (40) can now be calculated at any pres-
sure and temperature by substituting the calculated
values of AHYr (39) and AHY, (40) in equation
(41). X¥er* and X%%° may be calculated using equa-
tions (42) and (43), if the other quantities in these
equations are known.

Appendix 3

Entropies of complex pyroxenes

Compositions of ortho- and clinopyroxenes in the
three-component system Al,O3-MgSiO;~CaSiO; may
be generally expressed as

(1 — x — y)Mg, 81,04 x MgAl, SiOg- y CaMgSi, 0,
orthopyroxene solution
and

(1 — x" — »")CaMgSi,0;-x’ CaAl,SiOs-y’ Mg, Si, O,
clinopyroxene solution
Assigning Al and Ca atoms into M1 and M2 sites,
respectively, atomic concentrations in the individual
sites of orthopyroxene are:

M1

Xop=1—x, XMW =y x¥-1_,,

and XJZ =y
Similarly those of clinopyroxene are:

M1

Xy =

M2 ’
s

- .X’, Xilll = x,’ XML! =Y

and X&l=1—y.
The Wood-Banno model for pyroxenes assumes ran-
dom mixing of atoms in M1 and M2 sites and no

MASAAKI OBATA

interaction between the two sites. If we can neglect
excess mixing entropy due to thermal vibration of
atoms.,® partial molar entropies of these pyroxene
components are:

M2

Sme. 500 = Sma.sion — R In (Xngr Xaip)
SMgAIgSiOg = Sg’[g:\lgSiOs — R In (Xm\l: Xﬁi) (44)
SCaMgsnoﬁ = SOCaMgSiZOs — R In (szg Xﬁgi)

c 0 M1 M2
Scaat.sioe = Scaal.sio. — RIn (X'g- X'¢op)

The molar entropies of complex ortho- and cli-
nopyroxenes: S°®*and S°* are by definition:

QOobX
S = (I — x — ¥)SMe. si.0.
oobx Qonx
+ )65‘1\/114.«12&0u + ySC}IM‘_{SigOG
(45)
T oebx
S = (1 — x" — )5S Mesi.on

+ Xlsgi\usmc + y/S;::zSigOn

The entropy of pure CaMgSi,Os pyroxene in the
orthopyroxene phase and that of pure Mg,Si,Oq
pyroxene in the clinopyroxene phase are not known,
but may be estimated empirically from experimental
data for the enstatite-diopside solvus as described
below.

The conditions of the two-pyroxene equilibrium

may be written in the same form as equation (12):
—RT In K' (i) = AG(i) + AG*(i) (46)

where AG° (i) is the free energy change of reaction (i):

Mg, Si,0s = Mg, Si,04 47
opx cpXx
and
CaMgSi,0s = CaMgSi,04 (48)

opx cpx

K'(47) and K'(48) are defined to be X¥2-cP* /XM 20px
and X¥zerx/x¥rorx respectively. The suffix ‘“‘ex”
denotes the excess term for reference to the ideal
system. Differentiation of equation (46) with tem-
perature gives:

(ﬂ;”JPJﬂM) = A = B @
I

For reaction (47),
AS°(47) + AS(47) = Shesi.on
+ SMelsi.

exX ,opx

0, opx
Qe — SMgg 8i206

— SMg.si.06

(47")

® This approximation may be too crude for the Mg,Si, Qs
CaMgSi,0, pyroxenes, but the treatment will be improved by
considering the excess terms later.
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and for reaction (48),

AS°(48) + AS™(48) = S&Mesi.on
= S S(()?’aolelxgsiaog + Serail\cdp:SiaOs
where S {'*and § ¢ are the molar entropy of com-
ponent j in pure phase « and the excess partial molar
entropy of component j in phase a, respectively. For
an orthopyroxene close to pure Mg,Si,O,, the value
of St %i,0. Will be very small and may be safely ne-
glected, but S¥es%i.0. which may be a complex func-
tion of pressure, temperature, and composition, may
not be negligible, since the composition of the co-
existing clinopyroxene is far from pure Mg,Si,Oe.
SCiviasiaoe is negligible, but Scamesi.o. is not, by the
same argument for equation (48'). The values of

% .00 + SMasi.0. and those of SGysio.

SS.Mesi,o. may be calculated by obtaining the tem-
perature dependences of —RT In K'(i) determined
from the experimental data of Mori and Green (1975),
and by substituting Robie and Waldbaum’s (1968)
data for S si.0. and S &, si.0.into equations (47')
and (48'). Substitution of the resulting values of
SVesi.0. + SMarsi.o. and SCaugsi.ont SMar 51204
for Skiessi.0. and SGorgsi.o0., Tespectively, inequation
(44) will reduce the error which may have been in-
troduced by neglecting the excess term of mixing en-
tropy for Mg,Si,0,~CaMgSi,O; pyroxenes.

ex , 0PX

— SCaMgsi,0.

(48")
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