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Abstract

The solubi l i ty of AlzOa in orthopyroxene coexist ing with ol ivine and spinel in the system
MgO-AlrO.-SiO, was calculated. The model used is based on the theoretical treatments by
Wood and Banno (1973) and Wood (1974) for garnet-orthopyroxene equil ibr ia and on the
experimental data of MacGregor (1964) for the reaction orthopyroxene * spinel :  forsteri te
+ pyrope. The reaction curve was extrapolated outside the experimental range using a simple
solut ion model for orthopyroxene proposed by Wood and Banno (1973). The solubi l i ty of
AlrOr in orthopyroxene is calculated to be much less sensit ive to pressure than suggested by
MacGregor (1914), and is essential ly a function of temperature alone below 1000'C. Based on
the results in the system MgO-AlrO.-SiOr, the univariant curves for the reactions forsteri te *
anorthite :  cl inopyroxene * orthopyroxene * spinel and cl inopyroxene * orthopyroxene *
spinel :  forsteri te + garnet in the four-component system CaO-MgO-AlrOr-SiOr, and the
solubi l i t ies of AlrO, in orthopyroxene in plagioclase peridoti te and in spinel pyroxenite, were
also calculated. Because of the composit ional changes of pyroxenes which are involved in the
reactions, the univariant l ines curve signif icantly, and simple l inear extrapolat ions of high-
temperature experimental data to low temperatures are not val id. A method for applying the
calculated results to natural rocks is proposed.

Introduction

Among chemical parameters of minerals, the solu-
bil i ty of AlrO, in pyroxenes is one of the most sensi-
tive indicaters of physical conditions, and is espe-
c i a l l y  a p p l i c a b l e  t o  p e r i d o t i t e s .  e u a n t i t a t i v e
estimates of equil ibriation pressure have become
possible since the experimental work on the join
MgSiOr-MgAl2SiaOl2 by Boyd and England (1964)
and that in the sysrem MgO-AlrOr-SiO, by MacGre-
gor (1974). These experimental data have recently
been applied to garnet peridotite xenoliths in kimber-
l i tes (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 equil ibria 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

can now estimate equil ibration pressure of garnet
peridotites with some confidence, provided equil ibra-
tion temperatures are known by independent methods.
On the other hand, there are sti l l  some contradic-
tions about the AlrO, solubil ity in orthopyroxene in
spinel peridotite among different authors: Mac-
Gregor's experiments (1974) suggest that the AlrO.
isopleths for orthopyroxene have definite positive
slopes in the spinel peridotite field as well as in the
garnet peridotite field, and that the AlrO, content de-
creases with increasing pressure. This contradicts
O'Hara's (1967) inference that the AlrO, isopleths for
clinopyroxene, and also by implication for ortho-
pyroxene, have negative slopes, and that the solu-
bil i ty 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 AlrO,
solubil ity 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 solubil it ies of AlrO, 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 AlrO, solubil it ies 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 AlrO3 solubil ity in or-
thopyroxene in various mineral assemblages, it is
convenient to first write appropriate stoichiometric
expressions of  the a luminous pyroxene component ,
MgAlrSiO.,l in terms of sets of components in the
phases present. For example, the equation

MgeAl rS i3O, ,  :

garnet
MgzSi :Oo + MgAl ,SiO6 (1)
orthopyroxene solid solution

has been used by Wood and Banno (1973) to analyze
orthopyroxene-garnet equil ibria. Similarly, the equa-
t ion

Mg, SirOu { MgAl,Oa
orthopyroxene spinel

:  MgzSiO4 + MgAlrSiO6 Q)
olivine orthopyroxene

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

CaAlrSi rO'  *  MgrSiOn
plagioc lase o l iv ine

CaMgSi,Ou + MgAlrSiO6 (3)
clinopyroxene orthopyroxene

for a plagioclase-olivine-clinopyroxene-orthopyroxene
assemblage,

0.5Mg,SirO6 + 0.5CaAlrSi ro, i  + 0.5MgAl ,Oo
orthopyroxene plagioclase spinel

:  0 .5CaMgSirO6 + MgAlrSiO6 (4)
clinopyroxene orthopyroxene

for a spinel-plagioclase-clinopyroxene-orthopyroxene

'  A l though Ganguly and
MgrAl"Si.O', is preferable to
roxene component,  the choice
cause differences in the result

Chose (19'75) suggested that
MgALSiO" as an aluminous py-

of  a d i f ferent  comDonent wi l l  not

assemblage, e/c. Regarding these mathematical ex-

pressions as chemical reactions, the equil ibrium con-

dition for the reaction is:
-RI In 1((t) : AGo (,) (5)

where K(i) and AGo(t) are, respectively, equil ibrium
constant and free energy change of reaction (i) at the
pressure and temperature ol interest. The equil ibrium
constants for each reaction are:

o 'x  
.  , ,  o"  '  a i lX,  * ,  =o"

K ( l )  :  
4 M s A r  

( 6 )
aiu l l "  n ' "  . ,  "o,  ,

K(2) :

x'(3) :

K(4) :

ai?x^, o l

s i o " ' 4 u s i  o 1

a i f | , " ' . o " ' d l ? *e r ,o ,

a M z ' A r ^
a  s i

o l  p l
4 M c "  S i  o . ,  

'  a c o  - r  t  
"  

s ; , o "

o D x  /  c p x  \ t . / :
4 M r . r  r .  s i o "  '  ( 4 c " p r g  s i , o " , f

(7)

(8)

(e)
(oi lX" . , ,o")" ' '  (o 'J^n r . . , ,o") '  "

where aJ is the activity of component 7 in phase
d . . 2

l f  the free energy change AGo and the acti-
vity-composition relationships are known, the AlrO,
solubil ity 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-
t ion,  and calculated AGo( l )  us ing Boyd and Eng-
land's  (1964) exper imenta l  data on the Al rOg solubi -
l i ty 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 l imits of experimental precision.

In this paper, the Wood-Banno model for the
MgrSizO.-MgAlrSiO. orthopyroxene solid solution is
adopted, that is:
( l )  Octahedral  Al  atoms occupy only the smal ler  of
the two octahedral  posi t ions,  Ml .
(2) Tetrahedral Al atoms are completely coupled to
the octahedral Al atoms to maintain local charge
balance.
(3)  An ideal  random mix ing of  Al  and Mg atoms was
assumed in Ml 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 :  or thopyroxenei  sp :  spinel ;  o l  = o l iv ine;  fo =

forsterite; gar = garnet; py : pyrope; pl = plagioclase; an =

anorth ite.
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from the proportion of Mg and Al atoms in the Ml
s i te  only .
(4) The solid solution is ideal at I bar and the non-
ideality is introduced by the excess partial molar vol-
ume at high pressures.

The olivine-spinel-orthopyroxene equil ibria in the
system MgO-AlrOr-SiO, 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-AlrOr-SiO, wil lbe treated. A method
is then described whereby the results of calculations
in simple systems can be used as indicators of equi-
l ibr ium condi t ions in  natura l  rocks.

Solubilily of AlrO" in orthopyroxene coexisting with
forsterite and spinel in the system MgO-AlrOr-SiO,

In the system MgO-AlrOr-SiOr, aint""r,o" and
a ilon,,o. , in a spinel peridotite are unity, and

ai lX,  
" , ,o"  

:  X{" ' " 'TM*"  s i  "o"  
( l0)

a i l l ^ , "  s i ou  :  X . f ; , t ' y rn . * r ,  r ' o "  ( 11 )

xY" .+  x# :1
where X ffi and X {l are the concentrations of Mg
and Al atoms in the MI site, and 7's are activity
coefficients in orthopyroxenes. By introducing a pa-
rameter, K', (2) : Xxi / XXl, which is called the appar-
ent equilbrium constant, we may write for reaction
(2\ :

-R?n ln K' (2) : AGo (2) + AG* (2) (12)

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

AG".(2) : -R7," (Z*t--t*) ,r9\  7 r * "  
" ,  " o .  

/

AG'*(2) : AH"-(2) - rA,S".(2) (14)

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

equat ion (12)  becomes:

-RT  l n  K ' (2 ) :  AH ' : . 1 ' ( 2 )  +  (P  -  D  AV IQ)

or

- R I  l n

+ (P - r) AV"-(2) - ZAS0(2)

K',(z) -- AH?,,.(2)

+ (P -  t )  AV(z)  -  ZAS"(2)  (18)

where Al4,r (2) and A,S0 (2) are an enthalpy change
at I bar, and entropy change of reaction (2), respec-
tively. A V (2) rs a molar volume change of reaction
(2) :

A V ( z ) :  V o * " . . , o .  *  z . * ^ , , . , o "

Vus .s ; "o .  -  V l " "o r ,o .  ( 19 )

where lA, and V1 are the molar volume of the pure
phase and the partial molar volume of component jr,
respectivefy. The values of L,Hi,r(2) and AS0(2) are
not known, but as described below, may be indirectly
derived using values of Hl,r(l) and AS0(l) 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-AlrOr-SiO, (MacGrcgor, 1964).

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

2tXYr'- Mg, Si,Oo. xl ', '  MgAl, Sioul
orthopyroxene so lution

+ G{,'" - xTi)ueat,on
spinel

: G{^'" - XX])M.1"SiO4 + MgrAlrSi.O,, (20)
forsterite pyrope

which is  s imply a l inear  combinat ion of  equat ions ( l )
and  (2 ) :

(20) : (x!1'. - x'l').e) - e) et)
Similar relations can therefore be written for molar
enthalpy and molar entropy changes of reactions (l ),
(2) ,  and (20) :3

AH(20) :  (XI I ' , .  -  X{ : , " ) .AH(2)  -  Ar l ( l )  (22)

As(20) : (xy,'" - xti).as(2) - a.r(l) (23)
The composition of pyroxene may be calculated using
equation (13) of Wood and Banno (1973). The Clapey-
ron equation

q4 : ++?9 Q4)dr A v(20)

3 It should be noted that. these changes are on partial molar
quant i t ies of  the components,  and not  on those of  pure phases

Since

AG"^ (2) : A,H'* (2) (15)

/a aa\
\  a p  / " . , :  

o n  ( 1 6 )

and

e#)" ,: o,"" (17 )
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expresses AS(20) in terms of L'V(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 datao
for spinel, f lorsterite, aluminous enstatite, and py-

rope. A value for AS(20) is thus obtained. AI1(20) is
immediately known, because

LH(20): ZAS(20) (25)

on the univariant curve. We also have relationships:

AH( r ) :  A f l l , r ( l )  +  (P  -  1 )  A  I / ( 1 )  ( 26 )

a.r ( l )  :  as. ( l )  -  R ln  (x{ l ) ' (x# l )  Q7)

n Sources of  data for  molar  volumes and entropies of  minerals

used in th is paper are given in Appendix l .

r s  20  25  30  35
P r e s s u r e  i n  K b o r

FIc.  L Calculated univar iant  l ine (curve ,4)  of  the react ion

opx*sp : fo+PY in the system MgO-Al,Or-SiO, compared with

the experimental data of MacGregor (1964): open rectangles :

opx*sp; filled rectangles = fo+PY.

and

AH(2)  :  AHl , " (2)  + (P -  t )  AV(2)  (28)

A,s(2) : aso(2) - R ln (x'^i/ x{":') (29)

Substituting the values of A//(20) and AS(20) which

were obtained previously and A,H and AS of equa-

tions (26), (27), (28), (29) into equations (22) and

(23), we finally arrive at values of A^F/?,r(2) and

AS0(2). AS0 (2) is also, by definit ion,

Aso(2)  :  sL""  r , , , .  *  s ! 'ager ,  s io"

SL*"  . , .o"  -  ,S in"n, ,o.  (30)

where S! is an entropy of formation of component j

in a pure phase at standard state (1 bar, 298"K)'

Temperature dependence of ASo 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

MgAlzSiO. pyroxene, as yet unknown, may be ob-

tained. The entropy of pyrope may also be obtained

using the re lat ionshiP,

as " ( l )  :  sL " " . , " o "  *  s i r e , , \ r , s ro "

-  'S9 tn "0 , , . , " o ' "  ( 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  ca lculat ion,

the best value of A,S' (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 f its the experimental data of MacGregor

(1964) is  shown in F igure l .  The parameters of  the

curve are AS' (2) : 4.05 cal/deg/mol and Alfl,r(20)
: 10.4 kcal/mole. Entropies of MgAlrSiO. pyroxene

and pyrope at standard state were calculated to be

33.0 calldeg/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.  l l7) .  The values Af l l , r ( l )  and

A^S0 (l) 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 L'II\.rQ) and ASo(2) into equation
(18), the MgO-AlrO'-SiO, phase diagram was con-

structed in pressure-temperature-composition space

-U

;
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o
o
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(Fig. 2). This figure shows that, although rhe
univariant curve of the reaction opx * sp : fo * py
is nearly a straight l ine in the experimentally in-
vestigated area of pressure and temperature, the slope
becomes steeper as temperature decreases and is al-
most vertical below 800'C. Slopes of AlrO, isopleths
for spinel peridotite are very shallow and almost hori-
zontaf below 1000'C. Anastasiou and Seifert (1972)
determined the AlrO, solubil ity in orthopyroxene on
the reaction curve opx * sp : fo * cordierite, using a
hydrothermal apparatus. Their data, 7.2 mole per-
cent MgAlrSiO. at 900'C-3 kbar, l3 mole percent
MgAlrSiO. at 1000'C-2.8 kbar, and 17.2 mole per-
cent  MgAlrSiO.  at  I100'C-2.6 kbar  agree wel l  wi th
the calculated values of 8, I l , and 15 mole percent
MgAlrSiO. at the same conditions within the l imits of
experimental uncertainty. These, however, are in
marked contrast  to  MacGregor 's  (1974) values of
app rox ima te l y  15 ,  21 ,  and  24  mo le  pe rcen t
MgAlrSiOu 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.b
MacGregor (1974) considered a possibil i ty that the
AlrO3 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  vo lume and/or  molar  entropy
changes of reaction (2) with temperature and/or
pressure at constant composition of pyroxenes. It is
very diff icult 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 l ines. 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 possibil i ty 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 AlrO, solubil ity in orthopyrox-
ene in spinel peridotite as a geobarometcr except at
very high temperatures where the slopes are steeper.

5 The thermodynamic t reatment and the conclusions in the sys-
tem MgO-AlrOr-SiO, are almost  ident ical  to those of  Wood
(1975),  whose manuscr igt  became avai lable to the author af ter  the
1975 Internat ional  Cor i ference 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 MacGreeor's
(1974) exper iments are in error .

Nevertheless, this model for spinel peridotite enables
us to calculate the solubil it ies of AlrO, in orthopyrox-
ene in plagioclase peridotite and in spinel pyroxenite
as is shown in the following section.

Phase equilibria in the system of CaO-MgO-Al2Os-
SiO, and the solubility of Alros 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-AlrOr-SiO2, 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-AlrOr-SiO, is a
"b r i dge "  be tween  the  MgO-A l rOr -S iO ,  and
CaO-M gO-Alros-SiO, systems.

Kushiro and Yoder (1966) exper imenta l ly  in-
vest igated the react ions an*fo=cpx*opx*sp,  and
cpx*opx*sp:gar* fo.  I t  is  possib le to calculate
these reactions using the model of the AlrO, solubil ity

r600

600

S p  p e r i d o t i t e

20

- l o

G o r  p e r i d o f i t e

400

;' r4oo
3

!
o

5 r2oo

o
o

looo

800

0 1 0 2 0 3 0 4 0

Pressure  in  Kbor

FIG.  2  Ca lcu la ted  phase d iagram fo r  the  sys tem
MgO-AlrO3-SiO, in temperature-pressure-composition space.
Curve I is the same as in Fig. l. Isopleths refer to percentages of
the Ml site in orthopyroxene occupied by aluminum atoms. The
garnet peridotite portion is taken from Wood (1974).
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Al in Opx

A1 in cp

Mas s -ba Iance

t h e  u n i v a r i a n

)quat ion for

:  r e a c t i o n

d P l d T ;  s l o p e

a n d  A l - i s o p l e

An-Fo-Cpx-Opx

r e a c t a o n ,

)f  the curve

:hs for

and Sp-An-Cpx-Opx

T  =  T  +  A T

P  =  P  +  A T ' ( d /drl

Frc.  3.  Calculat ion scheme for  the react ion an*fo :  cpx*opx*

in the system CaO-MgO-AlrOs-SiOr.

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 i l lustrated 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 AlrO, content of the pyroxenes, judging

from Boyd's (1970) data on the pyroxene solvus in

the system AlzOs-CaSiOs-MgSiOr.u The procedure

by which AlrO, content in clinopyroxene was calcu-
lated from that in orthopyroxpne is described in Ap-
pendix 2. If the compositions of pyroxenes are

known, we may write a mass-b4lance equation for the

react ion an*fo :  cpx lopx*sp,  and calculate the

u Some experiments indicate that Alroa appreciably reduces en-

stat i te solubi l i ty  in c l inopyroxene (O'Hara and Schairer ,  1963;

Herzberg and Chapman, 1976). The effect of the reduction was

also examined in the calculat iqn and was found to be no more than

I  kbar reduct ion of  the posi t ion of  the boundary around 1000"C,

f ix ing the point  at  8.5 kbar,  1200"C, yet  the s lope at  lower temper-

atures (below 800'C) stays the sar,ne, 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

equatlon.
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 F igure 4.  The rat io  of  the amount  of

AlrO. 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 l ine for the reaction cpx*opx*sp :

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 rat io  Cal(Mg+Ca) of  garnet  vary ing f rom 0.13 at

1500'C to 0.16 at 500'C. The agreement with the

? The calculat ion procedure ofentropies ofcomplex pyroxenes ls

descr ibed in Appendix 3.

(J

o
f

o
q,
c
E
0)

F

r400

r 200

r000

E
E-'Y"'

----7 |

A n *

tl

t l
I  Cpx *  Opx  *

Sp

14t2ro
P r e s s u r e  i n  K b o r

Flc.  4.  Calculated univar iant  l ine (curve B) for  the react ion an*fo

:  cpx*opx*sp in the system CaO-MgO-AlrOs-SiO,,  compared

with the exper imental  data of  Kushiro and Yoder (1966):  open

rectangles :  an+fo;  f i l led rectangles :  cpx*opx*sp;  hal f - f i l led

rectansles : indeterminate; crossed rectangles : above solidus'
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exper imenta l  data is  excel lent ,  as is  shown in
Figure 5.

Slopes of the AlrO, isopleths for orthopyroxene
coexist ing wi th p lagioc lase *  o l iv ine *  c l inopyrox_
ene and also with spinel * clinopyroxene f plagio_
clase were calculated along the univariant curve of
the react ion ani fo :  cpx*opx*sp us ing the Clapey_
ron equation for constant composition of orthopyro_
xeno:

where AS and AV are respectively molar entropy and
molar  vo lume changes of  the react ions (3)  or  (4) .
Similarly, the slopes of the AlrO, isopleths for gar_
net-clinopyroxene-orthopyroxene were calculated
along the curve for  the react ion cpx*opx*sp =
gar*fo. In contrast to the three-component system
MgO-AlrOr-Sior, the isopleths are not straight in
the system CaO-MgO-AlrOs-SiO, since the Cal
(Ca+Mg) ratio of pyroxenes and the AlrO3 content in

MASAAKI OBATA

14C^C,

120C,
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Frc 6. Calculated Al isopleths for orthopyroxene in plagioclase
per iodot i te (dashed l ines),  spinel  per idot i te (dot ted l ines),  and
garnet  webster i te or  garnet  per idot i te (dash-dot  l ines) in the system
CaO-MgO-Al ,Oa-SiOr.  Thick sol id l ines I  and C are the same as
in Fig.4 and Fig.  5,  respect ively.  Curve D is another univar iant  l ine
for  the react ion cpx*opx*sp*an :  gar,  which was graphical ly
der ived.  KY is Kushiro and Yoder 's ( t966) exper imental ly-deter_
mined l ine for  the same react ion in the four-componenr system.

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 l ine of the reaction
an*fo :  cpx*opx*sp,  as was done in drawing the
univariant l ines, and the results are shown in Figure
6. They become less steep at high temperatures with
constant values of Xltr '. Those for spinel peridotite
and for spinel pyroxenite, on the other hand, may be
safely approximated by straight l ines, since extrapo-
lations are not far enough to cause significant errors.
Those for garnet peridotite wil l become steeper as
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temperature increases with constant values of Xfi ,
but here they are approximated by straight l ines.
Error by this simplif ication wil l 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-

var iant  l ine of  a react ion cpx*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

Fie.  6) .

Discussion

The calculated results in the four-component sys-
tem CaO-MgO-AlrO'-SiO, are i l lustrated over a
wide temperature range in Figure 6. The curve for the
reaction cpx*opxtsp : garf fo (curve C) retains the
same character as that in the MgO-AlrOr-SiO, sys-
tem (curve A 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 A by introducing
CaO in the system, and the minimum value of the
pressure ofcurve C is 12 kbar. The present theoretical
calculat ion supports  O'Hara et  a l . 's  (197 l )  con-
clusion, based on their experiments, that simple
linear extrapolation of the univariant l ine 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
c rus t .  The  I i ne  f o r  t he  reac t i on  an  *  f o
cpx*opx4sp curves in  the opposi te d i rect ion,  i .e . ,
the slope becomes less steep as temperature de-
creases, and this curve intersects the temperature axis
above 400oC. This may imply h igh- temperature or i -
gins ofplagioclase peridotites, either as direct crystal-
l ization products from magma or as recrystall ized
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
( r e66).

The AlzOs solubil ity 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 solubil ity 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 Cal(Ca+Mg) ratio in coexisting pyrox-

enes, which is insensitive to temperature below
1000'c.

G e othe rmo me t ry qnd geobarome t rY

Although the bulk chemical composition of most

mafic and ultramafic rocks are well expressed in the

system CaO-MgO-AlrOB-SiOr, the presence of other

components, such as FeO, NarO, CrzOr, FezOs, is not
negligible in some cases. The effects of these minor

components are removed by the use of the "apparent

equil ibrium constants" which are defined as

vtfl\ _ (xL:s'"s*. xyl '"e\(x#:E"e*' xyls'"e-) (33)A ( r r : 7 " " ,
d M s , A l . s i 3 o . ,

(34)

(3  5 )

( xyr:"' *- . xlt t' "-Xol,uJr* s i " o " )' 
/'

( x{t?.' *-' x{rt*' """)t " (o3t' ̂, " ., " o. )t "(ailu " 
r' o, )"'

(36)

corresponding to the equations (l), (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-AlrOs-SiOr, and the

activit ies are:

a { , i j , , t ' "  s i " o , .  :  (Xon , , ) t (Xn , ) '

a"rvlc, sio, : ( xiIZ)( xY,:")

alll,u","o" : (x'[?)(x{".) (37)

a l t , n , ,  r t , o ,  :  X c ^ ^ l !  s i , o .

ai lg , r r "o.  :  (x f f ; ) (x , l i ' ) '

where X IrT and X on\' 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,  l97 l ) ,  but  s ince

those excess terms wil l 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 simplif ication may cause

serious errors, if the chemical composition of the
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phases are far from the system CaO-AlrO.-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 equi l ibr ium condi t ion (5)  may general ly  be
rewritten as follows:

- RT lnK' (i) : Afl l.r(i) +

(P - 1) AV(i\ - 7'AS'(') (38)

AH\3Q) and A,9(i) are independent of jcomposition

by definit ion , and AV(i) only depends on the amount
of AlrO, in orthopyroxene. If we neglect small
changes of A,V(i) which wil l be caused by a small shift
of the amount of AlzOa after the correction described
below, it follows that the values of K'(i) wil l not
change by the introduction of components other than
CaO, MgO, Al rOB, and SiOr.  The values of  K '  (2\ ,
K' (3), and K' (4), which are apparent equil ibrium
constants for, respectively, spinel periodotite, plagio-
clase periodtite, and spinel pyroxenite, have also been
calculated a long the univar iant  l ine of  the react ion
an*fo :  cpx*opx*sp,  and they are tabulated wi th
the values of  X\ i  in  Table l .

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

( l )  Calculate act iv i t ies of  components MgrAl2SirO,2,
MgrSiOn, CaMgSirO., CaAlrSirOr, MgAlrOn 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.  l l8)  may be fo l lowed to assign
cations over Ml 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 l.
(3) Using the diagram in Figure 6 and starting from
the temperature point on the univariant l ine, draw a
line parallel to the nearest isopleth for the particular
mineral assemblage. The equil ibrium condition for
the rock l ies somewhere on the l ine. Equil ibration
temperature and pressure may be uniquely obtained
by combining another thermometer or barometer,
such as the diopside-enstatite solvus or the partit ion-
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-

lated results is a diff icult task, with direct experimen-
tal points being absent in plagioclase peridotite and
spinal pyroxenite fields. Uncertainties in the calcu-
lated values of AS0 (2) and AHo (2) are estimated to
be a 0.5 cal/deg/mole and t 0.5 kcallmole, 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 f 50'C
around 800'C. The slope, however, wil l 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 800oC,
for example, wil l cause uncertainties of approxi-
mately t I kbar for plagioclase peridotite and of * 2
kbar or + 50'C for spinel peridotite. Other sources
of  uncer ta int ies,  especia l ly  the use of  random mix ing
model of Al and Mg atoms in Ml site and the use of
the ideal solution model for MgSiOr-MgAlrSiO.
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 Ml site, but the effect
has not been evaluated.

It is obvious now that more experimental work,8
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 solubil ity of AlrO, 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

sRecent ly three exper imental  studies re levant  to the problem

have appeared;  Herzberg and Chapman (1976) on the AlrO, solu-

bi l i ty  in c l inopyroxene in spinel  per idot i te,  and Presnal l  (1976) and
Fuj i i  and Takahashi  (1976) on the Al ,O3 solubi l i ty  in or thopyrox-

ene in spinel  per idot i te.  Al l  the resul ts agree wel l  wi th the present

calculated resul ts,  conf i rming the minimal  pressure dependence of
the parameter in spinel  per idot i te,  except that  of  Presnal l ,  which
suggests,a negative slope for the 8.5 weight percent AlrO' isopleth



THE SOLUBILITY OF AI2O8 IN ORTHOPYROXENES 8 1 3

r 3 0 0
1 2 5 0
1 2 0 0
1 1 5  0
1 1 0  0
1 0 5 0
1 0 0 0

9 5 0
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8 5 0
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1 3 . 8
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1 1 . 9
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7 . 2 9
0 . 8 6

1 8 , 0
1 6 . 8
1 5 . 6
1 4 . 3
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1 1 . 7
1 0 . 3

9 . 0 2
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6 . 5 3
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4  . 3 4
3 . 4 0
2 . 5 8
r . 8 9
1 . 3 3
0 . 8 9

TnsI-e l. Apparent equilibrium constants: K's and concentrations
of Al atoms in the Ml site of orthopyroxene: XYI on the

univariant l ine of the reaction: an * fo = cpx * opx + sp.

T e n p .  (  c )  K ,  ( 2 )  x l 0 0 K ' ( 3 ) / r o o  K ' ( 4 ) \ r o o  x l l , r o o

Molar volumes of pyrope and orthoenstatite are

f rom Skinner (1956) and Turnock et  a l .  (1973),  re-

spectively.
Partial molar volumes of CaAlrSiO' and MgrSirO.

in diopside solid solution are constant between diop-

side and diopside(50)-enstatite(50) and are 63.22 and

64.05 cms / gfw, respectively.
The partial molar volume of CaMgSizOu in or-

thopyroxene near MgSiOa was calculated to be 69.8

cm8/gfw from the pressure dependence of the diop-

s ide-enstat i te  solvus (Mor i  and Green,  1975).
Partial molar volumes of MgzSirO. and MgAlrSiO.

components in orthopyroxene were calculated by

equat ion (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 AlzOt in

clinopyroxene and that of CaO in garnet from the

comp osit ion of o rthop y ro xene

The aluminous pyroxene component CaAJrSiO. in

clinopyroxene may be related to the component
MgAl,SiO. by:

MgAlrSiO6 + CaMgSirOo
opx cpx

: CaAlz SiO6 + Mg, SirO. (39)

cpx opx

The calcium garnet component CarAlzSiaO,, may

be expressed as:

CaMsSirOo + l /3  Mg3Al ,Si .O, ,
cpx gat

:  MgzSirO6 + l , /3  CaeAlrSiaO' ,  (40)

opx gar

The equil ibrium condition for these reactions may

be written in the same form as equation (18):

-RI ln K' (i) : AHirQ) + (P-l)AV(i) - ZAs"(t) (41)

where K' (i) are defined as:

, , , I t 2 , o p x , , i i l . " " " ) ( X : , j , , c D x .  X , r , r r r , c r { )
K , G g l :  

( ^ y i  ' ^  ,  ( 4 2 1
( xy:'*- . x{r'"'""->< x{r2'or' x'urr oex)

K'  (2 )  :  fo r  sp ine l  per ido t i tes  (sp+o l+cpx+opx)
K '  (3 )  :  fo r  p lag ioc lase  per ido t i tes  (p l+o1+cpx+opx)
K ' (4 )  :  fo r  sp ine l  pyroxen i tes  (sp+p1+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 solubil ity of AlrO, 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, AlrOr, and SiO, are considered
properly.

APPendix I

Molar volumes and entropies at I bar and 298'K
of forsterite, anorthite, spinel, diopside, and grossu-

lar and entropy of CaAlzSiO. 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).

(43)

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 AlzOs-CaSiOr-MgSiOr. The compositions of the
phases are:

x l t , r ' oex :  o .ogo ,

x l { , ' 'cDt  :  0 .062,

x#i'- ' . - 0.e53,

xY,i '*- : 0.836,
and  xET  :  0 .15 .

LH\,.Q9) and AHl.r(4O) were then calculated to
be -168 cal/mole and 433 callmole, respectively, sub-
stituting the previously derived values of Sflaga1 ,s1eu
and S$,*rorr . , ro, ,  and volume data in to equat ion
(a l ) .  In  the calculat ion of  AZ( i ) ,  c l inopyroxene and
garnet  so l id  solut ions were assumed to be ideal  in
terms of  vo lume-composi t ion re lat ionships,  based
upon the uni t  ce l l  data ofc l inopyroxenes on thejo ins
CaMgSirOu-CaAlrSiOu and CaMgSirOu-MgrSi20.
(Clark et al., 1962), and those of garnets on the join
Mg.AfrSi.O,z-CarAlzSigO,, (Chinner et al., 1960). K'
(39) and K' (40) can now be calculated at any pres-
sure and temperature by substituting the calculated
values of AI4,r (39) and AIli," (40) in equation
(4t). Xyr'"o* and X$i' may be calculated using equa-
t ions (42)  and (43) ,  i f  the other  quant i t ies in  these
equat ions are known.

Appendix 3

Entropies of complex pyroxenes

Composi t ions of  or tho-  and c l inopyroxenes in the
three-component system AlrOr-MgSiOr-CaSiO3 may
be generally expressed as

( l  -  x  -  y )Mg ,S i rOo .x  MgA l rS iOe ' yCaMsS i ,Os

. orthopyroxene solution
ano

( l  -  x '  -  y ' )CaMgSi"O6.  x '  CaAlrSiO6'y '  MgrSirO6
cl inopyrox en e solution

Assigning Al and Ca atoms into Ml and M2 sites,
respectively, atomic concentrations in the individual
sites of orthopyroxene are:

x# l : r -x ,  x I i : * ,  xy ,1  : r - ; ,

and xti : Y.
Similarly those of clinopyroxene are:

x i l ' . : l - x ' ,  x { i  : * ' ,  x ( "? :y ' ,

a n d  X y : :  |  -  y ' .

The Wood-Banno model for pyroxenes assumes ran-
dom mixing of atoms in Ml and M2 sites and no

interaction between the two sites. If we can neglect
excess mixing entropy due to thermal vibration of
atoms,s par t ia l  molar  entropies of  these pyroxene
components are:

Sug, si "o" 
: .sin*" si:06 - n n ( x{1'". x!1'-)

S . * *o , " s i o "  :  S i , *n r " s i o6  -  a  t n ( x ' { , 1 ' x I [ ? )

,S."**r , .o"  :  s l *u*s i "o"  -  R ln  G{^ ' r .x I?)  
@4)

S" *o , " r , o "  :  s | , o , " s i oc  -  n  t n  f x 'X l .  x t i l

The molar entropies of complex ortho- and cli-
nopyroxenes: Sop*and S"p* are by definit ion:

,S"u* :  ( l  -  x  -  y)Si iX," , ,o"

*  xS i iX . ' .  r , n "  *  lS l i ' * r , , . , "  ( 45 )
( !cr \  -  ( l  -  x '  -  -y ' )S3l i r * " , "o"

*  x 'SL " i , " . , . , "  f  Y 'S i i l "  r , . n "

The entropy of pure CaMgSirO. pyroxene in the
orthopyroxene phase and that of pure MgrSirO.
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 condi t ions of  the two-pyroxene equi l ibr ium
may be wr i t ten in  the same form as equat ion (12) :

-RI ln K' (i) : AGo(t) + AG*(i) (46)

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

M g r S i : O e  :  M g r S i r O "

opx cpx

(47)

a n d

CaMgSi rO6 :  CaMgSi rOo (48)

opx cpx

K'(41) and K'(48) are defined to be Xffifiep*/Xy;3'"o,
and Xy3''o* / XU:''o' respectively. The suffix "ex"
denotes the excess term for reference to the ideal
system. Differentiation of equation (46) with tem-
perature gives:

(etl{_"ul<itt) : _as"(,) _ a.r..(,) (4e)\  d r  t -

For reaction (47),

As'(47) + A5'".(47) : siil i l ' ' ,o"

-  s i ; l i . " , ,""  *  s i i i iK"o" -  s i i ; lT,"u" @7')

"  This approximat ion may be too crude for  the MgrSirOu-
CaMgSirOu pyroxenes,  but  the t reatment wi l l  be improved bv
consider ing the excess terms later

x!11'""- : o.e2o,
x#: ' " ' .  :  0 .e38,
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and for reaction (48),

as'o(48) + as"-(48) : s3',"fi-*.'"o"
^ 0 , o P x  |  ^ e x , c p x  c P x . o p x-  -  J c a M c s i " o "  - 1 -  J c " u e s i , o ,  -  D c a M e s i , o " (48 ' )

where S f '" and S i*'" are the molar entropy of com-
ponent/ in pure phase a and the excess partial molar
entropy of componentT in phase a, respectively. For
an orthopyroxene close to pure MgrSizO., the value
of Sil;i""\"o" will be very small and may be safely ne-
glected, but Siii iK.o. 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 MgzSirO..
SF.o?Tr',o" is negligible, but SZiJfiTsi,o. is not, by the
same argument for equation (48'). The values of
Sonill*r,,o. + SiXil'Jt"". and those of Sor'"'#"",,o" +
SE irT"',". may be calculated by obtaining the tem-
perature dependences of -RZ ln K'(i) determined
from the experimental data of Mori and Green (1975),
and by subst i tut ing Robie and Waldbaum's (1968)
data for St*li-r'"." and S3'""i',s,,o.into equations (47')
and (48'). Substitution of the resulting values of
Sfui?i'"o. + Sii,i l"i,o. and S8'.' i i"s,"o" + S'ii i l"J'"o"
for Si; l?'r' r " o " an d St,"ii* s,, o ", resPectively, i n eq u at i o n
(44) will reduce the error which may have been in-
troduced by neglecting the excess term of mixing en-
tropy for MgrSirOu-CaMgSirO" pyroxenes.
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