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Garnet pyroxene equilibria in the system CaSiOrMgSiOs-AlrOe and in a natural mineral
mixture
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Abstract

Composit ions on the pyrope-diopside join in the ternary system CaSiOr-MgSiOr-AlrO,
have been investigated in the range 26-44 kbar and 1000'-1500oC. Two bulk composit ions
were ut i l ized in this study, pyrope.diopsideru and pyropeTodiopsidero, to which 5 weight
percent CaTiAlrOu was added, to test the effect of Ti on the solubi l i ty of alumina in the
orthopyroxene. The subsolidus phase assemblage for these composit ions is garnet a cl i-
nopyroxene * orthopyroxene.

Boyd and Nixon (1973) have suggested that the Cal(Ca+Mg) rat io of enstat i te in equi l ib-
r ium with diopside is a useful geothermometer. However, a comparison of the present
experimental data obtained at pressures above 30 kbar with the data obtained by Mysen and
Boettcher (1975) at 7.5-1.5 kbar suggests that the Ca/(Ca+Mg) rat io decreases as pressure
increases.

The solubi l i ty of AlrOr in the orthopyroxene coexist ing with a garnet * cl inopyroxene
decreases as pressure increases and as temperature decreases. The form of isopleths obtained
for the present ternary system is very similar to that obtained for the binary join MgSiOr-
AlrOr. The presence of small  amounts of TiO, in the bulk composit ion does not have a
marked effect on the solubi l i ty of alumina in pyroxenes.

Natural mineral mixtures of garnet * enstat i te f  diopside were equil ibrated under con-
trol led pressure and temperature condit ions. Equil ibrat ion pressures estimated for these
natural mineral mixtures, using the phase data for the MgSiOr-AlrOs and CaSiOr-MgSiO,-
AlrOr systems, are higher than the measured pressures. Pressures estimated using Wood and
Banno's thermodynamic model agree well  with the experimental equi l ibrat ion pressures for
runs at 3 I  kbar, but for runs at 38 and 44 kbar the estimated pressures are lower by 4-5 kbar.

Introduction

A wide variety of garnet-bearing ultramafic xeno-
l i ths has been d iscovered in k imber l i tes,  a lka l io l iv ine
basalts, basanites, and nephelinites; and it is an ac-
cepted view that these ultramafic xenoliths were
brought up from the upper mantle. These xenoliths
include lherzolites, pyroxenites, eclogites, and dun-
ites, and this wide variety testif ies to the complexity
of  the mant le.

Experimental phase equil ibrium studies can be
used in estimating the P and Z conditions of equil i-
bration of these nodules, provided the original equi-
l ibria that were established in the upper mantle were
not disturbed during eruption. Certain compositional

variables among the minerals in the ultramafic nod-
ules are sensitive functions of pressure and temper-
ature. The P and ?' conditions of formation can be
estimated, therefore, by equil ibrating natural rock
samples or mineral mixtures under known condi-
tions, and by studying the compositional variables in
the minerals of simple synthetic systems that approxi-
mately model those in the natural rocks. The experi-
mental results presented in this paper form a step
toward quantifying the interpretation of natural equi-
l ibr ia .

Previous work

The solid solution of enstatite in diopside is tem-
perature-sensitive and is relatively insensitive to pres-
sure (Davis and Boyd, 1966; Warner and Luth, 1974)
and can thus be used as a geothermometer. The diop-
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side solvus in the pure system MgrSirO.-CaMgSizOu
has been determined at atmosptreric pressure by
Boyd and Schairer (1964), at 30 kbar by Davis and
Boyd (1966), and more recently Nehru and Wyllie
(1974),  Howel ls  and O'Hara (1975) and Mor i  and
Green (1975) have reinvestigated the diopside-ensta-
tite solvus at high pressures. However, diopsidic
pyroxenes in the ultramafic xenoliths from kimber-
l ites commonly contain up to l0 mole percent
FeSiO3, and Boyd (1973) pointed out that a crude
allowance for the effect of FeSiO, on the solvus can
be made, provided the Ca/(Ca+Mg) ratios of the
diopsidic pyroxenes are used in estimating their equi-
l ibration temperature. However, Wood and Banno
(1973) have shown on theoretical grounds that the
Ca/(Ca+Mg*Fe) ratio of diopside should be used
for the estimation of temperature.

As the pressure is increased at constant temper-
ature on a garnet-pyroxene assemblage, the pyroxene
becomes less aluminous and more garnet is formed.
The effect of pressure on the solubil ity of AlrO, in
enstatite has been demonstrated by Boyd and Eng-
land (1964) and MacGregor (1974) in  the system
MgSiOr-AlrOr, and Green and Ringwood (1967) for
the pyrolite composition.

Nevertheless, in systems that contain Ca, Fe, and
Cr, garnet is stable with enstatites that are less alu-
minous than those in the MgSiOs-Al2Or system. The
ternary system CaSiO3-MgSiOs-Alros encompasses
the garnet  jo in Ca.AlrSi3O,r-MgrAlrSi3O12 and the
pyroxene join CaMgSirO.-MgSiO, and also i l lus-
trates the solid solutions between them. At high pres-
sures this system contains a three-phase field, ensta-
tite-diopside-garnet, which is invariant at constant
pressure and temperature (Boyd, 1970). The compo-
sitional coordinates ofthis three-phase field as a func-
tion of pressure and temperature form an important
basis for estimation of the equil ibration pressures and
temperatures of natural garnet peridotites. Boyd

TlsI- r  l .  Pr imary bulk composi t ions

MiX PD
7 5 P y + 2 5 D l , w t %

l'Iix PDT
95(Py7D13) + 5CaTiAl206, wt 7.

Intended* Plobe Analysi6 Intended** Probe Analysig

(1970) made preliminary investigations in this system
at 1200'C and 30 kbar .

A direct application to a natural system ofthe data
on the solubil ity of AlrOs in enstatite from a simple
synthetic system will result in pressure estimates that
are too high, because the presence of other elements
such as Fe, Ca, Cr, Na, and Ti in the natural minerals
can affect these equil ibria, thus complicating the pre-
d ic t ion of  equi l ibrat ion condi t ions.  Wood and Banno
(1973) and Wood (1974) have derived a thermody-
namic model for the solution of AlrOr in enstatite
coexisting with garnet from which the effect of con-
taminating elements such as Fe, Ca, Cr, Na, and Ti
can be calculated. They show that application of their
model improves the agreement between data for
MgSiOr-AlrO, and for more complex systems.

Present work

The goals of  th is  s tudy were ( l )  to  determine the
solubil ity of AlrO, in the orthopyroxene coexisting
with garnet and clinopyroxene as a function of pres-
sure and temperature in the system CaSiOr-MgSiOr-
Al2O3, (2) to determine the influence of Ti and Fe on
the solubil ity of AlrO, in the orthopyroxene, (3) to
check the usefulness of the Ca/(Cal-Mg) ratio of
orthopyroxene coexisting with clinopyroxene and

T,csLs 2.  Electron microprobe analyses of  the natural  minerals
used for startins materials
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3. carnet,  PHN 1503C, Sekameng, Lesotho.
4 f .  F o r s t e r i t e ,  P - I 4 0 ,  B a l s a E  G a p ,  N o r t h  C a r o l i q a .

G r a v i i l e t r l c  a n a l y s l s  b y  H .  B .  W t l k .
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garnet as a geothermometer, and (4) to compute and
compare the equil ibration pressures estimated for ex-
perimentally equil ibrated natural mineral mixtures,
using the phase data for MgSiOr-Al2O3, MgSiOs-
CaSiOr-AlrOr, and the thermodynamic approach of
Wood.

Some of the results presented in this study have

been briefly reviewed by Akella (1974a, 1974b) and
Akella and Boyd (1973, 1974).

Starting materials and experimental procedure

For the present study in the CaSiOrMgSiO'-AlrO'
system, two glasses on the pyrope-diopside join were
used: pyroperudiopsider, (mix PD) and pyrope'o-

Test-E 3 Composi t ion of  the coexist ing phases for  the pyroperudiopside* bulk composi t ton
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i chen lca l  ana lyses  made on an  ARL-EI "D( -SM e lec t ron  n lc roprobe.  Ana lyzed garnet  was  used as  an  in te rna l  s tandard .

diopsidero to which 5 weight percent t itanium
pyroxene component, CaTiAl2Ou, was added (mix
PDT) to test the effect of Ti on these equil ibria.
Electron microprobe analyses for the glasses per-

formed on an automated MAC Drobe are siven in
Tab le  l .

Starting materials for the natural mineral mixtures
included an enstatite with low AlrO, from Webster,
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Ftc.  l .TheCa/(Ca+Mg)rat iosof  or thopyroxenecoexist ingwithcl inopyroxeneandgarnetatdi f ferent

pressures as a function of temperature. Dashed line is an "empirical curve" for enstatite in ultramafic
nodules given by Boyd and Nixon (1973).
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North Carolina; forsterite from Balsam Gap, North
Carolina; and discrete garnet (PHN 1503C) and
diopside (PHN 1600E4) nodules, respectively from
Sekameng and Thaba Putsoa kimberlite pipes in Les-
otho (Table 2). The garnet and pyroxenes were com-
bined in a l: l : I weight percent mixture to which was
added 5 weight percent forsterite, to keep the phases
similar to garnet peridotites. The starting mixtures
were ground under alcohol for several hours, reduc-
ing the grain size to approximately 5-10 pm.

Experimental charges were equil ibrated in solid-
media, high-pressure apparatus (Boyd and England,
1960). A friction correction of *l kbar was applied
to the measured load pressure, depending on the
direction of the piston motion (Akella, 1974c). Tem-
peratures were measured using Pt-PtlORh and
W37oRe-W257oRe thermocouples. No correction for
the effect of pressure on thermal emf has been applied
to the temperatures reported in this investigation.
Will iams and Kennedy (1969) have estimated the
correct ions to be *5o to *10 'C in the pressure-
temperature range used in this investigation.

Platinum capsules were used init ially as containers
for all mixes, but it was found that Fe from the runs

with the natural mineral mixtures dissolved in plati-
num even under subsolidus conditions. The leaching
of Fe caused the silicates to have widely variable FeO
contents. This problem was solved by using graphite
capsules with tight-fitting lids. The experimental
charges were slightly moistened with water to facil-
itate grain growth and to enhance the reaction rate.
Nevertheless, in some runs where natural mineral
mixtures were used, 16 hours was not sufficient to
produce homogeneous phases. Recycling runs two or
three times helped in attaining equilibrium. Surpris-
ingly, grain growth appeared more sluggish in the
experiments where natural mineral mixtures were
used than for similar experiments with the Fe-free
synthetic glasses.

Only the coarsest grains (> l0 pm) in each run
could be analyzed with the electron microprobe. In
analyzing grains of this size there is a particular dan-
ger of overlooking unobserved intergrowths. This
problem was severe during analysis of clinopyroxenes
(Table 3) that lacked any shape or form for easy
identification under microprobe optics. Attempts
were made to obtain at least six analyses for each
phase in each run. Standard deviations given for the

o
_Rl
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u
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(9

u-
=

50403020t0
PRESSURE, KBAR

FIG. 2.  Weight  percentage of  AlrO3 in or thopyroxene coexist ing wi th c l inopyroxene and garnet  as a
function of pressure. Values in parentheses are temperature in degrees centigrade.
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pyroxene and garnet analyses (Table 4) provide a
measure of the degree of homogeneity that has been
obtained.

Establishing equilibrium

Reversing a ternary solid solution field is a consid-
erably more complex problem than reversing a binary
solvus and requires study of the phase relations at a
variety of pressure-temperature conditions over
which the solid solution field changes (Boyd, 1970).

In order to establish equilibrium in the present
study, two sets of reversal runs were performed under
critical pressure and temperature conditions. In the
first set, orthopyroxene * clinopyroxene were crys-
tallized by using DiurEnn, (MD-53) glass prepared by
J. F. Schairer to which was added synthetic pyrope;
this mixture was equilibrated under given pressure
and temperature conditions (runs from low-alumina
side). In the second set, using original PD glass com-
position, orthopyroxene * clinopyroxene * garnet

Tnsln 5.  Composi t ion ofor thopyroxene coexist ing wi th c l inopyroxene and garnet  for  both PD and PDT star t ing composi t ions

3 1  K b a r /  1 1 0 0 " C 38 Kbar /1100"C 4 4  K b a r / 1 1 0 0 ' C 44 Kbar /1500"C

SiO2
A 1 2 O 3
TiO2
CaO
Mgo

T o t a I s

5 7  . 1
3 . 1 9

0 . 9
3 8 .  1
q q  1

56 .9
3 . 1
0  . 2 5
0 . 9

3 7  . 7
98 .  85

58 .7
2 . 4

0 . 9
39 .2

10L.2

5 7  . 9
2 . 4
o . 2 5
1 . 0

39 .4

1 0 0 . 9 5

5 8 . 2
r . o )

o'.;
3 8 .  8

9 9 . 3

) 6 .  O

1 . O

0 .  r 9
0 , 8

? O  R

1 0 0 . 9 9

5 7 . O
4 . 4

2 . O

35 .4

99 ,4

56 .6
4 . 3
0 . 4

36 ,3

99 .9



GA RN ET PYROXEN E EQU ILI BRI A

were crystall ized first, and the run product was re-
charged under different pressure and temperature con-
ditions (runs from high-alumina side). The composi-
tions of the orthopyroxenes in these runs, coexisting
with garnet * clinopyroxene, are compared with the
composition of the orthopyroxene crystall ized from
PyTuDiru original glass (Table 3). Orthopyroxenes
crystall ized in runs from the low-alumina side and the
high-alumina side have compositions similar to those
crystall ized from the original PyruDi* bulk composi-
tions (Table 4) within the l imits of analytical accu-
racy. The standard deviations presented in Table 4
signify the analytical uncertainties. Hence it is be-
lieved that the analyses in Table 3 are indeed equil ib-
rium compositions.

Experimental results and discussion

The subsolidus phase assemblage for the synthetic
compositions on the pyrope-diopside join (mixes PD
and PDT, Table I ) are garnet * clinopyroxene *
o r t h o p y r o x e n e  a t  2 6 - 4 4  k b a r  p r e s s u r e  a n d
1000' -1500'C.  Electron microprobe analyses of  the
coexisting phases for runs made with Ti-free compo-
sition mix PD are presented in Table 3. The begin-
n ing of  mel t ing was observed at  31 kbar  and 1600.  +
l0oC, and the first phase to melt was clinopyroxene.
M. J .  O'Hara (personal  communicat ion)  repor ted
l6 l5 'C for  th is  point .  The garnet  that  coexists  wi th
orthopyroxene and clinopyroxene contains l0-14
mole percent of the grossular molecule. This amount
is in general agreement with the compositions of the
garnets from natural garnet * enstatite * diopside
assemblages, described by Boyd and Nixon (1973)
and Akel la  and Boyd (1974).

Ens ta ti t e ge ot he rmome t e r

The Cal(Ca+Mg) ratio of enstatite in equil ibrium
with diopside is a potentially useful geothermometer
(e.g. ,  Boyd and Nixon,  1973),  but  there appear to be
some diff iculties in obtaining a satisfactory labora-
tory cal ibrat ion for  th is  curve.  Hensen (1973),  us ing
natural samples, found that the Cal(Ca*Mg) ratio
of enstatite increased with temperature and decreased
with pressure. Mysen and Boettcher (1975), in their
experiments on natural samples, also reported a sys-
tematic increase in the Cal(Ca+Mg) ratio with tem-
perature in enstatite coexisting with diopside.

The Ca/(Ca+Mg) ratios of enstatites from the pre-
sent experiments are plotted as a function of temper-
ature in Figure l, along with the empirical "enstatite
thermometer"  obta ined by Boyd and Nixon (1973)
for pyroxene compositions from lherzolite nodules

from Lesotho. The present experimental data plot
close to the empirical curve but are displaced to
slightly higher values of Cal(Ca*Mg). The standard
deviation for calcium provided by analyses on differ-
ent orthopyroxene grains in a given sample ranges
from 0.1 to 0.4 weight percent. The uncertainties in
the Cal(Ca*Mg) ratio for t2o are larger than would
be expected from analytical errors and may reflect
slight variations in the CaO content of the
orthopyroxene or errors induced in the analysis ow-
ing to the small grain size of the phases in the run
products. These runs were made in the pressure range
3l-44 kbar, and there is a suggestion that pressure
decreases Cal(Ca+Mg). It is not possible to be cer-
tain that the effect is present within the uncertainties
established by the a values. Nevertheless, a com-
parison of these data obtained at pressures above 30
kbar with the data obtained by Mysen and Boettcher
(1975) in the range 7.5-15 kbar supports the concept
of a pressure effect in the direction suggested by
Hensen  (1973 ) .

It is interesting to note in Figure I that at any given
temperature none of the experimental data points fall
at a lower Cal(Ca+Mg) ratio than that given by
Boyd and Nixon's  empir ica l  curve.  I f  a l lowance rs
made for the probabil ity that many of the Lesotho
lherzolites have equil ibrated at pressures higher than
the range 3l-44 kbar, then the present results lend
qualitative support to the empirical "enstatite ther-
mometer" proposed by Boyd and Nixon (1973).

Solubility of Al2Os in enstatite: CqSiOrMgSiOs-Al20s
system

The AlrO3 content of orthopyroxene coexisting
with garnet and clinopyroxene in the system CaSiO.-

Tesr.r  6.  Solubi l i ty  of  AlrO. (wt  7o) in or thopyroxene coexist ing
with garnet  and c l inopyroxene at  3 l  and 44 kbar pressure and

I 100"C in different systems

szol

3I kbar/1100oC 44 kbar/I100oC

MSSIO3-A12O3*

CaSl03-MCSlO3-A12O3

CaSlO3-MSS1O3-CaTlA12o6

CaSlOr-MeSlor** I
FeSlOr-CaTlAlrOrJ
Natural nl'xturef

5 . J

3 , 2

3 . 1

2 . 6

2 . 5

l-r s"l++

1 . 6

1 . 6

L . 4

1 .  3 9

*MacGregor, 1974
**Akella and Boyd, 1973

tAkella and Boyd, 1974
ttE:.trepolated value ln bracketa
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MgSiO'-AlrO, is presented in Table 3 and is plotted
as a function of pressure in Figure 2. In the present
investigation the AlrO, content of orthopyroxene at
31 kbar and 1200'C is 4.1 weight percent, whereas
under the same conditions Boyd (1970) reported 3.7
to 4.5 weight percent, and for the Ca-free system

MacGregor (1974) reported 4.9 weight percent AlrO,

in the orthopyroxene. The form of the isopleths ob-

tained for the ternary system CaSiO.-MgSiOs-AlrO,
(Figure 3) is very similar to that obtained for the

binary join MgSiOa-Al2O3 (Boyd and England, 1964;

MacGregor,  1974).  Green and Ringwood (1967) and

Trst- t  7.  Composi t ions ofequi l ibrated garnets and pyroxenes

En Di  Ga

SiO2
A 1 2 0 3
Tio2
C a 0
Mco
Fe0t
Na2O
Cr 203
MnO

T o t a l s

S i
A 1
T t

Mg
F e
N a

Mn

Ms/ (Mg+Fe)

55 .7  7
2 . 4 8
0 .  1 3
1 . 1 1

33 .28
0 .  z )

0 . 0 2
0 . 2 8
0 , 2 2

5 3 . 1 4
2 . 8 3
o . 2 5

1 9 . 4 0
1 9 .  5 3

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

43 .  03
20,45
0 .  8 6
5 . O 7

20 .27
9 . 5 7
0 . 0 3
0 .  6 0
o , 4 2

) ) .  u o
3  . 5 4
0 ,  1 4
1  . 8 0

3 2 , 2 1
1  . 3 2
0 .  1 3
n  , o

0 .  1 8

5 3  . 2 1
4 . 2 0
0 . 2 6

16 .  30
z v .  a )

5 .  1 8

0 . 8 9
0 . 4 6
0 . 2 0

4 2 . 7  5
2 1 ,  8 8
o . 7  3
5 . 5 5

19 .99
9 . 7 3
0 .  0 9
0 .  8 5
0 . 3 7

0 .  5 *
0 . 3
o , 0 2
Q . 2
0 . 8
o . 7

0 . 0 3
0 .  0 3

3 1  k b a r / 1 1 0 0 " c ,  N - 8

0 . 6
0 . 3
o . 0 2
o . 7
I . l
0 . 6
0 . 1
0 .  04
0 .  0 2

0 , 6
0 . 2
0 .  0 1
0 . 1
o . 4
0 . 4
0 .  0 3
0 .  0 2
0 . 0 2

0 . 8
0 . 4
0 . 1
0 , 2
O.e
0 . 5
0 . 0 2
0 .  r
0 . 0 4

3 1  k b a r / 1 3 0 0 " C ,  N - 7  ( A )

0 . 2
o , 2
0 . 0 2
0 . 2
0:3
0 . 2
0 . 1
0 , 0 4
o  . 0 2

0 . 7
0 . 5
0 . 3
0 . 5
0 , 2

0 .  03
TT
0 .  0 2

9 9  . 5 4

1938
102

3
4 l

L82
1
8
6

0 . 9 0 5

9 9 .  1 3

193  1
L2I

7
7 5 5

1058
85
4 2
l 2
5

o .926

1 0 0 . 9 9

1 904
177

1
624

r07 8
1 5 5
6 2
13
6

o . 8 7  4

101 .  94

3008
18 14

39
418

2097
\ 1 2

I 2

22

o . 7 8 6

1 0 0 . 3 0

Number of  Cat ions

3069
I7  L9

46
387

2755
57r

4
34
z )

0 . 7 9 1

1  00 .  67

( x1000)

1 907
744

4
67

166  3
2L2

9
I
5

0 .  887

4 4  k b a r / 1 3 0 0 " c ,  N - 1 0 3 8  k b a r / 1 1 0 0 " c ,  N - 1 3

S i02
A 1 2 O 3
TtO2
CaO
14CO
FeOt
Na2O
CtZO3
MnO

T o t a l s

s i
A 1
T i

Mg
F e
Na
C r
Mn

Mg/ (Mg+Fe)

5 2 . 7 9  0 . 4
5 . 4 5  0 . 7
0 . 2 0  0 . 0 2

1 4 . 3 6  0 . 6
19 .4L  O .4
4 . 8 4  0 . 1
L . 5 7  0 .  3
0 . 4 1  0 .  0 3
0 . 1 9  0 , 0 2

4 3 . 8 0  1 . 5
2 0 . 0 0  1 . 1
0 . 9 7  0 , 2
5 . 0 8  0 . 5

20 .62  0 .6
9 . 7 7  1 . 0
0 . 0 8  0 . 0 2
0 . s1  o .o -9
0 . 3 5  0 . 0 4

5 6 . 5 0
L . 6 9
0 .  1 1
1 .  0 1

3 3 .  9 1
7 . 0 1
0 .  r 0
0 . 2 0
0 ,  1 8

100 .  17

1946
6 9
3

r74L
204

7
5
5

0 .  895

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

2 0 . 3 7  1 . 5
1 7 . 8 1  r . 1
3 . 2 7  0 . 7
1 . 1 3  0 . 3
0 . 3 5  0 . 0 4
0 . 1 1  0 . 0 3

5 5 .  s 9
2 . 4 3
0 .  0 8
1  ) a

32 .66
6  . 7 7
0 . 2 9
o . 2 2
o . 2 0

99 .47

1939
100

2
46

1699
198
20

o
6

0 . 8 9 6

o . 7
0 . 4
0 . 0 1
0 . 3
0 . 8
0 . 4
0 . 1
o . 0 2
0 .  0 2

o . 4
o . 2
0 .  0 3
0 . 2
o . 7
o . 4
0 . 0 3
0':02
0 .  03

43 .16
20 .7  |
0 .  8 3
) .  + o

20 .52
1 0 . 0 9
0 . 1 0
0 . 6 9
0 .  3 6

0 . 5
0 . 6
0 .  I
o . 2
n-
0 . 4
o . 0 2
0 .  t
0 . 0 4

oo  , )

1 907
) a t

5

) ) o

1046
t46
1 1 0
l 2
6

0 . 8 1 7

1 0 1 .  1 8

Number of  Cat ions (X1000)

3096
1666

) z
3 8 5

211 3
578

1 1
29

0 . 7 9 0

1 0 0 . 0 4

I  908
166

I J

79L
962
99
7 9
1 0
3

o .907

r 0 1 . 9 2

3042
t720

44
4L2

2L56
595
T4
38
2 l

o . 7  8 4

tVa lues  under l lned  are  s tandard  dev ia t ions ;  each ana lys is  Ls  an  average fo r  s lx  o r  more  gra lns .

tTo ta l  Fe  as  FeO.
Abbrev la t ions :  En,  ens ta t l te i  D i ,  d lops lde ;  Ga,  garne t .
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Boyd (1970) reported a decrease in the AlrO, solubil-
ity in orthopyroxene from a Ca-undersaturated to a
Ca-saturated system. The AlrO, solubil ity data for
enstatite in the garnet stabil ity f ield reported by Mac_
Gregor (1974) are higher than the present data at and
above l200oC; however, the values reported by him
for the I100'-950"C temperature range are lower
than those obtained in the present study.

Efect of TiO, and FeO on the sotubility of Al2O" in
orthopyroxene

Natural enstatites in ultramafic nodules commonly
contain as much as 0. 1-0.3 weight percent TiOr, and
hence it is interesting to explore the effect of Ti on Al
solubil ity in enstatite. Exploratory runs were made at
3 l -44 kbar  and I100'  and 1500.C,  us ing a star t ing
composition of pyroperodiopside.o to which was added
5 weight percent CaTiAl,Ou (Table I ).

The compositions of orthopyroxenes coexisting
with clinopyroxene and garnet from runs made at 3l-
44 kbar pressure and at 1 100'C and 1500.C, using
Ti-free (mix PD) and Ti-bearing (mix pDT) mixtures
(Table 5), show no significant difference in their
AlrO, content. The present results suggest that small
amounts of TiOz in the original bulk composition do
not seem to have a marked effect on the solubil ity of
AlrO, in the pyroxenes. Hensen (1973) arrived at the
same conclusion based on his studies on natural mix-
tures.

The AlrO. content of the orthopyroxene coexisting
with clinopyroxene * garnet t ruti le * i lmenite in
the system CaSiOr-MgSiOr-FeSiOr-CaTiAlrO. was
also determined in the 3l-44 kbar pressure range and
at  I100'C (Akel la  and Boyd,  1973).  These resul ts  are
compared with the data from other synthetic systems
(Table 6). The alumina solubil it ies obtained for the
orthopyroxene in the system CaSiO3-MgSiOs-Al2O3
are slightly less than those in the MgSiOr-AlrO, sys-
tem. A significant drop in the AlrO, content of the
orthopyroxene occurs in the system to which FeO
was added. As the alumina solubil it ies in orthopyrox-
enes determined in the Fe-bearing system are nearly
the same as those for the natural mineral mixture, a
direct application of equil ibria from simplif ied iron-
free synthetic systems to natural garnet-bearing as-
semblages should result in estimates of equil ibration
pressure that are too high.

Estimation of equilibration pressure-a comparison

Wood and Banno (1973) and Wood (t974) have
derived a thermodynamic model for the solution of

AlrO, in enstatite coexisting with garnet from which
the effect of contaminating ions can be calculated.
Wood and Banno have pointed out that application
of their model to the pyrolite data of Green and
Ringwood (1967) produces a much improved agree-
ment with the results obtained for the pure MgSiOs-
MgrAlrSirO,2 system.

In the present study, a natural mineral mixture of
diopside * enstatite * garnet * olivine was equil i-
brated under controlled pressure and temperature
conditions. Using the chemical composition of these
equi l ibrated phases (Table 7) , the equi l ibrat ion pres-
sure and temperature were estimated by direct
appl icat ion of  the phase data for  the MgSiOr-
Al,Or(EnCo) and CaSiOr-MgSiOr-AlrOr(WoEnCo)
systems and the model of Wood and Banno (Table
8 ) .

The equil ibration pressures estimated by direct ap-
plication of the phase data for both WoEnCo and
EnCo are all higher than the measured equil ibration
pressures. Nevertheless, there appears to be an incon-
sistency between the EnCo data (MacGregor, 1974)
and the WoEnCo data (present  s tudy)  at  I100.C.  For
two runs at this temperature (Table 8) the pressures
estimated from the WoEnCo data are higher than
those estimated by direct application of the EnCo
data. This discrepancy is due to the low AlrO, con-
tents in enstatite reported by MacGregor (1974) at
and below 1100'C for the EnCo system compared
with the present data. The model of Wood and
Banno (1973) appears to work well for the results at
3 l  kbar  and l l00 '  and 1300'C,  but  correct ions ob-
tained are 4-5 kbar for runs at 38 kbar and I 100.C
and 44 kbar and 1300'C (Table 8). This discrepancy
is not  understood.

TesLr 8.  Exper imental  and calculated* equi l ibr ium temperatures
and pressures for  a natural  enstat i te *  d iopside t  garnet  assem-

t '*

Run Al2o3 
TemPerature'  oc

N o .  i n  E n i  E x p .  c a l c .

Preasure, kbar

Exp. EnCo WoEnCo Wood

N - 7  3 . 5 4  1 3 0 0  1 2 8 5  3 r
N-10 2 .43  1300 1325 44
N-8  2 .48  1100 tL45 31
N-13 1 .69  1100 1040 38

40

J )

42

38  3 r
45 40
37  29
43 33

* T e m p e r a t u r e  c a l c u l a r e d  f r @  C a / ( C a  +  M g )  u s i n g  t h e  d l o p s l d e
s o l v u e  ( B o y d ,  1 9 7 3 ) .  P r e s E u r e  c a L c u l a t l m :  E n C o ,  f r @
MgSiO3-Al2O3 (Maccregor,  1974);  UoEnCo, frm CaStO3-MgStO3-
A 1 2 O 3  ( A k e l l a ,  r l r 1 8  p a p e r ) ;  V l o o d ,  f r @  a  t h e o r e r l c ; l  r e l a -
t lon descrlbed by Wood (1974),  The measured teEperature
w a e  u s e d  l n  t h e  p r e a a u r e  c a l c u l a t l g o s .

t s e e  T a b l e  7  f o r  t h e  a n a l y s l s  o f  a l l  t h e  c o e x l s t l n g  p h a s e s .
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Conclusion

The results reported here suggest that estimates of
equil ibration conditions can now be made with suf-
ficient accuracy to be useful in understanding the
origin of the ultramafic nodules associated with kim-
berlites. It is clear, however, that modifications and
refinements of this pressure-temperature estimation
procedure wil l probably be made as more data are
available.
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