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ABSTRACT
The Al^O^ content of enstatite in equilibrium with
pyrope in the system MgO-A^O^-SiC^ has been determined
experimentally at high temperatures

and pressures.

The

equilibrium Al^O^ concentrations, which were approached
from both undersaturated and oversaturated directions, are
as follows:

3.8 ± 0.3 wt % A ^ O ^ at 1060°C and 26.6 kb;

3.4 ± 0.2% at 1110°C and 30.15 kb; 6.0 ± 0.4% at 1265°C
and 30.5 kb.

In a low temperature run (960°C) large over

lap of enstatite analyses of the product assemblages was
observed.

Thermodynamic arguments suggest that this should

not occur nor does it seem attributable to analytical error.
An optimal P-T diagram illustrating A ^ O ^ solubility in
enstatite in equilibrium with either spinel or pyrope in
the MgO-A^O^-SiC^ system has been constructed on the
basis of the above results, available reversed data in
the spinel field, and the solution property of aluminous
orthopyroxene [Al-Opx] derived recently by Ganguly and
Ghose.

The Al-Opx entropy derived by the latter workers,

when combined with the present experimental data, yields
a pyrope entropy of 5 8.4 e.u. at 298K which is much

ix
closer to the volume-corrected oxide sum (53.5 e.u.) or
grosularite-based (53 e.u.) entropies than previously
reported by other workers.

INTRODUCTION
The eonsequences of an upper mantle of peridotitic
composition on many facets of petrology and geophysics have
been actively investigated since Ringwood (1962) proposed
such a model.

It is generally accepted that 9 8 wt % of the

upper mantle can be represented by the seven oxides:
MgO-SiOg-FeO-CaO-AlgOg-NagO (see Wyllie, 1971 for a discus
sion) .

At depths greater than those where plagioclase is

stable, upper mantle mineralogy can be largely represented
by olivine [01], spinel [Sp], garnet [Gt], aluminous ortho
pyroxene [Al-Opx], and aluminous clinopyroxene [Al-Cpx].
Given a peridotite composition, the minerals which
coexist will depend on the pressure-temperature [P-T] con
ditions of equilibration.

Stability fields of rock types

having a peridotite composition have been delimited by
numerous workers (see Figure 1 and Ringwood, 1975 for a
review of the literature).

Those of primary importance to

this study are the spinel peridotite (olivine + aluminous
pyroxenes + spinel) field and the garnet peridotite
(olivine + aluminous pyroxenes + garnet) field.

Equi

librium between the coexisting minerals in the spinel
peridotite field may be represented as follows:
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Figure 1.

P-T Stability Fields of Mineral Assemblages
Having the Pyrolite III Composition. — From
Green and Ringwood (19 6 7). Isopleths indicate
wt % AI 2 O 3 in orthopyroxene in equilibrium
with garnet, clinopyroxene, and olivine.
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xMgAl20 4 + (l+x)MgSi03 ^

spinel

+

MgSiO^'xAlgO^ + xMg^SiO^

enstatite

aluminous
enstatite

(1)

+ forsterite

The equilibrium between orthopyroxene and garnet in the
garnet peridotite field can

be written as:

3xMgSiC>3 *xA1203

xMg^A^Si^O^

aluminous enstatite

pyrope

(2)

The boundary between the spinel peridotite and garnet
peridotite fields involves the following reaction:
(4-x)MgSi03 -xAl203 + (l-x)MgAl20 4
aluminous enstatite +

k ...^

spinel

Mg3Al2Si3012
pyrope

+ (l-x)Mg2Si04
+

(3)

forsterite

Petrologists have long sought minerals whose com
positions and equilibra with other minerals are sensitive
to changes in pressure and temperature.

These minerals

allow estimation of the pressures and temperatures of
equilibration of coexisting natural minerals.

Several

workers (e.g. Boyd, 1973; MacGregor and Basu, 1974; Mercier
and Carter, 1975) have utilized this approach to construct
mantle geothermal gradients from xenolith suites in basalts
and kimberlites, and from diapiric ultramafic intrusions.

The present study is concerned primarily with the
equilibrium relation between orthopyroxene and garnet,
which is a potential geothermobarometer for garnet peridotites, as well as garnet granulites.

Eskola (1952) and

Hess (1952) recognized that orthopyroxenes from rocks formed
under probable high pressure conditions contained a higher
percentage of Al^O^ than those from rocks formed under
shallow conditions.

Hess (1952) suggested that the AlgO^-

content of orthopyroxenes could serve as a possible indica
tor of the depth of formation of orthopyroxene-bearing
rocks.
Boyd and England (1959) suggested that enstatite,
which crystallized at high temperatures and pressures,
could contain large amounts of AlgO^.

A preliminary

experimental study of the enstatite-pyrope join at 18 kb
and 1400°C by Boyd and England (1960) confirmed this
hypothesis.

These authors recognized the potential value

of aluminous orthopyroxene as a geobarometer.

PREVIOUS WORK
This section deals with the results of experimental
and theoretical work on the P-T dependence of the solubility
of Al^O^ in orthopyroxene in the spinel peridotite and gar
net peridotite fields and related work on the equilibrium
boundary between the fields.

The review will concentrate

on the MgO-AlgO^-SiOg system for the spinel peridotite field
and equilibrium boundary.

A more comprehensive review will

be presented for the garnet peridotite field.
Spinel Peridotite Field
Experimental work was conducted by Anastasiou and
Seifert (1972) on the solid solubility of Al^O^ in enstatite [En] in the MgO-A^O^-SiC^
pressure and 1000o-1200° C.

[MAS] system at 1-5 kb water

At 3 kb and 1100° C on the

reaction boundary, forsterite + cordierite = enstatite +
spinel, they reported about 9 wt % A ^ O ^ in enstatite.
Their data indicated that Al^O^ solubility in enstatite
is primarily a function of temperature and is relatively
insensitive to pressure for the P-T range studied.
MacGregor (1974) investigated reaction (1) in the
MAS system.

A ^ O ^ isopleths (lines of constant A ^ O ^

solubility in P-T space) presented by MacGregor have large
positive dT/dP slopes (Figure 2), and thus, should be a
5
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Figure 2.

The Original Petrogenetic Grid of MacGregor
(1974) . — Isopleths indicate wt % AI2O3 in
enstatite in equilibrium with either Fo +
Sp or Fo + Py. Heavy line represents the
univariant boundary between the spinel
peridotite and garnet peridotite fields.

7
useful geobarometer for spinel peridotites.

He noted the

discrepancy between his data and the results of Anastasiou
and Seifert (19 72) and concluded that, with decreasing
pressure, the isopleths should flatten.
Wood (1975) and Obata (1976) derived the spinel
and garnet peridotite phase diagram from a combination of
the experimental data of MacGregor (19 64 , 1974) on reactions
(2) and (3) in the MAS system and a thermodynamic model
modified somewhat from Wood and Banno (1973) .
to MacGregor's

(1974)

In contrast

data in the spinel field, their

calculations produced spinel field Al^O^ isopleths which
are very insensitive to pressure.

Subsequent work in the

MAS system by Fujii (1976) and Fujii and Takahashi (1976)
provided experimental evidence supporting the calculations
of Wood (1975) and Obata (1976).
A^203"*S^°2

Focusing on the CaO-MgO-

system, Presnall (1976) concluded that

AlgO^ isopleths in the spinel field have gentle to negative
dT/dP slopes.

The calculations of Obata (19 76) in the same

system indicate dT/dP slopes ranging from zero at low tem
peratures to slightly positive at higher temperatures.
However, further experimental work by Dixon and Presnall
(1977)

in the CMAS system strongly support Presnall1s

earlier conclusions of negatively sloping A ^ O ^ isopleths
for orthopyroxene.

Recently, Danckwerth and Newton (19 78 )

have determined the Al^O^ content of enstatite in equi
librium with spinel and forsterite by hydrothermally

reversing reaction (1) at 20 kb and temperatures of 950° C ,
1000° C , and 1080° C.

These are the only reversed data on

the Al^O^ content of enstatite in the spinel peridotite
field.

Their data are in good agreement with those of

Fujii (19 76).

On the basis of the reversal data, and assum

ing that orthopyroxene behaves as an ideal solution with
respect to the mixing of the components Mg2Si20^ and
MgAlgSiO^, Danckwerth and Newton (1978) have calculated
Al^O^ isopleths in the spinel field which show flat to
slightly positive dT/dP slopes (Figure 3).
To summarize, the overwhelming evidence indicates
that the Al^O^ content of enstatite in equilibrium with
spinel and forsterite does not constitute a geobarometer,
but should, instead, be a useful geothermometer.

The A ^ O ^

content of orthopyroxene in equilibrium with clinopyroxene,
spinel and forsterite may yet prove to be a geobarometer.
Spinel Peridotite-Garnet Peridotite
Equilibrium Boundary
The boundary between the spinel peridotite and
garnet peridotite fields, reaction (3), has been experi
mentally investigated in the MAS system (MacGregor, 196 4,
19 74; Ringwood, MacGregor and Boyd, 1964; Danckwerth and
Newton, 1978), in the CMAS system (cpx+opx+sp

gt+fo:

MacGregor, 196 5; Kushiro and Yoder, 1966; O'Hara, Richard
son and Wilson, 1971), and in multicomponent systems (Green

Figure 3.

Univariant Reaction Boundaries of MacGregor
(1974) and Obata (1976) and AI2O3 Isopleths
of Obata (19 76) and Danckwerth and Newton
(1978). — Solid heavy curve is the calcu
lated univariant boundary of Obata (19 76) .
Solid line broken with dashes is the experi
mental boundary of MacGregor (1974). Dotted
lines are calculated AI2O3 isopleths of Obata
(1976). Dashed lines in the spinel field are
AI2O 3 isopleths of Danckwerth and Newton
(1978) .
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Univariant Reaction Boundaries of MacGregor
(1974) and Obata (1976) and AI 2 O 3 Isopleths
of Obata (19 76) and Danckwerth and Newton
(1978) .
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and Ringwood, 19 67, 1970 for pyrolite compositions; Ito and
Kennedy, 1967; MacGregor, 1970; O'Hara et al.,1971 for
natural compositions).
MacGregor (19 64, 1974) found the best fit to his
data on the equilibrium boundary in the simple system to be
a straight line with a dP/dT slope of about 20 bars/°C.
The data of O'Hara et al.

(1971) were fitted with a curved

boundary, both in the CMAS system and in multicomponent
systems.

Newton (1977) calculated dP/dT slopes for the

boundary in the CMAS system at 1000° C from calorimetric
data for garnets and pyroxenes (Newton, Charlu and Kleppa,
1977).

The calculated slopes are slightly negative and

are compatible with the extrapolated boundary of O'Hara
et al. (19 71).

The calculations of Obata (1976) in the

CMAS system also corroborate the work of O'Hara et al.
(19 71).

Recently, Herzberg (19 78) combined experimental

and thermodynamic data to construct a T-P-cpx AlgO^ solu
bility grid in the CMAS system.

Herzberg's equilibrium

boundary is strongly curved and lies within i 2 kb of that
of O'Hara et al.

(19 71).

The theoretical calculations of Wood (19 75) and
Obata (1976) in the MAS system also indicate curvature of
the equilibrium boundary.

The calculated boundary varies

from nearly linear in the experimentally investigated

11
region (> 1000°C; MacGregor, 19 64) with a dP/dT slope of
about 20 bars/°C to a slope approaching zero below 800°C
(Figure 3).
Danckwerth and Newton (19 78) reversed reaction (3),
and over the range 900o-1100°C and about 18-20 kb, the
experimental dP/dT slope is 8 -0 ± 1. 0 bars/°C which agrees
well with the calculations of Obata (19 76) at these condi
tions.

Danckwerth and Newton (19 78) note that a calculated

slope of 7.0 bars/°C at 1000°C can be derived from the heat
of solution and heat capacity data of Charlu, Newton and
Kleppa (19 75).
Thus, it has been firmly established, that the spinel
peridotite-garnet peridotite equilibrium boundary has a flat
dP/dT slope and strong curvature below 1200°C.
Garnet Peridotite Field
The pertinent equilibrium in the MAS system i s .
reaction (2):

aluminous enstatite v

pyrope.

MgO-AlgOg-SiOg System
A comprehensive experimental study of the enstatitepyrope [Py] join was undertaken by Boyd and England (1963,
1964).

Both glass and crystalline starting materials were

employed, along with a 1piston-in' technique.'*'

Their data

demonstrated the temperature and pressure dependence of the
1.
'Piston-in' refers to the technique in which
the piston is always advancing into the pressure vessel.

12
AlgOg content of enstatite in equilibrium with pyrope.
With increasing temperature, AlgO^ solubility in enstatite
increases.

They cited values of slightly less than 5%

AlgOg at 1100°C and 30 kb, increasing to 16%. at 1650°C and
30 kb.

Increasing pressure reduces the solubility of AlgO^

in enstatite which follows from the negative AV of reaction
(2 ) .
Enstatite-pyrope equilibrium in the MAS system was
also experimentally investigated by MacGregor (19 74).
Glasses seeded with crystalline pyrope served as starting
material.

The desired experimental pressure was reached

by a 'piston-out' technique:

pressure was raised to a value

3 kb above the nominal run pressure, the temperature was
then raised, and the piston was finally retracted until the
nominal run pressure was reached.

The sample pressure was

assumed to be the same as the nominal pressure.

Hydrous

runs were performed at temperatures of 1200°G and lower and
dry runs above 1200°C.
MacGregor analyzed enstatite grains by microprobe.
He noted small grain size as a persistent problem during
analysis.

Grain size in his run products generally varied

from fractions of a micron to about 10 microns in diameter.
The largest grains he noted were 80 microns in size.
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MacGregor believed that the quality of an analysis was best
indicated by the balance of A 1
octahedral sites.
within ± 5

percent.

in the tetrahedral and

In general, his analyses balanced to
He attributed the error to fine grain

size and possible interference from adjacent grains.
One of the objectives of his study was the construc
tion of a petrogenetic grid for spinel and garnet peridotites in the MAS system (Figure 2, p. 6 ).

The AlgO^

isopleths for enstatite derived from the data of Boyd and
England (1964) differ considerably from the isopleths of
MacGregor (1974).

For a given enstatite composition and

temperature, the isopleths of Boyd and England (1964) give
an equilibrium pressure 3-6 kb higher than that obtained
from MacGregor's (19 74) data.

The discrepancy may be due to

differences in experimental technique and/or differences
in,the methods used to detect reaction.

Boyd and England

relied on the detection of garnet optically in the charges
as an indication of A ^ O ^ saturation in enstatite.

It is

generally accepted that the results of MacGregor (1974) are
more accurate than those of Boyd and England (1964).
The AlgOg solubility in enstatite in the MAS system
was determined in the range llp0°-1500OC and 10-25 kb by
Arima and Onuma (19 77).

Crude isopleths can be constructed

from their 20-25 kb data which show somewhat higher AlgOg
contents in enstatite than MacGregor's (1974) isopleths.
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Experiments by Ringwood (1967, 19 75 and other ref
erences cited therein) have demonstrated that, at pressures
of about 100 kb, enstatite begins to dissolve in pyrope.
He suggests that this is not a normal solid solution, but
may be similar to compound formation.

He has also postu

lated a pure MgSiOg garnet at very high pressures.

Accord

ing to the data of Akaogi and Akimoto (1977), about 10 mole
percent MgSiOg can dissolve in pyrope at 70 kb and 1000°C,
and a small amount of solid solution may extend to 40 kb
at 1000°C.
CaO-MgO-AlgOg-SiOz
and Related Systems
The compositions of coexisting clinopyroxene, orthopyroxene and garnet in the CMAS system were obtained in the
P-T range 18-96 kb and 1390o-1600°C by Kushiro, Syono and
Akimoto (1967).

Garnet was found to become more pyrope-rich

with increasing pressure and decreasing temperature.

With

increasing pressure at constant temperature, the AlgOg
content of clinopyroxene decreased.

AlgOg contents of

orthopyroxenes coexisting with garnet and clinopyroxene
were found to be lower than the values obtained by Boyd and
England (1964) for opx in equilibrium with pyrope.
Combining theoretical and experimental data, O'Hara
(1967) devised a petrogenetic grid for peridotites contain
ing olivine + Ca-rich clinopyroxene + Ca-poor orthopyroxene

15
+ an A^O^-rich phase (garnet or spinel) .

Values of wt %

x 100/wt % (CaSiO^+MgSiOg+Al^O^) in clinopyroxene were
plotted as isopleths which, in the garnet peridotite field,
have moderately positive dT/dP slopes.
Boyd (1970) studied phase relations in the CMAS
system at 1200°C and 30 kb.

Orthopyroxene coexisting with

garnet in the Ca-free system contained more A ^ O ^ than opx
coexisting with garnet and clinopyroxene (5.9 wt % in the
Ca-free assemblage vs. about 4 wt % in the Ca-saturated
assemblage).

Orthopyroxene displayed very little solid

solution toward CaSiO^ in Boyd's (1970) experiments.
Obata (1976) calculated Al90 isopleths for opx in
^ 3
equilibrium with garnet and cpx. He pointed out that the
isopleths are not straight due to changes of A ^ O ^ content
and of Ca/(Ca+Mg) in cpx with temperature which results in
changes in AS° of reaction.
Orthopyroxene-clinopyroxene-garnet equilibrium in
the CMAS system was examined in detail by Akella (1976).
Starting material was glass and three of his experimental
points were reversed.

The form of his A ^ O ^ isopleths for

opx is similar to that of Boyd and England (196 4) and
MacGregor (1974).

However, Akella's isopleths have steeper

dT/dP slopes than MacGregor's.

MacGregor's isopleths lie

at lower temperatures than Akella's for wt % Al^O^ greater
than about 4, whereas, for wt % Al^O^ less than 4 the
reverse is true.

Akella (1976) also explored the effect

16
of small amounts of TiC^ on Al^O^ solubility in orthopyrox
ene in the CMAS system.

His data show that the effect is

not significant.
Akella and Boyd (19 72, 1973) concentrated on the
effect of FeO on the AlgO^ content of orthopyroxene in the
system CaSiO^-MgSiOg-FeSiO^-CaAlT^O^.

Orthopyroxene +

clinopyroxene + garnet + rutile ± ilmenite coexisted in
their run products.

They concluded that, at constant

temperature and pressure, a decrease in the Mg/(Mg+Fe) ratio
results in a decrease in the Al^Og content of orthopyroxene.
Compared with either the MAS or CMAS systems, addition of
FeO leads to a significant decrease in AlgO^ solubility in
orthopyroxene.
According to the data of Wood (1974) , the effect of
FeO on A ^ O ^ solubility in opx in the Mg0-Fe0-Al20g-Si02
system is much the same as that described by Akella and
Boyd (1973).

Wood (1974) also provided evidence showing

a reduction in the Al^O^ content of opx in the CaO-MgO-FeOA ^20 3""S^<^2 system relative to the MAS system.

He pointed

out that such an effect follows from the strong partitioning
of Fe

2+

and Ca

2+

into garnet relative to orthopyroxene.

Multicomponent Systems
One of the earliest studies on natural systems was
undertaken by MacGregor and Ringwood (1964).

Natural

enstatite and garnet were reacted at 1500°C and pressures
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ranging from 30-50 kb.

They compared their data with those

of Boyd and England (1964) in the simple system.

With wt %

in enstatite as the basis for comparison, results
from the simple and natural systems were basically the same.
If molecular percent (total R^Og minus RgOg associated with
Na and K) constituted the criterion for comparison, natural
opx in the run products of MacGregor and Ringwood (19 64)
contained more R2°3 than enstatite in the MAS system at the
same P-T conditions, but below 50 kb.

Above 50 kb the

difference in RgO^ content becomes negligible.

The data

of MacGregor and Ringwood (1964) are in conflict with later
work, as will become apparent below.
While delineating the stability fields of plagioclase, spinel and garnet peridotites in pyrolite systems,
microprobe analyses of orthopyroxene coexisting with garnet,
olivine and clinopyroxene were acquired by Green and Ring
wood (1967, 1970).

At a given P and T, the A ^ O ^ content

of opx in pyrolite systems was found to be lower than that
in the MAS system as determined by either Boyd and England
(1964) or MacGregor (1974).

This observation agrees, in

general, with the results from simpler systems containing
CaO and FeO as outlined above (e.g. Wood, 1974).

In the

pyrolite systems, coexisting cpx had higher R2°3 contents
than opx.
The experiments of Hensen (19 73) corroborate the
findings of Green and Ringwood (1967, 1970).

Starting

18
materials were natural minerals, and opx was equilibrated
with garnet and cpx.

Orthopyroxenes in Hensen's run products

had lower Al^O^ contents than in simple systems.

He reported

that the Ca/(Ca+Mg) ratio of opx increases with temperature
and decreases with pressure.

However, Mg/(Mg+Fe) was high

est for orthopyroxene with low Ca contents at high pressures
and Hensen suggested an effect similar to pressure of
Mg/(Mg+Fe) on Ca in orthopyroxene.
Natural garnet, forsterite, enstatite and diopside
served as starting materials for research conducted by
Akella and Boyd (1974) .

The general behavior of Al^O^ in

orthopyroxene was shown to be similar to the behavior in
simple systems.

That is, a decrease in temperature or an

increase in pressure reduces the AlgO^ solubility in ensta
tite.

Compared with either the MAS or CMAS systems, however,

enstatites in run products of Akella and Boyd (1974) con
tained less Al^O^.

Thus, the application of either

MacGregor's (19 74) or Akella* s (1976) petrogenetic grid to
multicomponent experimental systems yields estimates of
equilibration pressures which are higher than experimental
pressures.

Howells, Begg and O'Hara (1975) came to the

same conclusions based on their experiments.

Akella and

Boyd (1974) also observed that, in the partitioning of Mg
and Fe

2+

, Mg prefers clinopyroxene over orthopyroxene at

1100°C, but that the situation is reversed at 1300°C in
agreement with Hensen's (1973) data.
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The latest set of experimental data on natural
mineral mixtures and synthetic ultramafic compositions has
come from Mori and Green (1978).

Compositions of coexisting

olivine, clinopyroxene, garnet and orthopyroxene were deter
mined in the P-T range 30-40 kb and 950o-1500°C.

Comparing

their data with those of Akella and Boyd (1973), Hensen
(1973) and Akella (1976), Mori and Green (1978) note incon
sistencies in clinopyroxene and garnet analyses.

Consis

tency between orthopyroxene analyses is good however.
Discussing the P-T dependence of

in clinopyroxene,

they distinguish between Al^O^ content and A-component
(Al20^+Cr20^-Na20) .

The A12C>2 content has an irregular

dependence on P and T while A-component decreases with
decreasing temperature at constant pressure.

Because of

lower Na20 and Cr20 2 contents in orthopyroxene, A-component
and Al2C>2 content show similar P-T dependences.

Thus, they

consider A120 2 content in orthopyroxene to be a better
indicator of equilibration conditions than A120 2 content
in clinopyroxene.

Isopleths of Al2Og can be derived from

information supplied by Mori and Green (19 7 8) which, in
comparison with MacGregor's (1974) isopleths, show less
A120 2 in orthopyroxene at the same P and T.

However, the

scatter in the data of Mori and Green (1978) makes the
comparison difficult.

Grossular content of garnet coexist

ing with clinopyroxene and orthopyroxene decreased with
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increasing pressure in their experiments.

Some of the

experimentally-produced phase compositions and relations
are very similar to those in some natural garnet peridotites
which allowed Mori and Green (19 78) to accurately estimate
P-T equilibration conditions for these rocks.
One area of consensus between different sets of
experimental data in multicomponent systems emerges from
the previous review.
the

At fixed pressures and temperatures,

contents of orthopyroxenes in equilibrium with

garnet ± clinopyroxene ± forsterite are lower in multicomponent systems than in the MAS system.

OBJECTIVES, METHOD OF APPROACH,
AND RATIONALE
Experimental reversal of a solid solution equili
brium is the most reliable means of establishing the
equilibrium compositions of the minerals under study.

A

close reversal constrains the possible values of the
equilibrium composition to a small interval of compositional
space.

All experimental data on enstatite-pyrope equili

brium are unreversed, however.

This situation provided the

incentive for the present study.
Objectives
The objectives of this study are:
1.

Determination of the composition of aluminous
enstatite in equilibrium with pyrope in the
system Mg0-Al20^-Si02 by experimentally
reversing the equilibrium at high tempera
tures and pressures.

2.

(a) Thermodynamic evaluation of these reversed
experimental data based on an improved thermo
dynamic solution model for aluminous ortho
pyroxene developed by Ganguly and Ghose (in
press), and
(b) Construction of a P-T diagram showing
AI2O 3 solubility in enstatite in equilibrium
21
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with spinel + forsterite and pyrope in the
MAS system based on the garnet field data of
this study and the reversed spinel field data
of Danckwerth and Newton (1978).
Method of Approach
The equilibrium A ^ O ^ content of enstatite at the
P-T condition of a reversal experiment is approached from
an undersaturated and an oversaturated direction.

This

requires two starting mixtures (seethe section 'Reversal
Techniques').

In the undersaturated enstatite mixture,

pure enstatite reacts with pyrope to produce aluminous
enstatite.

In the oversaturated mixture, aluminous ensta

tite breaks down to form pyrope and an enstatite with lower
A ^ O g content.

The compositional shifts of the two ensta

tite assemblages toward the equilibrium composition are
demonstrated by analyzing the run products with the electron
microprobe.

The

content of the enstatite in the two

product assemblages would be identical if both assemblages
attained perfect equilibrium, which, in reality, is not the
case.

Nevertheless, a reversal experiment puts definite

limits (brackets) on the possible values of the equilibrium
A ^ O ^ content of aluminous enstatite.
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Rationale
Simple System Approach
Why do we study phase equilibria in the MgO-A^O^SiC>2 system?

MgO, A ^ O ^ and SiC^ are three of the six

oxides which account for 9 8% of the composition of the upper
mantle as mentioned in the Introduction.

This 3-component

system acts as a first approximation to, and is the simplest
representation of, the phase relations of four upper mantle
minerals:

olivine, orthopyroxene, garnet and spinel.

Thermodynamic properties of minerals in the MAS system,
derived from calorimetric work, are also available (Charlu
et al., 1975; Newton, Thompson and Krupka, 19 77) for com
parison with properties derived from phase equilibrium
studies.

The equilibrium relations in more complex systems

can be calculated from the data in the 3-component system
and from thermodynamic mixing properties of the mineral
solid solutions.

Also, attainment of equilibrium between

garnet and orthopyroxene is not easily demonstrable in
experimental studies in more complex systems.

Extrapolating

these data to systems with different bulk compositions is
also very difficult.
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Enstatite-Pyrope
Equilibrium Revisited
Boyd and England (1964) and MacGregor (1974) inves
tigated the equilibrium between enstatite and pyrope in the
MAS system.

Why should it be re-investigated?

The results of Boyd and England (196 4) and Mac
Gregor (1974) are not compatible with each other.

At a

given P and T , the A ^ O ^ content of enstatite determined
by Boyd and England (196 4) is much higher than the value
obtained by MacGregor (1974).

MacGregor's experimental

data are unreversed, and thus, equilibrium may not have
been attained in all runs.

The spinel field data of

MacGregor are now known to be in error.

MacGregor's garnet

field data, when they are plotted as In K'

(In K ' = In K +

PAV°/RT) vs. 1/T, show a general consistency, but a great
amount of scatter (see Figure

1 , p. 63) .

The largest

discrepancies between A ^ O ^ isopleths in the garnet field,
derived from studies in both simple and complex systems,
occur in the P-T region with low percentages of A ^ O ^ in
enstatite (1-3%).

This is the region most relevant to

natural garnet peridotites.

Danckwerth and Newton (1978)

point out that the heat of solution data of Charlu et al.,
(1975) yield a AH° for enstatite-pyrope equilibrium which
agrees more closely with the value derived from Boyd and
England (1964) than with the AH° calculated from MacGregor's
(1974) data.

The spinel field isopleths of Danckwerth and

Newton (19 7 8) do not match the garnet field isopleths of
MacGregor (1974) when they are projected to the univariant
boundary between the two fields.

The mismatch is greatest

at low percentages of A^O^.
Thus, enstatite-pyrope equilibrium in the MAS
system was re-investigated in order to provide reversed
experimental data on which to base thermodynamic calcula
tion of Al20g isopleths for enstatite as functions of
temperature and pressure.

EXPERIMENTAL METHODS
Apparatus and.Sample Geometry
All experiments were performed in an end-loaded,
piston-cyUnder apparatus with a 3/4" tungsten carbide core
pressure vessel and carbide piston.

The pressure medium

was talc+glass in the synthesis runs and salt (NaCl) in
the reversal runs •(see Figure 4 for design of salt cell).
To minimize friction, pressure cells were wrapped with
0 .002" thick lead foil and the carbide core was coated
with ’Molykote' lubricant.

Hydrous charges were sealed

in either 1/5" o.d. Au-tubing (synthesis runs) or 1/16"
o.d. Pt-tubing (reversal runs).

Dry charges were packed

into graphite capsules.
For the hydrous reversal experiments, 10-15 mg
portions of the two starting mixtures were loaded separately
into Pt capsules.

The two Pt capsules were placed side by

side in a slotted boron nitride (BN) retainer and powdered
BN was tightly packed around them to prevent flowage of the
capsules at high temperatures and pressures.

In the dry

reversal runs, each starting mixture was packed into one
of the two holes in a graphite capsule (Figure 4).

The

thermocouple was prevented from puncturing the capsules by
placing a 0.015"-0.020" thick BN disk above the BN retainer.
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Schematic Diagram of Salt Pressure Cell for Use with 3/4 Inch
Pressure Vessel. — Approximately to scale.
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To minimize■thermocouple poisoning, a 0.005" thick Pt disk
was placed between the thermocouple and the BN disk or
graphite capsule.

Also, alundum cement was applied to the

thermocouple junction to decrease the possibility of break
age and to delay the onset of poisoning.
Temperature and
Pressure Measurement
Temperature
Temperatures were measured by means of W3Re-W25Re
thermocouples.

The thermocouple emf was controlled by a

Research, Inc. Model 640 Process Controller and was con
tinuously monitored with a strip chart recorder and a
digital voltmeter with a resolution of O.OlmV.

A

temperature-emf calibration chart provided with the thermo
couple allowed determination of the run temperature.

No

correction was made for the pressure effect on thermocouple
emf«

Changes in thermocouple calibration are brought about

primarily by chemical contamination (poisoning) of the
thermocouple junction within the pressure cell.

The tem

perature uncertainty for all runs is estimated.to be
+ 15°C.

Thermocouple poisoning accounts for much of this

uncertainty.

Thermal gradients across a sample also con

tribute to temperature uncertainty, but are not believed to
2.
All uncertainties in this paper are treated as
two standard deviations unless otherwise specified.
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be more than a few degrees for the sample geometries used
here.

Monitoring of the power required to maintain a

constant thermocouple emf as a run progressed, provided
the best means of handling the problem of poisoning.
Power, to the nearest watt, was displayed on a
digital panel.

During most runs, power stabilized within

an hour after reaching the run temperature„

When a thermo

couple poisons, controlling emf is not useful since the
temperature-emf calibration is no longer valid.

However,

power is a well-behaved function of temperature for a given
type of pressure cell and for salt cells the relationship
is l°-20C/watt.

If a thermocouple is poisoned, a power in

crease of one watt corresponds to a temperature change of
10-2°C.

Thermocouple poisoning was interpreted as occurring

when the power monotonically increased or decreased form a
stabilized power level.
most instances.

The run is quenched at this time in

However, the piston-cylinder apparatus em

ployed for this work has a power controller, and upon thermo
couple poisoning, control can be switched from emf to power
and the power can then be maintained at the pre-poisoning
level.
Pressure
All experiments were 'piston-in1.

The sample was

taken to a pressure about 1 kb below the desired nominal
run pressure under cold compression.

Upon heating to the
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run temperature, the gauge pressure rose by thermal expan
sion of the NaCl pressure cell.

The pressure was not

adjusted during a run (except for GOP-28 during which some
amount of pressure bleeding was required) and pressure
fluctuations of several hundred bars were common.

These

fluctuations were the primary source of uncertainties in
the nominal run pressures as given in Table 2 (pp. 36-38).
Nominal pressure is, in general, not equal to the pressure
exerted on the sample due to 1friction1 (see Mirwald,
Getting and Kennedy, 1975 for a discussion of 'friction1) .
In all previous experimental, work in the MAS system (with
the exception of Danckwerth and Newton, 1978), pressure
cells and experimental techniques were used Which con
tribute to large friction corrections and uncertainties.
To minimize these problems, the reversal experiments were
performed in salt pressure cells because, as demonstrated
by Mirwald et al.

(1975), the friction correction for salt

cells is very small, 0-500 bars, for the P-T conditions of
the experiments.

During a long run (> 1 day) friction most

likely approaches zero.

Thus, no friction correction has

been made, and the sample pressure has been accepted to be
essentially the same as the nominal pressure.
Starting Material
Only synthetic crystalline pyrope, aluminous enstatite and enstatite have been used as starting material in
the reversal experiments.

31
Pyrope was synthesized hydrothermally at about
28 kb, 1000o-1030°C, for 12-24 hours from an oxide mix of
reagent

grade MgO, SiOg (in the form of cristobalite

cleaned with HCl) and Al^O^.

Syntheses were successful

with both seeded and unseeded material (see Table 1 for
details).

X-ray analysis indicated no other phases were

present in the run products within the limits of detection.
Aluminous enstatite was synthesized hydrothermally
from oxide mix containing 12 wt % AlgO^ and prepared from
reagent grade MgO, SiC^ (high purity crushed quartz) and
A^O^.

Synthesis conditions were 18-19 kb, about 1100°C

and 2-3 days with both seeded and unseeded material.
Inhomogeneity of the aluminous enstatite crystals was
evident from the broad X-ray peaks.

To promote homogeni

zation, the crystals were crushed and rerun in graphite
capsules at 19-20 kb and 1400°C for about 48 hours.

X-ray

peaks were sharper after this treatment, and rough deter
mination of the AlgOg content of the sample from the A2 0
between two sets of reflections (42.73° and 43.10°, 62.60°
and 63.28° Cu Ka for pure orthoenstatite? Boyd and England,
1960; Anastasiou and Seifert, 1972) indicated 6.6-8.6 wt %
AlgOg.

Subsequent microprobe analyses of the same material

yielded an average AlgOg content of 7.5 wt % (35 analyses)
with a range from about 6.5-9.0%.

Grains varied from

homogeneous to slightly zoned, but the largest variation

Table 1.

HUN

T(C)

Run Data for Synthesis Experiments

P (kb)

MINERAL

HYDROUS?

SEEDED?

DURATION
(hours)

RESULTS AND COMMENTS

CUP-1

1030

27.5

pyrope

yes

yes

20.0

3 wt % natural py from Garnet
Ridge, A z . as seed; productp y ; a v g . grain size 15-30 pm
(75 ym max.)

GOP-8

1000

27-28

pyrope

yes

yes

24.0

2 wt t synthetic py seed from
G O P - 1 ; product-py; avg. grain
size 15 pm (100 inn max.) ;
used as starting material

G O P - 10

1000

28.0

pyrope

yes

no

12.0

product-py; avg. grain size at
least 50 Rin, perhaps 70-80 Min;
300 Mm m a x . ; used as starting
material and as microprobe
standard

G O P -5

12001500

16.519.5

orthoenstatite

no

90.5

c l i n o e n + p r o t o e n (?)-tminor Fo
and Qtz as starting material;
products-orthoen+very minor Fo
and Qtz; grain s i z e - a v g . , 4050 pm, some grains to 200 Mm

G O P -9

1100

18-19

Al-enst.

yes

yes

48.0

12% A I 2O 3 oxide mixlSI s ynthe
tic Al-En seed from a previous
r u n ; product-Al-En

OOP-11

10701100

19.0

Al-enst.

yes

no

73.0

products-Al-En+about 10% g l a s s ;
grain size < 10 Mm to rare xls
up to 150 m»i

G O P - 13

1400

19-20

Al-enst.

no

3.3

homogenization of Al-En from
G O P -9 and G O P -11; grain size aggregates with grains < 15 m >u
to xls 150-200 Mm in size

G O P - 14

1400

19.520.5

Al-enst.

no

43.0

homogenization of Al-En from
G O P - 1 3; grain size - 15-30 m »«
avg., many smaller grains; a
few grains > 50 Mm noted; some
glass observed optically

u>

K)

in Al^O^ content was between grains rather than within
grains.

The discrepancy between the Al^O^ content of the

product enstatite and the starting oxide mix is related to
the presence of a small amount of glass in the run product,
observed optically.

A glass of aluminous enstatite compo

sition coexisting with an aluminous enstatite crystal will
have a higher Al^O^ content than the crystal (cf., Boyd
and England, 1964) .
Preliminary synthesis of orthoenstatite was per
formed at 1 atm. in a Deltech furnace from an oxide mix of
reagent grade MgO and SiO^.

The mix was initially melted

at 1615°C for 1-2 hours, cooled from 1580° to 1538° rapidly,
isothermally crystallized at about 1350° for 2 hours, and
finally quenched in air (phase relations depicted by Boyd
and England, 1965 and Boyd, England and Davis, 19 6 4 acted
as a guide in experimentation).

Product phases were

clinoenstatite + protoenstatite (?) + minor forsterite and
quartz as determined by X-ray diffraction.

This material

was placed in a graphite capsule and taken to pressures
from 16-19 kb and temperatures from 1200o-1500°C for 90
hours.

The 20 values of 19 major X-ray peaks of ortho

enstatite were compared with those of the run product and
found to be in excellent agreement.
concluded to be orthoenstatite.

It was, therefore,

No other phases could be

detected with confidence from the X-ray diffractogram.
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However, later microprobe analyses indicated the presence
of a very small quantity of very fine-grained forsterite.
One quartz grain was also discovered.
Reversal Techniques
For each reversal experiment, two starting mixtures
were prepared:

(1) pure enstatite and pyrope (hereafter

referred to as En+Py or undersaturated enstatite mixture)
and (2) aluminous enstatite and pyrope (referred to as'
Al-En+Py or oversaturated enstatite mixture).

Each start

ing mixture was crushed and mixed in an agate mortar.

As

previously stated, each was loaded separately into a Pt
capsule (hydrous run) or into one of two holes in a graphite
capsule (dry run).

The two mixtures were then run simul

taneously at P-T conditions where, it was believed, the
equilibrium composition of aluminous enstatite would lie
somewhere between the extremes of the starting compositions.
To enhance reaction, run products from an initial
reversal run were recycled.

This involved crushing the run

products, reloading into new Pt or graphite capsules and
rerunning at the same pressure and temperature as the
initial run.
Four reversals were attempted at the following
conditions:

960°C and 29.7 kb; 1060°C and 26.6 kb; 1110°C

and 30.15 kb; 1265°C and 30.5 kb.

The 960°C and 1060°G

reversals were recycled twice, whereas the 1110°C and
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1265°C reversals were recycled once (see Table 2 for de
tails) .

Throughout the remainder of the paper, reversals

will be referred to by temperature only.

Table 2.
RUN

Run Data for Reversal Experiments
T (C)
(± 15)*

P (kb) *

HYDROUS?

DURATION
(hours)

RESULTS AND COMMENTS

GOP-15

1110

30.15 + 0.25

yes

9.0

grain size-En+Py:avg. 1530 pm, one xl measured lOOx
30 pm; Al-En+Py:avg. < 15 pm

GOP-16

1110

30.15 + 0.15

yes

8.0

recycled from GOP-15; grain
size-avg. < 30 pm ranging
from < 5 to > 100 pm

GOP-15
and 16

1110

30.15 + 0.25

—

GOP-17

1060

26.75 + 0.30

yes

9.5

grain size-both charges avg
< 10 pm, largest grains
about 30 pm

GOP-19

1060

26.75 + 0.30

yes

8.5

recycled from GOP-17

GOP-20

1060

26.50 + 0.40

yes

98.0

recycled from GOP-19; grain
size-Py to 75 pm, En to 100
200 pm; minor Fo in En+Py
charge

GOP-17,
19, 20

1060

26.60 + 0.50

—

Total:
116.0

slight overlap; equil.
compos.:3.81 ± 0.3% AI2O3*

Total:
17.0

equil. compos.:3.38 t 0.2%
AI2O 3*

u>
CPi

Table 2.

RUN

Run Data for Reversal Experiments (Continued)

T (C)
(± 15)*

P (kb) *

HYDROUS?

DURATION
(hours)

RESULTS AND COMMENTS

GOP-2 3

1265

30.40 ± 0.30

no

12.0

grain size-avg. < 10 ym,
no grains > 30 ym observed

GOP-2 4

1265

30.80 ± 0.20

no

11.0

recycled from GOP-2 3; grain
size-En+Py;avg. < 10 ym,
Py to 100 ym; Al-En+Py:
avg. < 10 ym, largest
grains about 30 ym

GOP-2 3
and 2 4

1265

30.50 t 0.50

Total;
23.0

majority of En Mg/Si ratios
< 0.99; equil. compos.:6 .02
± 0 . 4 % A1203*

GOP-22

960

29.60 t 0.40

yes

96.0

grain size-En+Py:avg.< 10 ym
to 30 ym; Al-En+Py:avg.
15 ym, some grains > 100 ym

GOP-26

960

29.60 ± 0.30

yes

53.0

recycled from GOP-22; grain
size-En+Py:avg. < 10 ym,
max. En observed 10x30 ym;
Al-En+Py:avg. 10-20 ym, Py
up to 75 ym

Table 2.

Run Data for Reversal Experiments (Continued)
T (C)
(± 15)*

P (kb) *

HYDROUS?

DURATION
(hours)

GOP-2 8

960

29.80 ± 0.40

yes

168.0

recycled from GOP-26; grain
size-En+Py:avg. En 15-20 ym
largest measured 105x40 ym;
Al-En+Py:avg. Py 10-15 ym,
largest 45-50 ym, v. little
En observed; Fo present in
both charges

GOP-22,
26, 28

960

29.70 t 0.50

317.0

large overlap of enstatite
analyses; equil. compos.:
uncertain

RUN

RESULTS AND COMMENTS

Uncertainties in P, T and equil. compos, are treated as 2
standard deviations.
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MICROPROBE TECHNIQUES
Enstatite and pyrope crystals in the experimental
run products were analyzed with an Applied Research Labora
tories scanning electron microprobe guantometer with a
Tracor-Northern TN 1310 automation system.
Instrumental Set-Up
and Sample Preparation
X-ray take-off angle is 52.5° and a 15 kV accelerating
potential was. used exclusively.
crystals are:

Spectrometer analyzing

silicon-PET: magnesium and aluminum-RAP.

With the electron beam entering a Faraday cage, probe
current was adjusted to 35 nA.
and pyrope was 30-32 nA.

Sample current on enstatite

X-ray intensities were dead

time- and background-corrected and analytical data were
reduced by means of the Bence-Albee empirical correction
method (Bence and Albee, 19 68).

The Bence-Albee method

corrects for absorption, atomic number and fluorescence
effects.

Instrumental drift was handled by recalibrating

after an average of every 5-10 analyses.

Optimal back

ground counting times were calculated following the
procedure of Jenkins and DeVries (1969)'.
Samples for probe analysis were prepared by mounting
run products in 5/32" o.d» brass tubes with epoxy and
'

39

:

40
polishing to 1/4 ym with

diamond grinding compounds.

Simultaneous carbon-coating of samples and standards mini
mized analytical errors arising from differences in the
thickness of carbon coats.
Standards
Synthetic orthoenstatite for Mg and Si and synthe
tic pyrope for Al served as standardsv

The pyrope standard

was a portion of run GOP-10 and the orthoenstatite standard
was from run GOP-5 (see Table 1 for details of synthesis
conditions).
Homogeneity and stoichiometry of the standards were
checked by performing spot analyses and step scans, and by
examining X-ray scanning images and spectral displays from
an energy dispersive spectrometer.

During the checking

procedure, standards of the Lunar and Planetary Laboratory,
University of Arizona were used:
Si-diopside glass.

Al-anorthite; Mg,

The pyrope and orthoenstatite were

found to be stoichiometric within microprobe error and free
of all but trace quantities Of impurities.

EXPERIMENTAL AND ANALYTICAL RESULTS
Small grain size of experimental run products was
the major problem during.microprobe analysis.

It necessi

tated the use of a small electron beam diameter (1-4 urn)
and resulted in many analyses which were unacceptable in
terms of the criteria discussed later.

Average and maximum

grain sizes of run products for most reversal experiments
are given in Table 2.
Only pyrope, aluminous enstatite, and forsterite
were detected during microprobe analysis.

Forsterite was

found in minor amounts in two hydrothermal runs:

in the

En+Py charge of run #GOP-20 and in both charges of run
#GOP-28.

The presence of forsterite can be ascribed to

either or both of two alternatives:

(1) minor forsterite

present in the enstatite starting material may have per
sisted in the reversal experiments, and (2) forsterite may
have formed by preferential leaching of SiOg by the vapor
phase.

Forsterite, however, should have no effect on the

equilibrium between pyrope and aluminous enstatite.
The small quantities of run products (generally
less

than 10 mg) made it difficult to analyze them by both

X-ray diffraction and microprobe»

Only run products from

GOP-15 and GOP-17 were analyzed by X-ray diffraction.

No

phases other than pyrope and enstatite could be identified.
'
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Differences in cathodoluminescence of pyrope (red),
aluminous enstatite (dull blue) and forsterite (bright blue)
aided in distinguishing between these minerals during microprobe analysis.
Results of
Reversal Experiments
The criteria for acceptance of a microprobe analysis
were that (1) the oxides total between 99% and 101%, and
that (2) Mg/Si atomic ratios fall within 1% of 1.00.
few cases, these criteria were slightly extended.

In a

Appendix

A lists all accepted microprobe analyses for the reversal
experiments.
Approach to Equilibrium
Microprobe analyses of enstatite, satisfying the
above criteria, are plotted on MgO-AlgO^-SiOg triangular
diagrams in Figures 5a-5d.

The A]_2°3 content of enstatite

evolved toward its equilibrium value from both the under
saturated (En+Py charge) and oversaturated (Al-En+Py charge)
directions at the P-T condition of a run.

The scatter in

the enstatite analyses of a given charge is a measure of
the inhomogeneity between grains.

Individual enstatite

grains varied from strongly zoned to relatively homogeneous,
depending on the run.

Traverses across several zoned grains

from Al-En+Py charges showed nearly unreacted cores, but
rim compositions approaching the equilibrium composition.

Mg0-Al203Si02 Triangular Diagrams Showing Micro
probe Analyses of Aluminous Enstatite in the
Reversal Experiments. -- Criteria for acceptance
of analyses are given in the text. Solid line
represents the MgSiOg-Al^Og join. Cross and
dot represent the composition of enstatite that
developed respectively in the En+Py and AlEn+Py starting mixtures.
Run# GOP-26, 960°C and 29.6 kb. Note large
overlap of enstatite analyses of the two
product assemblages. Equilibrium composition
of enstatite is uncertain.
Run# GOP-20, 1060°C and 26.6 kb. Equilibrium
AI2O3 content of enstatite = 3.8 t 0.3 wt %.
Note small overlap of enstatite analyses of
the product assemblages.
Run# GOP-16, 1110°C and 30.15 kb. Equilibrium
AI2O 3 content of enstatite = 3.4 i 0.2 wt %.
Run# GOP-24, 1265°C and 30.5 kb. Equilibrium
AI2O 3 content of enstatite = 6.0 - 0.4 wt %.
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Mg0-Al203-Si02 Triangular Diagrams Showing
Microprobe Analyses of Aluminous Enstatite
in the Reversal Experiments.
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Although overall equilibrium was not attained, the analyti
cal results enable us to bracket the solubility of

in

enstatite in equilibrium with pyrope at the experimental
P-T conditions.

For a reversal with little or no overlap

of enstatite analyses of the product assemblages, the two
. analyses closest in composition bracket the equilibrium
A ^ O g content of enstatite at the P-T condition of the run.
For a reversal experiment showing significant overlap in
composition of the product assemblages, it is not clear
where the equilibrium AlgO^ content of enstatite lies.
The next section discusses the problem of overlapping
compositions.
The equilibrium Al^O^ concentrations

(in wt %) of

enstatite coexisting with pyrope at the P-T conditions of
the reversal experiments are as follows:
960QC-29.8kb
(GOP-22,-26,
and -28)
uncertain

106QQC-26.6kb
(GOP-17,-19,
and -20)
3.8 ± 0.3%

1110°C-30.15kb
(GOP-15 and
—16)
3.4 ± 0.2%

1265°C-3Q.5kb
(GOP-23 and
-2 4)
6.0 ± 0.4%

It should be noted that the uncertainty in the equilibrium
composition does not include analytical uncertainties.
These data are compatible with the results of MacGregor
(19 74) who, for example, determined 3.3 wt % Al^O^ in
enstatite at 1100°C and 30 kb and 6 .3-6.4% at 1300°C and
30 kb.
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In the Bence-Albee method (Bence and Albee, 196 8)
of data reduction/ a linear relationship between concentra
tion of an element and the matrix correction factor is
assumed.

Albee and Ray (1970) recognized non-linearities

in the correction factors.

Bence and Holzwarth (1977) have

worked out the details of the non-linearities in the MAS
system.. Alpha coefficients are determined from polynomial
expressions which best fit the empirical data.

The point

to be stressed is that the Bence-Holzwarth method yields
AI2O 2 contents for enstatites which are about 0.2 wt %
higher than those obtained from the Bence-Albee method.
Overlap of Enstatite Analyses
of Product Assemblages
Equilibrium thermodynamic arguments indicate that
enstatites in the product assemblages of a reversal experi
ment should not have overlapping compositions.

That is/

the undersaturated enstatite mixture (En+Py) should not
react to produce enstatites with higher AlgO^ contents than
the equilibrium value while the oversaturated mixture
(Al-En+Py) Should not form enstatites with undersaturated
compositions.

However, in the 960°C and 1060°C reversals,

several enstatite analyses from the Al-En+Py charges have
lower AlgOg concentrations than analyses from the En+Py
charges ( Figures 5a and 5b).

This overlap of enstatite

analyses of the two product assemblages amounts to 0.6%

47
AlgOg for the 1060°C reversal and to 1.6% Al^O^ for the
960°C reversal.

The equilibrium composition‘in the 960°C

reversal is uncertain because of the large overlap.
Two explanations for the overlap in composition are
considered here:

(1) the overlap is due to analytical

error and (2) the overlap can be ascribed to formation of
metastable aluminous enstatite compositions.

Analytical

error can be attributed to fine grain size of the run
products which can result in interference from adjacent
pyrope grains when analyzing enstatite.

Such interference

is difficult to detect, since it will not affect the
stoichiometry of an analysis, pyrope and enstatite both
having Mg/Si ratios of 1.00.

Nevertheless, an aluminous

enstatite analysis will have a higher Al^O^ concentration
than the true value if interference from an adjacent pyrope
grain has occurred.

In the case of metastable compositions,

the experimental work of Schreyer and Schairer (1961) in
the MAS system at atmospheric pressure demonstrated the
formation of metastable phases, solid solutions and struc
tural states.

However, since it has a bulk composition

richer in Al^O^ than the equilibrium composition of ensta
tite, an Al-En+Py mixture would be unable to produce metas
table aluminous enstatite with a lower AlgO^ content than
the equilibrium value.

For an En+Py mixture, pyrope would

be required to break down to produce enstatite nuclei with
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AlgOg contents greater than the equilibrium value.

The

experimental P-T conditions are, however, well within the
stability field of pyrope (e.g., Boyd and England, 1959;
Schreyer and Seifert., 1969; Hensen and Essene, 1971).
Therefore, the formation of metastable aluminous enstatite
compositions coexisting with pyrope does not appear to be
reasonable.

Indeed, analyses of enstatite from an Al-En+Py

mixture cannot have AlgO^ concentrations lower than the
equilibrium value at a given P-T condition.
Danckwerth and Newton (1978) noted slight overlap
in their 1000°C-20 kb reversal and significant overlap in
their 950°C-20 kb reversal, and attributed it to analytical
error.

The greatest overlap in composition occurred in the

lowest-temperature run, both in this study and in that of
Danckwerth and Newton (1978).

If the overlap is not due

to analytical error, the lowest-temperature runs may be
subject to kinetic barriers to equilibration and to the
formation of metastable compositions.

However, the 950oC

run products of Danckwerth and Newton (19 78) were the
finest-grained of their three isopleth reversals while the
960°C run products of this study are the finest-grained of
the hydrous reversal runs.

The 1060°C reversal shows over

lapping compositions, but has the coarsest-grained run
products.

But, if it is assumed that the equilibrium

enstatite composition was approached very closely in both

49

'

charges, then the small overlap of the 10600C reversal
and the 1000°C reversal of Danckwerth and Newton (1978)
is best explained by analytical error.
All enstatite analyses from the En+Py charge of
GOP-26 (960OC) have AlgO^ concentrations greater than 2 wt %
(Figure 5b and Appendix A).

Four enstatite analyses from

the Al-En+Py charge have A ^ O g concentrations less than
2 wt %, hence the origin of the overlap in GOP—26.

TO test

the hypothesis of formation of metastable aluminous ensta
tite compositions, run products from GOP-26 were re-run
for one week (run GOP-2 8).

Several enstatite analyses

from the En+Py charge of GOP-2 8 have A ^ O ^ concentrations
less than 2 wt % (Appendix A ) .

The average Al^O^ concen

tration of enstatite analyses from the En+Py charge of
GOP-28, however, is unchanged from that of GOP-26.

The

average for the Al-En+Py charge of GOP-2 8 is lower than
that for the same charge of GOP-26 (2.4% vs. 3.0%).

Even

though run products from GOP-28 are coarser-grained than
those from GOP-26, the overlap of enstatite analyses of
the product assemblages is larger for the former run than
for the latter.

Coarser grain size should reduce analyti

cal errors and, hence, the degree of overlap if it is to
be explained solely by such errors.

The change in the

average Al^Og content of enstatite to a lower value with
increased run duration for the Al-En+Py charge of GOP-2 8
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relative to GOP-26 may be indicative of continued reaction
of the aluminous enstatites in that charge toward the equi
librium composition.

The situation in the En+Py charge is

much less clear.
Reversed.zoning in an aluminous enstatite grain
from an En+Py charge would be diagnostic evidence for the
formation of oversaturated compositions from understaurated
ones.

Microprobe traverses across several grains from run
a
products of GOP-20 (1060 C), GOP-26 and GOP-28 did not
produce definitive results due to the difficulty of inter
pretation of textures in fine-grained sintered material.
Grain boundaries are generally sharp, but analytical inter
ference from adjacent pyrope grains can occur.

Some analy

ses were made with the aid of X-ray images which allowed
the electron beam to be positioned either near a pyropealuminous enstatite grain boundary or in the interior of
an enstatite grain.

Analyses made adjacent to pyrope '

grains are generally higher in AlgO^ concentration than
those made remote from grain boundaries, but the reverse
was also noted.

However, analyses of the interiors of

enstatite grains from Al-En+Py and En+Py charges of GOP-26
and GOP-28 still result in overlapping compositions.

The

large overlap in the 960°C reversal, then, does not appear
to be attributable to analytical error.
The problem of overlapping compositions is not
solved here, but is of sufficient importance, to warrant
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further investigation.

Growing large single crystals of

pure enstatite by the method of Ito (1975) , reacting them
with large single crystals of pyrope and performing a
detailed analysis of the zoning profiles produced is proba
bly the best means of resolving the problem.
Mg/Si Ratios
During the course of microprobe investigation, a
bias in the enstatite analyses was recognized.

A large

number of analyses have oxide totals between 99% and 101%,
but have Mg/Si ratios both greater than and less than the
acceptable limits of 0.99 and 1.01.
to 1.03.

Ratios range from 0.90

Further, Mg/Si ratios are biased toward values

less than 1.00.

Examining analyses from GOP-16, -20, -24,

-26 and -2 8, with oxide totals between 99% and 101%, it is
found that 72% (215 of 29 8) have Mg/Si ratios less than
1.00.

Figure 6 is a histogram of 1Number of Analyses' vs.

'Mg/Si Ratio in Aluminous Enstatite', illustrating the bias.
Percentages of analyses with Mg/Si ratios less than 1.00
for individual runs are (numbers in parentheses are number
of analyses with oxide totals between 99% and 101%):
960°C
GOP-26
79%
(46 of 58)

GOP-2 8
61%
(43 of 70)

1060°C

1110°C

1265°C

GOP-2Q

GOP-16

GOP-24

60%
(37 of 62)

75%
(50 of 67)

95%
(39 of 41)

20
Mg/Si < 1.00
(215 analyses)
29 8 Total Analyses

15

10

NUMBER

OF ANALYSES

Mg/Si > 1.00
(83 analyses)

0

n , mn

0.89

0.91

P

0.93

Q CL
0.95

0.97

0.99

1.01

1.03

Mg/Si RATIO IN ALUMINOUS ENSTATITE
Figure 6 .

Histogram Showing Number of Analyses vs. Mg/Si Ratio in Aluminous
Enstatite. — Microprobe analyses from GOP-16, -20, -24, -26, and
-2 8 with oxide totals between 99% and 101% are plotted. See text
for discussion.
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The bias is. even more pronounced when the analyses
are divided as follows;

Mg/Si ratios < 0.99 = 49% of the

analyses; 0.99-1.01 = 41%; > 1.01 = 10%.

When compared

with stoichiometric enstatite, many of the analyses with
low Mg/Si ratios have a deficiency of MgO rather than an
excess of SiO^.
MacGregor's (1974) microprobe analyses of enstatite
show a bias opposite to that found in this study.

Five of

his analyses have Mg/Si ratios between 0.99 and 1.01, six
have ratios > 1.01 and only one analysis has a ratio < 0.99.
Nature of the Bias
The large number of aluminous enstatite microprobe
analyses with low Mg/Si ratios may be explicable by one of
the following hypotheses:
1.

The low Mg/Si ratios are artifacts of analysis
and can be ascribed to systematic errors:
(a) instrumental (microprobe) error
(b) bias introduced by standards
(c) analytical error related to grain size
and surface roughness of samples.

2.

The majority of aluminous enstatites from the
experimental run products are non-stoichiometrie
(the low Mg/Si ratios are real).

3.

A combination of the above.
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Analytical Problems.

The analyses for each run

represent multiple-day microprobe data.

On several occa^

sions, the average Mg/Si ratio for a given charge differed
from day to day.

For example, analyses one day would have

Mg/Si ratios predominantly less than 1.00, whereas another
day Mg/Si ratios mostly greater than 1.00 would be obtained
from the same sample. .Similar variations in Mg/Si ratios
during a single day were also noted.

These observations

could be construed as evidence for instrumental error.
However, the small number of analyses obtained on some days
does not rule out other explanations such as statistical
fluctuations.

Also, GOP-2 4 was analyzed on five nonconsecu-

tive days and consistently gave Mg/Si ratios less than 1.00
while the pyrope standard gave stoichiometric analyses.
Instrumental error should affect pyrope and enstatite simi
larly.
Two sets of standards were used during analysis of
the run products of GOP-24;
(2) anorthite-diopside glass.

(1) pyrope-enstatite and
Although identical grains

were not analyzed, Mg/Si ratios and AlgOg concentrations
of enstatites are similar for the two sets of standards.
Treating the diopside glass as an unknown and the enstatite
as Mg and Si standard, stoichiometric diopside analyses
were obtained.

It is concluded that bias introduced by

standards is not a viable explanation for low Mg/Si ratios.

55
Fine grain size and surface roughness of samples
are notorious sources of analytical microprobe error.

Since

magnesium has a lower atomic number than aluminum and sili
con, MgKa radiation will be preferentially absorbed if the
X-ray path length within a crystal is increased by surface
scratches or pits.

Sweatman and Long (1969) demonstrated

that even minute scratches and sample tilt can drastically
reduce measured magnesium concentration in pyroxenes and
olivines.

The effect is also dependent on X-ray take-off

angle and accelerating potential.

Surface roughness of

probe samples of the experimental run products is difficult
to assess.

The only hint of a correlation may be between

the fine-grained nature of GOP-24 and the high percentage
of Mg/Si ratios of enstatites less than 0.99 for that run.
The method of data reduction also has an effect on
the value of the Mg/Si ratio.

For example, evaluating

K-ratios with the Bence-Albee method, but with different
alpha and beta factors (either calculated or taken from
tables:

Bence and Albee, 196 8; Albee and Ray, 1970; Bence

and Holzwarth, 1977), a single enstatite analysis gave Mg/Si
ratios ranging from 1.001 to 1.015.

The work of Bence and

Holzwarth (1977) was initiated to solve problems of high
oxide totals and deviations from stoichiometry for minerals
in the MAS system.

However, deviations noted by Bence and

Holzwarth (1977) are in the direction of excess Mg.

All
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analytical data for this study were reduced using tabulated
alpha coefficients from Albee and Ray (19 70) for the un
knowns and with beta factors for the standards calculated
following the procedure of Bence and Holzwarth (1977).
This method of data reduction produces the lowest Mg/Si
ratios for enstatites_. when compared with other Bence-Albeetype methods, while the method of Bence and Holzwarth (19 77)
yields the highest Mg/Si ratios.

Because all data were

reduced in the same manner, this does not explain the high
percentage of low Mg/Si ratios for GOP-24 as compared with
other runs.

Also, there is no correlation between wt %

AlgOg in enstatite and Mg/Si ratio (i.e., enstatite analyses
have similar variations in A ^ O ^ concentrations regardless
of Mg/Si ratio).
Non-stoichiometry.

The predominance of low Mg/Si

ratios may be an indication of non-stoichiometry in the
synthetic aluminous enstatites.

Boyd and England (1960)

concluded from their data that, at high temperatures and
pressures, aluminous enstatite has a varying Mg/Si ratio.
The variation is in the direction of an excess of SiO„z and
they inferred a minimum value for Mg/Si of 0.94.

A defi

ciency of Si02 in some natural enstatites was noted by
Fenner (1938) and by Hess and Phillips (1938).

Twelve of

thirteen analyses of natural enstatites from olivine-bearing
rocks,- obtained from the literature by Boyd and England
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(1960), have R

/Si ratios greater than 1.00.

Enstatites

which formed in association with quartz or a siliceous
liquid have R^+/Si ratios < 1.00 (Boyd and England, 1960).
Non-stoichiometry in natural orthopyroxenes was also infer
red from chemical analyses and/or textural relations in
peridotite xenoliths by Mercy and O'Hara (1965), Green and
Ringwood (19 70), and Mercier and Carter (1975).

However,

the non-stoichiometry is in the direction of excess MgO.
Wood and Henderson (1978) synthesized non-stoichiometric
Clinopyroxenes at conditions of 1300O-1450°C and 25-32.3
kb.
If the enstatites with low Mg/Si ratios are truly
non-stoichiometric, it may be attributable to short experi
mental run times which may not allow formation of stoichio
metric structures except in localized areas of a charge.
It was thought that re-running GOP-26 for a long period
(GOP-28) might produce a higher percentage of stoichiometric
enstatite analyses, if this notion is correct.

The results

are as follows (numbers in parentheses are number of analy
ses with oxide totals between 99% and 101%);
Mg/Si Ratios

GOP-26

GOP-28

< 0.99

52% (30 of 58)

26% (18 of 70)

0.99-1.01

43% (25)

64% (45)

5% (3)

10% (7)

> 1.01
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A tentative conclusion could be that a longer run time did
produce a higher percentage of stoichiometric enstatite
analyses»

However, the run products of GOP-28 are coarser-

grained than those of GOP-26.

Also, the run products of

GOP-28 contain forsterite, whereas those of GOP-26 do not.
Analytical interference from forsterite would bias Mg/Si
ratios toward relatively high values.
Mg/Si Ratios in Conclusion
The problem of a majority of enstatite Mg/Si ratios
less than 1.00 is left unsolved.

Distinguishing between

the effects of sample surface roughness and grain size on
the one hand, and possible non-stoichiometry on the other,
is not possible with the present data.

Another method of

analysis, independent of the microprobe, is necessary before
any definitive conclusions can be drawn.

THERMODYNAMIC EVALUATION
OF EXPERIMENTAL DATA
The thermodynamic properties of aluminous enstatite
have so far been expressed in the literature on the basis
of the components Mg^Si^O^ and MgAl^SiO^(MgTs).
Ganguly and Ghose (19 75, 1977 and in press) have
determined the intracrystalline distribution of A1 in orthopyroxene.

Based on these data, they have suggested

Mg^AlgSi^O^g

(pyropic component, Pyc), rather than MgTs,

as the limiting composition of aluminous orthopyroxene.
They have also shown that ideal solution behavior is
approached more closely when the thermodynamic properties
of aluminous orthopyroxene are expressed in terms of the
components Mg^Si^O^g and M g ^ A ^ S i ^ O ^ than when expressed
as a function of Mg2Si20g and MgTs (Ganguly and Ghose, in
press).

The equilibrium between pyrope and aluminous

enstatite may be written, in terms of these two sets of
components, as (Ganguly and Ghose, 1975):
aluminous enstatite
Mg3A12Si3°12

pyrope
=

aluminous enstatite
Mg2Si20g + MgA^SiOg

Mg3A12Si3°12

^

pyrope
=
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Mg^A^Si^O^

(b)
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It can be seen that the equilibrium expression is simpli
fied if the pyropic component is used.
Enthalpy, Entropy
and Isopleth Determination
At equilibrium, the free energy change of a reaction
can be written as
AG = O = AG° (P,T) + RT In K
with the standard state taken as the pure phases at the P
and T of interest.

Since

AG° (P,T) = AG° (1 atm,T) +

AV°dP,

AG° (1 atm,T ) = -RT In K -

AV°dP

(4)

Substituting AG° = AH° - TAS° into (4) gives
AH° (1 atm,T) - TAS° (1 atm,T) = -RT In K - J ^

AV°dP

(5)

At this point two assumptions are introduced when evaluat
ing data with the M g ^ S i ^ O - ^ ^ ^ A ^ 5^ 0 ^
components:

orthopyroxene

(1) heat capacities of reactants and products

are similar so that AC° = 0, which implies that AH° and AS°
are constant over the experimental temperature range, and
(2) AV° is independent of pressure.

To a close approxima

tion, ideal solution behavior is followed when evaluating
data with these components so that K =
metric reaction coefficient).

(vi = stoichio

Also, as P>>1, equation (5)

can now be simplified and rearranged to give
In K + PAV°/RT = -AH° (1 atm,T)/RT + AS° (1 atm,T)/R

(6)
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The left-hand side of equation (6) is here designated In K '
(In K 1 E In K + PAV°/RT).

For the equilibrium between

aluminous enstatite and pyrope, expressed as in (a),

XMg3Al2Si30 12 /

where

X

pyc

XMg3Al2Si3Q 12

= 1/Xpyc

(7)

Mg _Alp Si 0O-12
J z j iz
Mg3Al2Si3012 + Mg^Si^0^2

Also (Ganguly and Ghose, in press),
A1 0
Xpyc = 4XA1.0 ' "here XA1
=
2 3
'2 3
2 3
A1203 + MgSiO

'

(8)

AH° and AS° for a reaction can be obtained by evaluating
experimental P-T-X data with equation (6).

Plotting In K 1

vs. 1/T, the data are usually found to lie on a nearly
straight line.

The line that best fits the data is obtained

by least-squares analysis, with a slope equal to - AH°/R
and an intercept at 1/T=0 of AS°/R.

If a straight line

relationship is not found, one or more experimental data
points may be in error or uncertainties in the data may be
large, or the thermodynamic properties of the system do not
conform to the stated assumptions.
Equation (6) can be rearranged to give, for
reaction (a)
P = -AH° + T(AS° + R In xpyC)/Av°

(9)
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which provides solutions for equilibrium pressures corre
sponding to chosen values of the
and temperature.

The

content of enstatite

isopleths for enstatite can be

constructed from this P-T information.

Figure 7 is a plot

of In K 1 vs. 1/ T , according to expressions (6) and (7), for
the data of MacGregor (1974).
somewhat scattered.

The data are consistent, but

The A ^ O g isopleths in the garnet

field, calculated on the basis of AH° and AS° values de
rived from the least-squares analysis, have steeper dT/dP
than the isopleths shown by MacGregor (1974) .

The 1% iso-

pleth is shifted to higher temperatures by as much as 100°C,
relative to MacGregor's 1% isopleth, as a consequence of
this analysis.

At higher percentages of Al^O^, the two sets

of isopleths intersect within the garnet field.

A similar

least-squares analysis was performed by Wood (1975) and
Obata (19 76) with Mg2Si20^ and MgTs as the end-member
orthopyroxene components.
Experimental data from the 1060°C, 1110°C and 1265°C
reversals of this study are shown in Figure 8 on a In K* vs.
1/T plot.

The midpoints of the reversal brackets lie on a

nearly straight line.

Uncertainties in P, T and X (given in

Table 2) represent 2a values and were combined according to
the general formula
a

o

Y

= Z

ptT o

9

(t?— ) a ,,where y =
dxi
1

F(x-.,x~...., x ) .

Figure 7.

Least-Squares Analysis of Data from MacGregor
(1974) on a In K 1 vs. 1/T Plot. — In K 1 =
-In Xpyc + PAV°/RT. Slope = 0.387 ± 0.127,
intercept = -3.509 ± 0.866, linear correla
tion coefficient = 0.873.
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Figure 7.

Least-Squares Analysis of Data from MacGregor
(1974) on a In K ' vs. 1/T Plot.

Figure 8 .

Least-Squares Analysis of Reversed Experimental
Data of This Study on a In K' vs. 1/T Plot. —
In K' = -In XpyC + PAV°/RT. P , T and X uncer
tainties used in error propagation are those
given in Table 2. Slope = 0.486 ± 0.096,
intercept = -4.2 46 t 0.679, linear correlation
coefficient = 0.999.
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Figure

Least-Squares Analysis of Reversed Experi
mental Data of This Study on a In K ' vs.
1/T Plot.
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Nearly all the uncertainty in In K 1 derives from the un
certainty in the equilibrium

content of enstatite,

very little contribution coming from the uncertainties in
experimental P and T.

The least-squares fit was weighted

following the procedure discussed in Bevington (1969).
Uncertainties in the 10^/T variable were not included in
the least-squares analysis, but are of much smaller magni
tude than uncertainties in In K'.
not shown in Figure

8

The 960°C reversal is

since the large uncertainty in the

equilibrium composition of enstatite does not aid in con
straining or refining the least-squares fit.
A comparison between the least-squares analysis of
the present data and the data of MacGregor (19 74) is shown
in Figure 9.
Results of
Thermodynamic Analysis
In the discussion to follow the end-member ortho
pyroxene components

were used in

the thermodynamic analysis.

Results using MggSigO^ and

MgTs are qualitatively similar.

Data and data sources

for the calculations are given in Tables 3-5.
Molar volumes at 1 atm and 298K were corrected for
thermal expansion.

The enthalpy derived by least-squares

analysis and assumed to be valid over the experimental P-T
range was also calculated at 970K (temperature at which
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Figure 9.

Comparison of Least-Squares Fits to Data of
MacGregor (19 74) and to Data of This Study
on a In K 1 vs. 1/T Plot. — In K 1 =
-In Xpyc + PAV°/RT.

Table 3.

Molar Volumes and Heats of Formation from Oxides for Minerals and
Components Used in Thermodynamic Calculations. — Molar volumes are
at 1 atm. and 298K and heats of formation are at 9 70K. Uncertain
ties represent 2 standard deviations.

MOLAR VOLUME
(cm^)

AHf'970K(kcal/mole)

REFERENCES

Enstatite
(Mg2Si206)

62.62

-17.62 t 0.68

Danckwerth and Newton,
1978;
Charlu et al., 1975

Spinel
(MgAl20 4)

39.71

- 5.38 ± 0.36

Robie et al., 1978;
Charlu et al., 1975

Forsterite

43.79

-14.97 t 0.54

Robie et al., 1978;
Charlu et al., 1975

Pyrope

113.27

-20.21 t 0.76

Robie et al., 1978
Charlu et al., 1975

Pyropic
component

122.84

(Mg3A12Sl3012)

.

Ganguly and Ghose, in
press

Table 4.

Specific Heats of Minerals and Components Used in Thermodynamic
Calculations. — Modified from Danckwerth and Newton, 19 78.

C° = a+bxlO 3T + c x 1 0 5T "2+dxl03T" 1/2(cal/K)
P
a
b
d
c

Reference

49 .10

9.48

-12.56

—

Mg2Si0 4

35.81

6.54

- 8.52

--------

Kelley, 1960

MgA12°4

36.80

6.40

- 9.78

—

Kelley, 1960

191.71

-22.89

- 5.62

-1.741

111.26

14.39

-23.37

-0.236

- 4.534

-0.236

Mg2Si206

Mg3Al2Si3012

—

—

(pyrope)

Mg3Al2S:L3012*
(pyropic component)
A12°3

37.61

0.172

*Taken as 3C (MgSiO )+C (A1 0 )
P
3
p
2g

Kelley, 1960

Newton, Thompson
and Krupka,
1977
--------

Robie et al.,
1978

Table 5.

Thermal Expansion Data for Minerals and Components Used in
Thermodynamic Calculations. — Equations are least-squares
fits by Danckwerth and Newton, 1978 to data of Skinner,
1966 .

AV = a+bxlO
Vo
a

3

T(K)+cx10

b

9

T 2 (K)
c

-0.00687

0.0240

5.515

Mg 3 A l2 S:L3 0 1 2 *
(pyropic component)

-0.00687

0.0240

5.515

Mg 2 Si0

-0.00822

0.0251

8.906

-0.00781

0.0264

-0.00775

0.0246

Mg 2 Sl2 ° 6

4

MgA1 2°4
Mg 3 Al 2 S l
(pyrope)

30 12

1.7578

*Assumed to be the same as Mg 2 Si 2 0 ^

CTl
VO
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heat of solution measurements of Charlu et al ., 1975 , were
made) by means of the general equation:
AH°(1 atm, T^) = AH°(1 atm, 970K) +

^^gygfEACp (products) - ZAC° (reactants) )dT
No data exist for the thermal expansion or specific heat of
the pyropic orthopyroxene component.

Thermal expansion was

assumed to be the same as for enstatite and the specific
heat was approximated by:
Cp (pyropic component) = 3Cp (MgSiO^) + CQ (A^O^) •
P-T Diagram
Enthalpies and entropies were derived from the data
of MacGregor (1974) in the garnet field, the reversed data
of Danckwerth and
the

Newton (19 78) in the spinel field, and

reversed data of the present study.

Thetwo equilibria

involved are:
En
Mg 4 Si 4 0

Sp
12

+ MgAl 2 0
Al-En

Al-En
4

Fo

= Mg 3 Al 2 Si 3 C>1 2 + Mg 2 SiC>4

(c)

Py

Mg 3 Al 2 Si 3 C>1 2 = Mg 3 Al 2 Si 3 0

12

(d)

All uncertainties in stated values represent two standard
deviations.
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Danckwerth and Newton (1978) :
AH°(1 atm,1300K) = 8.32 ± 1.75 kcal/mole
AS°(1 atm,1300K) = 5.14 t 1.34 cal/mole deg (e.u.)
AH°(1,9 70K) = 8 . 2 3 kcal/mole
MacGregor (1974):
AH°(1,1470K)

= -7.51 t2.53 kcal/mole

AS°(1,1470K)

= -6.97

AH°(1,970K)

=

t

.72
1
e.u.

-3.92 kcal/mole

This Study:
AH°(1,1400K)

= -9.66 t 1.91 kcal/mole

AS°(1,1400K)

= -8.44 t 1.35 e.u.

AH°(1,970K)

=

-6.625 kcal/mole

The heat of formation from the oxides of the pyropic com
ponent can be derived from these data and the enthalpy data
of Charlu et al. (1975) :
AH°(pyropic component, 1 atm, 9 70K) kcal/mole
Danckwerth and Newton

MacGregor

This Study

-17.42 ± 2.00

-16.29 t 2.64

-13.59 t 2.06
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The large discrepancy between the AH° from this study and
the data of Danckwerth and Newton (1978) is evident.

How

ever, on a In K ' vs. 1/T plot, the slope and hence AH° are
very sensitive to small changes in In K.

Also, relatively

large changes in AH° will not drastically affect the loca
tion of Al^O^ isopleths in P-T space.
regression line through MacGregor's

The least-squares

(1974) data falls within

the error bars of the present data and are, thus, compatible
with them.

To resolve the discrepancy in AH° and to pro

duce an optimal P-T diagram of Al^O^ solubility in enstatite
in equilibrium with either spinel + forsterite or pyrope,
an average of the extreme values for AH^ of the pyropic
component has been taken.

From this value and the available

thermochemical data (Charlu et al., 1975), AH° and AS° for
reactions (c) and (d)

can be obtained which can then be

utilized to calculate

a self-consistent P-T diagram that

does not violate any reversed experimental data point.
The AH° (pyropic component, 1 atm, 9 70K) used in the calcu
lations is -15.6 1 2.0 kcal/mole.

The heat of formation

from MacGregor's (1974) data falls very close to this
average value (see above).
reactions (c) and (d)

The enthalpy changes for

thus become:

AH°(1,970K) =

10.05

tkcal/mole

AH°(1,970K) =

-4.61

t.214 kcal/mole
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If the slopes on a In K' vs. 1/T plot are constrained by
the above values of AH° and AH°, then we obtain
6.55

t1.72 e.u.

(10)

AS°(1,1400K) = -7.00

t1.51 e.u.

(11)

AS°(1,1300K) =

The P-T diagram showing Al^O^ solubility in enstatite in equilibrium with either spinel + forsterite or
pyrope, constructed on the basis of the above results and
ideal mixing of the Mg^Si^O-^-Mg^A^Si^O^ components, is
shown in Figure 10.

The original isopleths of MacGregor

(1974) in the garnet field and the spinel field isopleths
of Danckwerth and Newton (1978; which they constructed on
the basis of MgTs component) are shown for comparison.
MacGregor's isopleths have shallower dT/dP slopes and,
in general, intersect the univariant boundary at higher
temperatures than the present isopleths.

The present

spinel field isopleths are fairly insensitive to pressure
and have slightly positive dT/dP slopes.

Those of Danck

werth and Newton (19 78) , based on MgTs component, are very
insensitive to pressure at low temperatures, and have
slightly positive dT/dP slopes at high temperatures.

The

garnet field isopleths calculated from a least-squares
analysis of MacGregor's (1974) experimental data are similar
to those of the present analysis.

The present isopleths

also do not violate any of the reversed experimental data

Figure 10.

P-T Diagram Showing AI2O 3 Solubility in Enstatite in Equilibrium with Spinel + Forsterite
and Pyrope. — Calculations based on ideal
solution model and Mg4Si40^2 and M g g A ^ S i g O ^
as end-member orthopyroxene components. Solid
lines are AI2O 3 isopleths for enstatite de
rived as discussed in the text. Dotted lines
in the garnet field are AI2O3 isopleths from
MacGregor (1974). Dot-dash lines are spinel
field AI2O 3 isopleths from Danckwerth and
Newton (1978) calculated using MgTs compo
nent. Heavy solid curve is univariant boun
dary between the spinel peridotite and garnet
peridotite fields. The three circled points
near the univariant boundary are reversed
experimental data of Danckwerth and Newton
(1978). The three bracketed points in the
garnet field are reversed experimental data
of this study. All these data represent
equilibrium compositions of enstatite in
wt % AI2O3 .
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P-T Diagram Showing AI2O3 Solubility in
Enstatite in Equilibrium with Spinel +
Forsterite and Pyrope.
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points of this study or of Danckwerth and Newton (1978) .
The univariant boundary between the spinel and garnet
fields shown in Figure 10 is in good agreement with that
derived by Obata (19 76) and determined experimentally by
Danckwerth and Newton.
Entropy of Pyrope
The entropy of pyrope can be estimated by the sum
of the entropies of the component oxides:
3 S°(MgO) + S°(A1203) + 3 S°(Si02) = S°(Py)
At 298K this equals 61.21 e.u.

(oxide entropies are from

Robie et al., 1978) and is reduced to 53.54 e.u. by imposing
a volume correction as suggested by Fyfe, Turner, and Verhoogen (1958).

The entropy of pyrope can also be calcu

lated from the entropy of grossularite:
S°(grossularite) - 3 S°(CaO) + 3 S°(MgO) = S° (Py)
This yields S°(Py,29 8K) = 52 .98 e.u.
1978).

(data from Robie et al.,

A final means of estimating the entropy of pyrope is:
3 SO (MgSi03) + S°(A120 3) = S°(Py)

which gives 60.89 e.u. at 298K (the entropy of clinoenstatite
is used along with a 0.12 cal/k correction for the inversion
to orthoenstatite; data from Robie et al., 1978) .

Newton,

Thompson and Krupka (1977) obtained a value of S°(Py,298K) =
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64.05 e.u. from a combination of heat capacity data, phase
equilibrium data and heat of solution data from Charlu
et al.

(1975).

Saxena (in press) derived values of 69.74

and 75 e.u. from natural data and the heat capacity data of
Newton, Thompson and Krupka (1977).

Kolesnik, Nogteva and

Taukov (19 77) reported a value of 66.23 e.u. at 298K from
calorimetric and infra-red vibration frequency data.

Newton,

Thompson and Krupka (19 77) attributed these 'high' entropy
values (relative to the volume-corrected oxide sum and
grossularite-based entropies) to high vibrational amplitudes or positional disorder of the small Mg
large 8-fold garnet site.

2+

ion in the

Obata (1976), from the phase

equilibrium data of MacGregor (19 74) , derived the entropy
of pyrope to be 61.66 e.u.
The entropy of pyrope can also be derived from
AS^ of (11) and the thermodynamic solution model for alumi
nous orthopyroxene of Ganguly and Ghose (in press):
AS° = S°(pyrope) - S°(pyropic component)
It is assumed that AS^ can be extrapolated to 1200K so that
the entropy of pyrope can be determined at 298K from heat
capacity data of Newton, Thompson and Krupka (19 77) which
are valid to 1200K.

The 'aluminum-avoidance' model for

aluminous orthopyroxene of Ganguly and Ghose gives S°(alumi
nous enstatite, 1200K) = 207.61 e.u.

S°(Py, 1200K) then is

200.61 e.u.
(~2a) e.u.

The entropy of pyrope at 298K is 58.4 t. 2.0
The random mixing model of Ganguly and Ghose

gives a value about 3 e.u. higher.

A value very close to

58.4 e.u. is Obtained from MacGregor's (1974) data when
they are evaluated with the model of Ganguly and Ghose.
A value of 56.9 e.u. was calculated from an unconstrained
least-squares analysis of the experimental data of this
study.

The point to be stressed is that an entropy of

pyrope of 58.4 e.u. at 298K is much closer to the volumecorrected oxide sum and grossularite-based entropies than
previously reported values.

APPLICATIONS TO NATURAL SYSTEMS
In addition to MgO, Al^O^ and SiOg, spinel and
garnet peridotites also contain other components such as
CaO, FeO, Fe^Og,

Na^O, TiOg and MnO (for reviews of

mineral chemistry of peridotite xenoliths see Boyd, 1970;
Meyer, 19 77; Dawson and Stephens, 1975; Stephens and Dawson,
1977).

The effects of these additional components on

orthopyroxene-garnet equilibria in the MAS system are only
qualitatively known, but are important when extrapolating
experimental data from simple systems to complex natural
systems.

The problems encountered when such extrapolations

are performed are discussed by Wilshire and Jackson (1975),
Irving (1976) and MacGregor and Basu.(1976).

The qualita

tive effects of additional components on orthopyroxenegarnet equilibria in the MAS system were covered in the
section 1Previous. Work1, but are briefly reviewed here.
Addition of CaO to the MAS system should result in
displacement of AlgOg isopleths upward in P-T space since
Ca

2+

is preferentially, partitioned into garnet relative to

orthopyroxene, and thus, expands the stability field of
garnet.

However, experimental data in the CMAS system show

both lower and higher AlgOg contents in orthopyroxene rela
tive to the MAS system, depending on the P-T conditions
78
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(Akella, 1976).

Addition of FeO to both the MAS and CMAS

systems leads to a reduction in AlgO^ solubility in ortho
pyroxene relative to these systems (Akella and Boyd, 1973,
19 74; Wood, 1974; Akella, 1976).

At fixed composition and

temperature, the equilibrium pressure then will be lower
in FeO-bearing systems than in systems without FeO.

Small

amounts of TiO^ have little effect on orthopyroxene-garnet
equilibria (Akella, 1976).

The Al^O^ solubility in ortho-

pyroxene is also lower in multicomponent systems when
compared with the MAS system (Green and Ringwood, 1967,
1970; Hensen, 19 73; Akella and Boyd, 1974; Howells et al.,
1975; Mori and Green, 1978) .

The effects of

important, but are largely unknown.

may be

In general, at a given

P-T condition, A ^ O ^ solubility in orthopyroxene is greater
in the MAS system than in more complex systems.

The differ

ence may be a function of temperature, however.

Comparing

available data from simple and complex systems at 30 and 40
o
kb, it is observed that, at temperatures below about 1100 C,
AlgOg contents of orthopyroxenes are very similar (composi
tions either overlap or differ by only several tenths of a
percent), whereas at higher temperatures A ^ O ^ contents of
orthopyroxene in the MAS system are as much as 2 wt % higher
than in complex systems..
A thermodynamic model developed by. Wood and Banno
(19 73), and used extensively in the literature, attempts to
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quantitatively account for the effects of additional compo
nents .
cess.

However, the model has met with only partial suc
Experimental duplication of some natural phase

assemblages and compositions has been achieved (Mori and
Green, 1978).

These results, however, permit reconstruction

of P-T conditions of only a limited number of peridotites.
A combined experimental and solution thermodynamic approach
is by far the best means of developing a general model to
quantitatively account for the effects of additional compo
nents on mineral equilibria.

This, however, requires a

knowledge of the activity-composition relationships in the
various mineral solid solutions.

The energetics of natural

garnet solid solution are now fairly well known (Ganguly
and Kennedy, 19 74; Ganguly, 1976; Newton, Charlu and Kleppa,■
1977).

For aluminous orthopyroxene, this work has only

begun, but is the next important step in extrapolating the
experimental data to complex natural systems.

SUMMARY AND CONCLUSIONS
The equilibrium AlgO^ concentrations of enstatite co
existing with pyrope, determined by reversed experimen
tation and microprobe analysis, in the MgO-Al20 ^-SiO2
system are:

3.4 t 0.2 wt % Al202 at 1110°C and 30.15

kb; 3.8 t 0.3% A120 3 at 1060°C and 26.6 kb; and 6.0 t
0.4% Al^Og at 1265°C and 30.5 kb.

These data are com

patible with earlier unreversed determinations from
glass starting mixtures by MacGregor (1974) who, for
example, found 3.3 wt % A ^ O ^ in enstatite at 1110°C
and 30 kb and 6 .3-6.4% at 1300°C and 30 kb.
Overlap of enstatite analyses of the product assemblages
from a reversal experiment was observed in the two lowtemperature runs (960°C and 1060°C).

The small overlap

in the 1060°C run may be easily ascribed to analytical
error, but the cause of the large overlap in the 960°C
run is not clear.
A majority of microprobe analyses of enstatite with
Mg/Si ratios less than 1.00 can be explained by either
fine grain size and surface roughness of microprobe
samples or non-stoichiometry (excess SiC^ or deficient
MgO) of some experimentally-produced enstatites.

To

resolve the problem, a method of analysis independent
of the microprobe is necessary.
Evaluation of the reversed experimental data was based
on the thermodynamic solution model of Ganguly and
Ghose (in press) for aluminous orthopyroxene which uses
Mg4Si4012-Mg^Al2Si3012(pyropic component) as the endmember orthopyroxene components.

The data have a

linear relationship on a In K 1 vs. 1/T plot and yield
a AH° for enstatite-pyrope equilibrium of -9.66 t 1.91
kca1/mole.
Although garnet field data from this study and from
MacGregor (1974) are compatible, thermodynamic func
tions (AH^ of the pyropic component) derived from
them and from data of Danckwerth and Newton (1978) in
the spinel field barely agree within the limits of their
uncertainties.

However, these functions are very sensi

tive to small changes in composition of enstatite.

An

average value for AH^(pyropic component, 9 70K) from
oxides of -15.6 t 2.0 kcal/mole along with the ideal
mixing of M g ^ S i ^ O ^ - M g ^ A ^ S i ^ O ^ orthopyroxene compo
nents have been used to construct an optimal P-T diagram
for spinel and garnet peridotites in the MAS system.
The garnet field A120 2 isopleths of MacGregor (1974)
have shallower dT/dP slopes than the present isopleths.

.
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The present spinel field isopleths, although fairly
insensitive to pressure, have somewhat larger dT/dP
slopes than those of Danckwerth and Newton (1978)
especially at low temperatures.

A pyrope entropy of

58*4 t 2,0 e.u. at 298K was derived from the AS° of
pyrope-aluminous enstatite equilibrium, the thermody
namic property of aluminous orthopyroxene of Ganguly
and Ghose (in press) and the heat capacity data for
pyrope of Newton, Thompson, and Krupka (1977) .

This

value is much closer to the volume-corrected oxide sum
entropy (53.54 e.u.) and the grossularite-based entropy
(52.98 e.u.) than previously reported values.
The AlgOg content of enstatite coexisting with pyrope
is a useful geothermometer and geobarometer for natural
garnet peridotites if information on either P or T is
available from another source.

However, quantitative

extrapolation of experimental data from simple systems
to complex natural systems must await further experi
mental work and the development of thermodynamic solu
tion models to account for the effects of additional
components on mineral equilibria.

APPENDIX A
ENSTATITE MICROPROBE ANALYSES FOR
THE REVERSAL EXPERIMENTS
RUN# GOP-16:

1110°C, 30.15 kb

En + Py Charge
CATIONS/12 i
OXYGENS
A1
Mg
Si

A 12°3

MgO

SiO,

TOTAL

1.67

39.27

59.04

99.98

0.132

3.912

3.945

0.9916

2 .13

39.31

58.22

99.66

0.168

3.933

3.907

1.0067

2.71

38.81

58.17

99.69

0.214

3.879

3.900

0.9946

2.83

38.96

58.34

100.13

0.223

3.877

3.894

0.9956

2.91

38.57

57.82

99.30

0.231

3.870

3.891

0.9946

3.09

38.70

57.57

99.36

0.245

3.883

3.875

1.0022

3.11

39.10

58.31

100.52

0.244

3.877

3.878

0.9997

3.18

39.19

57.93

100.30

0.250

3.897

3.864

1.0086

Mg/Si

Al-En + Py Charge
3.57

38.97

58.50

101.04

0.278

3.843

3.870

0.9931

3.68

38.70

57.23

99.61

0.291

3.875

3. 844

1.0081

3.71

38.45

56.92

99.08

0.296

3.871

3.843

1.0073

3.79

38.52

57.60

99.91

0.299

3.843

3.854

0.9971

3.86

38.71

57.63

100.20

0.304

3.852

3.846

1.0014

3.89

38.51

57.38

99 .78

0.307

3.848

3.846

1.0004
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RUN # GOP-16:

1110°C, 30.15 kb

Al—En + Py Charge (Continued)

A 12°3

MgO

si°2

TOTAL

CATIONS/12 OXYGENS
Al
Mg
Si

Mg/Si

4. 47

38.21

56.92

99.60

0.353

3.826

3.822

1.0009

4. 76

38.06

56.38

99.20

0.378

3.827

3.803

1.0064

5.61

37.65

56.20

99.46

0.444

3.774

3.779

0.9987

6.37

37.76

56.57

100.70

0.498

3.738

3.757

0.9950

RUN# GOP-20:

1060°C, 26.6 kb

En + ]Py Charge
2.94

38.54

57.42

98.90

0.234

3.885

3.882

1.0008

3.22

38.57

57.47

99.26

0.256

3.873

3.872

1.0004

3.66

38.46

57.92

100.04

0.288

3.830

3.869

0.9900

3.71

38.25

57.64

99.59

0.293

3.826

3.867

0.9893

3.73

38.47

57.00

99.20

0.297

3.867

3.844

1.0061

3. 86

38.49

57.85

100.20

0.303

3.828

3.859

0.9919

3.93

38.06

57.11

99.10

0.312

3.827

3.852

0.9935

3.95

38.65

57.88

100.48

0.309

3.834

3.851

0.9954

3.98

38.62

57.49

100.09

0.313

3.847

3.841

1.0014

4.01

38.82

58.18

101.01

0.313

3.830

3.850

0.9947

4.04

38.33

56.86

99.23

0.321

3.852

3.833

1.0049

4.14

38.07

57.15

99.36

0.328

3.818

3.845

0.9931
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RUN# G0P-2Q:

1Q6Q0C, 26.6 kb

Al-En + Py Charge
CATIONS/12 OXYGENS
Al
Mg
Si

MgO

si°2

TOTAL

3.49

38.62

57.68

99.79

0.276

3.858

3.864

0.9983

3.68

38.40

57.22

99 .30

0.292

3.856

3.853

1.0006

3. 73

38.53

57.03

99.29

0.296

3.870

3.842

1.0073

3.96

38.99

57.60

100.55

0.311

3.868

3.833

1.0092

4.06

38.57

56.90

99.53

0.322

3.866

3.826

1.0105

4.07

39.01

57.72

100.80

0.318

3.860

3.831

1.0076

4.17

37.90

56.98

99.05

0.332

3.812

3.845

0.9915

4.18

37.82

56.92

98.92

0.333

3.809

3.845

0.9906

4.41

38.89

57.46

100.76

0.345

3.850

3.816

1.0090

4.54

38.51

57.49

100.54

0.356

3.819

3.824

0.9988

4.55

38.33

57.24

100.12

0.358

3.816

3.823

0.9982

4.63

38.49

56 .86

99.98

0.365

3.841

3.806

1.0092

5.53

37.73

56.66

99.92

0.436

3.763

3.791

0.9927

7.69

36.97

55.42

100.08

0.606

3.683

3.704

0.9943

A1203

Mg/Si
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RUN# GOP-2 4:

1265°C/ 30.5 kb

En + Py Charge
CATIONS/12 OXYGENS
AL
Mg
Si

A12°3

MgO

4.23

39.08

57.79

101.10

0.330

3.856

3.825

1.0081

5.52

37.62

55.79

98.93

0.440

3.793

3.773

1.0052

5.62

37.61

56.88

100.11

0.442

3.743

3.797

0.9857

SiO,

TOTAL

Mg/Si

Al-En + Py Charge
6 .41

37.37

55.90

99.68

0.507

3.738

3.751

0.9966

6 .41

37.31

55.76

99.48

0.508

3.740

3.749

0.9976

RUN# (
SOP-26:

9 60°C, 29.6 kb

En + Py Charge
2.29

39.40

58.64

100.33

0.180

3.914

3.908

1.0017

2.31

38.67

58.14

99.12

0.184

3.886

3.919

0.9916

2.48

39.22

58.84

100.54

0.194

3.886

3.911

0.9936

2.51

38.60

58.05

99.16

0.199

3.878

3.912

0.9914

2.52

38.99

58.44

99.95

0.199

3.886

3.908

0.9946

2.53

38.98

58.36

99.87

0.199

3.889

3.906

0.9956

2.63

38.89

58.01

99.53

0.208

3.894

3.897

0.9994

2.64

38.74

57.63

99.01

0.210

3.901

3.892

1.0023

2.65

39.31

58.75

100.71

0.207

3.890

3.899

0.9977

2.80

39.05

58.57

100.42

0.220

3.874

3.898

0.9939

2.83

38. 88

58.34

100.05

0.223

3.872

3.897

0.9936
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RUN# '
G OP-26:

960°C, 29.6 kb

En + Py Charge (Continued)
Al^O,

MgO

3.01

CATIONS/12 OXYGENS
Al
Mg
Si

SiO,

TOTAL

Mg/Si

39.31

58.30

100.62

0.236

3.896

3.875

1.0053

3.04

38.71

58.01

99.76

0.240

3.866

3.886

0.9948

3.25

38.89

58.56

100.70

0.254

3.847

3. 886

0.9901

Al—En + Py Charge
1.41

40.10

59.47

100.98

0.110

3.959

3.938

1.0052

1.62

39.87

58.97

100.46

0.127

3.957

3.926

1.0079

1. 73

39.52

59.20

100.45

0.136

3.919

3.938

0.9951

1. 87

39.53

58.58

99.98

0.147

3.942

3.919

1.0060

2.18

39.23

58.86

100.27

0.171

3.898

3.923

0.9937

2.37

39.76

58.76

100.89

0.186

3.930

3.896

1.0086

2.40

39.18

58.70

100.28

0.189

3.893

3.912

0.9950

2.91

38.69

58.27

99.87

0.230

3.859

3.898

0.9898

3.14

39.17

58.71

101.02

0.245

3.864

3.884

0.9947

3.54

38.51

57.14

99.19

0.282

3.872

3.853

1.0048

4.34

38.92

57.86

101.12

0.338

3.838

3.827

1.0027

5.01

38.26

57.71

100.98

0.390

3.775

3.820

0.9882

6.83

37.72

56.46

101.01

0.533

3.724

3.739

0.9959
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RUN# GOP-28:

960OC / 29.7 kb

En + Py Charge
CATIONS/12 OXYGENS
A1
Mg
Si

Mg/Si

0.110

3.932

3.952

0.9948

100.71

0.113

3.951

3.940

1.0029

59.16

100.38

0.127

3.931

3.939

0.9980

39.42

58.49

99.66

0.138

3.943

3.925

1.0048

2.06

39.81

58.75

100.62

0.162

3.945

3.906

1.0101

2. 35

39.15

58.14

99.64

0.186

3.917

3.902

1.0039

2.38

38.84

58.21

99.43

0.189

3.892

3.913

0.9946

2.44

39.36

58.07

99.87

0.192

3.931

3.890

1.0104

2.45

39.39

58.64

100.48

0.192

3.908

3.902

1.0015

2.45

39.04

58.24

99.73

0.193

3.901

3.904

0.9992

2.55

39.27

58.12

99.94

0.201

3.918

3.890

1.0072

2.61

39.20

58.60

100.41

0.205

3.891

3.901

0.9974

2.66

38.92

57.81

99.39

0.211

3.904

3.890

1.0036

2.67

39.05

57.67

99.39

0.212

3.919

3.882

1.0096

2.80

38.90

58.45

100.15

0.220

3.869

3.900

0.9921

2 .82

38.52

57.97

99.31

0.224

3.864

3.900

0.9907

2.91

39.06

57.87

99.84

0.230

3.901

3.877

1.0062

2.93

39.06

57.89

99.88

0.231

3.900

3.876

1.0060

2.95

38.73

57.52

99.20

0.234

3.893

3.878

1.0039

3.02

38.85

57.87

99.74

0.238

3.883

3.880

1.0008

3.11

39.12

58.60

100.83

0.243

3.866

3.885

0.9952

A12°3

MgO

SiO,

TOTAL

1. 40

39.64

59 .40

100.44

1. 45

39.92

59.34

1.62

39.60

1.75
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RUN# i
G OP-28:

960°C, 29.7 kb

En + Py Charge (Continued)
CATIONS/12 OXYGENS
Al
Mg
Si

Al^O]

MgO

SiO,

TOTAL

3.26

38. 81

58.03

100.10

0.256

3.864

3.876

0.9969

3.34

38.68

58.20

100.22

0.263

3.844

3.881

0.9906

3.42

38.58

58.03

100.03

0.269

3.842

3.877

0.9912

3.69

38.75

58.13

100.57

0.289

3.839

3.864

0.9936

3.97

38.91

58.11

100.99

0.310

3.840

3.847

0.9982

4.59

38.81

57.37

100.77

0.359

3.842

3.809

1.0086

Mg/Si

Al-En + Py Charge
1.26

39.86

59.43

100.55

0.098

3.951

3.951

0.9999

1.29

39.48

58.94

99.71

0.102

3.946

3.951

0.9987

1. 87

38.95

58.30

99.12

0.149

3.915

3.931

0.9961

1.90

39.61

59.41

100.92

0.148

3.910

3.934

0.9940

2.17

39.16

58.74

100.07

0.170

3.899

3.923

0.9939

2.19

39.15

58.72

100.06

0.172

3.898

3.922

0.9940

2.26

39.49

59.21

100.96

0.176

3.897

3.919

0.9942

2.29

39.17

58.24

99.70

0.181

3.917

3.906

1.0028

2.33

38.95

58.24

99.52

0.185

3.900

3.911

0.9971

2.35

39.28

58.38

100.01

0.185

3.916

3.903

1.0032

2.47

38.97

58.66

100.10

0.194

3.878

3.915

0.9905

2.59

39.64

58.52

100.75

0.203

3.924

3.886

1.0099

91
RUN # GOP-28 :

960OC, 29.7 kb

Al-En + Py Charge (Continued)
CATIONS/12 OXYGENS
A1
Mg
Si

MgO

SiO,

TOTAL

2.66

39.32

58.55

100.53

0.208

3.899

3.894

1.0012

2.71

39.29

58.31

100.31

0.213

3.906

3.888

1.0046

2. 78

38.95

57.70

99.43

0.220

3.906

3.882

1.0063

2.79

38.76

58.10

99.65

0.220

3.876

3.897

0.9946

2. 84

38.73

58.15

99.72

0.224

3.870

3.897

0.9930

3.12

39.43

58.46

101.01

0.244

3.892

3.871

1.0056

A12°3

Mg/Si

ABBREVIATIONS AND SYMBOLS
MINERALS AND COMPONENTS

EXPERIMENTAL SYSTEMS

Al-En:

M A S : Mg0-Al20 3-Si02

Cpx:

Aluminous enstatite

Clinopyroxene

En:

Enstatite

Fo:

Forsterite

Gt:

Garnet

MgTs:
01:

Sp:

Mg Tschermak’s molecule

Orthopyroxene
Pyrope

Pyc:

Ca0-Mg0-Al203-Si02

EXPERIMENTAL VARIABLES

Olivine

Opx:
Py:

CMAS:

P:

Pressure

T:

Temperature

kb:

kilobars

°C:

degrees Centigrade

Vim:

microns

Pyropic component
Spinel

UNITS
kcal:

kilocalories

cal:

calories

mV:

millivolts

atm:

atmosphere

kV:

kilovolts

deg:

degree

nA:

nannoamps

e .u . :

entropy units
(cal/mole deg)

wt %:

92

weight percent

93

THERMODYNAMIC VARIABLES
AG:

free energy change of a reaction

AG°:

standard free energy change of a
reaction

AH°:

standard enthalpy change of a
reaction (kcal/mole)

AHg:

enthalpy of formation from
elements or oxides (kcal/mole)

AS°:

standard entropy change of a
reaction (cal/mole deg)

Av°:

standard molar volume change of
a reaction at 1 atm(cm3/mole)

V°:
:
K:

molar volume of pure phase at
1 atm
heat capacity (cal/K)
equilibrium constant

In K ' :
:

InK +

PAV°/RT

mole fraction of species i

v:

stoichimetrie reaction coefficient

R:

ideal gas constant = 1.98719
cal/mole deg

T(K):

temperature in degrees Kelvin
OTHER

a:

standard deviation
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