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Abstract

Sufficient high-temperature data delineating the equilibrium compositions of coexisting
phases in the Mg-Fe-O-SiO. system have become available to permit calculation of activity-
composition relations of the important spinels, olivines, and pyroxenes. Three methods of
calculation involving (1) the thermodynamic properties of equilibrium magnesiowiistites, (2)
spinel-hematite equilibria, and (3) magnesiowiistite defect data are employed. Within estimated
uncertainties, the spinels generally exhibit negative deviations from ideality at 850°C and
1300°C, whereas the activity-composition relations at 1160°C are less well defined due to
greater uncertainties in phase composition data. Spinel data calculated by methods 1 and 3,
and 2 and 3, agree within the uncertainties inherent in the calculations at 1300°C. These
uncertainties in the calculated data preclude meaningful correlations with temperature. At
1160°C, olivines and pyroxenes in equilibrium with spinels exhibit positive deviations from
ideality, with olivines showing a more significantly pronounced deviation and pyroxenes
showing near-ideality. This is similar to previous determinations at 1200-1250°C at lower
oxygen fugacities where the silicate phases are in equilibrium with metallic iron, At 1300°C,
olivines and pyroxenes in equilibrium with spinels show nearly ideal or slightly negative
deviations from ideality in their activity-composition relations. Internal consistency of the data
calculated from different equilibrium phase assemblages is demonstrated for the olivines.

Introduction

The spinel phase in the system Mg-Fe-O is rec-
ognized as an important constituent in many basic
igneous rock-forming systems (see, for example,
Muan and Osborn, 1956; Osborn, 1959, 1962). It
is also the major stable phase in the Fe-O system
at oxygen fugacities associated with such rocks
(Nafziger, 1970). Osborn (1956) has pointed out
the effect of this phase in the steel industry with
respect to refractory brick. In addition, ferrites are
finding increased applications in electronics, com-
puter technology, and communication systems. How-
ever, little attention has been directed toward the
thermodynamic properties to aid in understanding
the behavior of this important phase. On the basis
of thermal balance experiments in a controlled at-
mosphere, Schmahl et al (1961) concluded that
the spinel phase is nearly ideal at 800-1000°C.
Using emf methods, Gordeev and Tretyakov (1963)
observed small positive deviations from ideality for
the spinel solid solution at 900-1200°C. However,
no activity values were presented. Additional ex-
perimental equilibrium phase composition data have
become available in the past few years to permit

calculations of component activities in the spinel
phase at high temperatures in the Mg-Fe-O system.

Methods for Calculation of Spinel Activities

Inasmuch as there is a considerable area of spinel
solid solution in the system Mg-Fe-O at tempera-
tures above approximately 850°C (see, for example,
Katsura and Kimura, 1965; Speidel, 1967), and be-
cause wiistite exhibits a cation-deficient structure
(Darken and Gurry, 1945), relatively simple ther-
modynamic calculations cannot be applied. Figure 1
shows a schematic subsolidus isothermal section of a
portion of this system derived from data presented
by the aforementioned authors. At temperatures in
the range 850°-1300°C, complete solid solution
exists along the spinel join (Phillips and Muan,
1962; Alcock and Iyengar, 1967; Katsura and Ki-
mura, 1965; Speidel, 1967). Three different meth-
ods were used to calculate activity-composition re-
lations of these spinels.

Calculation from magnesiowiistite thermodynamic
properties (method 1)

High-temperature activity-composition relations of
magnesiowiistites in equilibrium with metallic iron

457



458 RALPH H. NAFZIGER

(line FG in Figure 1) have been determined by
several authors (Hahn and Muan, 1962; Alcock
and lyengar, 1967). The magnesiowiistites exhibit
complete solid solubility at temperatures of interest.
The data of Hahn and Muan (1962) formed the
basis for calculations in the present study. These
authors equilibrated two samples simultaneously in
each of their runs. One sample with FeO content
above the equilibrium value and the other with
metallic iron and oxide of FeO content below the
equilibrium value served as starting materials. Equi-
librium was demonstrated as a function of time when
the phase assemblages were identical after the runs.
No significant differences in activity-composition re-
lations for magnesiowiistites in equilibrium with me-
tallic iron were found between 1100° and 1300°C.
Uncertainties in bulk compositions ranged from
+0.015 to +0.03. These activity-composition data
can be used together with oxygen fugacity values of
the equilibrium gas phase in the magnesiowiistite
stability region (area DEFG, Figure 1) to calculate
activity-composition relations of the magnesiowii-
stites in equilibrium with spinels (along line DE,
Figure 1) by a ternary integration of the Gibbs-
Duhem equation (Schuhmann, 1955). Isothermal
oxygen fugacity data in the spinel-magnesiowiistite
field (area ACED) are then used to obtain activities
of MgO and FeO in spinels along the spinel +

FesOy
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F16. 1. Schematic subsolidus isothermal diagram of the
system MgO-FeO-Fe.O. showing phase fields. Abbreviations
are: H = hematite, W = magnesiowiistite, and S = spinel.
Points A and C correspond to MgFe.O, and Fe;0,, respec-
tively.

spinel-magnesiowiistite boundary (curve AC in Fig-
ure 1). The derived data are used with equilibrium
constant data in the Fe-O and Mg-O systems to
obtain activity-composition relations in the spinel
solid solution. The spinel-magnesiowiistite equili-
brium may be represented by

FeO 4 1/6 O, = 1/3 Fe,0, 1

where it is understood that FeO is not stoichiometric,
but is represented for sake of convenience by this
simple chemical formula. It is also understood that
simple written oxides in this equation, and appro-
priate silicates and oxides in equations (10), (13),
(14), and (16) are actually components in the re-
spective solid solutions,

From equation (1) we can calculate the equili-
brium constant {K,,,] as

al/nm-;o‘ AFe0./s

Ky, = fl/ﬁ = Ti/8 )

0, Aren ! 0, dr.0

Thus

1/6
arco,,, = Ko,/ 0. AFe0 (3)

Here a and f denote activity and fugacity, respec-
tively. Values of K,;, are given in Table 1. In this
case

[log ar.o = log a*r.o + %(108 fo. — log f*og)

log f0 2
i)
) (6”0 ) d log f02:| 4
Hre n g, log fO2

npo/NAg

2 log f*0 e

where the * notation represents the magnesiowii-
stite-metallic iron equilibria, and » denotes mole
fraction. The terms ng. and no refer to mole frac-
tions of total iron and oxygen, respectively. The
derivation of equation (4) follows the reasoning of
Schuhmann (1955) or Benner and Kenworthy
(1966), together with appropriate substitution into
Schuhmann’s equation (11) of activity and equilib-
rium constant values for the iron-wiistite equation.
Therefore

Fe;-, O = (1 — x) Fe 4 1 O, (5)

The activities of the hypothetical component (ayo.,.)"
in the spinel solid solution were obtained in an
analogous manner. This method is outlined in greater
detail by Schwerdtfeger and Muan (1967).

" Although this “molecule” does not exist in reality, its
use simplifies the calculations for this method by involving
only one cation, thereby facilitating the appropriate formu-
lation of the law of mass action.
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Calculation from spinel-hematite equilibria
(method 2)

A second method for calculating spinel activity-
composition relations in the Mg-Fe-O system in-
volves the determination of the activity of Fe;O, in
spinels in equilibrium with hematite (AB in Fig-
ure 1) and the subsequent calculation of spinels in
equilibrium with magnesiowtistites (AC in Figure 1)
using equilibrium oxygen fugacity data. The activity
of Fe,O; in the spinel field (area ABC in Figure 1)
is calculated first by a ternary integration of the
Gibbs-Duhem equation and using

log ar.,o0,

( log fo2 1 )
= d log fo,
‘/;OEfO"'z 3+2(nFi':os/nF930;) gfo-

o4

(Npe,0,/M e0)

where log fo,” is the oxygen fugacity in equilibrium
with spinel and hematite along the phase boundary
AB in Figure 1, and ng, o, refers to one of the com-
ponents of the ternary system (Figure 1). The paths
of integration therefore emanate from the Fe,0,-
MgFe,0, composition line (AC in Figure 1) and
intersect curve AB at known oxygen fugacity isobars.
The activity of Fe,0, is calculated from the equation

3 Fe203 = 2 F6304 + %Oz (7)
where
K _as - 1/2
Are,0, = [ (7)772~F"O’:| : (8)
"o,

Equation (6) is derived from Schuhmann (1955),
equation (11), with appropriate substitution of the
three components of equation (7). Table 1 gives
the values of K. In practice, the actual integra-
tion is nrost easily accomplished graphically. The
activity of MgFe;O, in the spinel phase can be
calculated along either curves AB or AC by a binary
integration of the Gibbs-Duhem equation, Benner
and Kenworthy (1966) have illustrated this method
as it applies to the ZnO-Fe;0,-Fe.O; system. This
method provides a check for internal consistency of
the data and calculations with the first method out-
lined above, provided enough reliable data points
are available.

Calculation from magnesiowiistite defect data
(method 3)

The activity of Fe,O; in the spinel phase in
equilibrium with magnesiowiistites may also be com-
puted from the equation
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TaBLE 1. Calculated Values for Constants Used in Calcu-
lating Activity-Composition Relations of Spinels and Silicates
in the System Mg-Fe-O-Si0.*

850°C 1160°C 1300°C

This Williams** This Williams** This  Willlams**

Paper Paper Paper
X 647.3 368.0 62.5 56.3 29.4 29.3
AGO(D -14.4 -13.2 -11.8 -11.4 -10.4 -10.6
K7y 13x107% = 0.03 — 0.18 -

o}

8677y 20.0 = 9.9 = 5.3 =
Ac‘(’m) - -31.6 -29.5 -29.2 -26.3
Aczu) - -9.9 -9.8 ~9.3 -8.8
26Y -- - -9.3 -9.6 -8.9 -8.9

(16)

*G° values are given in kcal.
AG°(1) values were calculated from data presented by Stull, et al. (1971)
for the reactions forming FeO and Feaol‘ from Fe and 0,.
J ' paXeld
K values were calculated_from t}-ula relatwnlog K= 7.303 ®T®
a 1.987 cal. deg mole and T is the temperature in K.
paXel ) values were calculated in a similar manner to those of AG® 1)
standard free energies of formation of Fe 0, and Fe,04 Er%m
Fe and 0,.
G° d ac®
A Jao (14) :
AG 16) values were calculated using appropriate combinations of AG (10)

and AG®

where R is

using

values were calculated as indicated in the text.

(14)°

** These data were calculated as described in the text from the values of
K presented by Williams (1971).

log fo:

(1 — 3x) d log fo, &)

log arc.0, = 3
log f0 .2

where log fo," is the equilibrium oxygen fugacity
over the Fe;O,-FeO equilibrium in the binary Fe-O
system, and x represents the degree of nonstoichi-
ometry in the magnesiowiistites [the same x which
appears in equation (5)]. The derivation of equation
(9) is given in a paper by Oleinikov et al. (1968).
This equation is evaluated from experimental phase
equilibrium and composition-log fo, data in the
Mg-Fe-O system (Katsura and Kimura, 1965; Alcock
and Iyengar, 1967; Speidel, 1967), using the Gibbs—
Duhem-Margules equations.

Activity-Composition Relations for Spinels

In Figure 2 values for oxygen fugacities of the gas
phase [log fo, and log fo,* in equation (4)] in equi-
librium with condensed phases at 850°, 1160°, and
1300°C are plotted as a function of bulk composition
(Katsura and Kimura, 1965; Alcock and Iyengar,
1967; Speidel, 1967). The corresponding values for
Greo, Areo™, Ougo, and augo™ Vversus composition
for the phases shown in Figure 1 are presented in
Figure 3. The activity-composition relations for the
spinels along line AC (Figure 1) calculated by the
first method described in this paper are shown in
Figure 4 at 850°, 1160°, and 1300°C. The required
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FiG. 2. Oxygen fugacity of the equilibrium gas phase as a
function of bulk composition for boundary curves AC, DE,
and FG (Figure 1) at 850°C (solid lines), 1160°C (dashed
lines), and 1300°C (dot-dashed lines). The vertical lines at the
right represent fo, ranges of olivine basalts and hypersthene-
augite andesites at the respective temperatures (Nafziger, 1970).
Abbreviations have the same meanings as in Figure 1, and Fe =
iron. In this and subsequent figures, ny. refers to total iron.

oxygen fugacity-composition data were taken from
Alcock and Iyengar (1967), Katsura and Kimura
(1965), and Speidel (1967), at the respective tem-
peratures. Williams (1971) has combined his experi-
mental data, which involve phases in equilibrium
with metallic iron, with those of the quartz-fayalite-
magnetite buffer of Wones and Gilbert (1969) to
obtain a set of derived reactions, some of which are
applicable to the present study. Values of K, and
AG®,, used in this paper are compared in Table 1
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with those calculated from Williams’ data. If the data
of Williams for K, are substituted for those used
in this paper, the resulting values of ag.o,,,, for
example, fall well within the estimated uncertainties
(see Figure 4). There is a discrepancy at 850°C, but
the K, data used in the present study are preferred,
since Williams’ data yield ay.q,,, = 0.5 at ny, /1y, +
ny, = 0,

The most reliable oxygen fugacity versus composi-
tion data are considered to be those of Katsura and
Kimura, and of Speidel. Katsura and Kimura used
starting mixtures in which the Mg/Fe ratios were
equal but whose initial degrees of oxidation were dif-
ferent. Thermogravimetric runs were conducted in
which the samples were heated in air to constant
weight. The oxygen fugacity was then altered and the
samples were again equilibrated to constant weight for
at least an hour. Samples were also analyzed after
each run. A constant composition for the same
starting material under identical conditions and the
constancy of Fe*' both inside and outside the sam-
ple pellet after the run ensured that equilibrium
was attained. Speidel estimated uncertainties of
+=0.15 wt percent for equilibrium compositional
data. Equilibrium at 850°C is difficult to attain and
data at this temperature are considered less reliable.
However, Alcock and Iyengar determined that
48-72 hours were sufficient to attain equilibrium
in quenched samples as evidenced by constant
Fe®*/Fe*" analytical data throughout each sample.

In Figure 4, a possible slight negative deviation
from Raoult’s Law for FeO,,; in the spinel solid
solution is indicated at 850° and 1300°C, whereas
a positive deviation results from calculations using
the aforementioned data at 1160°C. At 1300°C,
the activity of MgO,,; shows a negative deviation
from ideality. At lower temperatures, near-ideality
is indicated except for lower total iron concentra-
tions at 850°C. The estimated uncertainties in the
activity data are =0.1 at 1300° and at 1160°C,
and =0.15 at 850°C. These uncertainties are com-
pounded throughout all calculations and are derived
from (1) composition-oxygen fugacity data, (2)
activity-composition data of the magnesiowiistite-
metallic-iron equilibria, and (3) the defect structure
in both phases, which becomes more pronounced
with increasing iron oxide content. The uncertain-
ties preclude any precise correlation of activity data
with temperature.

These data have been recalculated in terms of
ar.,0. and are plotted together with the same pa-
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FiG. 4. Activity-composition relations for high-iron spinels

along line AC (Figure 1) in the Mg-Fe-O system calculated
from method 1 (see text) at 850°C (solid lines), 1160°C
(dashed lines), and 1300°C (dot-dashed lines). The length
of the vertical lines indicates estimated uncertainties in the
calculations. Double dot-dashed lines indicate ideal be-
havior.

Fi6. 3. Activity-composition relations for FeO and MgO
in coexisting magnesiowiistites and spinels in the Mg-Fe-O
system at 850°, 1160°, and 1300°C. The solid lines repre-
sent the activities of FeO, and the dashed lines represent
MgO activities. The dot-dashed lines indicate ideal activity-
composition relations. Abbreviations are: A and [], bound-
ary curve FG (Figure 1) data points for FeO and MgO,
respectively; + and X, boundary curve DE (Figure 1)
data points for FeO and MgO, respectively; O and O,
boundary curve AC (Figure 1) data points for FeO and
M¢gO, respectively.
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rameter (i.e., dr.,0,) as calculated by means of the
second and third methods outlined in this paper.
These activity-composition data at 1160° and 1300°C
(Fig. 5) illustrate general agreement within the stated
uncertainties between methods 1 and 3, and 2 and 3,
at 1300°C. In Figure 5, nz., o, represents compositions
projected onto the spinel join (AC in Figure 1).
The indicated discrepancies between data calculated
from methods 1 and 2 at 1300°C are probably due

1.0

0.8

Fe 304

1 | | |
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n
Fe304

1.0

FiG. 5. Solid curves denote activity-composition relations
of Fe,O: in spinels along line AC (Figure 1) in the Mg-Fe-O
system at 1160° and 1300°C, calculated from methods 1. 2,
and 3 (see text), as indicated. Insufficient experimental data
were available at 1160°C to calculate activities by method
2. and hence no solid curve is shown for method 2 at
1160°C. The dot-dashed lines represent spinels in equilibrium
with hematite (line AB in Figure 1). The dashed lines
represent ideality, and the vertical lines indicate estimated
uncertainties.
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to the more uncertain and less numerous experi-
mental data available for area ABC in Figure 1.
This would affect the values calculated from method 2.
Both Katsura and Kimura (1965) and Speidel (1967)
concentrated their detailed equilibrium measurements
in the spinel-magnesiowiistite equilibrium areas
(ACDFG in Figure 1). However, an accurate evalua-
tion of the integral in equation (6) depends on nu-
merous data points. Therefore, activity values cal-
cufated from methods 1 and 3 are considered more
reliable than those calculated from method 2 at
1300°C. At 1160°C, the discrepancy between activity-
composition relations calculated from methods 1
and 3 is believed due to (1) the large number of
computing steps and of additional data (with their
inherent uncertainties) that are required for method 1,
and (2) uncertainties in the tangent intercepts required
for evaluating the integral in method 1. For these
reasons, data calculated from the more simple method
3 at 1160°C are considered more reliable.

Also shown in Figure 5 are the activity-composi-
tion relations of Fe,O, in the spinels in equilibrium
with hematite in the Mg-Fe-O system. A moderate
positive deviation from ideality for spinels in equi-
librium with hematite is noted at 1300°C, whereas
a corresponding negative deviation is noted at
1160°C. Deviations from ideality for spinels in
equilibrium with magnesiowiistites are negative at
1300°C and 1160°C as calculated from method 3.
The negative deviation from ideality, or a tendency
for one type of atom to group with the other, for the
spinel solid solution in equilibrium with magnesiowii-
stites is expected in view of the formation of the
inverse spinel compounds in the join MgO,;-FeOy, 3.

Derived Activity Data for Silicate Phases

The present thermodynamic data in combination
with interpolations of phase composition versus oxy-
gen fugacity given by Speidel and Osborn (1967)
for olivine-silica-spinel, pyroxene-silica-spinel, and
olivine-pyroxene-spinel equilibria in the system Mg-
Fe-O-SiO, permit an estimation of the activity-
composition relations of these olivines and pyroxenes
at higher oxygen fugacities than relations previously
given by Nafziger and Muan (1967). These higher
fugacities are more applicable to terrestrial igncous
rocks. Speidel and Osborn (1967) have demon-
strated that equilibrium was attained in their work.
Samples were ground and replaced two to three times
during run lengths of 10-21 days. In addition, phase
compositions as determined by electron microprobe
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work showed that in runs of three days, equilibrium
was not attained. However, equilibrium was dem-
onstrated statistically in runs of six days duration.
Compositional uncertainties of FeO in olivines and
pyroxenes were stated as 5-7 percent of the amount
present. Uncertainties of FeO in spinels ranged from
0.3 percent at high FeO contents, to 3 percent in
high MgO compositions.

In the following discussion, the assumption is
made that the spinel compositions in equilibrium
with the silicate phases are approximately equal to
those in equilibrinm with the magnesiowiistites,
within the limits of error involved.

Activity-composition relations of pyroxenes from
pyroxene-silica-spinel equilibrium data

In the pyroxene-silica-spinel equilibrium region,
the reactions of interest are

30, + 3 FeSiO; = Fe;O4 + 3 SiO, (10)

and

:
AG" 0y = —2.303RT log -1 0t gEete

172
0. @ resio,

(1)

where AG® represents the free energy change for
the reaction R is the gas constant, and T the absolute
temperature (K). Since the components of the other
phases are essentially insoluble in SiO,, ax;0, = 1.
Hence,

log ar.sio.,

_ AG"(0,/2.303RT + log are,0, — 3lo.
3

(12)

The values for ag., o, may be obtained from Figure 5.
If ap.o,,, 1s used, (calculation method 1 as outlined
previously), equation (10) becomes

16 O, + FeSiO; = Fe0,,; + SiO, (13)

and dg.s;0, 1s calculated therefrom. The pyroxenes
are probably monoclinic because the work of Speidel
and Osborn (1967) involved quenched samples.
Larimer (1968) obtained mostly clinopyroxenes in
his quenched samples in work on the Fe-MgO-SiO,-
O, system. The oxygen fugacity values were deter-
mined from the literature (e.g., Alcock and lyengar,
1967; Katsura and Kimura, 1965; Speidel, 1967).
The value for AG®,,,, (see Table 1) was calculated
by appropriate combinations of the free energies
of formation for Fe;O, (or FeQ,,;) and FeO (Stull
et al, 1971), and FeSiO, from its constituent oxides
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(FeO and Si0O,). Values of AG®,, calculated from
the aforementioned data and used in this paper are
compared in Table 1 with those calculated from the
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F16. 6. Activity-composition relations of olivines (upper)
and pyroxenes (lower) in equilibrium with spinels at 1160°C
(solid lines) and 1300°C (dashed lines) in the system Mg-
Fe-0-Si0O.. The dot-dashed line represents ideal conditions
and the vertical lines indicate estimated uncertainties. Ab-
breviations are: X = calculated from olivine-pyroxene-
spinel data, 4+ = calculated from olivine-spinel-silica data,
and O = calculated from pyroxene-silica-spinel data. Calcu-
lations from spinel activity data derived by methods 1, 2,
and 3 (see text) are so indicated.
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data presented by Williams (1971). The free energies
of formation for FeSiO; used in the present study
were interpolated and extrapolated from data pre-
sented by Schwerdtfeger and Muan (1966) and
Nafziger and Muan (1967). These values were —1.26
kcal at 1160°C and —0.7 kcal at 1300°C. Com-
positions of the coexisting pyroxene and spinel phases
were obtained from Speidel and Osborn (1967).
Calculated activity values for FeSiO, and MgSiO,
in pyroxenes at 1160° and 1300°C are shown in
Figure 6. At 1160°C, a slight positive deviation
from ideality is indicated, whereas at 1300°C, a
slight negative deviation is shown. However, the
uncertainties derived from the data and calculations,
as represented in the figure, show that the activity-
composition relations for the FeSiO;-MgSiO; py-
roxenes in equilibrium with spinels may be considered
nearly ideal. This is essentially the same result obtained
by Nafziger and Muan (1967) at 1200-1250°C for
pyroxenes in equilibrium with metallic iron at lower
oxygen fugacities.

Olivine activity-composition relations from olfvine-
silica-spinel equilibrium data

For the olivine-silica-spinel equilibria in the Mg-
Fe-O-Si0. system, the reaction

1/6 O, + FeSi, ;0, = FeO,,; + 1 SiO,
applies. Hence,

(14)

log ar. Sia, 502

AG® .
= ——4L + log arco,,, — l/6 log fo.,

© 2.303RT e

Spinel activity, oxygen fugacity, and condensed
phase equilibrium compositional data were obtained
from previously cited sources. The value for AG® yy,
(see Table 1) were derived from calculations using
data presented by Stull ef al. (1971) for the free
energies of formation of FeO,,; and FeSi, ;0,. Data
for the latter compound were also obtained from the
work of Schwerdtfeger and Muan (1966), and in-
terpolated from Kelley (1962). Comparisons of
resulting AG® ;,, values with those calculated from
Williams’ (1971) data are shown in Table 1. The
calculated olivine activity-composition relations are
shown in Figure 6 for 1160°C and 1300°C. The
relations with respect to the two temperatures are
similar to those obtained for the pyroxenes, although
greater deviations from ideality at 1160°C are indi-
cated. This also conforms with the results obtained
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for lower oxygen fugacities at 1200°C (Nafziger and
Muan, 1967). Uncertainties preclude precise com-
parisons between olivines and pyroxenes, however.
Correlations of activity data with temperature are
also not possible, although a closer approach to
ideality with increasing temperature seems plausible.

Activity-composition calculations from olivine-
pyroxene-spinel equilibrium data

As a check for internal consistency with the pre-
vious calculations, additional literature data for the
olivine-pyroxene-spinel equilibrium in the Mg-Fe-O-
SiO, system may be used (Speidel and Osborn,
1967). In this region, the reaction

2FeSi; ;0, + 1/6 0, = FeO,,; + FeSiO;  (16)
is of interest. Either pyroxene or olivine activities
may in principle be calculated using previously cited
data and the activity-composition relations shown in
Figure 6 of the equilibrium olivines or pyroxenes,
respectively, together with olivine-pyroxene-spinel
equilibrium composition data. Olivine results are
plotted in Figure 6 and agree well with values de-
rived from the olivine-silica-spinel calculations, How-
ever, not enough data are available to permit this
type of calculation for the pyroxenes.
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