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Subsolidus phase equilibria near the enstatite-diopside join in
Ca0O-MgO-Al,0,-Si0, at atmospheric pressure

WiLLiaMm D. CARLSON
Department of Geological Sciences, University of Texas at Austin, Austin, Texas 78713, U.S.A.

ABSTRACT

Compositions of pyroxenes in the assemblage orthoenstatite + diopside + anorthite +
forsterite have been determined by electron-microprobe analysis of experimental run prod-
ucts in the system CaO-MgO-Al,0,-Si0O, from 925 to 1225 °C on the 1-atm isobar. The
experiments, using vanadate and plumbate solvents, produced reversals of both Ca:Mg
ratios and Al contents of the pyroxenes. The results confirm thermodynamic inferences
that, in this assemblage, the incorporation of aluminous components in both phases is
strongly dependent on pressure but largely independent of temperature, whereas the ex-
change of Ca and Mg between orthopyroxene and clinopyroxene is strongly dependent on
temperature but largely independent of pressure. On the 1-atm isobar, the amount of Al
incorporated in both pyroxenes is substantially less than present thermodynamic solution

models predict.

INTRODUCTION

Several thermodynamic analyses of the system CaO-
MgO-AlL,O;-Si0, (CMAS) have predicted that useful
thermobarometers could be developed for feldspathic
two-pyroxene mineral assemblages by quantifying the
temperature dependence of the Ca-Mg exchange between
orthopyroxene and clinopyroxene and the pressure de-
pendence of the Al content of each pyroxene in equilib-
rium with plagioclase (e.g., Obata, 1976; Herzberg, 1978;
Gasparik, 1984). The range of rock types to which such
thermobarometers would be applicable is quite large, en-
compassing rocks as diverse as plagioclase peridotite, ol-
ivine gabbro, two-pyroxene anorthosite, and mafic gran-
ulite.

Unfortunately, these thermodynamic predictions have
not yet been verified or calibrated by direct experiment.
Instead, they are based upon ternary-solution models for
Ca-Mg-Al pyroxenes, which are constrained by data ob-
tained exclusively at pressures above the field of plagio-
clase stability. Experiments have been performed suc-
cessfully only at pressures in excess of about 9 kbar, where
spinel and garnet supplant feldspar as the aluminous phase
in CMAS analogues to peridotitic bulk compositions (e.g.,
Perkins and Newton, 1980; Gasparik, 1984; Sen, 1985).
The resulting thermobarometers for spinel and garnet
peridotite have contributed substantially to our under-
standing of materials and processes in rocks of the upper
mantle. However, experimental attacks on the subsolidus
phase equilibria among aluminous pyroxenes at crustal
temperatures and pressures (that is, in the plagioclase sta-
bility field) have so far been frustrated by extremely slow
kinetics of reaction and grain growth. Conventional ex-
perimental approaches (e.g., Herzberg, 1978) typically
synthesize pyroxenes too small for accurate microprobe
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analysis, and the sluggishness of subsolidus reaction has
so far prevented the reversals of pyroxene compositions
that are required to demonstrate the achievement of
chemical equilibrium in such unreactive systems.

The experimental work reported here circumvented
these difficulties by exploiting the kinetic advantages of
the high-temperature solvent technique (Carlson, 1986a).
Equilibrium compositions of coexisting, anorthite-satu-
rated orthopyroxene and clinopyroxene, constrained by
reversals of both Ca:Mg ratios and alumina contents, have
been determined at 50 °C increments from 925 to 1225
°C on the l-atm isobar. The results provide a low-pres-
sure benchmark for higher-pressure experimentation and
for the thermodynamic analysis of equilibria pertinent to
feldspathic two-pyroxene assemblages in a variety of
crustal rocks.

EXPERIMENTAL PROCEDURES AND EQUILIBRIUM
CRITERIA

The experimental and analytical procedures employed
in this study were nearly identical to those in earlier work
in the CMS system (Carlson, 1988). Most experiments
were performed with vanadate solvents as described in
Carlson (1986a), but a few confirmatory syntheses em-
ployed plumbate solvents for comparison; all solvent
compositions are shown in Figure 1. In all experiments,
the proportion by weight of solvent to other reactants was
in the range of 1:1 to 4:1. Reactants were loaded in 3-cm-
long, 2.5-mm-diameter Pt capsules and dried at 600 °C
for 48 h before the capsules were sealed. Charges were
held in a vertical quench furnace for periods of 3 to 7 d
at the desired temperature, measured by Pt-Pt,,Rh,, ther-
mocouples with an accuracy estimated at =5 °C on the
basis of repeated calibrations against the melting point of
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Fig. 1. Compositions of (a) vanadate solvents and (b) plum-
bate solvents saturated with respect to En + Di + An + Fo, as
determined by electron-microprobe analysis of quenched melts.

Au and the liquidus of CaMgS1,0,. Runs were quenched
into water, then dried at 110 °C before small chips were
removed and polished for examination in reflected light
and for microprobe analysis. The remainder of the charge
was leached of solvent using 4% HCI for vanadates and
hot 1:1 HNO, for plumbates, then boiled for 2 to 3 min
in 0.5M NaOH to dissolve small amounts of residual
silica-rich gel. The crystalline run products extracted in
this way were examined petrographically in immersion
media and analyzed by X-ray powder diffraction. Micro-
probe analysis on a JEOL 733 instrument employed wave-
length-dispersive techniques with 60-s counting times for
a sample current of 15 nA on brass at an accelerating
potential of 15 kV. Analytical standards were a synthetic
glass containing CaO, MgO, Al,O,, FeO, and SiO, (NBS
Standard Reference Material #470 = Glass K412) for Ca,
Mg, Al, and Si; synthetic crystalline V,O; for V; and a
synthetic lead silicate glass (NBS Standard Reference Ma-
terial #1871 = Glass K456) for Pb.

To demonstrate the attainment of equilibrium parti-
tioning of Ca, Mg, and Al between coexisting pyroxenes,
four types of reactant materials were required. These
reactants (designated A, B, C, and D in Table 1) have
identical bulk chemistry but different mineral composi-
tions. In contrast to the previous study in CMS (Carlson,
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TaBLE 1. Compositions of pyroxenes in reactants
Orthoenstatite Diopside
Reac- Synthesis Ca Ca
tant conditions (Ca+ Mg) X (Ca+ Mg) Xu
A* 925°C, 1 bar 0.033 0.016 0.458 0.016
B* 1225°C, 1 bar 0.049 0.023 0.395 0.029
c* 1075 °C, 5 kbar 0.023 0.047 0.473 0.043
DY 850 °C, 2 kbar 0.006 0 0.465 0

* Compositions determined by electron-microprobe analysis.

t Too small for microprobe analysis; Ca/(Ca + Mg) assumed to be
equilibrium value calculated from thermodynamic model of Carlson and
Lindsley (1988).

1988), synthesis of crystalline reactant materials directly
from glass at 1 atm was not feasible; such attempts typ-
ically produced variable amounts of aluminous protoen-
statite (Pen), in addition to the desired starting assem-
blage consisting of solid solutions of orthoenstatite +
diopside + anorthite + forsterite (En + Di + An + Fo).
Consequently, reactant mixes were produced in a multi-
stage procedure. Reagent oxides in amounts that would
yield equimolar proportions of Mg,Si,O,, CaMgSi,O,
CaAl,Si,0,, and Mg,SiO, were first ground and fused
through several cycles, then were crystallized hydrother-
mally for 14 d at 850 °C and 1 kbar H,O to yield a very
finely crystalline mixture of En + Di + An + Fo. This
material was then recrystallized in the presence of vana-
date solvents at 925 °C and 1 atm, at 1225 °C and 1 atm,
and (in an internally heated pressure vessel) at 1025 °C
and 5 kbar, to produce reactants A, B, and C respectively.
Reactant D consisted of a mixture of (1) anorthite crys-
tallized hydrothermally from oxides at 850 °C and 2 kbar
H,O for 28 d and (2) an Al-free assemblage of En + Di
+ Fo crystallized hydrothermally from glass at 850 °C
and 2 kbar H,O for 14 d; these were mixed in proportions
to yield a composition identical to that of the other three
reactants.

Because CMAS pyroxenes are ternary solutions, it is
not a straightforward procedure to demonstrate convinc-
ingly the reversal of phase compositions (cf. Gasparik,
1984, p. 87; Sen, 1985, p. 679). Fortunately, thermody-
namic analysis and reconnaissance synthesis experiments
in this system suggest that in the field of plagioclase sta-
bility, Ca:Mg ratios in the pyroxenes are largely indepen-
dent of pressure, whereas the incorporation of Al into the
pyroxenes is largely independent of temperature. Thus
reactants A and B (which have closely similar Al con-
tents, but which have bounding values for Ca:Mg ratios
at 1 atm) should react toward equilibrium in such a way
as to bracket the equilibrium Ca:Mg ratios. Reactants C
and D (which have bounding values of Al content, de-
spite differences in Ca:Mg ratios) should react toward
equilibrium in such a way as to bracket the equilibrium
Al content. The combination of these two complemen-
tary sets of reversals therefore tightly constrains the ter-
nary compositions at equilibrium. In fact, the data below
confirm that, especially at high temperatures, all four
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TaBLe 2. Averages of diopside compositions in reversals using V,0, solvents
Cations per ) Molar
T Reac- Weight percent 6 oxygens Mole fraction Ca
(°C) tant n Ca0 Mgo  ALO, SiO, V04 Total [6] [4] di en ct (Ca + Mg)
925 B 37 23.44 20.55 0.85 55.33 0.34 100.51 2.01 1.99 0.877 0.105 0.018 0.451
o} 10 23.71 19.90 0.97 55.07 0.61 100.26 2.00 1.99 0.888 0.092 0.020 0.461
D 10 23.45 20.27 0.63 55.24 0.73 100.32 2.01 1.99 0.884 0.103 0.013 0.454
975 A 8 23.45 20.35 0.71 55.04 0.56 100.11 2.01 1.99 0.884 0.101 0.015 0.453
B 15 23.19 20.49 0.73 55.17 0.48 100.06 2.01 1.99 0.874 0.111 0.015 0.449
o} 10 23.42 20.07 1.09 55.13 0.63 100.34 2.00 1.99 0.873 0.104 0.023 0.456
D 14 23.00 20.53 0.71 54.41 0.65 99.30 2.03 1.98 0.874 0.111 0.015 0.446
1025 A 8 23.38 20.62 0.85 55.24 0.57 100.66 2.02 1.98 0.874 0.108 0.018 0.449
B 17 22.91 20.78 0.78 55.04 0.41 99.92 2.01 1.99 0.862 0.121 0.017 0.442
Cc 9 22.95 20,56 1.10 55.21 0.65 100.47 2.01 1.99 0.853 0.129 0.018 0.443
D 7 22.91 20.74 0.85 55.57 0.67 100.74 2.00 1.99 0.853 0.129 0.018 0.443
1075 A 9 22.79 21.14 0.71 55.18 0.41 100.23 2.02 1.98 0.857 0.129 0.015 0.437
B 8 22.71 21.28 0.91 55.10 0.34 100.34 2.03 1.98 0.848 0.133 0.019 0.434
o} 11 22.20 20.99 1.15 54.98 0.68 100.00 2.01 1.99 0.825 0.151 0.024 0.432
D 8 22.03 21.20 0.94 55.55 0.69 100.41 2.00 1.99 0.818 0.162 0.020 0.428
1125 A 10 2213 21.40 0.77 54.96 0.61 99.87 2.02 1.98 0.832 0.152 0.016 0.426
B 14 21.80 21.38 1.28 55.10 0.56 100.12 2.01 1.99 0.805 0.168 0.027 0.423
Cc 13 21.70 21.34 1.17 55.04 0.60 99.85 2.01 1.99 0.806 0.170 0.025 0.422
D 5 21.89 21.23 1.07 54.87 0.63 99.69 2.01 1.99 0.817 0.161 0.023 0.426
1175 A 10 21.88 21.50 0.96 55.22 0.48 100.04 2.01 1.99 0.816 0.164 0.020 0.423
B 1 20.30 22.03 1.36 55.23 0.46 99.38 1.99 2.00 0.748 0.224 0.029 0.399
(o} 13 20.75 21.98 1.27 55.54 0.49 100.03 1.99 2.00 0.762 0.211 0.027 0.404
D 12 21.50 21.55 1.27 55.25 0.46 100.03 2.00 1.99 0.793 0.180 0.027 0.418
1225 A 15 20.75 2212 1.25 55.39 0.27 99.78 2.00 2.00 0.765 0.209 0.026 0.403
(o} 15 20.25 22.53 1.45 55.84 0.32 100.39 1.99 2.00 0.735 0.234 0.030 0.393
D 15 20.57 22.50 1.42 55.92 0.26 100.67 1.99 2.00 0.747 0.223 0.030 0.397

Note: n = number of crystals analyzed; [6] = Ca + Mg + Al/2 + V; [4] = Si + Al/2; ot = Al/2; di = Ca — Al/2;en =1 — ct — di.

reactants converged upon nearly identical pyroxene com-
positions.

EXPERIMENTAL RESULTS

All experiments for which pyroxene compositions are
reported produced the assemblage En + Di + An + Fo.
In these runs, orthoenstatite and diopside crystallize as
stubby 5- to 20-um-long prisms, forsterite appears as sub-
equant to slightly elongate euhedra of comparable size to
the pyroxenes, but anorthite is typically found as mark-
edly smaller (1-5 pm) individual laths or in rounded ag-
gregates of still smaller crystals. All phases appearing in
runs using plumbate solvents are colorless, but in runs
using vanadate solvents, small amounts of V in the py-
roxenes cause them to be slightly colored. In powdered
aggregates, orthoenstatite is faintly yellow-green; it dis-
plays weak pleochroism from yellow-green to colorless
when examined petrographically, Diopside is very pale
blue in powdered aggregates, but the coloration is too
faint to be seen in light transmitted through individual
crystals. Anorthite and forsterite in these runs are unco-
lored.

Tables 2 and 3 present the compositions of diopside
and orthoenstatite in runs using vanadate solvents, as
determined by electron-microprobe analysis; Table 4 pre-
sents pyroxene compositions in synthesis experiments us-
ing plumbate solvents. Diopside is regarded as a solid
solution of the components Mg,Si,O,, CaMgSi,O;, and

CaALSiQ,, which are designated by the two-letter lower-
case abbreviations en, di, and ct (for Ca-Tschermak’s
component); mole fractions (X) are defined, using num-
bers of cations per six oxygens, by X2 = Al/2; X% = Ca
— AV2; X0 = 1 — Ca. Orthoenstatite is regarded as a
solid solution of the components Mg,Si,0,, CaMgSi,Oq,
and MgAILSiO;, which are designated by the two-letter
lower-case abbreviations en, di, and mt (for Mg-Tscher-
mak’s component); mole fractions (X) are defined, using
numbers of cations per six oxygens, by X% = Al/2; X5
= Ca; Xt» = 1 — Ca — Al/2. The use of Tschermak’s
components implicitly allocates Al equally between oc-
tahedral and tetrahedral sites. The total site occupancies
listed in Tables 2 and 3 are consistent with this scheme
of allocation. To estimate analytical uncertainties for the
quantities important to thermobarometric applications,
standard errors of the mean for each oxide in the micro-
probe analyses were propagated through the caiculation
of Ca/(Ca + Mgp) ratios and mole fractions of compo-
nents. In diopside, analytical uncertainties in Ca/(Ca +
Mg) range from about 0.0010 to 0.0020, and average
0.0015; analytical uncertainties in X, range from about
0.0001 to 0.0008, although most are near the average of
0.0003. In orthoenstatite, analytical uncertainties in Ca/
(Ca + Mp) are all less than 0.0010; analytical uncertain-
ties in X, range from about 0.0002 to 0.0005, with an
average of 0.0003.

Figure 2 depicts the CMAS phase relations between
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TaeLe 3. Averages of orthoenstatite compositions in reversals using V,0; solvents

Cations per ) Molar
Temp Reac- Weight percent 6 oxygens Mole fraction Ca

(°C) tant n Ca0 MgO ALO, SiO, V,0, Total [6] [4] di en mt (Ca + Mg)

925 B 21 2.32 38.39 0.94 58.63 0.26 100.54 2.03 1.98 0.083 0.917 0.019 0.042

C 3 1.69 37.67 1.16 58.40 0.70 99.62 2.00 1.99 0.061 0.939 0.023 0.031

D @ 1.81 37.79 0.78 59.24 0.60 100.22 1.98 2.00 0.065 0.935 0.015 0.033

975 A 16 2.14 38.05 0.82 58.60 0.45 100.06 2.01 1.99 0.077 0.923 0.016 0.039

B 38 2.22 38.01 0.89 58.61 0.30 100.03 2.01 1.99 0.080 0.920 0.018 0.040

C 4 1.69 37.85 1.05 57.94 0.59 99.12 2.01 1.99 0.066 0.934 0.016 0.033

D 14 1.82 38.02 0.80 58.64 0.72 100.00 2.01 1.99 0.066 0.934 0.016 0.033

1025 A 20 2.10 37.94 0.84 58.84 0.40 100.12 2.00 1.99 0.076 0.924 0.017 0.038

B 35 2.26 37.93 0.88 59.02 0.29 100.38 2.00 2.00 0.081 0.919 0.017 0.041

[¢] 6 2.02 37.87 1.08 59.07 0.56 100.60 1.99 2.00 0.072 0.928 0.021 0.037

D 9 2.1 37.87 0.93 58.84 0.56 100.31 2.00 1.99 0.076 0.924 0.019 0.038

1075 A 8 2.25 38.04 1.14 58.76 0.45 100.64 2.01 1.99 0.081 0.920 0.023 0.041

B 30 2.27 37.94 0.85 58.78 0.34 100.18 2.01 1.99 0.082 0.918 0.017 0.041

C 5 2.24 37.85 1.06 58.53 0.49 100.17 2.01 1.99 0.081 0.919 0.021 0.041

D 5 2.25 37.90 1.04 58.61 0.54 100.34 2.01 1.99 0.081 0.919 0.021 0.041

1125 A 11 1.96 38.13 0.68 59.09 0.41 100.27 2.00 1.99 0.071 0.930 0.013 0.036

B 15 2.52 37.62 1.23 58.71 0.41 100.49 2.00 1.99 0.090 0.910 0.024 0.046

C 15 2.22 37.64 1.09 58.44 0.48 99.87 2.00 1.99 0.080 0.920 0.022 0.041

D 10 2.40 38.02 1.03 58.99 0.47 100.91 2.01 1.99 0.086 0.914 0.020 0.043

1175 A 15 2.41 37.75 0.85 58.96 0.38 100.35 2.00 1.99 0.087 0.913 0.017 0.044

B 15 2.57 37.55 1.22 58.81 0.29 100.44 2.00 2.00 0.092 0.908 0.024 0.047

C 13 241 37.77 1.09 58.67 0.32 100.26 2.01 1.99 0.087 0.913 0.022 0.044

D 11 2.53 37.21 0.88 58.67 0.37 99.66 1.99 2.00 0.092 0.908 0.018 0.047

1225 A 13 2.69 37.23 1.08 58.57 0.13 99.70 2.00 2.00 0.098 0.903 0.022 0.049

C 14 2.73 37.60 1.26 59.12 0.14 100.85 2.00 2.00 0.098 0.902 0.025 0.050

D 14 2.70 37.53 1.25 59.04 0.09 100.61 2.00 2.00 0.097 0.903 0.025 0.049

Note: n = number of crystals analyzed; [6] = Ca + Mg + Alj2 + V; [4] = Si + Al/2; mt = AY2; di= Ca; en =1 — mt — di.

coexisting orthopyroxene and clinopyroxene, in equilib-
rium with anorthite and forsterite, at 1-atm pressure, from
925 °C 1o the solidus at 1240 °C. The reversals shown by
the arrowheads are based only upon runs using reactants
A and B, which have closely similar Al contents, but
ratios of Ca:Mg that cause the run products to approach
the equilibrium compositions from both higher and lower
values of Ca/(Ca + Mg). Those brackets are in excellent
agreement with the compositions in Tables 2 and 3 for
pyroxenes in runs using the other reactants as well.
Figure 3 illustrates the slight temperature dependence
at atmospheric pressure of the aluminous components in
coexisting orthopyroxene and clinopyroxene, both satu-
rated with respect to anorthite and forsterite. The re-
versals shown by the arrowheads are based only upon

runs using reactants C and D, which have slightly differ-
ent ratios of Ca:Mg, but which approach the equilibrium
Al content from markedly higher and lower values, re-
spectively. Once again, the data on Al contents in Tables
2 and 3, from runs using the other two reactants, are in
excellent agreement with the relationships portrayed in
Figure 3.

Figure 4 summarizes, on a pair of ternary diagrams,
the changes in pyroxene compositions with temperature
at atmospheric pressure in the assemblage En + Di +
An + Fo. Data points plotted for each temperature were
obtained from the lines connecting the brackets in Figures
2 and 3, and therefore represent graphical interpolations
from the actual analyses.

Table 5 presents representative analyses of anorthite

TaBLE 4. Averages of diopside and orthoenstatite compositions in syntheses using PbO solvents

Cations per Molar
Temp Weight percent 6 oxygens Mole fraction Ca

(°C) Phase n Ca0 MgO ALO, S0, PbO  Total {6l [4] di en ctymt  (Ca + Mg)

975 Di 6 2294 2066 087 5617 nd. 100.65 198 2.01 0853 0.129 0.018 0.444

En 10 199 3790 093 5894 nd. 99.76 199 2.00 0.072 0.909 0.019 0.036

1075 Di 13 2242 2057 098 5550 nd. 99.46 1.98 2.01 0.840 0.144  0.021 0.437

En 11 228 3758 1.07 5893 nd. 99.86 199 201 0.082 0.897 0.021 0.042

1175 Di 5 2087 2223 086 5531 nd. 99.26 2,00 2.00 0.782 0.200 0.018 0.403

En 5 230 3767 1.11 5824 nd. 99.32 201 2.00 0.084 0.894  0.022 0.042

Note: n = number of crystals analyzed; n.d. = below detection limit of ~0.01; [6] = Ca + Mg + Al/2; [4] = Si + Al/2; di, en, and ct computed for

Di as in Table 2; di, en, and mt computed for En as in Table 3.
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Fig. 2. The ratio Ca/(Ca + Mg) in coexisting orthoenstatite
and diopside, both simultaneously in equilibrium with anorthite
and forsterite, as a function of temperature at 1-atm pressure.
The compositions of pyroxenes from reversal runs, using vana-
date solvents with reactants A and B, are plotted as arrowheads
indicating the direction of approach to equilibrium, with the
arrowpoint located at the mean composition in the run. The
compositions of confirmatory synthesis runs in plumbate sol-

vents are plotted as error bars centered on the mean composition
of the run, with widths equal to twice the standard error of the
mean of the analyzed compositions. Synthesis results of Mori
and Biggar (1981) [“MB,” on the solidus] and of Herzberg (1978)
[“HZ,” subsolidus] are shown by rectangles centered on the mean
analyzed composition, with widths equal to twice the published
estimates of error. Lines defining the miscibility gap were drawn
by eye to fit the data as smoothly as possible.

crystals from runs using both vanadate and plumbate sol-
vents. The low mole fractions of V and Pb components
signify that the activity of CaAlSi,O; in plagioclase in
these experimental runs is likely to be near unity. The
following discussion sets forth additional evidence that
the small amounts of solvent components in both plagio-
clase and pyroxene have only negligible effects upon the
equilibria under study.

DiscussioN
Comparison with previous studies

Because of the experimental difficulties cited above,
few analyses are available in the literature that afford a

TasLe 5. Averages of anorthite compositions

direct comparison with the data presented here. Perhaps
the most reliable data are those of Mori and Biggar (1981)
for the compositions of coexisting pyroxenes in silicate
melts at temperatures very near the solidus for this as-
semblage at 1240 °C. [Although the low-Ca pyroxene in
their runs was originally identified as protoenstatite in
their Table 27, it has subsequently been recognized as
orthoenstatite (Biggar, 1985, p. 54).] The data of Mori
and Biggar, obtained by electron-microprobe analysis, are
shown by the rectangles labeled “MB” in Figures 2 and
3. They compare very favorably with the results of this
study.

In the subsolidus region, only one measurement of the
composition of diopside in equilibrium with orthoensta-

] : Mole
Temp Weight percent Cations per 8 oxygens fraction
°C) n Ca0 Al,O, SiO, V.0,  PbO Total Ca Al Si A Pb CaAl,Si,0,
975 15 19.90 36.29 43.03 0.21 n.p. 99.43 0.992 1.993 2.003 0.008 n.p. 0.996
13 20.35 36.47 43.66 n.p. 0.40 100.88 1.004 1.981 2.010 n.p. 0.005 0.995
1075 13 20.11 36.44 43.21 0.22 n.p. 99.98 0.998 1.992 2.001 0.008 n.p. 0.996
14 19.97 36.52 42.89 n.p. 0.42 99.80 0.996 2.005 1.996 n.p. 0.005 0.995
1175 15 20.08 37.02 43.49 0.22 n.p. 100.81 0.988 2.005 1.996 0.008 n.p. 0.996
15 20.02 36.39 43.58 n.p. 0.36 100.35 0.991 1.984 2.014 n.p. 0.004 0.996

Note: n = number of crystals analyzed; n.p. = not present; mole fractions computed as Al/(Al + V) and as Ca/(Ca + Pb), i.e., assuming substitution

of V for Al and of Pb for Ca.
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Fig. 3. Mole fraction of aluminous components in orthoen-
statite and diopside saturated with respect to plagioclase, simul-
taneously in equilibrium with one another and with forsterite,
as a function of temperature at 1-atm pressure. The composi-
tions of pyroxenes from reversal runs, using vanadate solvents
with reactants C and D, are plotted as arrowheads indicating the
direction of approach to equilibrium, with the arrowpoint lo-
cated at the mean composition in the run. The compositions of
confirmatory synthesis runs in plumbate solvents are plotted as
error bars centered on the mean composition of the run, with
widths equal to twice the standard error of the mean of the
analyzed compositions. Synthesis results of Mori and Biggar
(1981) [“MB,” on the solidus] and of Herzberg (1978) [“HZ,”
subsolidus] are shown by rectangles centered on the mean ana-
lyzed composition, with widths equal to twice the published es-
timates of error. Lines between brackets were drawn by eye to
fit the data as smoothly as possible.

tite, forsterite, and anorthite at atmospheric pressure is
available. Herzberg (1978, Table A1) presents a synthesis
result at 1200 °C for which the composition of diopside
was estimated from determinative curves based upon lat-
tice spacings obtained by X-ray powder diffraction. De-
spite the relatively large uncertainties that characterize
this datum, its position in Figures 2 and 3 (as the rectan-
gle labeled “HZ”) is in good agreement with the present
subsolidus results. If Herzberg’s datum were to be ad-
justed in accordance with revised determinative curves
published by Benna et al. (1981), the agreement with the
present data would be slightly better.

Finally, the compositions of orthoenstatite resulting
from this study may be compared to the compilation of
data on low-Ca pyroxenes that appears as Figure 6 of
Biggar (1985). Appropriately for pyroxene saturated with
respect to plagioclase and diopside, the orthoenstatite
compositions from this study plot near the high-Al, high-
Ca apex of Biggar’s orthoenstatite field. They lie in close
proximity to several somewhat scattered microprobe
analyses made by Mori (as cited in Biggar, 1985, caption
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Fig. 4. Ternary diagrams illustrating the changes in compo-
sitions of coexisting orthoenstatite and diopside (saturated with
respect to anorthite and forsterite) as a function of temperature
at atmospheric pressure. Plotted points are taken from fitted
lines appearing in Figures 2 and 3. (a) Orthoenstatite composi-
tions in 100 °C increments from 925 to 1225 °C. (b) Diopside
compositions in 50 °C increments from 925 to 1225 °C,

to his Fig. 6) for orthoenstatite coexisting with anorthite
and diopside.

Effects of solvents on phase equilibria

Whenever the high-temperature solvent technique is
applied, it is essential to assess the effects of any small
amounts of the solvent components incorporated into the
phases of interest. Experience gained in a study of CMS
pyroxenes, using similar vanadate and plumbate sol-
vents, indicates that the effects of these solvents on the
pyroxene phase equilibria are negligible (Carlson, 1988,
p. 240). That conclusion is corroborated in this study by
the correspondence noted above between pyroxene com-
positions arising from conventional experiments and those
obtained in this work. In particular, the agreement upon
the Al content of pyroxenes between this study and the
data of Mori and Biggar (1981) can be regarded as evi-
dence that the activity of CaAl,Si,O; in plagioclase is not
significantly below unity in the experiments reported here.
Furthermore, because the vanadate and plumbate sol-
vents are expected to produce opposite crystallochemical
effects in the pyroxenes (as a result of the contrast be-
tween the ionic radii of V and Pb), it is encouraging that
the synthesis experiments in plumbate solvents agree well
with the reversed equilibria determined in vanadate sol-
vents. The close coincidence of the pyroxene composi-
tions from runs using different solvents indicates that nei-
ther solvent has an appreciable effect upon the equilibria
under study.

As in the previous study in CMS (Carlson, 1988, p.
240), the fact that analyzed V contents in the pyroxenes
tend to decrease and show less scatter at higher temper-
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atures probably signifies that much of the V in the py-
roxenes may reside not within the crystal lattice, but in
tiny inclusions of quenched melt, which are more nu-
merous in crystals produced at lower temperatures. Con-
sequently, it is likely that the analyses overestimate the
amounts of V actually present in solid solution within the
pyroxenes.

In earlier work using vanadate solvents (Carlson, 1986b,
p. 222), V in CMS pyroxenes was inferred to be in the
tetravalent state, substituting for Si in tetrahedral sites.
Subsequently, however, reflectance spectra of Al-free CMS
run products have revealed only V** in octahedral coor-
dination: in Figure 5, the bands near 0.6 and 1.1 um have
energies similar to those of octahedral V*+ in corundum
and the aqueous V** ion (cf. Marfunin, 1979, p. 208).
Insofar as no other species in the CMS system can pro-
vide charge balance for octahedral V3+, substitution of
two V3+ and an octahedral vacancy for three divalent cat-
ions in octahedral sites is implied. Al-bearing CMAS py-
roxenes are colored identically to CMS pyroxenes, so that
a similar mode of incorporation of V*+ can reasonably be
inferred for the run products in this work.

Pen + En equilibria

Several synthesis runs, made in reconnaissance for the
purpose of determining solvent compositions, were suf-
ficiently undersaturated in CaO to produce the assem-
blage Pen + En + Fo + An. Microprobe analysis of the
pyroxenes indicates that, from 1025 to 1225 °C, (1) the
ratio Ca/(Ca + Mg) in protoenstatite increases from about
0.012 to 0.014, while the same ratio in orthoenstatite
increases from about 0.037 to 0.048; and (2) both X%
and Xt increase from about 0.018 to 0.025. Orthoensta-
tite in this assemblage therefore appears to have com-
positions closely similar to those of orthoenstatite equil-
ibrated with diopside, suggesting that the one-phase field
for orthoenstatite at atmospheric pressure is restricted by
very narrow limits in this system. No attempt was made,
however, to verify these relationships by experimental
reversals of pyroxene compositions.

IMPLICATIONS AND CONCLUSIONS

The data of Figures 2, 3, and 4 confirm the thermo-
dynamic predictions that useful pyroxene thermometers
and barometers can be developed for feldspathic rocks
once proper experimental calibration is complete. In par-
ticular, the very slight temperature dependence of X% and
XE on the 1-atm isobar (Fig. 3) indicates that these quan-
tities should serve as excellent petrologic barometers,
considering the marked increase in Al content with pres-
sure suggested by the 5-kbar synthesis reported here and
the synthesis results of Herzberg (1978, Table Al) at 3.2,
5.0, and 7.0 kbar.

It is not surprising to find some discrepancies between
these experimental results and the predictions (at atmo-
spheric pressure) of the most recent thermodynamic model
for CMAS phase relations in the plagioclase stability field
(Gasparik, 1984). In fact, considering the complete ab-
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Fig. 5. Reflectance spectrum of Al-free (CMS) diopside from
runs using vanadate solvents, confirming the presence of vana-
dium as V3* in octahedral coordination. The spectrum of Al-
free (CMS) orthoenstatite is nearly identical. Spectroscopic data
were obtained and interpreted by D. Sherman of the U.S. Geo-
logical Survey.

sence of low-pressure data to constrain the model, it is
remarkable that the discrepancies are as small as they are.
Thermometric agreement is excellent: experimental val-
ues of X2 range from 0.098 at 925 °C to 0.216 at 1225
°C, compared to model values of 0.097 to 0.240 for the
same range of temperature. Barometric predictions of the
model are low by several kilobars. Gasparik’s model
overestimates the amounts of Al in each pyroxene: from
925 to 1225 °C, measured XE2 ranges from 0.017 to 0.025,
compared to model values of 0.032 to 0.043, and mea-
sured X2 ranges from 0.017 to 0.031, compared to model
values of 0.028 to 0.044.

Further experimentation at elevated pressures within
the plagioclase stability field will certainly be required to
properly calibrate such models. Nevertheless, this study
provides a benchmark at atmospheric pressure that will
constrain, and yet should encourage, experimental efforts
at higher pressure. It is a first step toward the develop-
ment of well-constrained thermobarometers applicable to
a wide variety of feldspathic mafic and ultramafic rocks
in the Earth’s crust.
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