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STABILITY OF THE ASSEMBLAGE
IRON-RICH ORTHOPYROXENE-OLIVINE-QUARTZ

DOUGLAS SMITH
Geophysical Laboratory
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ABSTRACT. Experiments to determine the relative stability of orthopyroxene and
the compositionally equivalent assemblage of olivine plus quartz were carried out with
synthetic phases in the system Mg.SiO-Fe,8i0,-5i0, at temperatures from 600° to
1100°C and pressures up to 19 kb. Maximum limits of iron enrichment in orthopy-
roxene stable at pressurcs of 1 kb or lower arc Fs,Eny, at 600° and 700°C, Fs:Enug
at 800°C, and Fs,En,, at 900° and 1000°C. Actual limits are somewhat less iron-rich.
These compositions bound part of the area in the pyroxene quadrilateral in which
calcium-poor pyroxencs are unstable relative to olivine plus quartz plus a calcic py-
roxene. Appropriate temperatures and minimum pressures for the stability of pure
orthoferrosilite are 750°G and 12/ kb, 900°C and 14 kb, and 1100°C and 16 kb. Results
at 900°C and intermediate pressures may be used as an approximate geobarometer
for the three-phase assemblage in magmatic rocks. Data from natural assemblages and
calculations based on a calculated frec energy for the reaction of fayalite plus quartz
to ferrosilite are used together with the exper nental data to estimate the approxi-
mate Fe-Mg partition between olivine and orthopyroxene in the threc-phase assem-
blage.

INTRODUCTION

At sufficiently ironrich compositions, orthopyroxene is not stable
relative to the compositionally cquivalent assemblage of iron-rich olivine
plus silica at low pressure, as shown by the pioneering experiments of
Bowen and Schaiver (1933) on the system MgO-"FeO"-Si0O,. Pressure
stabilizes orthopyroxene relative to olivine plus quartz, however, and at
high pressures the pure iron pyroxene end member, orthoferrosilite, is
formed (Lindsley, Davis, and MacGregor, 1964; Akimoto, Fujisawa, and
Katsura, 1964). At pressures lower than those required to stabilize pure
orthoferrosilite, the three-phase assemblage orthopyroxene-olivine-silica
occurs in the system Mg,SiO,~Fe,$i0,-8i0, (fig. 1). The orthopyroxene
in this assemblage has the most iron-rich composition stable at a given
pressure and temperature. This limiting orthopyroxene composition de-
fines part of the boundary of the “forbidden zone” of the pyroxene quad-
rilateral (Lindsley and Munoz, 1969), a zone in which *calcium-poor
pyroxenes are not stable at low pressures relative to assemblages of more
calcium-rich pyroxene, olivine, and quartz.

The experiments reported here were designed to outline the stabil-
ity limits of the orthopyroxene-olivine-silica field over the range of pres-
sures and temperatures at which these iron-rich silicates are likely to have
crystallized in the Earth’s crust. The data redefine part of the boundary
of the pyroxene “forbidden zone,” and they serve as a basis for experi-
mental investigations of the stability of the more complex iron-rich
pyroxenes containing calcium. Because iron contents of orthopyroxene
and olivines coexisting together with silica systematically increase with
pressure at a given temperature, the experimental results may be useful
as a geobarometer for some crustal rocks. Calculations based on these
data define activity ratios for olivine and orthopyroxene solid solutions
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in the three-phase assemblage; the calculations can be used to check
activity-composition relations and partition data determined by other
experiments.
EXPERIMENTAL RESULTS

Results of experiments conducted with a solid-media, piston-cylinder
apparatus in the limiting system Fe,$i0,-SiO, are shown in figure 2.
Procedures and techniques for these and other experiments and tables
of experimental results are cited in the appendix. The fayalite-quartz
orthoferrosilite boundary drawn in figure 2 is at somewhat lower pres-
sures and has a lower slope than the boundary determined by Lindsley
(1965). All but one of Lindsley’s (1965) experiments defining the break-
down of pyroxene to fayalite plus quartz were at temperatures of 1000°C
or higher, and at these high temperatures the correspondence between
the two boundary curves is good. At 800°C, however, the boundary de-
termined here lies 2 kb below that of Lindsley. Part of the discrepancy
may be attributed to the fact that the boundary here was bracketed by
modified piston-out reactions (Richardson, Bell, and Gilbert, 1968),
whereas the direction of piston movement was not specified in the ex-
periments of Lindsley (1965). The comparisons of W. Johannes and
others (in preparation) have emphasized the uncertainties involved in
pressure determinations in solid-media, piston-cylinder apparatus. Even
so, the determinations reported here and those of Lindsley (1965) were
made with the same furnace-cell design in the same apparatus, and part
of the discrepancy remains unexplained. Water was added to the reac-
tants in all low-temperature experiments, and the low-temperature field
of clinoferrosilite found by Lindsley (1965) in “dry” experiments was
not observed.

Si0,

Fig. 1. Phase stability fields in the system Mg.Si0,~Fe.5i0,-8i0, at low pressure.
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The actual compositions of orthopyroxene stable with olivine plus
quartz in the 600° to 1000°C temperature range of figure 3A must .Un
slightly less iron-rich than the limiting values listed above. These lim-
iting results are significantly less iron-rich than the composition of about

Fs..En,, suggested by Bowen and Schairer (1935, fig. 8) as the stability

limit for ironrich pyroxene at temperatures lower than 950°C at low
pressur ene n:un:.:n;oﬁ: was

es. The “forbidden zone” of the pyrox
drawn by Lindsley and Munoz (1969) partly on the basis of the data of
Bowen and Schairer. The results in figure 3A indicate that this area in
which ironrich pyroxenes are not stable at low pressure should extend
about twice as far into the quadrilateral along the enstatite—ferrosilite
join as previously drawn.

Natural orthopyroxenes in magmatic rocks with compositions more

jronrich than the low-pressure stability limits must either have crys-
tallized metastably or have been stabilized by pressure. The pressures
necessary to stabilize pure orthoferrosilite are shown in figure 2; the in-
crease in orthopyroxene stability with pressure is shown by the 900°C
data in figure 3B. Since the compositions of olivine and orthopyroxene
in the three-phase assemblage are uniquely a function of pressure at a
given temperature, the assemblage may be used as a geobarometer, if the
temperature can be estimated. 1f only orthopyroxene is present, the re-
sults in figure 3B may still be used to obtain an approximate minimum
pressure for the stable crystallization of sufficiently iron-rich, calcium-
poor pyroxencs in magmatic rocks (for example, Smith, 1971).

The stability of the olivine-orthopyroxenc-quartz assemblage is
limited at low temperatures and sufficiently high water pressure by the
formation of amphibole in the cummingtonite-grunerite series. Olivine
(Fag;) reacted with quartz to vield minor n::v_:_vc_n at 650°C, 1 kb H,0.
Orthopyroxene (Fs.0) —u::; broke down to olivine, quartz, and am-
phibole at 600°C, 1 kb H.O. Amphibole compositions were not deter-
mined.

WIDTH OF THE THREE-PHASE FIELD

The boundaries of the three-phase cZ:oE;.oxm:mlom,,munlmm:nw
fields in figures 3A and 3B could be determined more precisely if exact
values of the field widths were known. The width of one of the fields at
any point is the difference in iron enrichment between coexisting olivine
and orthopyroxene. This width is defined here as AX, where

Fe Fe

AX = -
Tet .am olivine

Fe + V_W orthopyroxene

Since AX is a measure of the partition between the two phases, it is 2

function of pressure, temperature, and the composition of either phase.

The pressure dependence of AX will be small, however, as shown by the
calculations of Ramberg and DeVore (1951) and Medaris (1969). Like-
wise, the temperature dependence will be slight as shown by the experi-
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ments and calculations of Larimer (1968), Medaris (1969), and Williams

and Eugster (1969).
The nxvmlam—:& data in figures 3A and 3B provide limiting values

{or the width of the three-phase field at low pressures. Results at 800°C
indicate that AX must exceed 0.05. The complete and nearly complete
reactions at 750°, 800°, and 900°C establish that AX cannot be sub-
santially greater than 0.15 for these temperatures in this iron-rich com-
position range. Slow reaction rates prevented a more precise m%%ﬁ.mam:n&
determination. The reaction of olivine plus quartz 1o pyroxene was
Huﬁ.an_,:mai slow at fluid pressures lower than 1 kb, even in hydrother-
mal, seeded experiments, and complete reaction of olivine plus quartz
was achieved only above 6 kb. Measurement Of the compositions of
coexisting olivine and orthopyroxene in the products of these experi-
ments would define exactly the positions of the boundaries and the width
of the three-phase field only if equilibrium were achieved. Comparison
of the proportions of phases in the products of various experiments
(figs. 3A and $B) indicates that equilibrium was not always attained.
However, three independent lines of evidence can be examined to de-
termine AX: (1) direct experimental studies of the Fe-Mg partition be-
tween olivine and orthopyroxenc, (2) an examination of the partition in
natural occurrences of the three-phase assemblage, and (3) thermody-
namic calculations.
The most direct evidence for the field width over the temperature
range studied here is based on the experimental studies of the partition-
veen synthetic olivine and orthopyroxene by

ing of Fe and Mg betv

Medaris (1969). The best-fit equation he derived for his partition data at
900°C yields the following compositions for coexisting olivine and
orthopyroxene: olivine, Fagg, orthopyroxene, Fs;a A.,vuﬂuno.oovn olivine,
Fa,;, orthopyroxene, Fs., (AX = 0.08); olivine, Fay,, orthopyroxene, Fsgs
(aX = 0.06). However, these olivine and orthopyroxene compositions
are more iron-rich than most of those used in his experiments.

« Fig. 3. Experiments with orthopyroxcne and olivine plus silica starting materials.
‘L'riangles pointing right show that orthopyroxene of the indicated Fe/(Fe T Mg) ratio
at least partly broke down to olivine plus silica. Triangles pointing left show that oli-
vine of the indicated Fe/(Fe+ Mg) ratio partly reacted with silica to yield orthopy-
roxene. The percentage of shading in each triangle is uv?.cz:dgni ?omoacsﬁ o
the percentage of olivine plus silica in the reaction products; estimated percentages
may be obtained from tables 2 and 3 (appendix). Compositions of olivine and ortho-
pyroxene coexisting with silica should lic on the dashed lines, which are projections
of the boundaries of the three-phase field.
A. Results at pressurcs of 1 kb or lower. Experiments at and below 800°C were
hydrothermal and were at 1 kb. Those at 900° and 950°C were hydrothermal at pres-
sures of 0.5 and 0.8 kb. All hydrothermal experiments were buffered by the fayalite-
magnetite-quartz reaction. Experiments at 1000°C were in evacuated and sealed silica-
glass tubing.
B. Experiments at 900°C over a range of pressures, Those below 1 kb are repeated
from figure 3A. Hydrothermal experiments at 8 and 7 kb were carried out in an in-
ternally heated gas apparatus. Higher pressure experiments were made in silver cap-
sules in a solid-media, piston-cylinder apparatus by piston-out and modified piston-out

techniques.
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Compositions of olivine and ortho
in two geologic scttings are similar, and
larger than those jn accord with the ext
experiments of Medaris to more iron-rich compositions. Electron probe
data for three o:<_.:o|o~:~c3%ozm:m PAirs in one thin section of oliyj
quartz monzonite are presented in table ]
series of minor intrusions associated with the Nain, Laby
site complex (Wheeler, 1968; Smith, E.:v“ the pri
of formation of the phases are unknown, Bonnichsen (1969) determi
compositions of o:S.:m|o~,:53.~,oza:o pairs (table 1) from six rocks con-
taining the three-phase assemblage; the maximum crystallization tempera-
tures of these rocks, which are from an iron formation in the contact aureole

of the Duluth gabbro, have been estim; in the range 700° to
750°C (Bounichsen, 1969, p. 219). The AX for orthopyroxene coexisting
with Fa,, olivine is about 0.14 in both cases, a value more than twice
that of 0.06 derived from the best-fit equation of Medaris (1969). The
diflerence between the natural and predicted values could reflect lack
of equilibration in the natural samples or the effect of other elements jn
them. The geologic settings of the two occurrences are quite different,
however, and (he similarity of ‘ompositions suggests that the partitions
Tepresent an approach to equilibrium, Tt jg possible that the olivine—-
orthopyroxene Pairs may have cquilibrated at simjlay temperatures and
and the cllecy of these intensive variables on the partition
greater than hat predicied by Larimer (1968) and Medaris

- Alternatively, j may not be feasible to extend the results of
Meduris to such iron-rich compositions,

A thermodynumie caleulation sugeests that the somewhat ]ay

‘ger
partition indjcaged by the natural assemblages s more nearly 2:%2
for these iron-rich ompositions, even ap 900°C. The w:__:.__.c‘.:lp_ for
the three-phase assemlby

requiring that oljvine

pPyroxene occurring with quartz
they yield values of AX distinctly
rapolation of the 900°c partition

ador, anortho-

8¢ may be described by two equations, one
and orthopyroxene be in exchange equilibrium
TabLe 1

Fe/(Fe + Mo) ratjos of olivine and orthopyroxene occurring
with quartz in two different geologic settings

e
Olivine quartz monzonite* Metamorphosed iron formation*#
.y Ortho- Ortho-
Olivine pyroxene AX Olivine

Pyroxene AX

0.91 0.76 0.15 0.91 0.76 0.15

0.92 0.76 0.16 0.90 0.74 0.16

0.90 0.77 0.13 0.90 0.75 0.15

0.9] 0.79 0.12

0.90 0.79 0.11

0.91 0.77 0.14

Averages 0.91 0.767 0.15 0.905 0.767 0.14

* Elcetron probe analyses, three Pairs of grains in rock W2-1568
**Analyses by Bonnichsen (1969); six different rocks
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the ideal approximation (AX = Aa), AX lies in the range (.13 to (.18,
values distinctly greater than the .09 figure derived from the partition
data of Medaris (1969) for orthopyroxene in equilibrium with .
Both olivine and m.,cmmoul.i.:z:. 2 solid solutions show similar, positive
deviations from ideality

at 1200° (Kitayama and Katsura,
yama, 1970). AX will be less than

1968; Kita-

AA only if AFa,01 = Xpa,01 > Apyp,

— Xrurxe for the compositions in the three-phase assemblage; this could

occur only if the olivine solid solution had a significantly greater positive
deviation from ideality than the o
tion of Fe and M

rthopyroxene solution,

g between the M, and M, sites of orth

1969); Saxena and Ghose, 1970). Olivi
lower temperature ordering (Finger, 1971), and i
olivine will be significantly i
calculations thus suggest th greater than 0.13 for the three-
phase assemblage at 900°C and low pressure.
Further partition experiments for iron-rich compositions are needed
to define the width of the three-phase field more accurately, Such data,
together with the results in figure 4, will be useful in checking the con-
sistency of activity-composition relatiox
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and orthopyroxene solid solutions,

of the assemblage

edge of the activity-
composition relationships together with the data of figure 4 wil] permit
calculation of AX. The better the partition is known for these iron-rich
compositions, the more accurately j i

perimental results as
here are consistent with the P
less, the widths of the olivine-
and 3B have heen drawn

Xperimental results obtained

edaris (1969). Neverthe-
orthopyroxene-silica fields in figures 3A
slightly greater than would be consistent with
an extrapolation of his resulgs because of the larger values suggested by
both calculations and natural assemblages, Virgo and Hafner (1970)
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