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The formation of pigeonite on the join hedenbergiteferrosilite at 11.5 and 15 kbar:
experiments and a solution model
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Abstract

The three-pyroxene assemblage orthoferrosilite (OFs)-pigeonite (Pig)-hedenbergite
(Hd"") is stable on the CaFeSi2Oo-FezSizOe join at pressures above ll.5 kbar and below
approximately 20 kbar. It is found at 825t10'C (11.5 kbar) and at 855t10"C (15 kbar). At
lower pressures the low-Ca pyroxenes decompose to Hd", + Fayalite + Quartz while at
and above 20 kbar the Hd"" + Pig pair is replaced by a single clinopyroxene (Cpx). Under
the assumption that (a) Pig has the C2lc space group at elevated temperatures and (b) Ca
enters only the M2 site of Cpx, the Cpx solution can be described by an asymmetric
Margules model:

6xs = (20.697 - 0.00235P)Xcr" + Q6941+ 0.00592P)XHolXnaXcr",

where units are kJ and kbar, and Xsps and Xga are the mole fractions of FezSizOo and of
CaFeSi2O6 in Cpx. The Gibbs free energy for the reaction OFs = CFs (C2lc) is given by

AGr : +1.843 - 0.0016767(Kelvin) + 0.03686P kJ.

The Opx solution is assumed to be symmetric, with IVc = 15 kJ.

Introduction
The join CaFeSi2OsFe2Si2O6 (Hd-Fs) has been

of interest to petrologists mainly because it is the
Mg-free boundary of the pyroxene quadrilateral.
Based on pyroxene assemblages found in a variety
of igneous and metamorphic rocks, one might ex-
pect the Hd-Fs join to show several two-pyroxene
fields-orthopyroxene + high-Ca clinopyroxene
(OFs + Hd..), OFs * low-Ca Cpx (Pig), and Hd," +
Pig-as well as the three-pyroxene assemblage Hd""
+ Pig + OFs. Experimental calibration of the phase
compositions and temperatures for these assem-
blages would greatly aid in interpreting natural
pyroxenes, either by graphical extrapolation or by
use of a thermodynamic solution model for Ca-Fe
pyroxenes as a boundary for a model of more
complex pyroxenes.

However, it has been known since the pioneering
study of Bowen, Schairer, and Posnjak (1933) that
pyroxenes are stable on this join at I atm only for
compositions close to CaFeSi2Oo. Lindsley and
Munoz (1969) found that increasing pressure stabi-
lizes increasingly iron-rich pyroxenes, and they
0003-004181/l r 12-l 175$02.00

showed pyroxenes as stable (relative to olivine (Fa)
and quartz (Q)) over the entire join at 20 kbar. The
recent careful study of Bohlen, Essene, and
Boettcher (1980) showed that pure FezSizOo is not
stable below ca. 12-13 kbar in the temperature
range considered here (800-1000'C). The presence
of Ca stabilizes OFs to slightly lower pressures, but
direct experimental determinations of two- and
three-pyroxene equilibria on the Hd-Fs join are
limited to pressures at or above 11.5 kbar.

A number of workers (e.9., Bowen et al., 1933;
Turnock, 1962; Lindsley, MacGregor, and Davis,
1964; Lindsley,1967; Lindsley and Burnham, 1970)
have found that, with increasing temperature, py-
roxenes on the Hd-Fs join may transform to pyrox-
enoids. This paper is not concerned with pyroxen-
oids; it deals with temperatures sufficiently low
(800-1000"C) to keep pyroxenes as the stable meta-
silicates.

The subsolidus phase diagram for the Hd-Fs join
at 20 kbar is quite simple (Lindsley and Munoz,
1969, p.308): below 800oC there is a broad field of
hedenbergite solid solution (Hd.J * OFs. From
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l t76 LINDSLEY: FORMATION OF PIGEONITE

approximately 850 to 950"C the Hd"" field widens
rapidly, so that at 950"C the Hd". (or Cpx) field
extends from Hd to approximately HdlsFses (mole
percent). Lindsley and Munoz searched for a stable
two-Cpx (Hd,. + Pig) field but found none. Accord-
ingly, they concluded that the Hd""(OFs) solvus
(that is, the curve showing the composition of Hd".
in equilibrium with OFs) is inflected, and their
diagram is topologically similar to the subsolidus
portion of that proposed by Davis and Boyd (1966)
for the Diopside-Enstatite join at.30 kbar. Like
Davis and Boyd, Lindsley and Munoz concluded
that the inflected solvus resulted from the interfer-
ence of a two-Cpx miscibility gap with the Opx-Cpx
transition loop. This paper reports experiments at
11.5 to 15 kbar that demonstrate the existence of
this miscibility gap at the lower pressures and that
show the temperatures and compositions for the
isobarically invariant three-pyroxene assemblages
Hd"" + Pig + OFs on the Hd-Fs join. These data are
combined with the earlier results at 20 kbar to vield
a solution model for Ca-Fe pyroxenes.

Experimental techniques

Starting materials

Pyroxenes for use as starting materials were
synthesized by the methods of Turnock, Lindsley,
and Grover (1973) using high-purity chemicals. Fi-
nal synthesis conditions for each pyroxene are
given in Table 1; most were made hydrothermally at
2O-22 kbar and 950-980oC, in silver capsules, using
a piston-cylinder apparatus with a 0.75" (1.91 cm)
bore. Each capsule was 0.50" (1.27 cm) long and
0.25' (0.64 cm) in diameter, and was loaded with

Table l. Starting materials

tuf . CoqDEition Phase (s) SFthesis &nditions
(or other $rce)

P (kbar) T(cc) Eat ion (h)

approximately 0.4 g of prereacted pyroxene mix, 30
mg H2O, 2-3 mg SiO2 glass, and I-2 mg oxalic acid.
The excess silica prevents desilication of the pyrox-
ene by the hydrothermal fluid, and the oxalic acid
breaks down to produce small amounts of reducing
gases (CO, Hz) that prevent oxidation of the pyrox-
ene. Dry syntheses (Table 1) used Feo capsules of
the same size as the silver ones. Most were per-
formed in the piston-cylinder apparatus, although
the most calcic was made by crystallizing glass, the
Fe capsule being held in an evacuated SiO2-glass
tube.

The synthesized pyroxenes were checked for
homogeneity and complete reaction by powder X-
ray difraction and by electron probe microanalysis.
Table I shows the starting materials-single phases
and mechanical mixtures of two pyroxenes-that
were used to bracket the compositions of the coex-
isting phases and to determine the temperatures of
the Hd"" + Pig + OFs assemblage.

Experiments

Approximately 10 mg of desired starting material,
1 mg of H2O, and 0.1 to 0.2 mg each of SiO2 glass
and of oxalic acid were loaded into silver capsules
0.094' (0.24 cm) in diameter by 0.140" (0.36 cm)
long. A tightly fitting Ag lid was rammed into the
capsule, and the upper lip of the capsule peened
over the lid to provide a seal. The experiments were
performed in a 0.5" (1.27 cm) piston-cylinder appa-
ratus using afurnace assembly like that of Boyd and
England (1963) but with four important differences:
(1) No boron nitride sleeve was used; instead, the
graphite furnace fit directly into the talc sleeve.
This arrangement was made feasible both by the
relatively low temperatures of the experiments and
by their hydrothermal nature: any water released by
dehydrating talc would not affect the charges; (2)
the solid insert was AlSiMaeZZZ (American Lava
Co.) rather than boron nitride; (3) two capsules
were placed end-to-end within the furnace assem-
bly; and (4) the interface between the capsules,
rather than the thermocouple junction, was placed
at the center of the thermal profile of the furnace.
Calibration experiments using multiple thermocou-
ples and dummy capsules show that the hotter ends
of each capsule were 12-15"C above the nominal
temperature indicated by the Pt vs. PteeRhle ther-
mocouple; the reported temperatures have been
corrected for this difference.

The samples were taken at room temperature to
nominal pressures 1.5 to 2.5 kbar above the desired
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pressure, and then were taken to the desired tem-
perature. During the initial stages of heating, the
gauge pressure dropped but in the final stages it
rose again. When the run temperature was reached,
the gauge pressure was lowered to the appropriate
value; thus, the experiments are of the outstroke
type. Pressures were calibrated by bracketting the
OFs : Fa + Q reaction at 825'C and comparing the
results with those of Bohlen et aI. (1980), who used
NaCl pressure cells. These calibrations indicate
that the apparent pressures in the present experi-
ments were approximately 2 kbar too high for run
durations similar to those by Bohlen et al. (24hrs).
The discrepancy slowly diminishes with increasing
run duration (probably because of a slow relaxation
of the talc pressure medium), and a correction of
-1.5 kbar has been adopted.

Analysis

After quenching, the silver capsules were
cleaned, weighed, and gently cut with a pair of end-
nippers until a hiss-escaping gases from the oxalic
acid-was heard. The capsule was then placed in a
glass shell vial on a hot plate at approximately
120'C. Droplets of water condensing on the upper
parts of the vial confirmed that the capsule had
retained water, and a re-weighing usually showed
that85-90Vo of the original water was lost on the hot
plate. Some of the balance remained in the sample
as fluid inclusions. Further evidence that a fluid
phase was present at P and ? is the friable nature of
the charges: the grains were not tightly sintered
together in the fashion typical ofdry high-pressure
experiments.

The charges were examined in oil mounts under
the petrographic microscope and by powder X-ray
diffraction. If reaction appeared to have taken
place, a portion of the charge was mounted in epoxy
for electron probe analysis. Typical grain sizes were
5-30 microns for Cpx and 10-500 microns for Opx.
(The largest Opx grains formed in runs where the
starting material was low-Ca Cpx to which minute
amounts of Opx seeds had been added. In common
with many other investigators, I found Opx reluc-
tant to nucleate, and seeding was essential to
achieve equilibrium.)

The microprobe analyses were made on an auto-
mated ARL-EMX sru probe with online data reduc-
tion using the Bence-Albee and Albee-Ray correc-
tion procedures, an accelerating potential of 15kV,
and a specimen current (on brass) of 0.015pA. Y-6
diopside and a synthetic Opx (WoaEn2aFs72) served

as standards. The fine grain size of some Cpx made
analysis dfficult, even using the minimum spot size
(-1 micron). Analyses were accepted if the oxide
sums were 100-{-2 wt.Vo and the cations summed to
4.00-f 0.02 per six oxygens; most analyses fell well
within these limits. I also encountered problems
with zoning and grain-overlap in some runs (c/.,
Lindsley and Dixon, 1976).In particular, the analy-
ses of Hd"" in some mechanical mixtures run at low
temperatures differ little from the starting material,
even though the X-ray diffraction patterns may
show a considerable decrease in Ca content. This
apparent discrepancy is clearly due to the tendency
of the microprobe operator to direct the electron
beam to the center of a small grain, thus maximizing
the probability of analyzing a core of relic starting
material. The X-ray powder pattern, in contrast, is
dominated by the volumetrically more important
rim of product pyroxene.

Results

The results of the experiments at 11.5+0.5 and at
15-+0.5 kbar are shown in Table 2 and in Figure 1.
In contrast to the results of Lindsley and Munoz
(1969) at 20 kbar, there is a small but definite field of
Hd", + Pig at the lower pressures. (The reasons for
the difference are discussed in a later section.) The
isobarically invariant assemblage of Hd.. + Pig +
Opx is constrained to be at 825i10'C (11.5 kbar)
and 855110"C (15 kbar). Analyses of Opx and of Pig
tend to be tightly clustered, in part because larger
grain size facilitated the analysis. Microprobe anal-
yses of Hd"" formed at lower temperatures must
generally be augmented by X-ray determinations of
composition, so the Hd"" (Opx) solvus is not so
tightly constrained as one would wish.

Solution model

The coexistence of three solutions in a binary join
puts very tight constraints on thermodynamic solu-
tion models. The model for Hd-Fs presented here is
very similar in form to that developed for the Di-En
join by Lindsley, Grover, and Davidson (1981)' It
assumes (1) that pigeonite has the C2lc space group
at elevated temperatures and thus Hd.. and Pig
have the same equation of state; (2) that the Cpx
solution is asymmetric; (3) that Ca is effectively
excluded from the Ml site of Cpx and thus Hd
serves as a true end member for the solution; Ca-Fe
mixing takes place on the M2 site only; (4) that Opx
behaves as a regular, symmetric solution. Assump-
tion (1) is strongly supported by the high-tempera-
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Table 2. Results of experiments

Ref. * Stut.
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D  l a l i o n  R U N  P R O D U C T S
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ture crystallography studies of Ohashi, Burnham,
and Finger (1975) and (2) is required by the compo-
sitions of coexisting Hd.. and Pig. (3) is compatible
with available experimental and crystallographic
data, although the possibility of a small amount of
Ca in Ml of Hd probably cannot be excluded.
Assumption (4) is not critical; in common with
recent modellers of the Di-En join (e.g., Saxena
and Nehru, 1975; Holland, Navrotsky, and New-
ton, 19791' Lindsley et al., 1981), I found that the
overall model was very little dependent on the
expression adopted for Opx. This is mainly because
the Opx free energy curve needs be fit over a very
narrow range of composition close to Fe2Si2O6. I
have arbitrarily adopted a value for lV6(Opx) of 15
kJ.
' The formalism of the solution model is presented
extensively in Lindsley et al. (1981), and need not
be repeated in detail here. The goal, ofcourse, is to
evaluate expressions for the Gibbs free-energy
curves for two solutions-Cpx and Opx. Two-Cpx
equilibria depend only on the shape of the Cpx G-
curve. In contrast Cpx-Opx equilibria depend not
only on the shapes of the curves, but upon the

relative stabilities of the end members. The relative
positions of the ends of the curves are determined
by the reactions

Fe2Si2O6(Opx) : FezSizOo (Cpx) (1)

and
CaFeSi2O6(Opx) : CaFeSi2O6 (Cpx) (2)

through the relations

IrF.cn* - lrF.oP* : AGr : AU r - TASI

+ (P - 0.001)Ay1 (3)

and

pftacp* - p?ign* : LGz: L(Jz - ?AS2

+ (P - 0.001)ay2 (4)

where the units are kJ, Kelvin, kJ/Kelvin, kbar, and
kJ/kbar. (Writing reaction 2 does not imply the
stable existence of "orthohedenbergite", because
AC'2 is always negative. IUc(Opx) and A,U2 are
highly (negatively) correlated, and the value of 15
kJ adopted for lV6(Opx) ensures that the model will
not predict the stability of "orthohedenbergite".)
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parameters for the Cpx solution have the form:

WGrr: Wur, * PWvn

and

WGr,: Wur, * PWvz, (10)

(No excess-entropy term was required to fit the
data). The right-hand sides of Eqs. 3-4 and 9-10
contain 10 unknowns. The relations among chemi-
cal potentials (Eqs. 5-8) provide a total of 42
equations in these unknowns for the experimental
data at 11.5, 15, and 20 kbar. I solved these by a
linear least-squares technique. The compositions
used in the initial stages of the modelling were the
mid-points of the experimental brackets. However,
as argued by Lindsley et al. (1981), the mid-points
are not necessarily the most appropriate composi-
tions (cny composition within a poorly determined
bracket is acceptable), and the first sets ofparame-
ter values obtained were not compatible with the
three-pyroxene equilibria (Eqs. 7, 8). Accordingly,
I adjusted the compositions (within the limits of
brackets) and repeated the least-squares procedure,
until the parameters converged on values (Table 3)
that were compatible with all the experiments,
including the three-pyroxene equilibria. A test of
the model was to calculate phase diagrams and to
compare the calculated diagrams with the experi-
mental data (Fig. 2).

An additional test of the model is to compare the
predicted univariant curve for reaction 1 [OFs-CFs
equilibriuml with experimental data. Because the
model assumes that all compositions of Cpx have
the Cllc space group, the Opx-low-Cpx (P2tlc)

Table 3. Values of parameters for Hd-Fs solution model

l l79

Mole  % CorS i rO .
20 1

80 60 40 20 Fs
-  Mole % CoFeSirO.

Fig. l. Summary of microprobe analyses of run products for
I I .5 and 15 kbar. Each "tick" represents one analysis. In a few
runs (low temperatures at 15 kbar) the product Hd"" was too fine-
grained to probe, or analyses showed zoned starting material; for
these cases compositions of Hd"" are estimated from the (221),
(310), (3ll) and (311) powder X-ray difrraction peaks (triangular
symbols).

For each two-pyroxene pair the equilibrium ex-
pressions are:

Ff"rsiro. : &FerSirou (5)

and
/4."tr,rou : F€aneSizoo (6)

where the A-B pairs are Hd..-Opx, Pig-Opx, or
Hd..Pig as appropriate. The three-pyroxene assem-
blages at 11.5 and 15 kbar require that:

rF$si,o.: pFi"srsirou : p93,ti,ou Q)

and

,r5$."r,,o0 : F8h"si,ou : P8lf"si,o. (8)

The appropriate expressions for the chemical
potentials can be derived from equations on pp.
166-167 of Lindsley et al. (1981) by substituting Hd
for Di and Fs for Enr. The asymmetric Margules

I Please note, however , that W6 and W62 were inadvertently
reversed in those equations.

(e)30

value,/rcIe Di-hr

aur (kJ)
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A% (kJlkbat)

AU2 (H)

as2 (kirA)
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wu(Hd) (kJ)
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wc(opr) (kJ)

0 , 0 6 1  3 . 5 6 1
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0 . o o 0 8  0 . 0 3 5 5
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0 . 0 0 0 0 5  -  0 . 0 0 8 1 6
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wc(t)  = wu(f)  + wv(i) 'P(kbat),  whete ( i )  ls Hi l  ot  CFs.
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phase boundary is not germane, and, hence, the
thermochemical parameters derived by Helgeson,
Delaney, Nesbitt, and Bird (1978) for the latter
reaction are not comparable with the present re-
sults. I have recently re-interpreted some old data
on ferrosilite as indicating an Opx to high-Cpx (C2l
c) reaction with increasing temperature in the range
28 to 42 kbar (Lindsley, 1980). That revised phase
diagram and the Opx-Cpx boundary calculated
from the solution model are presented in Figure 3.
The agreement, while not perfect, seems satisfac-
tory.

Discussion

The solution model presented here is compatible
with the available experimental data(11.5-20 kbar).

4Q 30 1 0
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The change of topology of the phase diagrams-
from the 3-pyroxene assemblage at 11.5 and 15 kbar
(Figs. 2a,b) to the inflected Hd". (Opx) at 20 kbar
(Fie. 2c)--can be explained by the destabilization of
Pig with increasing pressure. By approximately 20
kbar and 885"C, the consolute point on the Cpx G-
curve has a tangent to the Opx G-curve and, hence,
the two-Cpx field has disappeared. Lindsley et al.
(1981) calculated an identical sequence of phase
diagrams for the Di-En join, although there the two-
Cpx field persists up to 21 kbar (Figs. 3a-f).

The CFs-Hd solution is asymmetric in the same
sense as CEn-Di. However, the excess parameters
for the Ca-Fe Cpx are smaller by 8-10 kJ than those
for Ca-Mg Cpx, in keeping with petrologic observa-
tions that the two-Cpx field tends to narrow with

Fs

H d -  Mole % CoFeSi2O5 Fs Hd - Mole "/o CoFeSi2O5 Fs

Fig. 2' Subsolidus phase diagrams for the Hd-Fs join calculated from the solution model and compared with the experimental
data: 11.5 and 15 kbar, this paper; 20 kbar, Lindsley and Munoz (1969). Symbols: -l and t-, horizontal line shows range of
composition for run products by microprobe analysis (Fig. l; Table 2); vertical line shows direction from which equilibrium was
approached. Arrowheads, compositions from X-ray determinative curves. a. ll.5 kbar. b. I kbar. c. 20 kbar. d. 30 kbar.

Hdss + oFs
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increasing Fe/Mg. (This tendency is only partly
offset by the fact that temperatures in igneous rocks
generally decrease with increasing Fe/IvIg.). AU for
the OFs-CFs inversion is one-half that reported for
OEn-CEn by Lindsley et al. (1981); AV and AS are
closely comparable for both reactions.

Unit-cell volumes of Cfs-Hd pyroxenes mea-
sured at room temperature (for example, Lindsley,
Munoz, and Finger, 1969) show a positive excess
volume of mixing; the volume curve is everywhere
concave downward. In contrast, the volume curve
implied by the Wyparameters for Cpx in Table 2 is
very slightly S-shaped with a small negative excess
volume near Fe2Si2Oo (Fig. 4). Although the latter
curve is only inferred rather than directly mea-
sured, it may be more appropriate for the solution
model than is the measured curve. because the
volumes are more likely to change upon quenching
than are compositions of the solid phases. The signs
of the lVy terms are the same as those found by
Lindsley et al. (1981) for CEn-Di, but the excess
volumes for Ca-Fe Cpx are distinctly smaller.

To the extent that one may extrapolate the vol-
ume data (both the Vxs and the AV terms for
reactions 1 and 2), the model presented here can be
used to calculate metastable pyroxene relations on
the Hd-Fs join at low pressures. As phase-equilibri-
um data on Ca-bearing olivines become available

r200

r"c
rooo

800

600

400

B kbor
Fig. 3. Comparison of the phase-equilibrium diagram for

Fe2Si2O6 (Lindsley, 1980, Fig. 2) and the OFs-CFs (C2lc)
inversion calculated from the parameters of reaction (1). The
CFs is presumed to be Cllc at elevated temperatures. The
calculated curve is in qual i tat ive agreement with the
experimentally determined one (heavy curved line).
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Fig. 4. Comparison of Hd-CFs unit-cell volumes measured
at room temperature and pressure (symbols and light line,
Lindsley et al., 1969) and those calculated from the solution
model for C2lc pyroxenes at elevated temperatures and
pressures (heavy line). The calculated volumes agree well with
measured volumes for Ca-rich compositions that are CZlc at
room temperature, but deviate for Ca-poor phases that ate P2llc
at room temperature. The inset shows the derivation of the
volume for pure C2lc CFs (circle) from that of OFs(X): V?e*(C2l
c ) : V o e * + A V ? .

(e.9., Mukhopadhyay and Lindsley, 1981), we
should also be able to calculate Hd""-Fa-Qtz equi-
libria using the present model, in conjunction with
the OFs-Fa-Qtz data of Bohlen et al. (1980) and an
olivine solution model. The experimental data ob-
tained at high pressures for the Hd-Fs join would
then become more directly applicable to crustal
rocks-such as the Skaergaard Intrusion and a
number of lunar basalts-that have undergone ex-
treme iron enrichment.
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