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ABSTRACT

A systematic in-situ high-temperature study of Fe?+-Mg distribution over the two oc-
tahedral sites, M1 and M2, in synthetic orthopyroxenes (En,;Fs,;, En,,Fs,,, En,Fss,,
En,;Fs,;, and En,,Fs,;) was undertaken at 1000, 1100, 1200, and 1300 K by the single-
crystal X-ray diffraction method. The reversal measurements of cation ordering states were
made on samples En,;Fs,;, En,, Fs,,, En,yFss,, and En,,Fs,,. Because of the orthopyroxene-
clinopyroxene phase transition observed at ~1255 K for En,,Fs,,, no site-occupancy de-
terminations at 1300 K were made for En,,Fs,; and En,,Fs,,. The site occupancies in the
Mg-rich sample (Fs,;En,;) at 1300 K are anomalous because of the existence of a transi-
tional structural state prior to a phase transition from the orthopyroxene to the protopy-
roxene phase. The asymmetry in the distribution of Fe and Mg over M1 and M2 sites is
confirmed in the range 1000-1200 K, although it is much less pronounced than that
determined from quenched natural samples at lower temperatures (873—-1073 K). An anal-
ysis of the site-occupancy data based on the regular solution model of Saxena and Ghose
(1971) yielded: AG,,, = 7751 + 3.0007 (+246) J/mol, WM! = 10230 — 2.0657 (+164)
J/mol, and WM2 = 14775 — 7.575T (+624) J/mol, where T is in kelvins. All three param-
eters are temperature-dependent, with AG.,, increasing and WM! and W™2 decreasing with
increasing temperature. The W™' — ™2 term increases with increasing temperature, in
accord with the result of Shi et al. (1992) but in contrast to most previous studies. This
result suggests that the atomic configurations around the cations in M1 and M2 sites
become more dissimilar, and the asymmetry of the orthopyroxene solid solution increases
at elevated temperatures (1000-1200 K). The sublattice (Shi et al., 1992) and the regular
solution models (Saxena and Ghose, 1971), respectively, were used to derive the micro-
scopic and macroscopic excess thermodynamic parameters (AG™, AH*, and AS*) and the
activity-composition relations. The macroscopic excess parameters show positive devia-
tions from ideal mixing. The AG* and AH* values agree reasonably well with those de-
termined experimentally.

INTRODUCTION

The (Mg,Fe),Si,0, orthopyroxenes are major constit-
uents of the Earth’s crust and the upper mantle. The two
end-members, ferrosilite, Fe,Si,O,, and enstatite,
Mg,Si,0,, form a complete solid solution, which is stable
over a wide range of temperature and pressure. The crys-
tal structure of orthopyroxene consists of two nonequiva-
lent SiO, tetrahedral sites, A and B, and two crystallo-
graphically distinct MO; octahedral sites, M1 and M2 (M
= Fe, Mg, etc.). The Fe-Mg order-disorder between M1
and M2 sites is of special interest because it is closely
related to the cooling history of host rocks and to the
excess thermodynamic properties of the orthopyroxene
solid solution.

The intracrystalline Fe-Mg distribution in natural or-
thopyroxenes quenched at various temperatures has been
extensively investigated by means of ’Fe Mgssbauer res-
onance spectroscopy and single-crystal X-ray diffraction
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techniques (e.g., Evans et al., 1967; Ghose and Hafner,
1967; Virgo and Hafner, 1969; Saxena and Ghose, 1971;
Domeneghetti et al., 1985; Sykes and Molin, 1986; Molin
et al., 1991; Hazen et al., 1993). Some kinetic experi-
ments were undertaken to explore the possibility of using
the Fe-Mg ordering states in orthopyroxenes as indicators
of cooling rates (Besancon, 1981; Anovitz et al., 1988;
Saxena et al., 1989; Skogby, 1992; Sykes-Nord and Mol-
in, 1993). Paralleling the development of that experimen-
tal research, the thermodynamic behavior of the ortho-
pyroxene solid solution as a function of chemical
composition, temperature, and pressure has been mod-
eled by several workers (e.g., Saxena and Ghose, 1971;
Navrotsky, 1971; Sack, 1980; Davidson and Lindsley,
1985, 1989; Sack and Ghiorso, 1989; Akamatsu, 1989;
Shi et al., 1992). However, all previous cation ordering
data were obtained from quenched natural samples, which
poses several complications in the correct derivation of
the thermodynamic properties of orthopyroxenes. First,
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natural crystals always contain small amounts of other
cations in addition to Mg2+, Fe**+, and Si**, such as Ca?*,
Mn2+, A3+, Cr3+, Ti*t, etc. As indicated by Snellenburg
(1975), Hawthorne and Ito (1977), Domeneghetti et al.
(1985), Molin (1989), and Sykes-Nord and Molin (1993),
the presence of these minor elements can cause significant
changes in some structural parameters and physical prop-
erties. Among all the minor elements, Al is the most crit-
ical because it can substitute for both Si in the tetrahedral
sites and (Mg,Fe) in the octahedral sites. Second, natural
orthopyroxenes often contain submicroscopic exsolution
lamellae of Ca-rich pyroxenes and other oxide phases,
which can be partially resorbed in the host phase during
heating at a given temperature. Third, it has been dem-
onstrated that the kinetics of intracrystalline Fe-Mg frac-
tionation is very rapid at high temperature and that the
cation equilibrium ordering states above 900 °C are un-
quenchable (Besancon, 1981; Anovitz et al., 1988). Con-
sequently, the previously determined Fe-Mg equilibrium
distribution data in quenched samples are diverse (An-
ovitz et al., 1988), and the thermodynamic parameters
derived from experimental data are quite different (see
e.g., Sack and Ghiorso, 1989; Shi et al., 1992).

In this paper, we present the first systematic in-situ
high-temperature studies of Fe-Mg order-disorder in syn-
thetic (Fe,Mg),Si,O, orthopyroxenes at 1000, 1100, 1200,
and 1300 K by the single-crystal X-ray diffraction meth-
od. Our results suggest that the Fe-Mg equilibrium dis-
tribution data above 1250 K are anomalous and not suit-
able for thermodynamic modeling because of the
orthopyroxene to clinopyroxene phase transition ob-
served at ~1255 K in Fe-rich orthopyroxenes. The Fe-
Mg order-disorder at 1300 K in Mg-rich orthopyroxenes
is also anomalous because of a transitional structural state
(Yang and Ghose, in preparation). The asymmetric dis-
tribution of Fe and Mg over the M1 and M2 sites in the
range 1000-1200 K is confirmed, although it is much
less pronounced than that found in the previous work
from natural samples quenched at lower temperatures
(873-1073 K). Thermodynamic parameters of the ortho-
pyroxene solid solution, including activity-compo-
sition relations, are derived from the present Fe-Mg
distribution data.

PREVIOUS WORK

The strong partitioning of Fe and Mg over the two
nonequivalent octahedral sites, M1 and M2, in a natural
orthopyroxene was first observed from single-crystal X-ray
diffraction studies by Ghose (1965), who also predicted
the temperature dependence of the cation partitioning.
Evans et al. (1967), Ghose and Hafner (1967), and Saxena
and Ghose (1970) reported Fe-Mg distribution in pluton-
ic and volcanic orthopyroxenes by 3’Fe Mossbauer reso-
nance. Ghose and Hafner (1967) also reported site oc-
cupancies in some orthopyroxenes quenched from 1000
and 1100 °C. Following Mueller (1962), Ghose and Haf-
ner (1967) presented the intracrystalline cation distribu-
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tion by an ion-exchange equation for Mg and Fe between
M1 and M2 sites:

RTIn K, = —AGq,q 0]
and
XM XNe
K, = ——ng X“dgé (2a)

where K, is the intersite cation distribution constant for
the following exchange reaction:

Mg(M1)Fe(M2)Si,O, = Fe(M1)Mg(M2)Si,04. (2b)

Virgo and Hafner (1969) determined the Fe-Mg distri-
bution isotherm at 1000 °C in quenched samples and the
kinetics of the Fe-Mg order-disorder of an intermediate
orthopyroxene (X;. = 0.57) at 500, 600, 700, 800, and
1000 °C by Mdssbauer resonance spectroscopy. They as-
sumed an ideal distribution of Fe and Mg between M1
and M2 sites and found that AG,,, is approximately con-
stant between 600 and 1000 °C. On the basis of the data
of Virgo and Hafner (1969), Navrotsky (1971) derived a
simple, but not a regular, solution model for the Gibbs
free energy of mixing in the orthopyroxene series. In this
model, the excess Gibbs free energy (AG*) and the extent
of cation ordering are symmetric about X = 0.5.
Moreover, nearly ideal thermodynamic behavior of the
solution at approximately 1000 °C is expected from
this model.

A more systematic study of the Fe-Mg fractionation in
orthopyroxenes by *’Fe Mdssbauer resonance was per-
formed by Saxena and Ghose (1971). They examined nine
natural orthopyroxene samples quenched from 500 to 800
°C and presented a regular solution model. Interaction
energy factors WM and W™ were introduced in this
model corresponding to the octahedral sites, M1 and
M2, to describe the nonideality of the orthopyroxene
solid solution:

RTIn K, =RTIn K — W™(l — 2XM!

+ WMl — 2XM2 3)
where
ap'ay;
K= —MZ——E = exp(—AG,,../RT) 4)
aFe amé

and aM! and a}? are the partial activities of Fe on the M1
and M2 sites, respectively, and a};} and a)? are the partial
activities of Mg on the M1 and M2 sites, respectively.
WM and M2 were found to be nonequivalent and tem-
perature dependent. Accordingly, this model is known as
the asymmetric regular solution model.

Sack (1980) suggested that an additional, Bragg-Wil-
liams kind of energy term (AG,..) may make a substantial
contribution to the deviation from ideal mixing of the
solution. In other words, a reciprocal ordering reaction,

Fe,Si,0, + Mg,Si,0, = Fe(M2)Mg(M1)Si,O,
+ Fe(M1)Mg(M2)Si,O,
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TasLe 1. Sample description and chemical compositions
Sample no. 1 2 3 4 5
Fs25 Fs39 Fs51 Fs75 Fs83
Brief notation F* F* D* c*
Oxide (wt%)

Sio, 55.623 53.133 51.716 48.392 47.383

MgO 27.994 21.744 17.047 8.153 5404

FeO 16.546 25.211 31.144 43.342 47.322
Total 100.16 100.09 99.91 99.89 100.11

Cation numbers (based on six O atoms)

Si 2.001 1.995 2.003 2.000 1.996

Mg 1.501 1.217 0.985 0.502 0.339

Fe 0.498 0.788 1.012 1.498 1.662

Fe/(Fe + Mg) 0.249 0.394 0.506 0.749 0.83t

Sample source** LY (o} LY L LY

* Original notations used by D.H. Lindsley at SUNY, Stony Brook, for different experiments of the same composition.

" LY = Lindsley and Yang, O = Ohashi, L = Lindsley.

should be taken into account to incorporate both the in-
trasite and intersite interactions into the thermodynamic
expression of the orthopyroxene solid solution:

RTIn K, = RTIn K + AG, (XM — XMi) —

WMl — 2XY) + WMl - 2XM). (5)
Note that the W™! and WM? terms in Equation 5 have
different physical meanings and numerical values from
those in Equation 3. As pointed out by Sack (1980) and

Ganguly (1982), the W terms in Equation 3 implicitly
contain the AG, term, i.e.,

WM = TPM — YAG,,

(6a)
WM = M2 — HAG. (6b)

Equation 5 was used later by Davidson and Linds-
ley (1985, 1989), Sack and Ghiorso (1989), and Shi et
al. (1992).

Despite the numerous studies on orthopyroxenes cited
above, some questions regarding the thermodynamic na-
ture of mixing remain. One important question is wheth-
er the orthopyroxene solid solution is symmetric or
asymmetric. Virgo and Hafner (1969), Navrotsky (1971),
Davidson and Lindsley (1985, 1989), and Sack and
Ghiorso (1989) treated the solid solution as symmetric,
whereas other workers considered the solution to be
asymmetric (Saxena and Ghose, 1971; Shi et al., 1992).
Another question is how the interaction parameters (W
terms) behave with temperature. Shi et al. (1992) em-
ployed the theory of sublattice solid solution and opti-
mization methods and found that WM! — ™2 increases
with increasing temperature, contrary to previous results
(e.g., Saxena and Ghose, 1971; Sack, 1980; Davidson and
Lindsley, 1985, 1989).

EXPERIMENTAL METHODS

Samples

To avoid complications due to the presence of minor
elements in natural orthopyroxenes (Ca, Al, Mn, Cr, Ti,

etc.) and their influence on the crystal structure and the
Fe-Mg fractionation, we have exclusively used pure syn-
thetic single crystals of orthopyroxenes with the chemical
compositions (Fe, ;s,Mg, 15),51,05, (Feg 39,Mg6),81,0,
(Feo 51, MB0.49):51,06, (Feq5,Mgo,5),51,05, and (Feyg;,-
Mg, ,,),51,0,. The following abbreviations are used for
the samples in this paper: En = enstatite (MgSiO,) and
Fs = ferrosilite (FeSiO,) in orthopyroxene solid solutions.
For simplicity, we only use the Fs content (%) in ortho-
pyroxenes as the sample designation; for example, En,;Fs,;
is referred to as Fs25. All samples were synthesized hy-
drothermally in the piston-cylinder apparatus. Samples
Fs25, Fs51, Fs75, and Fs83 were synthesized following
the crystal growth procedure described by Turnock et al.
(1973). Except sample Fs75, which was kindly donated
by D. H. Lindsley, and sample Fs39, which was provided
by H. Ohashi of Tsukuba, Japan, all samples were grown
by D. H. Lindsley and H. Yang at SUNY, Stony Brook.
All crystals used for the X-ray diffraction study were
chemically analyzed in the JEOL 733 electron micro-
probe at the University of Washington with a 15-keV
accelerating voltage and a 25-nA beam current measured
on the Faraday cup. Chemical compositions and other
relevant data on the samples are listed in Table 1. The
compositional variability of each crystal was also exam-
ined by the electron microprobe. All crystals were found
to be quite homogeneous, with le¢ for Mg ==+0.01 per
six O atoms.

Single crystal X-ray diffraction measurements

A nearly spherical crystal was selected from each sam-
ple for both unit-cell dimension and X-ray diffraction
intensity measurements. All X-ray diffraction experi-
ments were performed on a large (Huber 512) automated
four-circle diffractometer equipped with a graphite-
monochromator and using MoKea radiation (50 kV, 32
mA). A gas-flow furnace designed by Tsukimura et al.
(1989) was modified to reach 1350 K with a temperature
stability of +5 K. The furnace was mounted on an
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TaBLE 2. Crystal data and site occupancies of orthopyroxenes at various temperatures

Heating Cooling
T (K) 1000 1100 1200 1300 1000 1100 1200 1300
Heating time (h) 36 24 4 36 24 4 2
Fs25
a(h) 18.388(2) 18.411(2) 18.432(2) 18.453(3) 18.388(3) 18.409(3) 18.430(3) 18.453(3)
b(A) 8.958(1) 8.969(1) 8.982(1) 8.991(1) 8.959(1) 8.969(1) 8.983(1) 8.990(2)
c(A) 5.244(1) 5.254(1) 5.265(1) 5.274(1) 5.243(1) 5.253(1) 5.264(1) 5.275(1)
Total reft. 1859 1865 1878 1883 1853 1863 1874 1888
Refl. > 34(l) 702 656 605 518 707 609 570 522
A, 0.036 0.036 0.042 0.042 0.042 0.037 *0.039 0.043
R 0.034 0.035 0.037 0.038 0.039 0.035 0.037 0.035
Fe (M1)* 0.084(3) 0.099(4) 0.115(4) 0.119(5) 0.084(4) 0.097(4) 0.115(4) 0.121(4)
Fe (M2) 0414 0.399 0.383 0.379 0.414 0.401 0.383 0.377
Fs39
a(A) 18.413(2) 18.432(2) 18.455(3) 18.477(3) 18.412(3) 18.456(3)
b(A) 8.977(1) 8.987(1) 8.998(2) 9.008(1) 8.978(1) 8.998(1)
c(A) 5.256(1) 5.266(1) 5.276(1) 5.288(1) 5.256(1) 5.275(1)
Total refl. 1879 1893 1909 1926 1876 1905
Refl. > 34(/) 646 628 560 554 694 539
R, 0.041 0.050 0.048 0.045 0.039 0.047
R 0.033 0.041 0.038 0.036 0.032 0.038
Fe (M1) 0.181(4) 0.197(4) 0.215(5) 0.230(5) 0.184(3) 0.217(5)
Fe (M2) 0.607 0.591 0.573 0.558 0.604 0.571
Fs51
ad) 18.434(2) 18.453(3) 18.474(3) 18.495(4) 18.432(3)
b(A) 9.010(1) 9.020(1) 9.028(1) 9.037(2) 9.011(1)
cA) 5.265(1) 5.276(1) 5.288(1) 5.300(1) 5.265(1)
Total refl. 1900 1914 1936 1949 1904
Refl. > 3o(l) 468 599 550 494 478
R, 0.060 0.046 0.046 0.044 0.049
R 0.049 0.034 0.040 0.033 0.040
Fe (M1) 0.279(7) 0.296(6) 0.313(6) 0.328(6) 0.282(7)
Fe (M2) 0.733 0.716 0.699 0.684 0.730
Fs75
a(A) 18.492(1) 18.518(2) 18.545(3)
b(A) 9.083(1) 9.093(1) 9.100(1)
c(A) 5.281(1) 5.291(1) 5.304(1)
Total refl. 2133 2158 2174
Refl. > 3a(f) 425 409 320
R, 0.030 0.031 0.028
R 0.033 0.032 0.026
Fe (M1) 0.587(6) 0.601(6) 0.615(8)
Fe (M2) 0.911 0.897 0.883
FsB83
a(A) 18.516(2) 18.540(2) 18.566(2) 18.515(2) 18.541(3)
b(A) 9.099(1) 9.108(1) 9.116(1) 9.098(1) 9.107(1)
cA) 5.286(1) 5.297(1) 5.310(1) 5.286(1) 5.298(1)
Total refl. 2147 2163 2186 2140 2159
Refl. > 34(/) 736 602 526 714 592
R, 0.052 0.048 0.046 0.039 0.041
R 0.047 0.038 0.038 0.038 0.033
Fe (M1) 0.725(6) 0.736(6) 0.746(6) 0.725(5) 0.735(5)
Fe (M2) 0.937 0.926 0.916 0.937 0.927

*Mg (M1) = 1 — Fe (M1); Mg (M2) = 1 — Fe (M2).

x-y-z stage directly across from the goniometer cradle,
which is offset by 63.5 mm from the x-circle plane. Each
crystal, along with a small piece of molybdenum wire to
absorb residual O, was placed in a silica capillary. The
capillaries were then evacuated to ~10-2 torr and sealed.
A Pt and Pt-Rh thermocouple was mounted on the sealed
capillary as described by Hazen and Finger (1982). MgO
cement was used to glue the parts together. The gas-flow
rate was controlled at 2.0 L/min through a flow valve.
The temperature calibration was based on the known
thermal expansion of NaCl crystal (Enck and Dommel,
1965) and the melting point of Ag.

Before data collection, each crystal was heated at a de-
sired temperature for a certain period that was estimated
to be sufficient for the Fe-Mg order-disorder to reach an
equilibrium state according to the kinetic studies of the
Fe-Mg order-disorder (Besancon, 1981; Anovitz et al,,
1988). The heating durations on crystals at various tem-
peratures are listed in Table 2. Subsequently, unit-cell
dimensions were determined both upon heating (disor-
dering) and upon cooling (ordering) by least-squares re-
finements based on 24 reflections with 26 values between
20 and 35° (Table 2). The X-ray intensity data were col-
lected up to 65° 26, with a scan speed of 4.5°/min. For
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samples Fs25, Fs39, and Fs51, the data collections were
carried out at 1000, 1100, 1200, and 1300 K, whereas
for Fs75 and Fs83, the data collections were made at
1000, 1100, and 1200 K because a phase transition from
orthopyroxene to clinopyroxene was detected for Fs83 at
~1255 K. To ascertain better the equilibrium Fe-Mg or-
dering states at a given temperature, reversal X-ray dif-
fraction intensity data collections were conducted at 1000,
1100, 1200, and 1300 K for Fs25, at 1000 and 1200 K
for Fs39, at 1000 K for Fs51, and at 1000 and 1100 K
for Fs83. The rest of the X-ray intensity data were col-
lected only upon heating.

During all X-ray data collection, the thermal stability
of the crystal was monitored by three standard reflec-
tions, which were measured after every 97 reflections or
at intervals of ~90 min. No significant variations were
observed in the intensities of the standard reflections for
all X-ray diffraction sets from five samples. After data
collection on each crystal, the silica capillary, the crystal,
and the molybdenum wire were examined under an op-
tical microscope. No reaction between the crystal and the
capillary nor any color change indicating oxidation of the
crystal or the molybdenum wire was observed. All X-ray
intensity data were corrected for Lorentz and polarization
factors. Absorption corrections were made for all crystals
by assuming a spherical shape. Only reflections having
intensities =3q4(/) were considered as observed, where o(/)
is the standard deviation determined from the counting
statistics. Profiles of all observed reflections were exam-
ined. Due to the interference from the thermocouple at-
tached to the silica capillary near the crystal and the pow-
der diffraction rings from the silica rod and the capillary,
there are about 30-60 reflections in each data set showing
irregular peak shapes or considerably uneven back-
grounds. Such reflections were excluded from the subse-
quent refinements.

Structure refinements and site-occupancy
determinations

The initial atomic positional and thermal vibrational
parameters of orthopyroxene with the space group Phca
were taken from Smyth (1974). The crystal structure re-
finements were performed using the full-matrix least-
squares program RFINES0, which is an updated version
of RFINE4 (Finger and Prince, 1975). Neutral atomic
scattering factors including anomalous dispersion correc-
tions for Fe, Mg, Si, and O were taken from Ibers and
Hamilton (1974). Weighting schemes were based on w =
[¢*(F) + (pF)*]~!, where p is the so-called ignorance fac-
tor, which is adjustable to achieve a slope of 1 on a prob-
ability plot. Site occupancies of Fe and Mg between M1
and M2 were allowed to vary with the bulk chemical
composition constrained to that determined from micro-
probe analysis. In the final cycles of the refinements, the
following parameters were refined simultaneously: a scale
factor, an isotropic extinction factor (Zachariasen, 1968),
atomic positional parameters, anisotropic thermal pa-
rameters, and site occupancies of Fe and Mg. The crystal
structure at each successive temperature was refined us-
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Fig. 1. A Rooseboom plot of site occupancies of Fe between

M1 and M2 sites in orthopyroxenes.

ing the parameters from the previous refinement in a sim-
ilar manner. Final weighted and unweighted discrepancy
indices (R, and R factors) and site occupancies are pre-
sented in Table 2.

REsuLTS

The site occupancies as a function of temperature and
chemical composition, determined from the final cycles
of the structural refinements, are illustrated in the plot of
the distribution isotherms of Fe and Mg between M1 and
M2 at 1000, 1100, 1200, and 1300 K (Fig. 1).

Mathematically, a regression analysis of the site-occu-
pancy data based on Equation 5 cannot yield unique val-
ues for all four parameters, AG. ., AG,.., WM, and WMz,
simultaneously because of the existence of Equation 6.
One can vary AG,.. in a wide range and still get thermo-
dynamically reasonable values for W™ and W™2, In oth-
er words, AG..., WM' and W™2 cannot be determined
unambiguously from the site-occupancy data alone.
Hence, we set AG,.. = 0 for the following analysis and
used Equation 3 to derive AG,,,,, WM!, and W™2, Linear
fitting of AG.,,, WM, and WM? as a function of temper-
ature yields the following equations:

AG.e = 7751 + 3.0007 (+246) (J/mol) ©)
(82)
(8b)

where the temperature, 7, is in kelvins. Figures 2 and 3
are the plots of In K, vs. the reciprocal temperature (1/
T) and the Fe content (X¢.), respectively. Two significant
features can be seen from Figures 2 and 3: (1) The In K},
of Mg-rich orthopyroxene (Fs25) varies nonlinearly with
temperature between 1200 and 1300 K (Fig. 2a), in con-
trast to all previous results. (2) There is a maximum in
the curve of the In K}, vs. X, at 1000 K, which corre-
sponds to X = 0.40; as the temperature increases, the

WM = 10230 — 2.065T (% 164) (J/mol)
WMz = 14775 — 7.575T (£624) (J/mol)
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Fig. 2. The In K, vs. 1/T (K) for orthopyroxenes, with dif-
ferent compositions represented by =*1¢ brackets: (a)
(Mg 75F€425),581,05, (b) (Mg 1 ey 30):51,04 and (Mg, 1o Fe 5,),51,04,
and (¢) (Mg, »sFe,,5),81,0¢ and (Mg, ,;Fey,),51,0;. The data of
Molin et al. (1991) from an orthopyroxene with X, = 0.23 are
shown in a; the data of Saxena and Ghose (1971) from sample
no. 277 (with Xy, = 0.46) and sample no. 10 (with Xy, = 0.50)
are displayed in b.

convexity gradually decreases and disappears at 1200 K,
but it reappears at 1300 K (Fig. 3) such that the curve of
In K, vs. X, at 1300 K resembles that at 1000 K. Fur-
thermore, for a given composition, the In K, value for
Fs25 increases at a faster rate (~0.24/100 K) at ele-
vated temperatures than that for the other samples
(~0.20/100 K).
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Fig. 3. The In K, vs. composition (Xg.) for orthopyroxenes
at various temperatures, represented by =+ 1o brackets.

DISCUSSION

Temperature and compositional dependence of the site
occupancies and the asymmetry of the
Fe?+-Mg distribution isotherms

On the basis of the results obtained from quenched
natural samples, Saxena and Ghose (1971) found that the
site occupancies of an Fe-rich orthopyroxene with X, =
0.86 are essentially independent of temperature, resulting
in the crossover of the Fe-Mg distribution isotherms be-
tween 773 and 973 K. Such a crossover phenomenon was
not observed in Fs83 between 1000 and 1200 K in our
in-situ measurements. Nevertheless, the asymmetry of the
Fe-Mg distribution isotherms, characterized by the change
in the curvature in the Rooseboom plot of the Fe distri-
bution between M1 and M2 is confirmed; the curvature
is negative for the samples with Xz, < 0.75 but becomes
positive for the very Fe-rich samples compared with a
symmetric distribution curve. This deviation is more
pronounced at lower temperatures (773-973 K) in the
Fe-Mg distribution isotherms determined by Saxena and
Ghose (1971) and indicates a tendency toward antiorder-
ing, i.e., a preference of Fe?* for the M1 site rather than
for the M2 site in Fe-rich orthopyroxenes that is stronger
than an ideal Fe-Mg distribution at the M1 and M2 sites
would dictate. The antiordering and, hence, the asym-
metric behavior may originate from a small number of
FeSiO, ferrosilite clusters in Fe-rich orthopyroxenes.
The cluster size is estimated to be in the 50-100
A range, which is too small to give distinct X-ray
diffraction patterns.

An orthopyroxene to high clinopyroxene (C2/c) phase
transition detected in Fs83 at ~1255 K (Yang and Ghose,
1994) suggests that it is not possible to extrapolate the
site occupancies of Fe-rich orthopyroxenes above 1250
K at 1 bar because the energetics of the cation ordering
in high clinopyroxenes (Smyth, 1974) differs from that in
orthopyroxenes. Furthermore, a transitional structural
state between orthopyroxene and protopyroxene was ob-
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Fig. 4. The exchange Gibbs free energy (AG.,) and inter-
action parameters (WM! and W™?) for M1 and M2 sites in or-
thopyroxenes as a function of temperature, represented by
+ 1o brackets.

served in Fs25 at 1300 K (Yang and Ghose, in prepara-
tion), in which two silicate chain configurations become
similar, but the unit-cell dimensions and the space group
(Pbca) are still those of orthopyroxene. This transitional
state is believed to be responsible for the anomalous be-
havior of the Fe-Mg order-disorder in Fs25 above 1200
K. Thus, it is also inappropriate to extrapolate the site
occupancies of Mg-rich orthopyroxenes above ~1250 K
at 1 bar.

The anomalous variations of In K, with composition
and temperature imply that the crystal structures of or-
thopyroxenes with various compositions respond to tem-
perature differently. The systematic structural analyses of
(Fe,Mg) orthopyroxenes show that a more drastic struc-
tural change occurs in Mg-rich orthopyroxenes as tem-
perature increases (Yang, 1994). The thermal expansion
study of orthopyroxenes (Yang and Ghose, 1994) also
reveals that Mg-rich orthopyroxenes show a thermatl ex-
pansion behavior different from those of the intermediate
and Fe-rich orthopyroxenes. Likewise, the energetics of
the Fe-Mg ordering in Mg-rich orthopyroxenes appears
to be different from that in the Fe-rich orthopyroxenes.
The kinetic study of Sykes-Nord and Molin (1993) also
suggests that Mg-rich orthopyroxenes respond to temper-
ature differently from Fe-rich ones. Their results show
that there is a gap in the activation energies for the Fe-
Mg ordering between Mg-rich and Fe-rich orthopyrox-
enes; the activation energy for Mg-rich orthopyroxenes is
~251 kJ/mol, whereas that for Fe-rich ones is ~185 kJ/
mol. The activation energy gap occurs between Fs50 and
Fs60, which seems to correspond to the minimum in the
In K, vs. 1/T curves shown in Figure 3.

The slope of the In K, vs. 1/T (K) plot between 1000
and 1200 K for the Fs25 sample is parallel to that deter-
mined by Molin et al. (1991) on quenched natural ortho-
pyroxene from the Johnstown meteorite with X7, = 0.233
(Figure 2a). This similarity indicates that the ordering
states below 1200 K are quenchable for Mg-rich ortho-
pyroxenes, supporting the kinetic studies by Besancon
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TaBLe 3. Comparison of AG,,., W™, and W"2 (kd/mol) values
between 1000 and 1200 K

WM1
(= W —
1AG,.)

WM2
(=W —
YAG,.)

—AG, Source

15.05
10.49-11.06
10.45-11.29

8.95-14.40
11.55-11.79
11.06-11.27

13.62

Virgo and Hafner (1969)

Saxena and Ghose (1971)

Sack (1980)

Besancon (1981)

Ganguly (1982)

Anovitz et al. (1988)

Davidson and Lindsley
(1989)

Sack and Ghiorso (1989)

Shi et al. (1992)

this study

8.01-6.86
7.77-5.31

5.08-4.42
5.00-3.29

6.37
5.45
4.43-3.07

4.51
2.08
6.34-4.98

7.82
12.50-11.90
10.73-11.33

7.42
7.70-5.70
8.12-7.70

7.42
4.20-1.70
7.14-5.63

(1981) and Anovitz et al. (1988). Hence, the relationship
between In K, and 1/T determined from quenched sam-
ples below 1200 K for Mg-rich orthopyroxenes may be
used reliably to obtain the so-called quenched ordering
states, which are necessary for the calculation of cooling
rates of host rocks and meteorites (Ganguly, 1982; Gan-
guly et al., 1994). However, the slopes of the In K, vs.
1/T for Fs39 and Fs51 are quite different from those cal-
culated from the data given by Saxena and Ghose (1971)
for Fs46 (sample no. 277) and Fs50 (sample no. 10) (Fig.
2b). The difference may stem from the method they used
to quench the samples and measure the site occupancies;
it may also result from the kinetics of the Fe-Mg order-
disorder in Fe-rich orthopyroxenes being much more rap-
id than that in Mg-rich ones (Besancon, 1981; Anovitz
et al., 1988).

Temperature dependence of AG,,.,, W™, and ™2

In general, the Gibbs free energy change for the ex-
change reaction (AG,,,) and the interaction parameters
WMl and WM? are temperature and pressure dependent.
Since all our measurements of site occupancies were con-
ducted at 1 bar, the pressure effect on AG,,,, and W are
excluded from the following discussion.

The AG,,, parameter derived in this study increases,
whereas both WM' and W™M? decrease with increasing
temperature (Fig. 4), suggesting that the orthopyroxene
solid solution approaches ideal mixing as temperature in-
creases. These observations are consistent with the pre-
vious experimental results (e.g., Saxena and Ghose, 1971;
Anovitz et al., 1988). Table 3 is a summary of the AG_.,
WM and W™2 values reported in the previous and pres-
ent studies. Note that for comparison, the W™! and /™2
values given by Sack (1980), Davidson and Lindsley
(1989), Sack and Ghiorso (1989), and Shi et al. (1992)
are converted into W™M!' and W™? according to Equation
6. It can be seen that the agreement for AG,,,, values is
excellent; however, the WM! and W™?2 values derived in
this study appear to be slightly larger than those reported
previously. The nonequivalence of the W™' and W™? val-
ues indicates that the asymmetry of the orthopyroxene
solid solution exists between 1000 and 1200 K, but it is



640

5000
(a)
3 4000
E : 1000 K
=
Vz 3000 4
:Q,E 1200 K
< 2000 A
1000 -
0 1 T ] T T T
0.0 0.2 0.4 0.6 0.8 1.0
8000
(b)
. 6000 + 1200 K
3 4
E
= 4000 1000 K
SE
Ry
< 2000 A
0 L) 1) e 1 hs T
0.0 0.2 0.4 0.8 0.8 1.0
3
(c)
) 1200 K
[
° 2 4
E
==
S 1000 K
1)
3E
W 19
<
0 T L] T N L v
0.0 0.2 0.4 0.6 0.8 1.0
XFe
Fig. 5. Microscopic excess thermodynamic properties of the

orthopyroxene solid solution as a function of composition (two-
site basis): (a) excess Gibbs free energy vs. Xg,, (b) excess en-
thalpy vs. X5, and (c) excess entropy vs. Xe..

much less pronounced than that reported previously at
lower temperatures.

It is interesting to note that the difference between W™!
and WM?2 namely, WM' — WM2 does not decrease with
increasing temperature as found by Saxena and Ghose
(1971), Sack (1980), and Ganguly (1982); instead, the dif-
ference becomes larger, in agreement with that obtained
by Shi et al. (1992). This result implies that the asym-
metry of the solution increases at elevated temperatures
and reflects increasing dissimilarity of the atomic config-
urations around cations in the M1 and M2 sites, which
is, in fact, what we have observed from the crystal struc-
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ture studies of orthopyroxenes at high temperatures (Yang,
1994). From 296 to 1300 K for Mg-rich orthopyroxenes
and from 296 to 1200 K for Fe-rich ones, the octahedral
site, M1, remains nearly regular, whereas the M2 site
switches one of its coordination O atoms (O3B) at high
temperatures and becomes far more distorted than that
at 296 K. The approach of the phase transition from or-
thopyroxene to its high-temperature polymorphs with in-
creasing temperature may be responsible for the increase
in the value for WM — WM2 and the asymmetry of the
solid solution in the range 1000-1200 K. Therefore, the
linear extrapolation of WM! and W™ {o lower tempera-
tures is not warranted since the structure of orthopyrox-
ene at lower temperatures behaves differently from that
at higher temperatures.

Excess thermodynamic properties of the solution

On the basis of a sublattice solid-solution model, Shi
et al. (1992) deduced the following equations for the mi-
croscopic excess thermodynamic properties of the ortho-
pyroxene solid solution:

AGg = XMXWWN + XRXWWeE  (9)
AHg, = XWXWWY + XRXwwie  (10)
ASg = XXMM + XXwwye (1)

and the following for the microscopic mixing properties:
AGmx = RT(XM!n XM' + XMIn XM

+ XM2n XM 4+ XM2ln XM
Fe e e ]

+ AG, (12)
ASmx = —R(XMIn X} + XMl XY
+ X¥In XM + XIn X382
+ ASe, (13)
AHmx = AH_ (14)

Figure 5 illustrates the variation of AG%,, AHS, and
ASe:. with chemical composition at various tempera-
tures, calculated from Equations 9-11. The AGS;,. values
agree with those given by Shi et al. (1992) for Fe-rich
orthopyroxenes but are slightly larger than those given
for Mg-rich ones, the maximum difference being ~1.5
kJ/mol. The slightly larger AG%, values obtained in this
work for Mg-rich orthopyroxenes may originate from the
anomalous behavior of the cation ordering and structural
change in Mg-rich orthopyroxenes at high temperature
(Yang and Ghose, in preparation).

To calculate the macroscopic mixing properties from
the site-occupancy data, we have adopted a simple mix-
ture model (Mueller, 1962; Banno and Matsui, 1967,
Thompson, 1970; Saxena and Ghose, 1971),

(15)

where ay is the activity of the Fe component in
(Fe,Mg)SiO, orthopyroxenes; aM' and a¥? are the partial

ag, = (ati'a}?)”
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Fig. 6. The activity-composition relations for the orthopy-
roxene solid solution. Solid circles were calculated from our data.
The activity measurements at 1477 K of Kitayama and Katsura
(1968) are shown in open squares with 2¢ error brackets. The
ideal mixing lines are indicated for reference.

activities of Fe component on the individual M1 and M2
sites, respectively. According to Saxena and Ghose (1971),

(16a)
(16b)

where yM! and v¥? are the partial activity coefficients for
the Fe component on M1 and M2, respectively, and they
are of the form

RT In vM!

Ml — YMiaMI
ap = XM'yi

M2 — Y M24M2
QaFe Xy

WMl — XMy (17a)

(17b)

where WM' and W™2 have the same meaning as those in
Equation 3. Similar equations can be written for the
Mg component.

Figure 6 shows the activity-composition relations for
the solid solution calculated from Equations 15-17. The
activity measurements at 1477 K by Kitayama and Kat-
sura (1968) are also shown in Figure 6 for comparison.
The nonideality of mixing is apparent, which decreases
with increasing temperature. However, our results appear
to show a less nonideal mixing than that presented by
Kitayama and Katsura (1968).

The macroscopic excess Gibbs free energy of the
(Fe,Mg)SiO, solid solution can be calculated using
the equation

RT In y¥2 = WMl — X2y

AGH. = RT(Xedn vee + Xygln v)  (18)
where
XMI Ml XMZ M2Y]"~
"Y]:‘. = [( Fe ‘YFe‘;f Fe ’YFe )] (19a)
Fe
XMI Mi XMZ M2Y]"~
Yoe = I “”“‘3)(( il (19b)
Mg

and the macroscopic Gibbs free energy of mixing can be
calculated from the equation
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AGmx= RT(Xe]In ap, + Xy,ln ay,). (20)

The ASe, ., AS™:, and AHe, = AHm™x can be obtained
from the general thermodynamic formulae

AS = —(3AG/3T), @1
AH = [8(AG/TY /T, (22)

The calculated AG=,., ASe , AH=,, and AG™x values of
the solid solution as a function of composition are shown
in Figures 7 and 8, respectively. The data from the ca-
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lorimetric measurements of the excess enthalpy at 1023
K by Chatillon-Colinet et al. (1983) and the EMF mea-
surements of the Gibbs free energy of mixing at 1000 K
by Sharma et al. (1987) are also plotted in Figures 7b and
8, respectively. The agreements between our data and
those determined experimentally for AH<e,. (Chatillon-
Colinet et al., 1983) and AG=x (Sharma et al., 1987) are
reasonably good, indicating that the thermodynamic
mixing properties of orthopyroxenes can be adequately
described by a regular solution type formulation.

From the calorimetric measurements of the solid so-
lution, Chatillon-Colinet et al. (1983) calculated the dis-
ordering enthalpy, which is 7100 J/mol between natural
and experimentally disordered orthopyroxene (En, ;Fs,, ).
Unfortunately, the ordering states of the samples they
studied are unknown. Ganguly (1986) derived an equa-
tion for the calculation of the disordering enthalpy in
minerals. For orthopyroxenes, the equation is of the form

AH® = [X(6) — X (@]
X {AH o, — (1 = 2X\ )(W™M> — W)
+ WM+ WXL () + XNME) — 2X ]}
(23)

where XMi($,) and X}.i(¢) are the site occupancies of the
natural and heat-treated samples, respectively; X, is the
total mole fraction of Mg in the samples, and AH,,,, is
the enthalpy for the exchange reaction (Eq. 2b). Using
Equation 23 and our data on Fs;, and assuming a linear
relationship between In K, and 1/7 within the tempera-
ture range 600-1300 K, we obtained a value of ~3500
J/mol for the disordering enthalpy of mixing. This value
is about half that given by Chatillon-Colinet et al. (1983)
but very similar to the value of 3347 J/mol estimated by
Anovitz et al. (1988). However, on the basis of our data,
it seems that Chatillon-Colinet et al. (1983) slightly over-
estimated the ordering state of the sample they experi-
mentally disordered. If we assume a linear relationship
between In K, and 1/7 (K), the estimated ordering states
for the sample studied by Chatillon-Colinet et al. (1983)
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are XM!(¢,) = 0.864 and XM)($) = 0.703 at 600 and 1300
K, respectively. By taking their values of AH,, = 31.35
kJ/mol and W, = 7.94 kJ/mol, we estimate the disor-
dering enthalpy of mixing of their sample to be ~6.30
kJ/mol using Equation 23.
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