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Abstract. The partitioning of Mg and Fe?* between co-
existing olivines and orthopyroxenes in the system MgO-
FeO-SiO, has been investigated experimentally at 1173,
1273, 1423 K and 1.6 GPa over the whole range of Mg/Fe
ratios. The use of barium borosilicate as a flux to promote
grain growth, and the identification by back-scattered
electron imaging of resulting growth rims suitable for
analysis by electron microprobe, results in coexisting oli-
vine and orthopyroxenene compositions determined to
a precision of + 0.003 to 0.004 in molar Fe/(Mg + Fe).
Quasi-reversal experiments were performed starting with
Mg-rich olivine and Fe-rich orthopyroxene (low K ) and
vice versa (high Kp), which produced indistinguishable
results. The distribution coefficient, K , depends on com-
position and on temperature, but near Fe/(Mg + Fe)
= 0.1 (i.e. mantle compositions) these effects cancel out,
and Ky, is insensitive to temperature. The results agree
well with previous experimental investigations, and con-
strain the thermodynamic mixing properties of Mg — Fe
olivine solid solutions to show small near-symmetric devi-
ations from ideality, with W55l .. between 2000 and 8000
J/mol. Multiple non-linear least squares regression of all
data gave a best fit with Wggl . = 5625 + 574 J/mol
(implying 5450 J/mol at 1 bar) and Wggex . = 2145 &
614 J/mol, but the two W parameters are so highly
correlated with each other that our data are almost equally
well fit with Wggi, .. = 3700 & 800 J/mol, as obtained by
Wiser and Wood. This value implies Wggex . = 280 &
900 J/mol, apparently independent of temperature. Our
experimental results are not compatible with the assess-
ment of olivine-orthopyroxene equilibria of Sack and
Ghiorso.

Introduction
The free energies involved in element partitioning reac-

tions are typically small. For the partitioning of Mg and
Fe?* between co-existing ferromagnesian oxides and sili-
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cates they are of the order of a few kilojoules per mole of
(Mg + Fe?™). It is therefore usually not possible to pre-
dict such reactions from available thermochemical data,
because these data are not accurate enough. The corollary
of this is that the experimental study of partitioning reac-
tions under controlled conditions can yield tight con-
straints on the thermochemical data, that is, both the
standard state data for the end-members, as well as activ-
ity-composition relations. Here we report a new experi-
mental investigation of the partitioning of Mg and Fe?™*
between olivine and orthopyroxene in the system
MgO-FeO-SiO,.

Although the experimental data on Mg — Fe olivine-
orthopyroxene equilibria is relatively consistent (see
Table 1 for a list of previous studies), recent attempts to
extract activity-composition relations from these data
have resulted in considerable disagreement. O’Neill and
Wall (1987) reviewed a variety of data on activity-com-
position relations in Mg — Fe olivines and concluded that
virtually all were compatible with a simple regular solu-
tion model, with the regular solution interaction para-
meter Wggl, .. = 5000 J/mol (one atom basis). They
estimated a probable uncertainty of + 2000 J/mol. Since
then, Wiser and Wood (1991) have determined the activ-
ity-composition relations in Mg — Fe olivines from the
exchange of Mg and Fe between olivine and co-existing
magnesiowiistite solid solution with excess Fe metal, at
1400 K. Combined with the activity-composition relations
for the magnesiowiistite solution in equilibrium with Fe
metal determined by Srecec et al. (1989), Wiser and Wood
(1991) found Wsg, .. = 3700 + 800 J/mol. While this
value is compatible with the O’Neill and Wall (1987)
appraisal, it is significantly less than the Wgg, .. = 10170
+ 250 J/mol suggested by Sack and Ghiorso (1989) from
an assessment of the olivine-orthopyroxene partitioning
data, mostly from naturally occurring mineral pairs. Most
recently, Koch-Miiller et al. (1992) reported results from
new experiments on the partitioning of Mg and Fe be-
tween olivine and orthopyroxene at 1073, 1173 and 1273
K and 0.5 — 1.5 GPa (including several experiments in the
three phase field olivine + orthopyroxene + quartz at
known pressure, which provide extra constraints on the
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Table 1. Compilation of previous experiments on olivine-orthopyroxene in the system MgO-FeO-SiO,

Author T [K] P [MPa] Range X ¢ Analytical method
Nafziger and Muan (1967) 1473 0.1 0.0-0.6 XRD?®, Gas composition
Kitayama and Katsura (1968) 1477 0.1 0.0-0.5 XRD
Larimer (1968) 1573 0.1 0.0-0.2 EPMA®
Medaris (1969)* 1023 0.5 0.0-0.8 XRD

1123 0.5 0.1-0.7
Matsui and Nishizawa (1974) 1273 3000 0.0-0.7 EPMA

1273 0.1 0.0-0.2 XRD, EPMA
Bohlen and Boettcher (1981) 1073 500-1000 0.92-0.93 XRD, EPMA

1173 640-1100 0.92-0.97

1273 830-1240 0.91-0.96
Fonarev (1981) 973 490 0.1-0.9 XRD

1023 490-880 0.1-1.0

1073 98-490 0.1-09

1123 98-490 0.1-0.9
Koch-Miller et al. (1992) 1073 500-1100 0.8-1.0 XRD, EPMA

1173 500-1200 0.1-1.0

1273 500-1300 0.1-1.0
Jamieson et al. (1992) 1573 1000 0.45-0.66 EPMA

1623 1000 0.37-0.71

1673 1000 0.37-0.44

1723 0.1, 1000 0.16-0.33

® Flux: H,O, (Mg, Fe) Cl,, Oxalate
® XRD: X-Ray diffraction; EPMA: electron microprobe analysis

mixing properties of olivine and orthopyroxene from the
displacement of the fayalite-ferrosilite-quartz univariant
equilibrium). Most of the experiments of Koch-Miiller et
al. (1992) were at the Fe-rich side of the system, but where
there is compositional overlap, their results agree well
with previous work. Combining their data with the pre-
vious data in the temperature range 1073 to 1273 K (see
Table 1), they obtained, by non-linear least squares regres-
sion, Wsgl, .. = 7120 £ 1800 J/mol and W3, .. = 3420
+ 2000 J/mol. Clearly there remains a disconcerting
spread in inferred olivine and orthopyroxene mixing
properties, which has prompted us to look again at this
problem. We believe that another study of olivine and
orthopyroxene Mg — Fe partitioning is worthwhile and
opportune because of two recent innovations in experi-
mental method, which allow significantly greater accuracy
to be achieved: firstly, the availability of back-scattered
electron imaging in selecting areas for analysis by electron
microprobe; and secondly, the use of a suitable flux to
promote growth of relatively large, homogenous crystals.

Thermodynamic background

The partitioning of Mg and Fe between coexisting olivine and
orthopyroxene may be represented by the reaction:

1 1 . 1 . 1 .
EMgZSiOA,—I—EFelezOs =§F6251O4 +§Mg251206 (1)

At equilibrium the free energy of the partitioning reaction, AGYy p,,
is related to the equilibrium constant K5 p, by

RTan(T,p) = — AG?T,p) = — AH(OT,“

P
+AS:’T,1,-TVJ AV?Pr py-dP @)
1

where K (r,p) is given by
K _ (a?rleZSio,,)llz (agfgxzsuos)l/z
(T, P) — 2 1/2
(agz}gzsm,,)” (a%%’;sazos) !

a? refers to the activity of component i in phase ¢, which is related to
the mole fraction X ¢ by introducing the activity coefficient v¢ such
that

af = (X} Py )

&)

where v is the number of structural sites per formula unit on which
Mg and Fe mix—i.e. v = 2 for both olivine and orthopyroxene.

In both the olivine and the orthopyroxene structures, Mg and
Fe?* are distributed over two crystallographically distinct octahed-
rally coordinated sites, M1 and M2. Because these sites differ in
geometry and size, some temperature-dependent ordering of Mg and
Fe?* between these sites may in principle be expected. In
Mg — Fe?” olivines the ordering is so slight that it may be neglected
(e.g. Ottonello et al. 1990). In contrast, ordering in Mg — Fe?*
orthopyroxenes is substantial (e.g. Virgo and Hafner [19697]). There
has been considerable speculation as to the relationship between
such ordering and the macroscopic thermochemical mixing proper-
ties, which are the quantities of interest here. At present, such
speculations suffer from neither the ordering nor the mixing proper-
ties being known with the necessary accuracy. For instance, most
investigations on the ordering in Mg — Fe2* orthopyroxenes have
used *7Fe Méssbauer spectroscopy, but without any correction for
the recoil-free fraction effect, resulting in systematic error (Seifert
1989). We therefore believe that any attempt at incorporating the
possible effects of order/disorder into a solution model for
Mg — Fe?” orthopyroxenes is premature. Instead, we aim for an
empirical description of the mixing properties, with the hope that
these may subsequently be matched with accurate order/disorder
measurements in the development of a comprehensive mixing
model. In using Eq. (4), we note that the effects of order/disorder will
be subsumed into the y term, which accordingly might show com-
positional and temperature dependences that appear anomalous
when compared to simpler solid solutions without order/disorder. If
so, this is a matter which needs to be established by experimental
measurement, and we will initially employ, for both olivine and
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orthopyroxene, the simplest empirical form for describing deviations
from ideal mixing in binary solid solutions, namely the regular
solution model (Thompson 1967), such that:

RTIny, = (1 — X3%) % Wod, .. )

and likewise for the other components.
The distribution coefficient K is defined as:

Xole . ngx
Ko = Tor—or ©)
Xig X
N Mg . ..
where X 3, = [—— :| ,and ¢ refers to either olivine or ortho-
N Mg + RFe )

pyroxene.
Combining Egs. (2) to (6) produces:

RT-InKp = — AH{r 1) + ASry) T — [JAVer p) - dP
+ (=2 X)) Westere — (L =2 X)) Wosgzr. (7)

The interaction parameter W may further be elaborated as
function of temperature and pressure (Thompson 1967):

We take Wy, s, = 108J/GPa from the excess molar volumes

measured at 298 K and ambient pressure by Schwab and Kiistner
(1977). This value is small enough that little accuracy would be lost,
were it to be ignored. Wy . =0 (Turnock et al. 1973; Koch-
Miiller et al. 1992), although we note that excess volumes in ortho-
pyroxenes depend on the state of order (e.g. Chatillon-Collinet et al.

1983).

Experimental

Olivine and orthopyroxene compositions were prepared by inti-
mately grinding together pure ( > 99.9%) MgO, Fe, O3 and SiO-.
The mixes were reacted to olivine, olivine plus silica, or pyroxene in
a vertical tube furnace with fO, controlled using a mixture of CO
and CO, at the ratio 4:1. Synthesis temperatures were chosen
according to composition between 1673 K (Mg-rich) and 1373 K
(Fe-rich). For quenching the samples were cooled down to 1073 K
and dropped onto dry ice while still under the CO-CO , atmosphere.
If necessary the starting materials were reground and rerun several
times until homogeneity was achieved, with total run times between
48 h and 10 days. Fe-rich orthopyroxenes are not stable at atmo-
spheric pressure, and therefore all orthopyroxene compositions were
further reacted at 1273 K and about 2 GPa for approximately
24 hours in the piston-cylinder apparatus, using graphite capsules.

High pressure experiments were performed in a conventional
3/4" piston-cylinder apparatus (Boyd and England 1960). Olivine-
orthopyroxene K, is relatively insensitive to pressure, so the precise
conirol of pressure is not the most important of experimental con-
siderations. We therefore used the traditional talc-pyrex pressure
cell, which consisted of concentric tubes of talc (outermost) and
borosilicate glass, and a tapered graphite heater (innermost) with
top and bottom plugs of crushable alumina. The tapering is to
minimize temperature gradients (Kushiro 1976). The capsules, made
of high purity graphite, were placed between cylinders of soft fired
(1173 K) pyrophyllite which fitted tightly into a soft fired pyrophyl-
lite sleeve. This avoided any contamination from the injection of the
crushable alumina through cracks in the graphite, which occurred in
some preliminary runs, presumably during the initial pressurization
of the cell.

For starting mixtures synthesized olivines and orthopyroxenes
were ground together and mixed with BaO-B,0; flux (78 wt.%
BaO, 22 wt.% B,0O;; Hauptmann et al. 1973; Linares 1962) in
different ratios (opx : ol : flux), according to the run temperature and
the bulk composition. Compositions were selected to obtain a fairly
even density of data over the entire range of Fe/Mg ratios, starting
with both Mg-rich olivine and Mg-poor pyroxene, and vice versa,

corresponding to quasi-reversals. BaO-B, O3 was chosen as a flux
for the following reasons: (1) Ba and B are not incorporated into
olivine or orthopyroxene in the system MgO-FeO-SiO,, at any-
thing more than trace (ppm) levels, (2) olivine and orthopyroxene
can coexist with BaO-B,0; over the whole compositional range of
Mg/Fe ratios, (3) stability of the flux over a wide range of fO, (4)
low melting temperatures of the flux in the system BaO-B,0;-
MgO-FeO-8i0,; for the chosen ratio BaO : B,O; (1073-1173 K for
BaO-B,0;-5i0;; Levin et al. 1964), compared with basalt, for
example, and (5) the flux is not volatile and can therefore also be
used for experiments at atmospheric pressure, in a gas mixing
furnace. The starting mixtures were pressed to pellets before insert-
ing them into the graphite capsules. The experiments were done
using the “piston-in” method. The runs were pressurized to 0.7 GPa,
heated to the final temperature while pressurizing to the final pres-
sure of 1.6 GPa (2 GPa nominal). Temperature was measured and
controlled with a Pt/PtyoRh o thermocouple. No corrections have
been made for pressure effects on the thermocouple emf, but apart
from this, the accuracy of temperature measurement is reckoned to
be + 5 K. Pressure was calibrated using the equilibria albite-
jadeite-quartz (Holland 1980), ferrosilite-fayalite-quartz (Bohlen
et al. 1980), and the polymorphic transitions in CaGeOj; and
Mg,GeO,4 (Ross et al. 1986; Ross and Navrotsky 1987). We ob-
tained a friction correction of — 20 + 2% of applied nominal pres-
sure for piston-in conditions.

The products of both synthesis runs and final reversal experi-
ments were mounted in epoxy, polished and analyzed for Mg, Si, Fe,
Ba on a CAMECA SX50 electron microprobe in the wavelength
dispersive (WDS) method using synthetic forsterite, Fe metal, an-
dradite and BaSO, as standards. The use of Fe metal as a standard
was checked by analyzing synthetic fayalite, with satisfactory results.
We also checked each run for Ca, Ti, Mn and Al in case of contami-
nation. Except for some initial runs (identified in Table 2) which
contained small amounts of Al,O; in the orthopyroxene (from our
use, at first, of 99.5% SiO;), these elements were below the level of
detection. Points for analysis were selected using a back-scattered
electron image. Beam conditions were 15 kV and 15 nA. Counting
times were 20 s on the peak and 10 s on each side of the background.
For each run, 15 points on both olivine and orthopyroxene rims
were analyzed if possible, and additionally 3 points for the flux. The
analyses totalled between 97 and 100 wt.%. For each analysis the
molar ratio Ny, /N, was calculated, and these were used to obtain
the mean and standard deviation of composition for each phase.

The starting materials were homogenous with standard devi-
ations of 0.1 to 1.2 mol-% for olivines and 0.5 to 2.8 mol-% for
orthopyroxenes. Mdssbauer spectroscopy of some representative
orthopyroxene starting materials showed Fe®* -contents to be less
than the detection limit (i.e. Fe3/(Fe®" + Fe?™) < 0.02).

Run products consisted of euhedral to subhedral, approximately
equidimensional grains of olivine plus orthopyroxene, set in a matrix
of BaO-B,03-MgO-FeO-Si0, glass. The crystal sizes at the end of
the runs (typically 68 h at 1173 K, 48 h at 1273 K, 22 h at 1423 K)
varied between 10 and 50 pm. The crystals consist of a small core of
the starting composition (5 to 20 um) and of growth rims of the
equilibrium compositions (5 to 30 pm). Mg-rich compositions tend
to show smaller crystal sizes and less well defined crystal outlines,
and consequently tended to have smaller growth rims. This prob-
ably reflects slower growth rate and homogenization of the Mg-rich
solid solutions, consistent with the decrease in Mg-Fe interdiffusion
coefficients with increasing Mg content shown by both olivine and
orthopyroxene (Morioka and Nagasawa 1991; Wilson 1982).
Medaris (1969) also observed more sluggish kinetics for the Mg-rich
compositions. We attempted to improve accuracy in two Mg-rich
runs (13/2 and 1/5) by re-grinding and re-running the product of the
first stage, but found that this had only a minor effect on the
standard deviations of the final product.

The compositions of the analyzed growth rims of olivine and
orthopyroxene are generally very homogenous: the means of all
standard deviations are 0.25 mol% at 1423 K, 0.35 mol% at 1273 K
and 0.41 mol% at 1173 K. Compositions of coexisting olivine and
orthopyroxene are presented in Tabl: 2 and Fig. 1.
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Table 2. Run conditions and microprobe analyses of starting materials and run products. Numbers in parentheses are 1o standard deviations
for the average of the given N measurements

1173 K, 1.6 GPa starting final
. ol opx ol ol opx opx

Run Time (b} x 2 x 7 X 5 N X5 N Kp lo InKp 1o

41 65 0.000 0.109 0.053 (2) 15 0.051 (3) 15 1.0563 0.0764 0.0548 0.0723
42 98 0.198 0.000 0.071 (5) 15 0.062 (4) 15 1.1612 0.1167 0.1495 0.1005
46 67 0.099 0.215 0.169 (3) 15 0.146 (4) 15 1.1834 0.0416 0.1684 0.0352
44 68 0.198 0.308 0.287 (3) 15 0.230 (4) 15 1.3482 0.0367 0.2987 0.0272
45 67.4 0.605 0.308 0.500 (4) 15 0.377 (6) 15 1.6499 0.0483 0.5007 0.0293
39 69 0.605 0.610 0.612(5) 15 0.480 (4) 15 1.7046 0.0425 0.5333  0.0250
434 56 0.903 0.608 0.787 (4) 15 0.641 (8) 4 2.0660 0.0803 0.7256  0.0389
40 72 0.903 0.898 0.908 (3) 15 0.814 (4) 15 2.2589 0.0979 0.8149 0.0434
48/1 0.5 1.000 0.901 0.945(7) 15 0.896 (3) 15 2.0034 0.2733 0.6949 0.1364
482 72 1.000 0.950 0.979 (0) 15 0.950 (3) 15 2.4419 0.1417 0.8928 0.0580
1273 K, 1.6 GPa starting final

Run Time [h] x ;L X o X ;le N x BN Kp lo InKp 1o
13/1 44 0.000 0.109 0.028 (4) 10 0.032 (2) 16 0.8957 0.1376 -0.1101  0.1536
13/% 50.5+98 0.000 0.109 0.036 (5) 15 0.036 (1) 15 1.0005 0.1441 0.0005 0.1441
/1 77 0.099 0.000 0.040(3) 5 0.037 (3) 13 1.1035 0.1187 0.0985 0.1075
1/5 70.5+42.2 0.099 0.000 0.043 (2) 15 0.037 (3) 16 1.1648 0.1165 0.1526 0.1001
15 32 0.198 0.000 0.072 (4) 18 0.070 (2) 16 1.0313 0.0674 0.0308 0.0653
3/3 26 0.099 0.221 0.129 (3) 15 0.110(2) 15 1.1892 0.0383 0.1733  0.0322
16 41.6 0.198 0.109 0.141(7) 15 0.124 (7) 15 1.1623 0.0952 0.1504 0.0819
20 45.8 0.307 0.206 0.248 (4) 15 0.201 (6) 15 1.3128 0.0530 0.2722 0.0404
17/2 41.6 0.198 0.308 0.271 (2) 15 0.221 (3) 16 1.3123 0.0274 0.2718 0.0209
8 41 0.406 0.221 0.281 (6) 15 0.230(4) 15 1.3066 0.0473 0.2675 0.0362
23 40 0.307 0.298 0.291 (9) 15 0.240 (5) 18 1.3001 0.0625. 0.2624 0.0481
2; 47 0.406 0.409 0.392 (5) 15 0.308 (3) 15 1.4519 0.0369 0.3729 0.0254
7 36 0.605 0.308 0.490 (3) 16 0.375(4) 17 1.6022 0.0323 0.4713  0.0201
18/2 34 0.501 0.509 0.498 (3) 15 0.387 (3) 15 1.5686 0.0271 0.4502 0.0173
14 30 0.705 0.409 0.573 (5) 15 0.448 (8) 14 1.6511 0.0605 0.5015 0.0366
5 48 0.605 0.597 0.592(2) 7 0.464 (2) 7 1.6775 0.0182 0.5173 0.0109
21 44 0.705 0.705 0.700 (2) 15 0.568 (5) 15 1.7745 0.0353 0.5735 0.0199
4 41 0.903 0.597 0.777 (2) 6 0.647(5) 5 1.9011 0.0411 0.6425 0.0216
22 40.5 0.903 0.705 0.821(2) 15 0.700 (3) 15 1.9606 0.0370 0.6733 0.0188
11 48.4 0.903 0.898 0.888 (1) 15 0.797 (3) 15 2.0118 0.0408 0.6990 0.0203
6 43 1.000 0.791 0.917 (1) 16 0.839 (3) 16 2.1121 0.0539 0.7477 0.0255
12 44 1.000 0.898 0.960 (1) 15 0.917 (2) 15 2.1703 0.0804 0.7748 0.0371
27 50.5 1.000 0.950 0977 (1) 15 0.952 (2) 15 2.1134 (.0920 0.7483  0.0435
1423 K, 1.6 GPa starting final

. ol opx ol ol opx opx

Run Time [b] x 7 x7¢ P X Fe N X2 N°P Kp lo InKp 1o
333 20.5 0.099 0.000 0.040 (2) 15 0.032 (2) 16 1.2455 0.0966 0.2196 0.0776
38 22 0.000 0.109 0.050 (2) 7 0.046 (1) 15 1.1047 0.0598 0.0996 0.0541
34 23 0.198 0.000 0.081 (6) 15 0.060 (4) 15 1.4008 0.1468 0.3371 0.1048
37 24 0.198 0.109 0.138 (3) 15 0.113(2) 15 1.2535 0.0413 0.2260 0.0329
30/3 225 0.099 0.215 0.159 (3) 15 0.134(3) 15 1.2216 0.0387 0.2002 0.0317
36 21.5 0.198 0.308 0.262 (2) 15 0.213(3) 15 1.3097 0.0277 0.2698 0.0211
3272 22.5 0.605 0.308 0.426 (2) 15 0.337(3) 15 1.4599 0.0201 0.3783 0.0138
31/22 21.5 0.605 0.597 0.548 (1) 15 0.439 (3) 15 1.5508 0.0216 0.4388 0.0139
31/1¢ 32 0.605 0.597 0.570 (2) 15 0.450 (3) 15 1.6162 0.0234 0.4801 0.0145
35 24 0.903 0.597 0.702 (3) 15 0.582 (4) 15 1.6905 0.0365 0.5250 0.0216
47 22 0.903 0.901 0.907 (1) 15 0.839(3) 15 1.8737 0.0416 0.6279 0.0222
28/32 24 1.000 0.901 0.952 (1) 15 0.914 (2) 15 1.8546 0.0533 0.6177 0.0287
28/1° 77 1.000 0.898 0.961 (1) 15 0.928 (3) 15 1.8894 0.0737 0.6363 0.0390

! Olivine present only in small amounts

2 Run slightly contaminated by Al,O3. The reported orthopyroxene analyses contained < 0.1 wt% Al, O3

3 Small grain size of olivines
4 Small grain size of orthopyroxenes

Results

All the data in Table 2 were fitted simultaneously to the
expression:

0= AH?T* 16) T'AS?T* 16) T - 2'X§/:g)' WGI‘:}g—Fe
—(1—2-Xy¥)- Wespx . 9)

using non-linear least squares multiple regression (Seifert
and O’Neill 1987). T* refers to an average temperature for

the data, which is a formalism allowing us to assume that
AH (1, 1syand AS 1. ;) are constants. Xy, and X §f were
weighted according to their observed standard deviations,
as reported in Table 2, and 7 was weighted assuming
a standard deviation of 4+ 5 K (which is almost negli-
gible). The regression gave AH 7, 14 = 2381 + 625
Jjmol, ASr, 16y = — 1.516 +0.457 J/K- mol, Weer .
= 5625 + 574 J/mol (implying 5450 J/mol at 1 bar) and
Wespx . = 2145 4+ 614 J/mol. The reduced z* (ie. yx2
= Xf /(N —n — 1), where N means number of data, and
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n the number of parameters) for the regression was 0.84,
which is satisfactorily close to unity. It is notorious, how-
ever, that for partitioning data of this type, it is the
difference in the W parameters which is best constrained
by the data (Matsui and Nishizawa 1974; O’Neill and
Wood 1979; Seifert and O’Neill 1987). This is because of
a very high degree of correlation between the two
W parameters in Eq. (9). To illustrate this, and the
extent of other correlations with AH (1. 16y and AS(r. . 16),
we repeated the regression analysis using fixed values of
Wty r. from — 1000 to 12000 J/mol. Results are sum-
marized in Fig. 2. Note that the difference (Wegi, ..
— Wesl, ) is virtually independent of the assumed
WGg/}gAFe .

The 32 for these regressions are plotted against
Wi, . in Fig. 3. The probability of a result exceeding
the minimum y? is given by an F test, where F is the ratio
of the observed y2 to the minimum yZ (e.g. Bevington

1969, pp. 196-197). At the 5% probability level, Table C6
in Bevington (1969) shows that F=1.75 for 40 by 40
degrees of freedom, indicating that y2 in Fig. 3 should not
exceed about 1.5 for this level of probability. This corres-
ponds to Wegt .. from 2000 to 8000 J/mol.

The variation of AH{r. 6y and AS(p 16, with as-
sumed Wggl .. shownin Fig. 2b demonstrates that these
quantities might provide valuable additional constraints if
they are known independently with the required accuracy.
We therefore calculated AG{y 16, at 1073 to 1473 K from
the “internally consistent” thermodynamic datasets of
Berman (1988) and of Holland and Powell (1990), and in
Fig. 4 these calculated values are compared to our refined
values, for assumed values of Weg, . of 2000, 5625 and
8000 J/mol. The literature data suggest a somewhat larger
free energy than that implied by our 95% confidence
limits for W but clearly favour lower values of the
latter.

ol
Mg-Fe?
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The “internally consistent” thermochemical data has
a greater temperature dependence of AG{y. 16) (Le. larger
AS(1.,16y) than that found from our regression, and also
shows some curvature. To see if these factors would affect
the refined W parameters, we fitted Holland and Powell’s
AG{r 1) to an expression of the type 4 + BT + CTlInT,
and included this expression in the regression equation to
produce:

0= [AG?T*.ls)]H&P + A4 + (1 — 2X0Mlg) WG(I(/}g'Fe
— (1= 2-X3%) Wosky v (10)

The term AA is a constant independent of temperature,
introduced in recognition of the probability of the stand-
ard state enthalpy of the reaction being subject to more
uncertainty than the other thermodynamic quantities. We
obtained: A4 = — 1386 + 118 J/mol, Wy, .. = 5953 +
563 J/mol and Wegpx ., = 2480 + 603 J/mol x: =124
Without the A4 term (1 e. ﬁxmg at the exact values from
Holland and Powell) gives y2 = 3.2, i.e. a relatively poor
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J/mol, compared to AG[, 4 calculated from the datasets of
Berman (1988) and Holland and Powell (1990). The partitioning

-data suggest a smaller AG(; (4, with less of a temperature depend-

ence. Best agreement is at low values of Wesl, .

fit to the data. This indicates some need to adjust the
“internally consistent” values slightly.

The agreement between the two “internally consistent”
datasets is very good, although in detail there are some
dissimilarities due to the use of different heat capacity and
P-V-T functions. In particular, the C, function used by
Berman (from Berman and Brown 1985) is designed to
flatten out at high temperatures, and is therefore ill suited
to deal with the pre-melting increase in C, shown by
fayalite (from the heat content measurements of Orr
1953). At 1400 K, the C, for fayalite used by Berman is
6% lower than that given by a traditional extended
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Maier-Kelley function, such as that used by Holland and
Powell (1990). It seems to be by coincidence that the
difference in AG{r, 1) which this should cause, relative to
the values of Holland and Powell (1990), is cancelled out
at 1.6 GPa and 1073-1473 K by an opposite difference in
the f’;A Vir, py - dP term resulting from the different treat-
ments of the P-V-T data.

Since the cation order/disorder in orthopyroxene
might produce an anomalous temperature dependence
to the activity coefficients, we repeated the regression
analysis with Wegpx .. = Wyepx ., — T~ Wswpg . We
obtained AH 1. 16) = =3168 + 677 J/mol AS(T* 16) =
—0.963 + 0493 J/K-mol, Wggi .. = 5290 + 590 J/mol,
Wgpr . = — 2988 + 1712 J/mol and Wk e = — 3651
+ L 134 J/K- mol, 2 = 0.59. The fit is 1mproved slight-
ly, and the magnltude of Wgpx ... is consistent with order-
ing, but AG{r 16, is no nearer the database values, and the
negative value for Wpgpx . is inconsistent with the
calorimetric study of Chatillon-Collinet et al. (1983) (see
later). Finally, allowing either olivine or orthopyroxene to
behave as a subregular (asymmetric) solution produced
no improvement in the fit. However, it is conceivable that
both solutions show similar asymmetries, a situation
which our data would not be expected to resolve.

Comparison with previous olivine-orthopyroxene
Mg — Fe partitioning studies

The results of previous experimental studies on the par-
titioning of Mg and Fe between olivine and ortho-
pyroxene (or other pyroxene polymorph, as indicated), at
temperatures from 973 to 1623 K and various pressures,
are compared in detail With our present results in Fig. 5,
by plotting In K versus X 2, or X 8*. Our data is repres-
ented by curves calculated from the best fit thermodyn-
amic parameters obtained above, extrapolated where ne-
cessary outside the actual temperature range of our
measurements. To facilitate the comparisons, we have also
drawn confidence limits corresponding to the uncertainty
in In K, which would be caused by a simultaneous uncer-
tainty in both Xg and X* of +0.01, this level of
uncertainty being typical of the standard deviations
quoted in most previous studies (e.g. Fonarev 1987;
Koch-Miiller et al. 1992; the lower standard deviations
given by Matsui and Nishizawa 1974, are not consistent
with the internal scatter of their data).

We have adjusted all the previous data to 1.6 GPa
usmg the molar volume, compressibility and thermal ex-
pansion data of Holland and Powell (1990), and the ap-
proximation A(lnKp) = f ¢AVir p.dP. The compres-
sibility data are for room temperature and generally low
pressure conditions, so that this correction may be ex-
pected to become increasingly unreliable with increasing
pressure and temperature.

In general the agreement between all the previous
studies and our results is good, as is also the agreement
between the previous work at 7 < 1173 Kor 7> 1423 K
and the extrapolation of our results. Such differences as
there are tend not to be systematic, except for a tendency
in some studies for lower K, at the Mg-rich end of the
system (i.e. In Ky, near zero or even slightly negative, im-

plying olivine more magnesian than co-existing pyro-
xene), which we will discuss more fully later.

The results of Koch-Miiller et al. (1992; their Table 8)

at 1173 K, 1.0 GPa and 1273 K, 1.3 GPa for 0 < X%
< 0.7 agree with our results, except the most Mg-rich
runs (see later). At the Fe-rich part of the system the data
of Koch-Miiller et al. (1992; their Table 2), which include
both synthesis and reversal experiments, show a wider
scatter, generally tending to be at higher K than our
data. This behaviour does not depend on whether the
experiment was of the synthesis or reversal kind, but
except for two synthesis runs at 1273 K, these differences
are in any case within two standard deviations of our
results. Note that the values of In K, tabulated by Koch-
Miiller et al. in their Table 11 and plotted in their Fig. 6
are smoothed data.

The Fe-rich part of the system was previously covered
by Bohlen and Boettcher (1981) at the same temperatures
as Koch-Miiller et al. (1992), and at similar pressures.
Bohlen and Boettcher’s (1981) reversed exchange experi-
ments all bracket exactly our calculated curve at 1173 K
and 1273 K (Fig. 5b, ¢). This bracketing behaviour indi-
cates that their experiments approached rather than
achieved equilibrium. At 1073 K their results include one
anomalous datum, which plots at lower Kp, ie., in the
opposite direction to the tendency towards higher
K, shown by the data of Koch-Miiller et al. in this region
of composition. Our run times are two to three times
longer than both these previous studies at the same tem-
perature, which should have helped to promote a closer
approach to equilibrium in our experiments.

Matsui and Nishizawa (1974) performed both syn-
thesis experiments (starting from mixtures of olivine plus
amorphous silica) and unreversed exchange experiments
at 1273 K, 0.1 MPa and 3 GPa, but the actual starting
compositions are not given. In Fig. 5c their pressure-
corrected 0.1 MPa results agree well with our calculated
curve, but their 3 GPa experiments seem to plot at sys-
tematically lower Ky, outside our confidence band. This
could be an artefact of our pressure correction, since, as
noted above, this correction is based on the available
P-V-T data (Holland and Powell 1990} and is expected to
become less efficaceous with increasing pressure. We re-
mark that if their 3 GPa data were not corrected for
pressure, they would fit very well with our 1.6 GPa model
curve.

The tendency for lower In K, at the Mg-rich end of
the system is summarized in Fig. 6, where we have plotted
the difference in In KD between our results and the pre-
vious data for 0 < Xg. < 0.2 against temperature. We
believe that this tendency is an artefact for the following
reasons: (1) we also found low In K for run 13/1, but
a repeat run with the same starting materials, but with
longer total run time and intermittent grinding (run 13/2)
gave a higher In Kp (see Table 2); (2) Fig. 6 shows no
systematic dependence of this discrepancy with temper-
ature; and (3) the vast majority of naturally occurring
coexisting olivine and orthopyroxene pairs at high Mg
(e.g. peridotite xenoliths from the mantle, with two-pyro-
xene equilibration temperatures from 850 to 1300 K) have
positive In K (note that the effect of erroneously count-
ing Fe®* as Fe?™ in the natural orthopyroxenes would be
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to lower In K, ). The reason for this effect may be a result
of the sluggish reaction kinetics at Mg-rich compositions.

In contemplating Fig. 5, two points should be borne in
mind: (a) the slope of In K, versus X ¢ is mostly due to
the difference in the deviations from ideality of the two
solutions, i.e. (Weg, .. — Wegpr .. ) for the simple solu-
tion model; while (b) curvature on this slope reflects
increasing magnitudes of Weg, . and Wegpx . . The
slope would be strictly linear for Wgeex . = 0 (ideality),
provided the olivine solution behaves symmetrically, but,
alternatively, curvature could also reflect asymmetry in
either solution. The systematic tendency towards erron-
eously low InKy, at the Mg-rich end of the system will
therefore both increase the slope of the data, thus increas-

ing (Wegl, ». — Wospr .. ), and increase the curvature,
thereby making Weg. .. and Weepx . seem higher. This
is the reason for the higher values of Wgg .. and
Wespr . reported by Koch-Miiller et al. (1992).

Some of the early data (Nafziger and Muan 1967;
Kitayama and Katsura 1968; Larimer 1968) were ob-
tained at conditions under which the (MgFe),Si,Of
compound should crystallize in the protopyroxene struc-
ture (see the phase diagram in Huebner 1980, his Fig. 8).
This is indicated in Fig. 5d—e. However, the effect of this
on Ky seems to be too small to be noticeable.

The results of this study do not agree with the recent
assessment of Sack and Ghiorso (1989), who recommen-

ded the unacceptably high value of 10170 + 250 J/mol for
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Fig. 7. Comparison of different models for In K, versus composition
of olivine at 1273 K, 1.6 GPa. Our data (Table 2) are shown with
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curve. For comparison, the curves for 1273 K and 1.5 GPa presented
by Sack and Ghiorso (1989) are shown, using their own model
{S&G) and the model of Davidson and Lindsley (1989; D&L)

Wi, ».- Thisisshown in Fig. 7. One contributing reason
for this discrepancy may be Sack and Ghiorso’s choice of
partitioning data. Sack and Ghiorso list in their appendix
(their Table A1) a large number of olivine-orthopyroxene
pairs from rocks thought to have equilibrated in the range
848 to 1223 K, plus the experimental partitioning data of
Larimer (1968) at 1373, 1473 and 1573 K and 0.1 MPa,
Matsui and Nishizawa (1974) at 1273 K, and 0.1 MPa or
3.0 GPa, Bohlen and Boettcher (1981) at 1173 and
1273 K and various pressures, and one datum from
Davidson and Lindsley (1989) at 1073 K and 0.2 GPa.
The other partitioning studies listed in our Table 1 were
either not available to Sack and Ghiorso, or were not
considered by them. Of the listed data, Sack and Ghiorso
then selected some 28 olivine-orthopyroxene pairs which
they considered as preferred data. Their constraints for
the selection were orthopyroxene compositions most close

to the binary Mg-Fe solid solution, and representative of
naturally occurring material. These 28 pairs included 26
from rocks, plus the datum of Davidson and Lindsley, and
one out of the 17 data of Matsui and Nishizawa {1974),
The reason for rejecting the other 16 data of Matsui and
Nishizawa was not given, as neither were the reasons for
the rejection of the rest of the experimental data (listed or
otherwise). Of the 28 preferred data, only six have X%, <

0:8, ie. Sack and Ghiorso’s preferred data are almost
entirely concentrated at the Fe-rich end of the system.
This must inevitably result in loss of accuracy, since the
extraction of activity-composition relations from par-
titioning data is based directly on the variation of K, with
composition, and thus requires as large a composition
range as possible. Whether this was a significant factor is
uncertain, for Sack and Ghiorso’s assessed values provide
but a poor fit their preferred data anyway (see Sack and
Ghiorso’s Fig. 15).

The use of partitioning data from naturally occurring
mineral pairs, particularly from slowly cooled meta-
morphic rocks, is fraught with the danger of one phase
continuing to maintain equilibrium with a third phase, or
with a fluid reservoir, during cooling. This is a particular
hazard for olivine, given the relatively rapid rate of
Mg — Fe interdiffusion in olivine (e.g. Morioka and
Nagasawa 1991). Such a process could lead either to
erroneouly higher or lower K, depending on the nature
of the reservoir.

Sack and Ghiorso also took into account the standard
state thermochemical data of Berman (1988). However,
when applied to our partitioning data, Berman’s data
seem to imply lower values of Wggt . (see Fig. 4).

Comparison with other data on the thermodynamics
of Mg — Fe olivine and orthopyroxene solutions

Olivine

The heats of mixing in Mg, Si0,-Fe,Si0O, olivines were
measured by Wood and Kleppa (1981) using oxide melt
solution calorimetry at 970 K. Re-analysis of their data
(O'Neill and Wall 1987) showed that the excess enthalpies
could be modelied by a symmetric regular solution with
Wegl, ». = 7080 + 1800 J/mol, with a rather large x; of
2.92. This is mostly due to an apparently anomalous
datum at X¢, = 0.6; ignoring this datum gives Wygi ..
= 4565 + 2000 J/mol, with x? = 0.13. Either way, the
agreement of the calorimetric Wyg . with Weer  _ from
our data (or with Wggt . from Wiser and Wood 1991, or
Koch-Miiller et al. 1992) indicates that any excess entropy
in Mg,Si04-Fe,Si0, olivines is small (i.e. Wy <
about 2 J/K - mol).

Orthopyroxene

Heats of mixing have also been measured on Mg, Si,Og-
Fe,Si,O¢ orthopyroxenes by Chatillon-Collinet et al.
(1983), at 1023 K on samples synthesized at 1393 K. The
state of order of their samples is not known (i.e. whether
the order corresponds to the synthesis temperature, or the
temperature of the calorimeter, or somewhere in between).



A least squares fit to their results gives Wggi, . = 4750 £
2500 J/mol, with a low %2 of 0.07 (data weighted accord-
ing to the reported standard deviations). This Wygpx _ is
rather larger than Wggpx . obtained from our measure-
ments, but is compatible within the precision of the
calorimetric data. Wygpx . > Wger ., 1s contrary to what
we expect from our neglect of the effect of order-disorder
on the configurational entropy of the orthopyroxene solu-
tion.

Sharma et al. (1987) measured activity-composition
relations in Mg,Si,04-Fe,Si,04 orthopyroxenes using
the displacement in T — uQ, space of the reaction:

Fe,Si,0, = 28i0, + 2Fe + O, (12)

They used an electrochemical method with calcia-sta-
bilized zirconia electrolytes, and a reference electrode of
Fe + “FeO” (iron-wiistite). Results were reported only at
1000 K. Compositions with Mg/(Mg + Fe) up to 0.1 were
investigated. The authors report that they synthesized
pyroxenes from oxide starting mixtures for all the invest-
igated compositions at atmospheric pressure and 1173 to
1473 K, although the compositions with Mg/(Mg + Fe)
< 0.4 fall outside the accepted stability field of pyroxene
{and into that of olivine plus silica) under these conditions
(Huebner 1980).

The cell arrangement used by Sharma et al. (1987) was
that of a simple electrode/electrolyte sandwich, in which
both the sample and the reference electrodes were exposed
to the same flowing stream of inert gas; this design is
similar to that used in the pioneering experiments of
Kiukkola and Wagner (1957). Such an arrangement can
give surprisingly good results with highly reactive elec-
trodes such as simple metal-metal oxide mixtures
(e.g. Kiukkola and Wagner 1957), but is usually con-
sidered inadequate for the study of kinetically sluggish
silicate equilibria, or for non-reversible electrodes involv-
ing solid solutions (e.g. Seetharaman and Abraham
1980). Sharma et al. (1987) found larger positive devi-
ations from ideality than those implied by this work; fitted
to a regular solution model, their measurements give
Wespr .. = 8200 J/mol. However, their measurements
imply AGY for Fe,S8i,04 (ie. from reaction 12) which is
7 + 2 kJ/mol less negative than that calculated from
assessed thermodynamic data (Berman 1988; or Powell
and Holland 1990), which in turn comes largely from
combining well-founded data from the two much studied
reactions:

Fe,Si0, = SiO, + 2Fe + O, (13)

(O’Neill 1987 and earlier references therein; Jacob et
al. 1989), and:

Fe,SiO, + SiO, = Fe,Si,0, (14)

(Bohlen et al. 1980; Koch-Miiller et al. 1992). The free
energies for both of these reactions are known to within
+ 0.5 kJ/mol. An explanation for this discrepancy is that
the open cell design could not prevent some oxidation and
consequent polarization of the (Fe,Mg),Si,O4 + Si10,
+ Fe sample electrodes, causing measured emfs to be
erroneously low (e.g. the observed emf may be a combina-
tion of the equilibrium emf plus the emf for the
Fe + “FeQ” equilibrium). Such effects are particularly
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likely at the unusually low temperature (1000 K) used by
Sharma et al. (1987) for this type of electrochemical
experiment. A further indication that polarization may
have been a problem comes from the observation of
Sharma et al. (1987) that their cell emfs rapidly returned to
the original value on application of an external emf. Since
the cell reaction is divariant, application of an external
emf (i.e. titration of oxygen into or out of the cell) ought to
have resulted in a displacement of the equilibrium. Fi-
nally, there is no certainty that the measured emfs in cells
with Mg/(Mg + Fe) < 0.4 correspond to the metastable
pyroxene-quartz-Fe equilibrium rather than the stable
olivine-quartz-Fe equilibrium.

Conclusions

The high degree of correlation between W .,
Wesps . and the standard free energy of the exchange
reaction means that it would be inappropriate simply tc
recommend our “best fit” value for Wegj, ... Instead, we
emphasize that our partitioning data agree well with
W, . = 3700 + 800 J/mol recently determined from
the olivine-magnesiowiistite-iron equilibrium by Wiser
and Wood (1991), using the activity-composition relations
for magnesiowiistite in equilibrium with iron of SreceC et
al. (1987). With this value of Weg, .., corrected to
1.6 GPa using Wyg, .. = 108]/GPa we obtain Wegps .,
= 280 + 900 J/mol (the uncertainty includes that in
Wi, _r.» as will subsequently quoted uncertainties).

This value for Wggi. ... also agrees with that originally
proposed by O'Neill and Wood (1979) from their study of
olivine garnet Mg — Fe?* partitioning equilibria, namely
Weg, v = 4140 £ 870 J/mol at 3.0 GPa, (ie. 3820 J/
mol at 1 bar). However, O’Neill and Wood (1979) used
a simple linear regression analysis, which results in inap-
propriate weighting of the data. Re-analysis of their data
using non-linear least squares with appropriate weighting,
and assuming Wggl, .. = 3700 + 108 P J/mol, gives
Wt .. =280 £ 960 J/mol. This value is based on 93
experimental runs at 1173 to 1773 K and 3.0 GPa, cover-
ing Mg/(Mg + Fe) = 02to0.9and X¥, = 0to0.3. The
more recent olivine-garnet Mg — Fe? " experimental data
of Hackler and Wood (1989) at 1273 K and 0.9 GPa give
an almost identical result: with Wsg .. = 3700 + 108
P J/mol, and assuming uncertainties in Xy, and X§, of
1 0.005 (1 o), we obtain Weg, .. = 1130 + 960 J/mol.
Allowing garnet to behave as a subregular solution result-
ed in no decrease of y?, and in agreement with Hackler
and Wood (1989) we emphasize that any asymmetry in
Mg — Fe?* garnet solutions is minor.

Similarly, re-analysis of the data on activity coeffi-
cients in binary Mg — Fe2™ ferrite, chromite and alumi-
nate spinels from olivine-spinel Mg — Fe?" partitioning
(reviewed in O’Neill and Wall 1987) shows that these
solutions are also close to ideal, with Wggp, .. = 700
+ 1000 J/mol. The olivine - ilmenite Mg — Fe?* par-
titioning data of Anderson and Lindsley (1979) at 1 bar
give Wgim = 6200 + 1500 J/mol.

Davies and Navrotsky (1983) demonstrated that there
is a good empirical relationship between the magnitude of
the regular solution parameter (W) and the relative differ-
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Fig. 8. Wy, _g. versus size mismatch AV, .. (Eq. 16 in text) for
some ferromagnesian solid solutions. The line is the correlation for
divalent solid solutions from Davies and Navrotsky (1983). The
datum for magnesiowiistite (mw) is not corrected for the change in
(Mg + Fe)/O stoichiometry across the solution

ence in the molar volumes of the end-members, implying
that positive deviations from ideality in simple solid solu-
tions are largely a result of the lattice strain from the
mixing of cations of different sizes. For the mixing of
divalent cations in a variety of structures, Davies and
Navrotsky (1983) found:

W, _, = 1008AV,_, — 0.4 (kJ/mol) (15)

where

Ayl (16)
05(V, — V)

In Fig. 8 this relationship is tested against the internally
consistent set of Wy,_r. parameters (all based on par-
titioning with olivine solid solution) described already.
There is much scatter around the correlation recommen-
ded by Davies and Navrotsky (1983). This is perhaps not
unexpected: the difference between the ionic radii of Mg
and Fe?™ is small, and at such levels other contributions
to the free energy of mixing may become significant, for
example, the change across the solid solution in the crystal
field stabilization energy of Fe?* with the size and shape
of the co-ordination polyhedra (Burns 1985), or order/
disorder, as in orthopyroxene.
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