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Garnet-spinel-olivine-orthopyroxene equilibria in the
FeO-MgO-Al>03-Si02-Cr203 system:
I. Composition and molar volumes of minerals
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Abstract: Experiments in the FMASCr system at pressures of 30—50 kbar and temperatures of 1200-1500°C
model mineral equilibria in depleted mantle harzburgite. Special emphasis was on the partitioning of chromium
between garnet, spinel and orthopyroxene and the influence of chromium on the garnet to spinel peridotite
transition. The experiments were carried out using mixtures of synthetic minerals as starting materials with
different initial compositions of phases, approaching the conditions of reversed experiments. The equilibrium
between minerals was attained rapidly with respect to Fe-Mg exchange, whereas a considerable scatter in
Cr/(Cr+Al) values was observed in all phases studied. The extreme compositions of phases in reversed
experiments give insight on the equilibrium phase composition. Cr/(Cr+Al) ratio of garnet coexisting with
orthopyroxene, olivine and spinel increases with pressure and temperature, exceeding 0.4 at 50 kbar and
1500°C. At high pressure spinel becomes also more chromian, while orthopyroxene composition approaches
the enstatite-ferrosilite join. After quench, the minerals were studied by X-ray diffraction in order to obtain
unit-cell parameters of solid solutions and refine their volume properties. Spinels in the system (Mg, Fe)(Cr,
Al),O4 show negative deviation from ideal mixing volume at high Cr contents and positive deviation in Al-rich
composition (Margules excess mixing volume parameters: Wcea; = 0.017 and Wy e, = —0.007 J/bar). Small
negative excess volume of mixing is related to Fe-Mg mixing in spinel. Cr-Al mixing in garnet is characterised
by a small excess mixing volume, which may be approximated by a symmetrical model (W'ic; = W1 =
0.018 J/bar). Our results are compatible with zero excess mixing volume of orthopyroxene solid solution. All
the excess volumes of mixing are small and their influence on equilibria is substantial only at very high
pressures ( >50 kbar).

Key-words: phase equilibrium, molar volume, solid solution, mantle mineralogy, peridotite.

Introduction

As a major component in some mantle phases
(spinel, garnet), chromium exerts a pronounced
effect on phase associations in peridotite, espe-
cially on the stability of garnet and spinel assemb-
lages. At higher pressures ( 40 kbar), garnet
becomes the major host of chromium as demon-
strated by high Cr contents in garnet from deep

xenoliths and inclusions in diamonds (Sobolev,
1974; Meyer, 1975). One of the possible Cr-bear-
ing garnet end-members, uvarovite, Ca;Cr,Si30,,
is known to be stable at low and high pressures
(Naka et al., 1975). However, high-chromium
mantle garnets generally contain too little calcium
to accommodate all chromium as uvarovite. The
existence of a new Fe-Mg Cr garnet has been pro-
posed, with the end-members Mg;Cr,Si30,,, knor-
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ringite (Nixon & Homung, 1968) and Fe;Cr,Si30,.
The pure end-members have not been found in na-
ture, but the mole fraction of knorringite in mantle
garnet may be as high as 65 % (Stachel & Harris,
1997). Experiments demonstrate the stability of
Fe-Mg Cr garnets at high pressures, 60—100 kbar
for knorringite (Ringwood, 1977; Irifune et al.,
1982; Turkin et al., 1983; Doroshev et al., 1997)
and 60 kbar for Fe;Cr,Si30, (Fursenko, 1981). Cr
in garnet may be a sensitive geobarometer for
low-calcium mantle peridotites. The development
of such a geobarometer is hampered by the lack of
sufficiently accurate experimental data on the Cr-
bearing mantle systems. The first experiments by
Ringwood (1977) were concerned only with the
synthesis of pure end-member knorringite, and
those of Irifune et al. (1982) and Irifune & Hariya
(1983) significantly overestimated pressure be-
cause pressure calibration was done only at room
temperature. More accurate data on phase equili-
bria in the MASCr system were obtained by Do-
roshev et al. (1997), who studied the assemblages
garnet-eskolaite-orthopyroxene and garnet-spinel-
orthopyroxene-forsterite at pressures of 30-50
kbar and temperatures of 1200—1500°C. These
authors provided phase diagrams for a model gar-
net-spinel harzburgite and estimated the condi-
tions of crystallisation of high-chromium garnet
included in diamonds. The influence of Ca and Fe
on the distribution of chromium between coexist-
ing phases was not taken into account. In harzbur-
gite assemblages, only garnet contains appreciable
amounts of calcium, and its influence may be esti-
mated from the data on Ca-Mg-Fe mixing in gar-
net (Wood, 1988; Koziol & Newton, 1989; Ber-
man et al.,, 1995) and experiments in Cr-bearing
lherzolitic systems (Webb & Wood, 1986; Nickel,
1986). The effect of iron is more difficult to
assess, inasmuch as even the small amounts of iron
typical of mantle peridotite may form iron-rich
spinels which, in turn, may greatly affect the par-
titioning of chromium between spinel and garnet.

This work is part of an ongoing project aimed
at the behaviour of chromium in the upper mantle
under subsolidus conditions. Experiments in the
system MASCr were reported by Doroshev et al.
(1997), the present paper deals with the FMASCr
system, and the study of calcium-bearing systems
is under way. The goal of this study is to assess
the mutual influence of Cr-Al and Fe-Mg substitu-
tion on the equilibria between garnet, spinel, ortho-
pyroxene, and olivine.

G.P. Brey, A.M. Doroshev, A.V. Girnis, A.I. Turkin

Experimental methods

Starting materials

Doroshev et al. (1997) emphasised the importance
of the adequate choice of starting materials for
determining equilibrium composition of chro-
mium-bearing minerals, because chromium diffu-
sion in silicates is slow even at relatively high
temperatures (e.g. Nickel, 1986). Similar to Do-
roshev et al. (1997), synthetic mineral mixtures
were used with minerals of either high or low
Cr/Al ratio to approach equilibrium from different
directions. The minerals were synthesised from re-
agent-grade oxides under conditions described by
Doroshev et al. (1997).

Since Fe and Mg equilibrate much faster than
Cr and Al, only pure Fe or Mg phases were used
(Table 1). We prepared six mixtures with two bulk
compositions differing in their Cr/Al molar ratio
(12:13 and 1:3). Mg/(Mg+Fe) ratio in all mixtures
was set to be 0.9, but the resulting materials dif-
fered slightly from the target composition. Thus,
the influence of Mg/(Mg+Fe) on the Cr-Al parti-
tioning could be evaluated within a small compo-
sitional range. The pyrope that we used in our
starting mixtures contained approximately 0.5
wt.% CaO because of small Ca contents in mag-
nesite used for synthesis. This resulted in <0.15
wt.% of CaO in the bulk compositions of starting
mixtures with this mineral. Garnets, especially in
the runs with low modal garnet, contained up to
2 wt.% of CaO, which is equivalent to 4 mol.% of
the uvarovite end-member. This calcium admix-
ture in garnets was accounted for in further evalua-
tion of the composition data. Among other phases
only orthopyroxene contained detectable amounts of
CaO in some experiments (up to 0.15- 0.35 wt.%).

In each experiment three different mixtures
were used simultaneously (Table 1). Chemical
equilibrium was approached from different direc-
tions: in mixtures (A) and (D) garnet would gain
Cr from spinel at experimental conditions, and
spinel would become more Al-rich by uptake of
Al from garnet; orthopyroxene takes in both Al
and Cr. Approach to equilibrium in mixtures (B)
and (E) was from Cr-bearing garnet, pure spinel
and enstatite. Mixtures (C) and (F) were designed
to reverse orthopyroxene composition, because
the amount of Cr and Al in the starting orthopyr-
oxene was much higher than the solubility of
these elements at experimental conditions. Use of
different iron-bearing phases in these mixtures
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allowed us to judge equilibration with respect to
Fe-Mg exchange.

Experimental set-up

Three starting mixtures separated by graphite
discs were loaded into a graphite container, which
was welded into a Pt capsule with 4 mm inner
diameter. The double graphite-platinum capsule
provides oxygen fugacity at or below the graphite-
CO-CO, equilibrium, which is located above the
iron-wuestite buffer under the experimental condi-
tions (Thompson & Kushiro, 1972; Woermann &
Rosenhauer, 1985). Accordingly, no metal phase
appeared, and ferric iron content was negligible in
all phases.

The experiments were carried out with a belt
apparatus at the Max-Planck-Institut fiir Chemie,
Mainz, which was recently transferred to. the
University of Frankfurt. The belt apparatus was
calibrated by Brey et al. (1990), and P and T are
believed to be accurate within £7° and 0.5 kbar.
The experimental temperature and pressure condi-
tions were varied between 1200 and 1500°C and
30 and 50 kbar, with run durations from 2.5
(1500°C) to 7 days (1200°C) (Table 1).

The experimental products were examined by
optical microscopy and analysed by powder X-ray
diffractometry and electron microprobe.

X-ray diffraction patterns were recorded using
a Philips X-ray powder diffractometer system
ARD-15 with CuKo radiation in the range
17°<20<70° at a counter rate of 0.5° min!.
‘High-purity silicon was used as an internal stand-
ard (cell edge a, = 5.43088 A). Silicon was added
in an amount that permitted fixing the doublets o,
and o, of its least intense reflection (400). Correc-
tion was determined by the three reflections that
did not overlap with the reflections of the phases
studied. If the scatter of the correction determined
by these reflections did not exceed 0.01° (20) the
.average was taken as the correction value, other-
wise the correction was calculated as a linear
function of the 26 angle. The unit-cell parameters
of synthesised phases were calculated using the
least squares method.

Experimental charges were cut and polished
for electron microprobe analysis with the Cameca
(Camebax Microbeam) electron microprobe of the
Institut fiir Geowissenschaften, Universitit Mainz,
equipped with a Kevex energy-dispersive system.
The accelerating voltage was 15 kV, the beam cur-

Table 1. Experimental conditions and run products.

Run  Mixture® Pressure T(°C) Duration Run products
(kbar) (h)
789/4 D 30 1200 168 OIl,0px,Sp,Grt
789/5 E 30 1200 168  Ol,0px,Sp,Grt
789/6 F 30 1200 168  OIl,0px,Sp,Grt
69/4 D 30 1300 86 OI,0px,Sp,Grt
69/5 E 30 1300 86 Opx,Sp,Grt
69/6 F 30 1300 86 Ol,0px,Sp,Grt
67/4 D 30 1400 64 Ol,0px,Sp,Grt
67/5 E 30 1400 64 Opx,Sp,Grt
67/6 F 30 1400 64 Ol,0px,Sp,Grt
70/4 D 30 1500 46  Ol, Opx,Sp
70/5 E 30 1500 46  Ol, Opx,Sp,Grt
70/6 F 30 1500 46 Ol Opx,Sp,Grt
711 A 40 1200 138  Ol,0px,Sp,Grt
7112 B 40 1200 138  OI,0px,Sp,Grt
7113 C 40 1200 138 Ol,Opx,Sp,Grt
68/1 A 40 1300 96 Ol,0px,Sp,Grt
68/2 B 40 1300 96 0OIl(?),0px,Sp,Grt
68/3 Cc 40 1300 96  Ol,0px,Sp,Grt
66/1 A 40 1400 98 Ol,0Opx,Sp,Grt
66/2 B 40 1400 98  0I(?),0px,Sp,Grt
66/3 (o] 40 1400 98  Ol,0px,Sp,Grt
65/1 A 40 1500 62 Ol,0px,Sp,Grt
65/2 B 40 1500 62  0I(?),0px,Sp,Grt
65/3 [o] 40 1500 62 Ol,0px,Sp,Grt
788/1 A 50 1200 143  0O1,0px,Sp,Grt
788/2 B 50 1200 143  0OI,0px,Sp,Grt
788/3 o] 50 1200 143  0l,0px,Sp,Grt
72/1 A 50 1300 119  OI,0px,Sp,Grt
7212 B 50 1300 119 Ol,0px,Sp,Grt
72/3 (o] 50 1300 119  Ol,0px,Sp,Grt
7921 A 50 1400 110  0I,0px,Sp,Grt
7922 B 50 1400 110  0I,0px,Sp,Grt
792/3 C 50 1400 110 OIl,0px,Sp,Grt
7871 A 50 1500 64 ©OI,0px,Sp,Grt
7872 B 50 1500 64 OI,0px,Sp,Grt
7873 _C 50 1500 64 OI.Opx.Sp.Grt

? Minerals in starting mixtures:
A - Pyr+Fa+En+Pc+Fo; B - PyrKngo+Alm+Fo+En+Sp
C - PyryoKngy+Fo+Fa+Herc+Eng,Crts,o
D - Pyr+Fa+En+Pc+Fo; E - PyrsoKnso+Alm+Fo+En+Sp
F - PyrsoKnso+Fo+Herc+Eng,Crts,o

Bulk composition of starting mixtures:
A, B, C - Pyrg,KngAlm,g+FogoFayg
D, E, F - PyrgsKnasAlm,o+FogoFayo

rent 20 nA, the counting time 100 s, and the beam
size 2 um. Pure metals and oxides were used as
standards and ZAF correction procedures were
after Reed & Ware (1975). The experimental
phases were normally between 10 and 20 um in
size. In most cases the outer parts of grains were
analysed. Five to ten analyses were carried out for
each phase.
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Table 2. Average composition and unit-cell parameters of experimental olivines.

Run SO, FeO MgO Cr,O, Total mg# | aa° b, A ch VA
789/6 3892 1230 4592 1.03 98.17 0.869

69/4 4076 7.50 5080 0.56 99.60 0.924| 4.7626(7) 10.2242(7) 5.9909(5) 291.72(4)
69/6 3959 1221 46.89 0.61 99.30 0.872

67/4 3957 768 5024 0.98 98.46 0.921

67/6 38.30 12.71 4542 236 98.79 0.864

70/4 4029 7.84 5047 0.83 99.41 0.920| 4.7604(4) 10.2191(8) 5.9931(5) 291.55(3)
68/1 40.11 7.02 50.92 1.01 99.06 0.928

66/1 4092 7.01 5237 0.73 101.03 0.930

65/1 40.56 7.34 5087 1.10 99.87 0.925

788/1 4026 6.14 51.75 042 98.57 0.938| 4.7588(5) 10.2229(12 5.9974(6) 291.77(4)
788/3 40.01 7.82 4841 096 97.20 0.917| 4.7632(2) 10.2241(7) 5.9894(4) 291.68(2)
7211 4086 6.31 5191 066 99.74 0.936| 4.7628(4) 10.215(1) 5.9876(8) 291.32(5)
7213 4032 7.41 5099 0.79 99.50 0.925| 4.7623(5) 10.223(1) 5.9903(7) 291.62(4)
792/1 4038 6.53 5143 0.76 99.09 0.934| 4.7618(4) 10.222(9) 5.9873(5) 291.43(3)
792/2 4185 451 5427 079 101.42 0.955| 4.760(1) 10.208(1) 5.9867(7) 290.87(5)
792/3 4050 769 5079 097 99.95 0922 4.7629(4) 10.218(1) 5.9902(5) 291.52(3)
7871 4039 7.11 50.85 1.22 99.56 0.927| 4.7638(6) 10.2179(9) 5.9882(8) 291.48(4)
78712 41.02 517 5262 1.05 99.86 0.948| 4.7584(8) 10.215(1) 5.988(13) 291.07(6)
787/3 4040 9.00 49.44 1.78 100.62 0.907| 4.7652(3) 10.2239(9) 5.9919(4) 291.92(2)

2 mg# = Mg/(Mg+Fe) ® Figures in parentheses are standard deviation (1) in units of the last digit.

Mineral composition

In the majority of the experiments the desired
four-phase association was observed in the run
products (Table 1). Only at 30 kbar and 1500°C
garnet was absent in mixture (D) and olivine was
not found in the experimental products from
30 kbar and 1300 and 1400°C with mixture (E).
Tables 2—5 show the results, which include aver-
age and the most advanced compositions with re-
spect to Cr/(Cr+Al) ratio.

Olivine

Mg/(Mg+Fe) ratios of olivine are generally uni-
form and highest in the run products with starting
mixtures (B) and (E) (Table 2) (0.94-0.96), low-
est in those with (C) and (F) mixtures (0.87—
0.92), and intermediate with mixtures (A) and (D)
(0.92-0.93). Olivine is high in chromium (0.4—
2.4 wt.% as CryO;) which displays considerable
scatter. Chromium oxidation state was not deter-
mined in olivine or any other phase. Chromium
contents in olivine is much higher than found in
natural samples <0.5 wt.% Cr,O;, see Meyer,
1975). This suggests a significant fraction of
Cr,Si04, whose solubility in olivine at the ex-
perimental pressure and temperature is very high
(5-25 mol.%) (Li et al., 1995). In a similar set of

experiments Engi (1983) found tiny inclusions of
Cr spinel in olivine, which were only visible
under an electron microscope.

Spinel

In most cases spinel is close to the (Mg,Fe?*)
(Cr,Al),0O4 solid solution. Recalculation of the
slight deviation from ideal stoichiometry results in
positive and “negative” Fe>* contents of 0.02 to —
0.02 evenly distributed around 0. This is within
the errors of microprobe analysis, which indicates
that Fe3* content is negligible.

2 4 30 kbar °
5 0.8 | o 40 kbar g
_ o 50 kbar ¢
[ ]
£ 06 o A
Q o o A 8
2 o a 2

= 04 ° e

I\ e

g |8 :

” 0.2 s 1 L 1

1200 1300 1400 1500

T°C

Fig. 1. Concentration of SiOz2 in experimental spinels as
a function of temperature.
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Table 3. Average composition (wt.%), compositional ratios and unit-cell parameters of experimental spinels.

Run SiO, ALO, FeO MgO Cr,0; Total mg#® c#  minc# maxcri a, A
789/4 0.21 2715 1044 17.02 4432 99.14| 0.77(7) 0.47(21) 0.373 0.896 8.190(1)
789/5 0.21 37.55 6.34 20.76 33.50 98.36] 0.863(7) 0.37(2) 0.356 0.401 8.1872(5)
789/6 0.25 38.95 11.30 17.74 30.50 98.73] 0.71(7) 0.36(19) 0.122 0.579 8.214(2)
69/4 0.31 36.19 8.41 19.46 34.18 98.55| 0.81(1) 0.39(3) 0.349 0.433 8.1812(5)
69/5 0.31 39.06 6.50 20.84 3196 98.67| 0.855(3) 0.36(1) 0.335 0.370 8.177(4)
69/6 0.46 37.11 11.94 17.48 32.32 99.31] 0.72(3) 0.36(4) 0.329 0.421 8.183(2)
67/4 0.57 41.13 8.39 20.35 28.33 98.76{ 0.83(1) 0.31(3) 0.274 0.367 8.1735(3)
67/5 0.46 40.93 6.14 2130 29.58 98.40| 0.862(7) 0.325(5) 0.323 0.334 8.1755(4)
67/6 0.41 29.51 983 1740 40.98 98.13| 0.799(4) 0.257(9) 0.245 0.264 8.1930(6)
70/4 0.55 42.04 766 2082 27.98 99.06] 0.836(8) 0.31(1) 0.291 0.323 8.1750(4)
70/5 0.54 42.10 6.01 2180 27.68 98.12] 0.876(3) 0.305(3) 0.303 0.310 8.1711(4)
70/6 0.78 37.31 1097 1824 3167 98.98| 0.751(4) 0.37(1) 0.335 0.376 8.1914(7)
711 0.25 12.78 11.36 1457 60.62 99.58] 0.68(2) 0.74(3) 0.733 0.817 8.2786(5)
71/2 0.45 15.29 790 16.90 58.08 98.61] 0.77(1) 0.717(4) 0.713 0.724 8.2725(4)
713 0.59 13.01 16.10 11.76 57.21 98.66] 0.56(1) 0.75(1) 0.733 0.758 8.2801(5)
68/1 0.29 14.01 10.70 15.13 58.95 99.08] 0.70(2) 0.75(4) 0.696 0.773 8.2640(4)
68/2 0.65 17.20 8.02 1740 5559 98.87| 0.79(1) 0.684(3) 0.682 0.689 8.2657(4)
68/3 0.54 16.36 11.33 15.11 55.63 98.97| 0.694(9) 0.69(2) 0.675 0.729 8.2694(4)
66/1 0.52 19.15 10.21 16.84 53.13 99.85] 0.752(9) 0.65(1) 0.642 0.668 8.2556(5)
66/2 0.59 18.33 8.01 1765 5467 99.24| 0.786(8) 0.666(3) 0.664 0.670 8.2615(3)
66/3 0.52 18.67 1143 1522 5255 98.39] 0.697(9) 0.64(2) 0.637 0.692 8.2595(2)
65/3 0.79 20.88 1225 15.70 49.58 99.20| 0.699(4) 0.614(2) 0.612 0.618 8.2507(4)
65/2 0.59 19.60 6.60 1842 53.59 98.79] 0.816(6) 0.646(2) 0.646 0.649 8.2512(4)
65/1 0.64 19.46 9.68 16.87 52.73 99.39] 0.751(6) 0.646(2) 0.641 0.647 8.2534(4)
788/1 0.30 7.85 11.63 13.48 66.07 99.34] 0.654(8) 0.85(1) 0.831 0.864 8.3012(5)
788/2 0.38 10.58 8.00 16.11 63.50 98.56| 0.759(4) 0.797(8) 0.796 0.815 8.2927(4)
788/3 0.33 9.64 13.16 12.86 63.16 99.15] 0.62(1) 0.81(1) 0.797 0.829 8.3025(4)
721 0.37 10.41 11.02 1486 62.96 99.61| 0.70(1) 0.79(2) 0.785 0.839 8.2910(3)
72/2 0.42 12.27 7.80 16.87 61.06 98.41] 0.786(8) 0.77(1) 0.760 0.788 8.2847(5)
7213 046 11.86 12.01 1460 5966 98.58| 0688(4) 0.771(3) 0769 0.776 8.2923(5)
792/1 0.59 8.67 1153 1484 6539 101.03| 0.692(8) 0.835(2) 0.833 0.838 8.3045(4)
792/2 0.61 9.33 8.39 16.32 64.35 99.00] 0.760(6) 0.822(2) 0.820 0.826 8.2991(3)
792/3 0.57 8.82 1232 1421 63.08 99.00] 0.67(1) 0.828(1) 0.826 0.829 8.3082(2)
78711 0.72 10.48 10.88 15.08 62.57 99.72 0.701(6) 0.801(2) 0.798 0.803 8.2936(4)
787/2 0.77 11.23 8.02 16.71 62.27 98.99] 0.770(5) 0.788(2) 0.786 0.790 8.2890(4)
787/3 0.86 10.72 1290 1415 60.93 99.56] 0.656(3) 0.792(1) 0.791 0.793 8.2980(4)

? mg# = Mg/(Mg+Fe), all iron as FeO. Median values; figures in parentheses are standard deviation in units of the last digit.
® cr# = Cr/(Cr+Al). Median values; figures in parentheses are standard deviation in units of the last digit.

In contrast to the MASCr system (Doroshev et
al., 1997), spinel analyses from the experiments in
the FMASCr system show 0.2 to 0.8 wt.% of SiO,
(Table 3). The SiO, contents could be due to
microinclusions of silicates, however, the clear
positive correlation with temperature (Fig. 1) sug-
gests silica dissolution in the spinel structure.

The Cr/(Cr+Al) ratio of spinel ranges from
0.25 to 0.87, increasing with pressure (Fig. 2). Ne-
gative temperature dependence of this ratio at
constant pressure is also apparent. Mg/(Mg+Fe)
ratios of spinel are much lower and vary widely

(0.53-0.88 within the whole experimental range)
as compared with olivine.

At all pressures and temperatures the Mg/
(Mg+Fe) ratio of spinel is rather uniform in any
experiment, ranging normally within +0.005
(Fig. 2). At high temperatures (1400—1500°C) the
Cr/(Cr+Al) ratio is also very uniform (£0.01 or
less). At 1200—1300°C and especially at 30 kbar,
this interval is much larger (0.03—0.3). No simple
correlation exists between the direction of ap-
proach to equilibrium and the composition of spi-
nels (Fig. 2). The spinels in the runs with chro-
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Fig. 2. Composition of experimental spinels from harzburgite mineral assemblages at different pressures and tempera-
tures. All microprobe analyses are shown. Spinel compositions from experiments with various starting mixtures are
shown by different symbols: triangles - (A) and (D) (30 kbar); squares - (B) and (E) (30 kbar); circles - (C) and (F)
(30 kbar). Arrows show the assumed changes in mineral composition during equilibration.

mian spinel in the starting material may be either
higher or lower with respect to their Cr/(Cr+Al)
ratio compared to the charges from the same ex-
periments with initially aluminous spinel. No de-
finite correlation was observed between Mg/
(Mg+Fe) and Cr/(Cr+Al) ratios at constant press-
ure and temperature. Usually, Cr/(Cr+Al) ratios in
the three charges of any experiment were very
similar in spite of quite different initial spinel
compositions.

Garnet

The majority of experimental garnets yielded a
slight excess of the sum of cations (8.01-8.03)
when calculated on the basis of 12 oxygens. This
excess lies within the error of microprobe anal-
ysis, but, if real, would imply 0.02—-0.06 Fe’*
p-f.u. Although it correlates (negatively) with tem-
perature and pressure, the deviation from stoichio-
metry does not depend on iron content of garnet
which could be expected if this deviation were
due to Fe** incorporation. Because of the uncer-
tainties, we ignored the possible presence of ferric
iron and expressed the relationship of trivalent ca-
tions in garnet with a single parameter, Cr/(Cr+Al).
Garnets from the experiments with mixtures (A)
and (D) contain up to 1.5-2 wt.% CaO (Table 4),

which corresponds to a Ca/(Ca+Mg+Fe) ratio in
garnet of 0.03-0.04.

Garnet is the most iron-rich of the coexisting
silicates. Its Mg/(Mg+Fe) value is normally 0.92—
0.94 for experiments with mixtures (B) and (E),
0.88-0.9 for (A) and (D), and 0.84-0.9 for (C)
and (F). This ratio increases slightly with tempera-
ture but not with pressure. Normally, the ex-
perimental garnets are uniform with respect to
their Mg/(Mg+Fe) ratios; these vary within
+0.005 at 1400 and 1500°C and *0.01 in the
lower-temperature experiments (Fig. 3).

The Cr/(Cr+Al) ratio is less uniform (Fig. 3).
Even at 1500°C the range of Cr/(Cr+Al) values is
as large as 0.1-0.2 (Table 4). The most chromian
garnets were produced in the experiments at
50 kbar and 1500°C (Cr/(Cr+Al) >0.4). The Cr
contents of garnets decrease rapidly with decreas-
ing pressure and temperature, and the Cr/(Cr+Al)
ratio is below 0.1 in the experiments at 30 kbar
and 1200-1300°C (Fig. 3).

Orthopyroxene

Orthopyroxenes from the experiments are close to
ideal stoichiometry with sums of cations ranging
from 3.99 to 4.01 calculated for 6 oxygens. CaO
content of orthopyroxenes is normally below
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Table 4. Average compositions (wt.%), compositional parameters, and cell edges of experimental garnets.
Run Sio, FeO MgO  ALO;  Cr0, Ca0 Total| mg# cr# minc# maxc#  a,A
789/4 41.95 6.12 24.36 22.30 2.84 1.78 99.34]| 0.88(2) 0.07(1) 0.059 0.105 11.4744(7)
789/5 43.20 3.87 27.58 23.38 2.38 0.10 100.52| 0.926(6) 0.06(2) 0.039 0.088 11.4722(6)
789/6 41.85 7.59 24.53 22.43 2.69 0.00 99.09| 0.853(6) 0.074(4) 0.070 0.081 11.479(1)
69/4 42.29 5.18 25.48 22.66 2.76 1.20 99.57| 0.898(2) 0.09(2) 0.036 0.091 11.491(1)
69/5 42.55 4.51 26.71 22.29 3.40 0.17 99.63| 0.92(1) 0.095(6) 0.083 0.096 11.4764(6)
69/6 42.26 8.88 24.22 22.25 278 0.03 100.42| 0.85(2) 0.08(2) 0.051 0.096 11.474(1)
7n 4217 6.01 2497 20.48 5.03 0.82 99.49| 0.89(1) 0.13(4) 0.092 0.186 11.4760(7)
7112 42.05 3.74 26.61 18.35 8.43 0.23 99.41| 0.927(2) 0.22(5) 0.180 0.342 11.4922(6)
7173 41.38 8.20 23.61 19.59 6.39 0.16 99.33| 0.835(7) 0.18(1) 0.165 0.192 11.4935(8)
68/1 41.48 5.17 24.96 19.79 6.18 0.86 98.43| 0.896(2) 0.18(4) 0.116 0.222 11.5012(8)
68/2 42.22 3.89 26.67 19.02 7.85 0.10 99.75| 0.924(3) 0.21(1) 0.205 0.233 11.4986(5)
68/3 42.01 5.76 2544 20.61 5.59 0.09 99.51| 0.88(1) 0.14(8) 0.075 0.282 11.4960(7)
66/1 42.04 497 25.18 19.50 6.91 1.32 99.92| 0.900(2) 0.20(4) 0.129 0.239 11.501(1)
66/2 42.07 3.81 26.65 18.03 9.09 0.22 99.88| 0.924(2) 0.24(3) 0.228 0.292 11.4982(3)
66/3 41.94 5.51 25.48 19.66 6.91 0.156 99.65| 0.87(2) 0.24(4) 0.130 0.220 11.4951(7)
65/3 41.81 6.59 24.68 17.75 9.12 0.18 100.13| 0.897(9) 0.26(8) 0.171 0.425 11.5041(5)
65/2 41.66 3.35 26.62 17.66 10.12 0.22 99.63| 0.935(3) 0.28(3) 0.241 0.322 11.5020(5)
65/1 41.62 4.97 2513 18.28 8.45 0.90 99.35] 0.900(3) 0.237(7) 0.228 0.245 11.496(1)
788/1 41.47 5.81 24.34 18.98 6.96 1.18 98.75| 0.88(1) 0.21(4) 0.131 0.241 11.495(1)
78812 41.78 3.22 26.72 18.40 8.21 0.1 98.45| 0.93(1) 0.23(5) 0.135 0.333  11.4956(6)
788/3 41.22 5.89 24.49 16.54 10.22 0.1 98.49| 0.87(3) 0.2(2) 0.105 0.584 11.5000(6)
7211 41.51 5.11 24,98 17.64 8.84 0.75 98.83] 0.899(7) 0.26(2) 0.229 0.282 11.5080(6)
7212 41.46 3.51 26.58 18.02 9.31 0.11 98.99| 0.931(2) 0.25(2) 0.248 0.290 11.5008(3)
7213 41.53 5.01 25.57 17.77 8.95 0.17 98.99| 0.89(2) 0.25(2) 0.238 0.287 11.5032(7)
792/1 41.63 5.13 24.92 14.62 13.17 0.67 100.13| 0.897(1) 0.37(1) 0.360 0.395 11.5244(5)
792/2 41.63 3.53 26.18 16.17 12.41 0.09 99.01} 0.929(3) 0.36(1) 0.339 0.378 11.5160(4)
792/3 40.96 5.55 24.75 15.05 12.37 0.14 98.83| 0.888(1) 0.35(1) 0.329 0.366 11.5201(4)
78711 40.92 5.22 2461 14.54 12.87 0.60 98.76| 0.893(2) 0.38(3) 0.321 0.394 11.5264(5)
7872 41.15 3.82 25.67 12.90 16.38 0.33 99.26| 0.925(4) 0.38(11) 0.336 0.591 11.5186(3)
787/3 41.22 6.50 24.27 14.43 13.01 0.06 99.48| 0.869(5) 0.38(4) 0.333 0.436  11.5225(4)
* mg# = Mg/(Mg+Fe+Ca), all iron as FeO. Median values; figures in p are deviation in units of the last digit.
® cr# = Cr/(Cr+Al). Median values; figures in are deviation in units of the last digit.
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Fig. 3. Compositions of experimental garnets. See Fig. 2 for symbol explanation.




Table 5. Average compositions (wt.%), compositional parameters. and cell edges of experimental orthopyroxenes.

Run SiO, ALO; FeO MgO CaO Cr,O; Total [ mg#® Cr®  minCrmaxcr Al®  minAl maxAl aA® b, A cA VA?
789/4 5572 455 539 33.85 0.31 1.19 101.00] 0.914(8) 0.031(3) 0.030 0.036 0.19(1) 0.167 0.190{18.232(1) 8.7927(6) 5.1882(3) 831.72(6)
789/5 5521 528 3.10 34.94 nd 141 99.94| 0953(3) 0.040(5) 0.030 0.041 0.22(2) 0.181 0.230[18.2179(8) 8.7793(4) 5.1851(3) 829.31(3)
789/6 53.94 466 7.18 32.12 nd 2.10 100.01| 0.87(3) 0.06(1) 0.048 0.080 0.18(2) 0.170 0.215
69/4 5354 6.02 458 33.10 034 1.75 99.33|] 0.927(2) 0.048(3) 0.044 0.050 0.246(5 0.241 0.251|18.2259(8) 8.7840(5) 5.1890(3) 830.75(5)
69/5 5436 584 349 3422 nd 168 99.60] 0.946(2) 0.047(8) 0.035 0.055 0.25(3) 0.183 0.272|18.2156(7) 8.7708(5) 5.1879(3) 828.84(5)
69/6 5439 497 6.32 3263 nd 216 100.48| 0.92(2) 0.06(1) 0.037 0.081 0.20(4) 0.133 0.240{18.228(1) 8.7969(6) 5.1893(6) 832.12(9)
67/4 5324 639 474 3291 022 169 99.18| 0.925(3) 0.045(3) 0.045 0.051 0.264(8 0.252 0.271|18.2235(8) 8.77728(4) 5.1893(3) 830.03(5)
67/5 5263 797 351 33.26 nd 230 99.67| 0.944(1) 0.060(5) 0.056 0.068 0.32(2) 0.292 0.335|18.2097(6) 8.7628(4) 5.1888(2) 827.96(4)
67/6 5494 381 552 3324 nd 227 99.77] 0.92(1) 0.07(1) 0.048 0.078 0.16(3) 0.107 0.189
70/4 563.39 6.82 476 3281 0.24 1.99 100.01| 0.925(3) 0.055(4) 0.048 0.059 0.28(2) 0.226 0.304|18.2192(7) 8.7739(4) 5.1906(2) 829.74(4)
70/5 5238 828 354 33.20 nd 238 99.77] 0.944(2) 0.064(1) 0.063 0.066 0.336(8 0.324 0.345)|18.2087(8) 8.7628(5) 5.1886(2) 827.89(5)
70/6 51.87 6.83 6.78 30.90 nd 288 99.26] 0.890(5) 0.08(1) 0.068 0.099 0.27(4) 0.245 0.346{18.2222(9) 8.7858(4) 5.1920(3) 831.23(5)
711 56.68 250 436 3516 0.17 1.40 100.27| 0.935(4) 0.038(1) 0.036 0.040 0.09(2) 0.091 0.129|18.239(1) 8.8076(5) 5.1842(3) 832.82(6)
71/2 56.52 250 267 36.20 nd 165 99.54| 0.959(2) 0.045(1) 0.043 0.046 0.101(4 0.094 0.104
7113 5469 323 6.31 3287 nd 235 99.44| 0.90(1) 0.07(1) 0.046 0.078 0.13(4) 0.094 0.175|18.2371(9) 8.8115(6) 5.1877(3) 833.64(6)
68/1 5590 266 4.17 3495 019 1.68 9954/ 0937(1) 0.048(6) 0.036 0.051 0.11(1) 0.092 0.118|18.2347(9) 8.8048(4) 5.1870(2) 832.79(5)
68/2 56.28 3.17 3.01 35.51 nd 211 100.08] 0.954(1) 0.059(4) 0.052 0.060 0.127(5 0.122 0.135|18.2319(9) 8.7991(4) 5.1866(3) 832.06(6)
68/3 5529 3.18 4.90 33.98 nd 240 99.75| 0.924(4) 0.07(1) 0.051 0.074 0.12(2) 0.106 0.163{18.240(1) 8.8029(6) 5.1862(4) 832.73(7)
66/1 5593 3.42 424 3457 024 219 100.58| 0.935(2) 0.060(2) 0.056 0.061 0.138(5 0.132 0.142|18.2352(8) 8.8000(4) 5.1871(3) 832.37(5)
66/2 56.04 3.70 3.18 35.22 nd 243 100.57| 0.952(2) 0.065(1) 0.064 0.066 0.148(2 0.146 0.150]|18.226(1) 8.7908(6) 5.1851(4) 830.74(7)
66/3 55.75 2.81 543 33.88 nd 224 100.10] 0.917(2) 0.062(6) 0.053 0.067 0.11(1) 0.092 0.135|18.2371(9) 8.8029(4) 5.1888(3) 833.01(6)
65/3 54.15 348 6.30 34.08 nd 226 100.26/ 0.908(3) 0.063(7) 0.054 0.069 0.16(2) 0.108 0.165
65/2 55.10 4.14 291 34.89 nd 291 9996| 0.955(1) 0.079(5) 0.074 0.087 0.166(3 0.164 0.171|18.2280(8) 8.7908(4) 5.1879(3) 831.30(5)
65/1 55.72 326 444 3427 028 237 100.34| 0.933(1) 0.062(6) 0.060 0.074 0.14(1) 0.116 0.147(18.2356(8) 8.8026(4) 5.1910(3) 833.26(5)
788/1 57.06 1.45 401 3533 0.15 1.38 99.39] 0.942(7) 0.035(8) 0.030 0.051 0.062(7 0.051 0.066[18.239(1) 8.8144(7) 5.1859(5) 833.69(8)
788/2 57.48 165 254 36.89 nd 1.52 100.07| 0.962(2) 0.040(4) 0.035 0.048 0.065(5 0.062 0.075|18.232(1) 8.8111(4) 5.1852(4) 832.98(6)
788/3 56.08 201 4.39 34.80 nd 1.84 99.12| 0930(8) 0.05(1) 0.031 0.068 0.07(3) 0.054 0.150|18.237(1) 8.8216(7) 5.180(1) 833.3(1)
72/1 56.58 1.84 4.08 3487 0.19 173 99.29| 0.94(1) 0.04(1) 0.036 0.076 0.08(2) 0.040 0.099]18.238(1) 8.8087(7) 5.1854(4) 833.03(7)
7212 57.00 212 262 36.34 nd 179 99.88| 0.960(2) 0.047(5) 0.044 0.056 0.085(2 0.083 0.088|18.229(1) 8.8054(5) 5.1834(3) 832.02(6)
72/3 56.18 2.09 4.67 34.62 nd 179 99.36| 0.931(4) 0.049(3) 0.045 0.054 0.086(8 0.072 0.097|18.239(1) 8.8056(6) 5.1872(3) 833.08(6)
792/1 57.03 144 3.89 3512 0.15 1.69 99.32| 0.942(2) 0.045(8) 0.038 0.060 0.060(6 0.050 0.065|18.2378(1) 8.8146(7) 5.1834(4) 833.26(7)
792/2 5816 166 281 36.71 nd 1.89 101.22| 0.959(1) 0.050(2) 0.048 0.053 0.066(3 0.061 0.069|18.2368(1) 8.8101(7) 5.1828(2) 832.70(6)
792/3 5729 161 429 3528 nd 1.67 100.14] 0.936(2) 0.045(1) 0.044 0.046 0.065(1 0.064 0.066|18.247(2) 8.8026(8) 5.1878(4) 833.3(1)
78711 56.49 1.98 437 3458 0.16 218 99.76| 0.934(2) 0.059(5) 0.053 0.066 0.079(3 0.078 0.086|18.238(2) 8.8117(9) 5.1860(5) 833.4(1)
787/2 57.00 206 3.12 35.65 nd 230 100.13] 0.953(2) 0.062(6) 0.052 0.068 0.084(9 0.068 0.091|18.234(1) 8.8031(8) 5.1805(4) 831.54(8)
787/3 56.20 224 555 34.01 nd 2.23 100.22] 0.916(1) 0.059(4) 0.057 0.067 0.089(5 0.085 0.098|18.2386(1) 8.8173(7) 5.1865(4) 834.07(8)

* mg# = Mg/(Mg+Fe), all iron as FeO. Median values; figures in parentheses are standard deviation in units of the last digit.
® Median, maximum, and minimum Al and Cr are in formula unit on the basis of 6 O.

¢ Figures in parentheses are standard deviation in units of the last digit.

n.d. - not determined, concentration below microprobe detection limit.
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0.1 wt.%, and Al,O; and Cr,0O; concentrations
vary from 1.5 to 8.0 and from 1.0 to 6.5 wt.%, re-
spectively (Table 5). The atomic fraction of Cr is
always lower than that of Al (Fig. 4), suggesting
that Cr enters orthopyroxene as the MgCrAlSiOg
end-member. The distribution of aluminium be-
tween M1 and tetrahedral sites is thus given by:
Aly; = (Al-Cr)/2 and Alp = (Al+Cr)/2. Bulk Al
and Cr contents in orthopyroxene increase with
temperature (Fig. 4). Increasing pressure strongly

Al in Orthopyroxene

reduces Al solubility in orthopyroxene, whereas
the Cr content remains relatively constant (Fig. 4).
The ratio Cr/(Cr+Al) increases strongly with
pressure (from 0.14-0.24 at 30 kbar to 0.35—- 0.48
at 50 kbar) and is not very sensitive to tempera-
ture.

The Mg/(Mg+Fe) ratio of orthopyroxene is
similar to that of olivine and remains within a
very narrow interval in any sample including
those from low temperature (1200—1300°). Cr and
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Fig. 5. Al contents of experimental orthopyroxenes (formula units) from harzburgite assemblage at different pressures

and temperatures. See Fig. 2 for symbol explanation.
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Fig. 6. Cr contents of experimental orthopyroxenes (formula units). See Fig. 2 for symbol explanation.

Al scatter more strongly (Fig. 5, 6). Al and Cr in
the experiments with mixtures (B) and (E) are
very consistent (within 0.01) in all experiments at
40 kbar and in the majority of the experiments at
50 kbar. At 30 kbar and also at 50 kbar and 1400—
1500°C both elements form elongated fields
which are located differently relative to the com-
position of orthopyroxene from the experiments
with mixtures (A) and (D) (Fig. 5, 6). The latter
plot along a trend that starts at very low Cr and Al
contents and extends to overlap with concentra-
tions from experiments with mixtures (B) and (E).
Orthopyroxenes from the experiments with initial
high-chromium orthopyroxene (mixtures (C) and
(F)) show usually the maximum scatter in Cr and
Al contents, which overlap both the ranges found
in the experiments with other mixtures.

Approach to equilibrium

The use of three different materials with practi-
cally identical bulk compositions but different
compositions of starting mineral phases was
aimed to approach equilibrium state from three di-
rections and ascertain with more confidence the
compositions of phases which may be used for
further extrapolation and application to thermoba-
rometry. The produced phases in most of the ex-

periments are rather uniform with respect to their
Mg/(Mg+Fe) ratio independent of the choice of
iron-bearing phases in the starting material. We
therefore used the minimum and maximum values
found in run products as brackets for the equilib-
rium values in each experiment.

Several problems arise in the interpretation of
our results with respect to Cr-Al distribution. We
discuss these here briefly and deal with them
more extensively in Part II of this work. The beha-
viour of Cr/(Cr+Al) ratio is more complicated
than was initially expected. One of the complica-
tions relates to the instability of highly chromian
and aluminous orthopyroxene in starting mixtures
(C) and (F) under experimental conditions. Such
an orthopyroxene probably reacts with spinel in
the early stages of experiments and produces an
orthopyroxene with low Al and Cr content plus
relatively Cr-poor garnet. Reaction then proceeds
from two directions, which results in considerable
scatter and little value for using these data to
determine equilibrium garnet and orthopyroxene
compositions. Changes in garnet composition in
the experiments with other mixtures appear to ap-
proach equilibrium from two directions: from
pure pyrope in the (A) and (D) mixture experi-
ments and from highly chromian garnet gaining
alumina from coexisting spinel (Fig. 3).
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Only at 50 kbar and 1400 and 1500°C we ob-
serve the anticipated trends in orthopyroxene
composition from low Al and Cr extending to hig-
hest values which are almost the same in the ex-
periments with mixtures (A), (B), (D) and (E)
(Fig. 5, 6). At other pressures and temperatures,
orthopyroxenes in the experiments with mixtures
(B) and (E) are more aluminous than orthopy-
roxenes from the experiments with initial mix-
tures (A) and (C). We believe that this results from
the instability of high chromium garnet (in start-
ing mixtures (B) and (E)) at low temperature and
low pressure. The initial garnet with Cr/(Cr+Al) =
0.6 reacts with olivine yielding spinel and Cr-Al
rich orthopyroxene, which changes then towards
an equilibrium composition with lower Cr and Al.

Molar volumes of minerals

The molar volumes for most of the end-members
of olivine, orthopyroxene, garnet and spinel solid
solutions are well known, although some discrep-
ancies between reported results still remain (Do-
roshev et al., 1997). Very little is known about
some of the mixing volumes of phases, especially
between Cr and Al end-members. We determined
mixing volumes of solid solutions produced in the
experiments and refined volumes of some end-
members.

The bulk compositions of starting mixtures
ensured high enough proportions of all minerals in
the run products to determine precisely the posi-
tions of major reflections of all phases on the X-
ray diffraction diagrams. The peaks on the diffrac-
tion pictures were usually very well defined and
narrow, which allowed us to determine unit-cell
parameters with high precision (Tables 2-5).
Much higher uncertainty stems from the composi-
tion of phases, which show compositional vari-
ations, especially in low-temperature experiments.
From the very sharp peaks on the X-ray diffrac-
tion diagrams we may safely assume that the
phase under consideration is rather uniform in
composition, and that extreme chemical composi-
tions, as obtained by microprobe, comprise only
relatively small volumes. The dominant composi-
tion of the mineral must then be similar to the
average of microprobe analyses, provided they
were taken randomly over the area of the sample.
The medians of measured values were used in cal-
culating composition-volume relationships and
the variance of microprobe analyses was a

measure for weighting individual volume determi-
nations in further statistical treatment.

The general expression used for the approx-
imation of volume data is:

V = Vigeat + Vex ¢))

where the expression for excess mixing volume is
determined by the adopted mixing model. The
ideal term may be specified in several ways be-
cause for a multisite solid solution the choice of
end-members to express mineral composition is
not unique. The volumes of all possible end-mem-
bers are not necessarily coplanar, so the volume
effects of reciprocal reactions must be included
into the expression for ideal volume:

Vigeas = ZViX; + LAV XX, 2)

where V; and X; are the volumes and mole frac-
tion of selected end-members and AV is the vol-
ume effect of the reciprocal reaction of the forma-
tion of the end-members that are not used to
express mineral composition (Wood & Nicholls,
1978).

The unknown coefficients of equations 1 and
2 were calculated by the weighted least squares
method. The weights of individual measurements
were taken as reciprocal variances of the quantity
Vineas minus linear part of Vg, (Eq. 2):

0-Z(Vmeas_EViXi) = 0-2(\/) + Z:(-yz()(i)vioz 3)

where o%(V) is the variance of the measured vol-
ume, 6%(X;) is the variance of the compositional
parameter X; and Vq is the estimated value of the
volume of end-member i. It was found that the
first term in this expression in the majority of
cases is very small and may be neglected.

Formulation of the excess term in Eq. 1 fol-
lowed the initial assumption of a multisite solid
solution with subregular or regular mixing among
components, independently on each site. The
choice of the final model which might result in
setting some coefficients to zero (i.e. assumption
of ideal or symmetrical regular model instead of
asymmetrical) was based on the value of Student’s
t statistic at a confidence level of 95 %.

In addition to the data from the present work,
volumes measured by Doroshev et al. (1997) were
also included into the data set. In some cases, the
molar volumes of pure end-members were used to
constrain volume-composition relationships. The
volumes of end-members were never fixed even if
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Table 6. Average molar volumes of some olivine, spinel,
garnet, and orthopyroxene end-members from the lit-
erature.

End-member V (J/mol) 1o Data sources’
Olivine

Forsterite, Mg,SiO, 4.363 2,3

Fayalite, Fe,SiO, 4635 2,4

Cr,SiO,4 4.77 17
Spinel

Spinel, MgAl,O, 3976 0.004 23,2023

Picrochromite, MgCr,O,4 4.357 0.002 8,20, 23
Garnet

Pyrope, Mg3Al,Si;0;, 11.321 0.007 2,3,7,8,19

Almandine, Fe;AlSiz04, 11.532 0.004 2,11, 14

Grossular, CazAl,Si;04, 12.534 0.001 7,15, 16, 19

Knorringite, MgsCr,Si;O;, 11.758 21

11.746 7,13

FesCr,SisOq, 11.996 9

Uvarovite, CazCr,Si;O;, 13.01 0.03 12,18, 24

Orthopyroxene

Enstatite, Mg,Si,Og 6.266  0.005 2,3,8

Ferrosilite, Fe,Si,Og 6.594 0.004 1,2,22

MgAI,SiOg 6.2 5,6

5.89 10

5.963 8

: (1) Anovitz et al., 1993; (2) Berman & Aranovich, 1996;
(3) Charlu et al., 1975; (4) Chatillon-Colinet et al., 1983;
(5) Chatterjee & Terhart, 1985; (6) Danckwerth & Newton;
1978; (7) Doroshev et al., 1990; (8) Doroshev et al., 1997;
(9) Fursenko, 1981; (10) Gasparik & Newton, 1984,

(11) Geiger et al., 1987, (12) Huckenholz & Kittel, 1975;
(13) trifune et al., 1982; (14) Keesmann et a/., 1971;

(15) Koziol & Newton, 1989; (16) Krupka et al., 1979;
(17) Li et al., 1995; (18) Naka et al., 1975; (19) Newton
etal., 1977; (20) Oka et al., 1984; (21) Ringwood, 1977;
(22) Sueno et al., 1976; (23) Webb & Wood, 1986;

(24) Wood & Kleppa, 1984.

known to high precision, because small systematic
errors could have been misinterpreted in such a
case as indicating non-ideal mixing relationships.
Average values reported by various authors were
used instead as additional data points and their
variances were used as weighting factors
(Table 6).

Olivine

Nineteen measurements from our experimental
products span a range of Mg/(Mg+Fe) ratios from
0.9 to 0.95. This range is too narrow to calibrate
excess mixing volume with much confidence. Our
measurements are best described by the simple li-
near relationship with respect to Xyg:

Vor = VoXmg + Vi(1-Xmg) 4

G.P. Brey, A.M. Doroshev, A.V. Girnis, A.I. Turkin

Extrapolation of this relationship to pure end-
members yields molar volumes (J/bar) of Vi, =
4.370 (¢ = 0.001) and Vi, = 4.672 (¢ = 0.018),
which are significantly higher than those reported
by other authors (Table 6). The small positive ex-
cess mixing volumes for forsterite-fayalite solid
solution as proposed by Schwab & Kiistner
(1977), Berman et al. (1995) and Berman &
Aranovich (1996) (WeemgV = 0.0:-0.045 J/bar)
are too low to be responsible for the discrepancy.
The high apparent volumes of olivine in our ex-
periments may result from Cr content in our oli-
vines, because of the high molar volume of
Cr,Si0,4 (Table 6). Concentrations of 0.5 to 2.35
mol.% of Cr,SiO, measured in the experimental
olivine (assuming that all chromium is Cr?*) are
sufficient to explain the difference between our
data and other estimates.

Spinel

Neglecting ordering of Fe, Mg, and Al between
octahedral and tetrahedral sites, spinel composi-
tion may be described by two compositional par-
ameters: X¢ = Cr/(Cr+Al) and Xy, =
Mg/(Mg+Fe). We selected chromite, FeCr,Oy, spi-
nel, MgAl,0O,, and picrochromite, MgCr,0, as in-
dependent end-members. A two-parameter Mar-
gules expression was used to describe the
non-ideal mixing of di- and trivalent cations. Thus
we have for spinel molar volume:
VSp = (1'XMg)VCn + (I'XCr)VSp

+ (Xmg + Xer -1)Vpe + (1-Xmp(1-Xc , AV

+ X 1-Xn WV nmgrd 1-Xntg) +W VremeXnmel

+ 2X el 1-Xe)[WYVeral1-Xc) + WY aieXer ]

(5)

where AV is the volume change of the reciprocal
reaction:

MgA1204 + FeCr,0, = FeAlL,O4 + MgCr204 @

The molar volume of (Mg,Fe)(Cr,Al),O, solid sol-
ution depends mainly on Cr/(Cr+Al), while the ef-
fect of Mg/(Mg+Fe) is much smaller (Fig. 7).
Cr/(Cr+Al) ratios span a wide range, from 0.3 to
0.9, which allows us to constrain mixing pa-
rameters with more confidence. The range of
Mg/(Mg+Fe) ratio is much smaller (0.65-0.85),
resulting in higher relative errors in the calculated
excess mixing volumes due to Fe-Mg exchange.
Experimental results do not require an asymmetric
model of Fe-Mg excess mixing volume, so the re-
spective term in Eq. 5 was reduced to Xyg(1-
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Fig. 7. Dependence of measured spinel
molar volume on Cr/(Cr+Al) ratio.
Reference lines are calculated assum-
ing linear dependency of molar volume
on Cr/(Cr+Al) and Mg# Mg/
(Mg+Fe) ratio. Error bars are one
1 standard deviation. The standard devi-
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XMg)WVMgFe Because of significant uncertainties
in the composition of spinel, the extrapolation of
our data to pure end-members yielded molar vol-
umes with unsatisfactorily high standard errors
and strong correlation with excess-mixing-volume
parameters. We therefore included the volume of
MgAl,0O, as an additional data point.

The available volume data for spinel,
MgAl, O, scatter between 3.974 and 3.981
(Table 6). Doroshev et al. (1997) suggested that
this scatter stems from significant solubility of
Al,Os in spinel at high temperature (Viertel & Sei-
fert, 1979) and obtained a value of 3.974 +0.001
J/bar for the molar volume of pure spinel. We
used this value for spinel and also the X-ray dif-
fraction data for MgAl,0,-MgCr,0O, solutions
from Doroshev et al. (1997) to fit the volume-
composition relationship, Eq. 5.

In further treatment of the data we found that
models with non-zero AV yielded very high vol-
umes of FeCr,O4 (>4.49 J/mol) with large uncer-
tainties (16 = 0.02) and strong correlation with the
value of AV;. When AV was set to zero errors in

1.0 ation of measured volume is less than
the size of symbols.

the volumes of pure end-members and residuals in
spinel solid solution volume (16 = 0.005 J/mol)
were much smaller. The calculated volumes of
end-members (Table 7) are consistent with data of
other authors (Table 6). Small non-linearity was
found in the volume of spinel solid solution with
respect to both Cr/(Cr+Al) and Mg/(Mg+Fe), indi-
cating non-zero excess mixing volumes. This ex-
cess mixing volume is negative at high
Cr/(Cr+Al) value and positive in aluminium-rich
compositions (Fig. 8). Thus, the results in the
FMASCr system confirm the conclusion of Do-
roshev et al. (1997) who obtained an asymmetric
model with different signs of Margules volume
mixing parameters in iron-free Cr-Al spinels.
The values of these parameters as determined by
Doroshev et al. (1997) (Wcear= 0.027 and Wy, =
—0.012 J/bar) are higher but consistent within the
1o range with the present results (Table 7). The
relationship of the spinel molar volumes with
Mg/(Mg+Fe) ratio (Fig. 9) indicates negative ex-
cess mixing volume between Mg(Cr,Al),O4 and
Fe(Cr,Al),O4 (Table 7).

Table 7. Approximation of spinel molar volume using Margules formulation.

Value 1s Correlation matrix

Parameter (J/bar) 2 3 4 5 6
1 Venr 4441 0002 O 0 0.04 -0.006 -0.48
2 Vg 3.975 0.001 -0.01 -0.25 -0.04 0
3 Vi 4356 0.001 0.15 -068 0.28
4 WWern 0.017  0.009 -0.49 -0.14
5 WWaer -0.01 0.006 -0.52
6 WYremg=W'ygre -0.02  0.007

37 points, s(V) = 0.005
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Fig. 8. Calculated excess mixing vol-
ume due to Cr-Al exchange in spinels
from the experiments in the FMASCr
(this work) and MASCr systems (Do-
roshev et al., 1997). Vex (Cr-Al) =
Vex — WreMgXMg(1-XMp). Solid line
shows the approximation of spinel
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Cr/(Cr + Al) in spinel

The ¢ test of obtained parameters shows that
the values of WV are significant at 95-97.5%
probability level, except for WV, ¢, which differs
from O at a confidence level <90 %. Note, how-
ever, that the difference W¥ca) - WYac, is greater
than 0.01 with a probability of 95 %, thus support-
ing significant asymmetry of Cr-Al mixing vol-
ume in spinel. The obtained volume parameters of
spinel are characterised normally by weak mutual
correlation (usually, r «<0.5) (Table 7).

Garnet

Some garnets from our experimental products
contain small amounts of calcium (Ca/(Ca+ Fe+Mg)
up to 0.04), so we considered garnet composition
as a two-site solid solution, (Ca, Fe, Mg);(Cr,
Al),Si30;,, with independent mixing of di- and

molar volume with the asymmetric

08 09 1.0  Margules model. Error bars are one
standard deviation.
parameters are necessary to express garnet

composition: Xc, = Ca/(Cat+tFe+Mg), Xy, =
Mg/(Ca+Fe+Mg), and XCr = Cr/(Cr+Al). The set
of independent end-members includes pyrope
(Mg,A15Si30,), grossular (CasAl,Siz0), knor-
ringite (MgsCr,Si501p) and almandine
(FesAl,Si;01,). The molar volume of garnet solid
solution may then be expressed as:

Vort= (XMg'XCr)prr + XCanr + XorVia
+ (I'XMg'Xca)Valm + (I'XMg'Xca)XCxAVIl
+ XcaXcAVin + VMg Fe+ V¥Cral (6)

where AV and AV are the volume changes of
reciprocal reactions:

Fe3AIZSi3012 + Mg3CrZSi3012 = Fe3CrZSi3O|2
+ Mg3AIZSi3012 (H)

Fig. 9. Calculated excess mixing vol-
ume due to Fe-Mg exchange spinels
from the experiments in the FMASCr
system. Vex (Fe-Mg) = Vex — 2Xcr
(1-Xco)[Weral + XedWaic—Wcra)].
Solid line shows the approximation of

spinel molar volume with the symme-

trivalent cations. Three independent composition  and
0.010
We oo = Watgro = 0015 |
- 0.005
L
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]
=~ 0.00
>
('8
-
— -0.005
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>
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Mg / (Mg + Fe) in spinel

tric Margules model. Error bars are
one standard deviation.
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Fig. 10. Excess garnet mixing volume g
due to Cr-Al exchange calculated for %-0.02
experimental garnets from FMASCr >
(this work) and MASCr (Doroshev et 0.04
al.,, 1997) systems. Symmetrical and -
asymmetrical models approximate the
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deviation from ideal mixing with the
same precision. Error bars are one
standard deviation.

Ca3A12Si3O|2 + Mg3CrZSi3012 = Ca3CrZSi3012
+ Mg;AL 5150, 1)

and V¥, mg.reand V.. are the excess mixing
volumes with respect to Fe-Mg-Ca and Al-Cr sub-
stitution in garnet.

Similar to spinel, the scatter of measured gar-
net compositions is too high to allow all the coef-
ficients of Eq. 6 to be determined with confidence
without additional constraints. Considerable ef-
forts were undertaken in the last decades to deter-
mine volume properties of garnet solid solution,
both from direct measurement and from phase
equilibrium data. We used average values from
the literature for pyrope, almandine and grossular
(Table 6). Much more uncertainty is related to the
molar volume of the knorringite end-member
(Table 6). We accepted the value of Doroshev et
al. (1997) assigning a rather large uncertainty
(+£0.01 J/bar) and, consequently, low weight to
this point. Molar volumes of Fe;Cr,Si;0;, and
uvarovite (Table 6) were used to constrain the vol-

0 0.1

02 03 04 05 06 07 08 09 1.0

Cr/(Cr+ Al) in garnet

ume changes of reciprocal reactions (II) and (III):
AVy = 0.037£0.015 and AVy; =0.04£0.03 J/bar.

The volume mixing properties of aluminous
garnets have been repeatedly studied (e.g. Wood,
1988; Geiger et al, 1987; Koziol & Newton,
1989). We used the generalised Margules equation
derived by Berman & Brown (1984) and Berman
(1988) and the model parameters obtained by Ber-
man & Aranovich (1996) to account for the non-
ideal Fe-Mg-Ca mixing in garnet solid solution.
There are few data on mixing volumes of Cr-Al
garnets. Huckenholz & Knittel (1975) and Wood
& Kleppa (1984) observed linear volume-compo- -
sition relations in grossular-uvarovite solid solu-
tions. Doroshev et al. (1997) did not find any sig-
nificant deviation from ideal mixing in the
pyrope-knorringite join, but noted large scatter in
their data. Cr-Al mixing in garnet solid solution is
expressed in terms of the asymmetric Margules
model:

Verar = 2Xed 1-Xed W ¥aicX e + Werai(1-Xeo)l
)

Table 8. Approximation of garnet molar volume using Margules formulation.

Value 10 Correlation matrix

Parameter (J/bar) 2 3 4 5 6 7
1 Viyr 11.32 0.003| 0 0.20 -0.24 0.11 0.07 -0.62
2 Vg 12.53 0.004 0 0 0 -01 0
3 Vin 11.75 0.01 0.03 -0.62 -0.95 -0.82
4 Vym 11.54 0.005 -0.40 -0.10 0.04
5 AV 0.03 0.02 0.65 0.40
6 AVy 0.04 0.01 0.65
7 WaceWea 0.018  0.007

55 points, o(V) =0.012
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We used our data together with the results of Do-
roshev et al. (1997) for the iron-free system and
the pure end-member volumes (Table 6) to have a
total set of 60 points, from which 5 points were
rejected during computation on the basis of the 3¢
criterion. The remaining data for molar volumes
may be fitted by a symmetrical (W¥c,= Wera1=
0.018 J/bar) mixing model (Table 8, Fig. 10). In-
troduction of the second Margules parameter does
not significantly improve the fit. The resulting
molar volumes for the end-members and recipro-
cal reactions are within the ranges reported in the
literature (Table 6). The value obtained for pure
knorringite is intermediate between those of Ring-
wood (1977) and Doroshev et al. (1997). How-
ever, large uncertainty of Vi, (1o = 0.01 J/bar) is
of the same magnitude as the maximum difference
between the values of Vi, reported by different
authors. Moreover, the molar volume of knorrin-
gite correlates strongly with the volume changes
of the reciprocal reactions (Table 8). This implies
that these parameters may change considerably if
new data points will be added. Thus, our results
are compatible with both the maximum and mini-
mum values of Vy, from the literature. More pre-
cise experimental data are certainly needed to re-
solve this problem.

Orthopyroxene

Solid solutions of orthorhombic pyroxene show
mixing on one tetrahedral and two octahedral
sites. In the FMASCr system orthopyroxene com-
position may be expressed by the structural for-

0.9. Error bars are one standard devia-
tion.

mula (Mg, Fe)MY Mg, Fe, Al, CoM\(Si, Al
Cr)T,0,, suggesting that Cr and Al enter orthopy-
roxene structure via heterovalent isomorphism
(Al,Cr), <> MgSi. Another substitution scheme,
(AL,Cr) <> Mg, 5 results in the formation of cat-
ion-deficient pyroxene and is realised only in
silica-saturated systems (Gasparik, 1984; Mali-
novskaya et al., 1991). The complete formulation
of orthopyroxene solid solution should account
for the non-random distribution of cations be-
tween sites and non-ideal mixing on individual
sites, which results in rather complicated models
(e.g. Sack & Ghiorso, 1994). Given the insuffi-
cient data on Cr in orthopyroxene, we proposed a
simplified model based on two assumptions.

We assumed that Cr occurs only in octahedral
positions of orthopyroxene structure. In the Al-
deficient region Cr can enter tetrahedral positions
as well (Ikeda & Yagi, 1977), but the large size of
Cr?* ion suggests its strong preference for octahe-
dral sites. This is compatible with the fact that in
our experimental orthopyroxenes Al always pre-
vails over Cr (Fig. 4). In addition, we ignored cat-
ion ordering assuming random Fe and Mg dis-
tribution between M1 and M2 sites.

Assuming the ideal charge-balanced stoichio-
metry, the composition of orthopyroxene may be
described by three independent parameters: Xy =
Mg/(Mg+Fe), X}' = (Al-Cr)/2, and X¥' = Cr (ca-
tions in structural formula based on 6 oxygens).
Enstatite (MgMgSi,Og), ferrosilite (FeFeSi,Og),
MgAIlAISiO4 and MgCrAlSiOg were used as inde-
pendent end-members. The formation of iron-
bearing chromian and aluminous molecules is
specified by two reciprocal reactions:
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MgAIAISiOg + 14 FeFeSi,0g = FeAlAlISiOg
+ l/2 MgMg51206
MgCrAlSiOg + Y4 FeFeSi,0g = FeCrAlSiOq

+ 5 MgMgSi,0g. V)

av

The molar volume of orthopyroxene solid solution
is given by:

Vorr = XMV 4 XMV, +(1-XMEXM!
( 1 _XMg)\/ﬁs+( 1 _X%ll _Xglrl )XMg Ven
+AV XN (1 —Xnmg HAVyXM(1 —Xmg) Ve

(®)
Two factors complicate the determination of or-
thopyroxene mixing volume parameters. The first
is the narrow range of orthopyroxene composi-
tions (especially in Cr) and the second is large
scatter in XM! and XX! in individual experiments.
Unfortunately, the scatter is especially large in
low-pressure orthopyroxenes, which are highest in
Al. This fact hampers precise determination of the
volume of Al orthopyroxene. The molar volume
of experimental pyroxenes ranges from 6.24 to
6.28 J/bar and depends on Xy, and Al content
(Fig. 11). Data from this work together with those
of Doroshev et al. (1997) for the MASCr system
were used to calculate the parameters of Eq. 8 (62
data points). No data for the end-members were
included. Taking into account the uncertainties in
compositions, the best approximation of orthopy-
roxene molar volume was obtained with an ideal
linear mixing of the four end-members, i.e. at
AV = AVy = V= = ( (Table 9). Incorporation of
either of these parameters into the model in-
creased the residuals, while Student’s 7 statistics
of calculated values was always less than 1.

The calculated molar volume of enstatite
(Table 9) is practically identical to that reported
by other researchers (Table 6). Other end-member
molar volumes are obtained by extrapolating over
a considerable compositional interval and have
much higher standard errors (Table 9). Our value
for ferrosilite molar volume is higher than that re-
ported by other authors (Table 6), but the dif-
ference is comparable with the calculated standard
deviation. Danckwerth & Newton (1978) and
Chatterjee & Terhart (1985) suggested large nega-
tive non-ideality for the mixing volume in the
MgAIAISiO4-Mg,Si,0¢ binary and the high molar
volume of MgAIAISiOg (6.2 J/bar), whereas Gas-
parik & Newton (1984) and Doroshev et al
(1997) reported lower volumes (5.89 and 5.963
J/bar, respectively) and near-ideal mixing in this
join. Our value (6.035 J/bar) is substantially lower

Table 9. Approximation of orthopyroxene molar volume
using Margules formulation.

Value 1o Correlation matrix
Parametei (J/bar) 2 3 4
1 Vis 6.04 0.02 -0.41 -0.34 0.33
2 Vens 6.14 0.03 0.30 -0.89
3 Vg 6.61 0.02 -0.59
4 Ve, 6.266 0.002

62 points, o(V) = 0.003

than that of Danckwerth & Newton (1978), but
higher than the values reported by Gasparik &
Newton (1984) and Doroshev et al. (1997). As far
as direct measurement is not possible, the extrapo-
lation of volume data to pure MgAIAISiO¢ de-
pends strongly on the accepted mixing model and
the range of composition. Our results do not sup-
port high excess mixing volumes of Mg-Al ortho-
pyroxenes, although in our multicomponent ortho-
pyroxenes non-idealities in different binaries may
cancel each other and yield negligible total excess
mixing volumes. However, Fe-Mg mixing in or-
thopyroxene is probably close to ideal (e.g. Ber-
man & Aranovich, 1996) and the excess mixing
volume in Mg-Al and Mg-Cr pyroxenes could
hardly be large and of opposite signs. Thus, it is
more probable that the volumes of (Mg, Fe)(Al,
Cr)(Si, Al);O¢ orthopyroxenes are close to the
ideal model.

The zero values of the volume changes of re-
ciprocal reactions IV and V imply that the molar
volumes of FeAlAlSiOg and FeCrAlSiOgq are co-
planar, within the uncertainties, with those of the
selected independent end-members, and may be
calculated as:

Vies = Vis + V2 Vi - Ve, = 6.21+0.02 J/bar

and

Vee.crts = Vers + V2 Vi - V4V, = 6.310.03 J/bar.

Conclusions

Our experimental results show low rate of equili-
bration with respect to Cr-Al exchange in ortho-
pyroxene, garnet, and spinel. This resulted in con-
siderable scatter in their composition even at the
highest temperature (1500°C). The inhomogeneity
of phases, primarily, garnet and orthopyroxene,
hampered the precise determination of mixing
volumes, hence some parameters were derived
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with considerable uncertainty. The main result ob-
tained in this study is the small deviations from
ideality in Cr-Al mixing volumes in all phases in-
vestigated. The maximum non-ideality associated
with Cr-Al mixing in both garnet and spinel does
not exceed 0.01 £0.01 J/bar. The contribution of
such effects is energetically important only at very
high pressures (e.g. > 50 kbar). An asymmetric de-
viation from ideal mixing volume was noted in
spinel Cr-Al mixing, confirming the results of Do-
roshev et al. (1997). Because of the asymmetry of
the excess mixing volume, spinel volumes are al-
most ideal at high Cr/(Cr+Al) ratios, typical of
high-pressure mantle parageneses. Some non-
ideality is related also to Fe-Mg mixing of spinel,
but the magnitude of this effect is even smaller
than along the Cr-Al join. More important is the
non-ideality of garnet volumes because at press-
ures of 50—70 kbar its Cr/(Cr+Al) ratio in equili-
brium with spinel, olivine, and orthopyroxene is
close to 0.5, where the maximum effect of non-
ideal mixing is expected. Considerable uncertain-
ties remain in the mixing volumes and the vol-
umes of some end-members of orthopyroxene.
The non-ideality associated with Cr-Al-Fe-Mg
mixing is probably also small. Moreover, at high
pressures Al content of orthopyroxene is very low,
thus the contribution of excess mixing volume
becomes small in any case and does not influence
significantly equilibria between phases.
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