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Abstract

To more completely assess the primary magmatic origin of Ru—Os—Ir (IPGE) alloys, we conducted experiments to
evaluate the effects of T, fO,, /S, and melt composition on the solubility of Ru in molten Fe—Ni—sulfide. Fe—Ni—S melt+Ru
were held in olivine crucibles, and experiments were done in a vertical-tube gas-mixing furnace at 1200—1400 °C for 1-5
days. At constant fO, and fS,, Ru solubility increases with T, and a similar result is obtained if fO, is varied parallel to the
fayalite—magnetite—quartz buffer (FMQ), with /S, levels to maintain sulfide liquid saturation. At log /S, of — 1.7, Ru
solubility decreases from ~ 11 wt.% at log fO, of —10.8, to ~ 0.3 wt.% at log fO, of —8.1. At a log fO, of —8.6, a
similar reduction in Ru solubility occurred as log /S, decreased from — 0.9 to — 3.0. Substitution of Ni for Fe in the sulfide
results in an increase in Ru solubility, with values ranging from ~ 3 wt.% at Fe/Ni of 36 to ~ 10 wt.% at Fe/Ni of 6 (log
105, 1S, of —9.1, — 1.7, respectively). Dilution of Ru with a 1:1 mix of Os+ Ir results in a 4- and 10-fold decrease in melt Ru
content for alloys with ~ 60 and 35 mol% Ru, respectively. For the fO,—S, conditions required for sulfide liquid saturation
in natural basaltic magmas, pure Ru solubility in molten sulfide is expected to exceed 10 wt.%, and dilution by Os+1Ir is still
likely to require wt.% levels of Ru for IPGE alloy saturation. Since Ru abundances of ore-grade massive sulfide is <50 ppm,
our results would preclude IPGE alloy saturation in the presence of immiscible sulfide liquid. Activity—composition relations
determined for Ru in ternary Ru—Os—Ir alloy suggest, however, that the concentration of Ru in molten silicate required for
alloy saturation is at or below levels in natural, high Mg igneous rocks, implying such alloys could form in sulfide-
undersaturated systems.

The negative fO, dependence of Ru solubility in sulfide liquid is opposite that for Ru (and other PGEs) in silicate melt,
suggesting that a decrease in fO, will favor the partitioning of Ru into the sulfide liquid. However, it is not clear how much
this effect will be offset by the concomitant reduction in fS, required to maintain saturation in immiscible sulfide liquid.
Comparison of our Ru solubility data with values determined in silicate melt yields apparent sulfide—silicate melt partition
coefficients that exceed 107, which is more than 1000 x larger than direct measurements on coexisting sulfide—silicate
compositions. Possible reasons for this discrepancy are that (1) measured sulfide—silicate partition coefficients are inaccurate
due to incomplete phase separation, (2) non-Henryian activity—composition relations at high Ru concentrations, (3) Ru
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solubilities in silicate melt measured at both high fO, and in the absence of sulfur cannot be accurately extrapolated to the low
fO, and sulfur-bearing conditions of previous two-liquid partitioning experiments.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Minerals rich in the elements Os, Ir, and Ru (IPGEs),
including laurite (RuS,), and alloys such as ruthenir-
idosmine (nomenclature of Harris and Cabri, 1973),
have been repeatedly observed as inclusions in chro-
mian spinel and ferromagnesian silicates crystallized in
rocks derived from mafic and ultramafic magmas. The
list of the occurrences of laurite and IPGE alloys with
this paragenesis is extensive (e.g., ophiolites: Prichard
et al., 1986; Torres-Ruiz et al., 1996; Edwards, 1990;
Legendre and Auge, 1986; layered intrusions: von
Gruenewaldt et al., 1989; Maier et al., 1999; Talkington
and Lipin, 1986 and references therein), with these
phases nearly always being the most abundant plati-
num group minerals (PGM) present. The common
euhedral shape of IPGE mineral inclusions, coupled
with the occurrence of chromian spinel, olivine and
pyroxene included within IPGE alloy grains (Heazle-
wood River Complex; Peck et al., 1992), suggests co-
precipitation at magmatic conditions. Such observa-
tions offer strong textural evidence that laurite and/or
IPGE alloy may be an early crystallizing host for the
PGEs during solidification of mafic and/or ultramafic
magmas (Keays, 1982; Peck et al., 1992). Inasmuch as
the predominant PGM composition is rich in the
IPGEs, early separation of such alloy phenocrysts
offers an effective means to fractionate the IPGE from
the PPGE (Rh, Pt, Pd), which is a characteristic feature
of mafic/ultramafic lava suites (Barnes and Picard,
1993; Briigmann et al., 1987), as well as cumulate
horizons in ophiolites and layered intrusions (Barnes et
al., 1985; Maier and Barnes, 1999; Page and Talk-
ington, 1984).

In addition to the textures revealed by natural
samples, a first-order assessment of whether IPGE
sulfides and alloys are likely to be near-liquidus phases
requires information bearing on the solubility of these
minerals in mafic and ultramafic melt compositions.
While there is scarce data to assess PGM solubilities,

direct measurements involving pure metals (e.g.,
O’Neill et al., 1995; Ertel et al., 1999; Amossé et al.,
2000) generally reveal low solubilities at fO, relevant
to terrestrial magma genesis, although the results of
Peach and Mathez (1996) suggest Ir solubilities may
be enhanced at high pressure or in the presence of
dissolved sulfur. In either case, still lower values may
be expected if metal activities are reduced by dilution
to form multi-component PGM (Borisov and Palme,
2000). Thus, concentrations required for saturation
may approach levels present in mafic/ultramafic rock
compositions, although further experimental work is
clearly required. The presence of interstitial base-metal
sulfide in PGM-bearing cumulate horizons suggests
that such rocks were formed from a magma that
achieved sulfide-saturation at some point during its
crystallization history. The likelihood of IPGE mineral
saturation under these conditions is less certain, due to
sparse and apparently conflicting data on IPGE sol-
ubility in molten sulfide. For example, Fleet and Stone
(1991), report solubilities of <1 wt.% Ir and <O0.1
wt.% Os in sulfide melt coexisting with Fe—Ir and Os
alloys from experiments done at 1 atm and 1200 °C. In
contrast, Peach and Mathez (1996) recorded a solu-
bility of ~ 4 wt.% Ir in sulfide melt coexisting with
Fe—Ir alloy, from experiments done at 0.8 GPa and
1450 °C. Brenan and Andrews (2001) reported sim-
ilarly high solubilities for laurite and Ru—Os—Ir alloy
at 1 atm and 1200—1300 °C. Thus, although textural
evidence suggests that IPGE-rich PGMs could be
primary, PGM solubility in molten sulfide could be
high enough to preclude PGM crystallisation at
sulfide saturation. This would imply that the timing
of sulfide liquid immiscibility is crucial if PGMs are
to be effective in producing the observed IPGE/PPGE
fractionations. Thus, to better interpret the role of
IPGE alloys in affecting the PGE geochemistry of
mafic/ultramafic magmas, we have conducted a suite
of experiments to determine the controls on Ru
(£ Os+1Ir) alloy solubility in molten sulfide. Our
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experiments focus primarily on ruthenium solubility
because this element is a major constituent of the most
common [PGE minerals found as inclusions in mafic
phenocrysts.

2. Overview of experiments

A complete description of Ru solubility in mol-
ten sulfide requires an understanding of the effects
of several competing variables. First, in a sulfide
melt containing both oxygen and sulfur, Ru will
dissolve as both oxide and sulfide species, with
solution reactions taking the form:

X
Rugolia + 1 02 = RuOsmeit (1)

X
Rugelig + Z N Rus%melt (2)

where x is the effective valence of Ru in the melt. Thus,
we may anticipate that both oxygen and sulfur fugac-
ities will affect Ru solubility by controlling both the
abundance of various melt species, and their activity—
composition relations. As such, our experiments were
conducted at known fO, and fS,, with values selected to
include the range of fO, and fS, expected for sulfide
liquid saturation in magmas with low to moderate FeO
contents (Fig. 1). The cation chemistry of the sulfide
melt may also have a substantial influence on Ru
solubility, as suggested by the results of Brenan and
Andrews (2001), who found that increases in melt Fe/
Ni caused a reduction in the Ru content of sulfide melt
coexisting with laurite + Ru-rich alloy. We have con-
ducted most experiments at an Fe/Ni of ~ 6 (a value
typical for massive sulfides), but have also explored Ru
solubility over a range of Fe/Ni. Inasmuch as natural
PGMs vary from pure Ru to Ru-poor Os—Ir dominated
compositions, we have also done experiments to deter-
mine how dilution of Ru alloy by Os+Ir will affect
solubilities. Finally, the enthalpy change for reactions
(1) and (2) are unknown, thus the effect of temperature
on Ru solubility cannot be predicted a priori. Conse-
quently, we measured Ru solubilities over the temper-
ature range of 1200—1400 °C, at both fixed fO, and
/S, and have also estimated the temperature effect if
fO,—fS, variation is dictated by sulfide liquid satura-
tion. Results of these experiments enable us to explic-
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Fig. 1. Comparison of fO, and fS, investigated in this study with
values appropriate for sulfide liquid saturation in natural basaltic
magmas having 10 and 15 mol% total FeO (dashed curves) at 1300
°C. The fO,—fS, conditions for sulfide liquid saturation were
calculated from the equilibrium constant for the heterogeneous
reaction (Wallace and Carmichael, 1992): 1/20, + FeSqur = 1/2S,
+FeOy; . In this case, the activity of FeS in the sulfide melt (FeSgy) is
assumed to be unity, whereas the activity of FeO in the silicate melt at
a particular fO, (FeOy;) is calculated after the method of Snyder and
Carmichael (1992), using melt ferric/ferrous ratios based on the
formulation of Kress and Carmichael (1988). Thermodynamic data
for FeO and FeS were taken from Robie etal. (1979). Values of fO, on
the ordinate are labeled in terms of their log deviation from the
fayalite—magnetite —quartz buffer (FMQ) at 1300 °C.

itly define Ru saturation behavior in sulfide liquids at
conditions relevant to natural mafic magmas, thus
allowing a more complete assessment of the conditions
under which early IPGE alloy crystallization occurs.

3. Experimental technique

Starting materials consisted of metal powders
weighed to desired proportions, then thoroughly
mixed by grinding under ethanol. Powdered San
Carlos (Arizona) olivine (SCO) was added to the
metal mixture to prevent the sulfide melt generated
in experiments from migrating out of the container.
Samples were contained in crucibles fabricated from
megacrysts of SCO, which typically held 65-80
mg of the olivine—metal mixture. All experiments
were performed using a vertical tube furnace modi-
fied for control of fO, and fS, by gas mixing. For
a detailed description of the furnace configuration
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Fig. 2. Photo of sample assembly loaded with three San Carlos
olivine crucibles. A single crucible is shown to the right of the
assembly; 1 cm scale bar for reference.

see Brenan and Caciagli (2000). Temperatures were
monitored with a ceramic sheathed S-type thermo-
couple, calibrated against the melting point of gold.
Specific oxygen and sulfur fugacities were calcu-

Table 1
Summary of experiment conditions

lated using the ‘COSHmix’ computer program
which uses RAND free energy minimization of
data from JANAF thermodynamic tables to calcu-
late the equilibrium speciation of SO,, CO, and
CO, at high temperature and one atmosphere pres-
sure. The COSHmix program was supplied courtesy
of Dr. Victor Kress. Gas flows were controlled and
mixed using a calibrated rotoball flowmeter, and we
have checked the accuracy of calculated fugacites
using three techniques. We assessed fS, using the
pyrrhotite sulfur barometer of Toulmin and Barton
(1964) at 900 °C and log fS, of —1.5, —2 and
—3 and bracketed the Ru—RuS, equilibrium at
1200 °C. Calculated fO, was checked using the
stability of solid oxide buffers (nickel—nickel oxide,
molybdenum—molybdenum oxide, iron—wiistite),
and we have also employed the NiO—Pd redox
sensor at 1000 °C (Pownceby and O’Neill, 1994).
Using these techniques, we estimate fS, and fO,
accuracy to be within 0.3 log units.

Experiment Duration Temperature log fO, log fS, Gas flow rates (ccm)
(h) (°C) CO-CO0,-S0,
Ru282¢ 48 1300 —8.1 -17 25-80-30
Rul92 24 1300 —8.8 -1.7 34.8-64.5-8.7
Ru392 75.5 1300 —8.8 -17 34.8-64.5-8.7
Ru592 120 1300 —8.38 -1.7 34.8-64.5-8.7
Ru3112_rev_92 24 1300 —8.8 -1.7 34.8-64.5-8.7
Ru392Fe 71 1300 -9.1 —-1.8 55.2-81.4-8.0
Ru392Fe_b 71 1300 -9.1 -1.8 55.2-81.4-8.0
Ru392Fe_e 72 1300 -9.1 -1.8 55.2-81.4-8.0
Ru3102 76 1300 -9.38 -1.6 42.5-21.6-4.5
Ru3112¢ 48 1300 —10.8 —-1.7 50-7-2.7
Ru2112c_rev_82 48 1300 —8.1 -1.7 25-80-30
Ru391> 72 1300 —8.6 —-09 27-0-15.9
Ru292s 48 1300 -8.6 -1.7 30-70-11
Ru393 72 1300 -8.6 -3.0 65-237.2-4.7
Ru2101 48 1300 -9.38 -1.0 27.6-0-6.6
Ru3102Nia_1200 71 1200 —-95 —-1.7 43.9-128.1-154
Ru3102Nib_1200? 71 1200 -95 -1.7 439-128.1-154
Ru3102_1200 71 1200 —-9.5 -1.7 43.9-128.1-154
Ru2102_1200t 48 1200 -9.38 -1.6 18-40-5
Ru282_1400 48 1400 —8.1 —-1.7 10.5-12-2
RuOsIr3102A 68 1300 -938 -1.6 42.5-21.6-4.5
RuOsIr3102B 68 1300 —-98 - 1.6 42.5-21.6-4.5

(1) Experiments with RuOslr were doped with equal amounts of Os and Ir, all others contained Ru as sole PGE additive.

(2) Experiment was not saturated in alloy phase.

(3) Experiment labels are read as follows: PGE added, duration in days, — log fO,, —log /S, (rounded to nearest integer), i.e. Ru3112_rev_92
had only Ru, was run for 3 days at log fO,=—10.8, log fS,=— 1.6 and was then reversed at log fO,=— 8.8, log fS,=—1.7.
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Holders for the olivine crucibles were fabricated
from silica rod and cylinders cut from silica tubing,
and up to four SCO crucibles could be run in this
configuration (Fig. 2). Sample holders were sus-
pended from a hook fashioned at the end of a
~ 60 cm length of 3 mm diameter silica rod. In a
typical experiment, the silica rod was retracted so
that the loaded sample holder was initially posi-
tioned in the upper cool region of the furnace. The
furnace was then sealed and gas flow commenced.
After 20—30 min, the rod was lowered to position
the holder within the predetermined furnace hot
spot, where samples remained for 1-5 days. Sam-
ples were quenched by rapid immersion in a cold
water bath. A full list of all experiments conducted
in this study is provided in Table 1.

4. Analytical methods
Run products were mounted in epoxy and sec-

tioned using a diamond saw to expose a cross-
section of the olivine crucible. Sectioned samples

167

were prepared for electron microprobe analysis by
hand grinding with SiC paper and polishing with 1
and 0.3 pm diamond paste, then colloidal silica.
Phase compositions were obtained using the
Cameca SX 50 electron microprobe at the Univer-
sity of Toronto using a 20-kV accelerating voltage.
IPGE alloys were analyzed using a 60-nA focused
beam, with 20 s count times on each X-ray peak.
Sulfide melt analysis utilized a 100-nA beam cur-
rent, counting 10 s on peak for Fe, Ni, and S, 20 s
on peak for oxygen and 60 s on peak for Ru, Os,
and Ir. Most melt compositions were determined by
broad beam analysis, in which the electron beam
diameter was increased to 10 pm to compensate for
any textural (and hence chemical) inhomogeneity
produced by quench crystallization. Two experi-
ments (Ru3112¢ and Ru2101) contained abundant,
coarse Ru metal as a quench phase (see below),
making it impossible to determine melt composi-
tions even by broad beam analysis. For those
experiments, we analyzed individual quench phases
using a focused beam, and combined this data with
the modal abundance of each phase (determined by

Table 2

Results of electron microprobe analysis of sulfide liquid (wt.% element)

Experiment [.D n Fe Ni S Ru (6] Os Ir Total Fe/Ni
Ru282c 11 53.38(2.21) 13.86(3.03) 28.65(1.47)  0.30(0.15) 3.61(1.22) 99.81  3.85(0.86)
Rul92 13 55.64(1.60)  8.13(1.96) 29.13(0.47) 2.73(0.93) 4.97(1.00) 100.59  6.85(1.67)
Ru392 15 55.44(2.54) 8.37(2.05) 28.85(1.11)  2.86(1.07) 4.42(1.47) 99.93  6.62(1.65)
Ru592 16 5541(1.36)  9.09(1.71) 29.10(0.58)  2.57(0.57) 4.02(0.95) 100.18  6.09(1.16)
Ru3ll2b_rev_92 5 52.89(2.12) 9.40(3.35) 30.33(1.35) 3.08(1.04) 4.04(2.47) 99.75  5.63(2.02)
Ru392Fe 17 46.80(0.94)  7.98(0.38) 32.48(0.82) 11.08(1.12) 0.17(0.40) 98.51  5.86(0.30)
Ru392Fe_b 20 53.91(1.00) 4.17(0.24) 32.61(0.62)  7.06(1.16) 0.90(0.73) 98.65 12.93(0.79)
Ru392Fe_e 17 61.35(0.72)  1.73(0.09) 30.56(0.94)  2.62(0.53) 3.36(0.86) 99.68 35.52(1.85)
Ru3102 15 4429(2.45) 7.73(0.49) 32.82(0.98) 14.25(2.75) 0.57(1.27) 99.66  5.73(0.48)
Ru3112¢? 7 51.70(1.06)  6.20(0.40) 33.40(0.97) 10.19(1.82) 0.00(0.00) 101.49  8.34(0.56)
Ru2112c_rev_82 9 51.78(3.48) 13.92(4.14) 29.00(1.53)  0.61(0.18) 2.76(0.93) 98.07  3.72(1.20)
Ru391 7 41.51291)  7.73(0.59) 30.64(0.56) 17.37(3.73) 1.52(0.72) 98.80  5.37(0.56)
Ru292s 16 55.96(2.13) 10.41(2.36) 28.11(0.93)  0.65(0.33) 4.95(1.25) 100.07  5.38(1.24)
Ru393 13 60.77(5.14)  6.84(5.57) 27.42(1.41) 0.28(0.14) 5.26(1.68) 100.56  8.89(7.28)
Ru2101? 14 24.08(2.53) 4.53(0.23) 27.62(0.30) 44.48(2.95) 0.00(0.00) 100.70  5.32(0.62)
Ru3102Nia_1200 10 49.65(2.09) 14.67(2.63) 28.75(0.98)  3.74(1.08) 4.01(1.32) 100.82  3.38(0.62)
Ru3102Nib_1200 14 34.36(1.71) 22.00(3.23) 31.33(0.50) 11.87(2.86) 0.58(0.69) 100.14  1.56(0.24)
Ru3102_1200 4 55.03(1.89) 6.93(1.25) 29.47(1.02)  3.01(0.63) 7.11(0.74) 101.56  7.94(1.46)
Ru2102_1200t 13 53.32(2.33) 9.48(2.59) 30.43(0.66)  3.85(0.84) 3.20(1.20) 100.28  5.62(1.56)
Ru282_1400 7 49.54(3.57) 17.29(3.30) 27.67(1.87)  0.37(0.17) 3.31(1.36) 98.18  2.87(0.58)
RuOsIr3102A 20 54.09(1.03)  8.05(0.98) 32.32(0.69)  3.57(1.03) 1.08(0.69) 0.02(0.02) 0.06(0.09) 99.19  6.45(0.49)
RuOsIr3102B 13 54.31(0.78)  9.47(1.08) 32.17(0.98)  1.65(0.32) 1.18(0.85) 0.09(0.11) 0.17(0.20)  99.04  6.00(0.55)

(1) Number in parenthesis is one standard deviation based on n analyses.

(2) Melt composition calculated using focused-beam analyses of quench sulfide and Ru dendrites combined with modal abundances.
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Table 3

Results of electron microprobe analysis of IPGE phenocrysts (wt.% element)

Experiment n Fe Ni S Ru Os Ir Total
Ru282¢ 9 1.57(0.18) 0.51(0.03) 0 98.50(0.46) 100.57
Rul92 10 1.54(0.30) 0.24(0.18) 0 98.82(0.50) 100.60
Ru392 20 1.51(0.33) 0.23(0.20) 0 98.74(0.59) 100.51
Ru592 10 1.29(0.10) 0.12(0.02) 0 98.84(0.29) 100.24
Ru3112_rev_92 15 1.36(0.18) 0.14(0.04) 0 98.31(0.24) 99.82
Ru392Fe 10 1.31(0.08) 0.10(0.01) 0 99.18(0.55) 100.43
Ru392Fe_b 7 1.36(0.06) 0.04(0.01) 0 99.07(0.25) 100.34
Ru392Fe_e 20 1.57(0.08) 0.04(0.01) 0 99.31(0.32) 100.42
Ru3102 10 1.23(0.05) 0.07(0.01) 0 99.25(0.63) 100.55
Ru3112¢ 11 2.20(0.09) 0.14(0.02) 0 98.27(0.75) 100.61
Ru2112c_rev_82 11 1.63(0.62) 0.11(0.04) 0 98.05(0.77) 99.80
Ru391? n/a

Ru292s 15 1.73(0.12) 0.38(0.11) 0 98.95(0.43) 101.06
Ru393 10 3.31(0.21) 0.83(0.17) 0 96.51(0.50) 100.43
Ru2101 19 0.68(0.02) 0.05(0.02) 0 99.77(0.37) 100.50
Ru3102Nia_1200 10 0.87(0.16) 0.18(0.05) 0 99.16(0.45) 100.21
Ru3102Nib_1200? n/a

Ru3102_1200 6 0.97(0.14) 0.14(0.03) 0 99.59(0.26) 100.73
Ru2102_1200t 8 1.14(0.14) 0.15(0.02) 0 99.59(0.29) 100.88
Ru282_1400 10 2.72(0.21) 0.65(0.09) 0 97.41(0.44) 100.78
RuOsIr3102A 20 2.16(0.27) 0.13(0.03) 0 45.90(0.82) 25.36(0.95) 28.36(0.72) 101.92
RuOsIr3102B 20 3.11(0.31) 0.22(0.05) 0 25.36(0.54) 33.37(2.33) 39.68(1.78) 101.75

(1) Number in parentheses is one standard deviation based on n analyses.

(2) Run product was not alloy saturated.

image processing) to calculate melt compositions.
X-ray lines used to determine element concentra-
tions were: Fe (ka), Ni (ka), S (ka), O (ka), Ru
(L), Os (La), Ir (La). Pentlandite was used as a
standard for Fe, Ni, and S, hematite for O, and
pure metals for the IPGEs. Oxygen was analysed
using an ODPB pseudocrystal, and the hematite
standard was carbon-coated at the same time as
the unknowns to minimize inaccuracies due to the
effects of coat thickness on oxygen X-ray attenu-
ation. Summaries of sulfide and alloy compositions
are provided in Tables 2 and 3, respectively.

5. Results
5.1. Textural observations

Polished sections of experiments reveal subhe-
dral phenocrysts of olivine along with IPGE alloy,
the latter phase exhibiting one of two growth
habits. In most cases, alloys are subhedral to
euhedral, and display hexagonal cross-sections, with

a tabular morphology (Fig. 3b—d). Alloys that
exhibit this morphology are considered to have
been stable phenocrysts during a particular experi-
ment. In contrast, experiments done at the highest
fS> (Ru391) and lowest Fe/Ni (Ru3102Nib_1200),
contained alloys exhibiting a dendritic habit (Fig.
3a), suggesting crystallization upon quenching of
the sample. In those instances, stable alloy is
inferred to have not been present during an experi-
ment, and reported solubilities represent minimum
values. In one instance (experiment Ru2101; Fig.
3c), skeletal laurite is intergrown with metal den-
drites, suggesting this phase also crystallized on
quench.

Alloy phenocrysts showed systematic changes in
morphology with changes in oxygen fugacity. With
a decrease in fO, from 10~ %' to 10~ %% atm,
crystal shape varied from rounded to subhedral to
euhedral, with progressive development of hexago-
nal cross-sections. Over the same range of condi-
tions, the crystal number density decreased, while
phenocryst grain size increased. In experiments
where Os and Ir were added to the starting materi-



D.R.A. Andrews, J.M. Brenan / Chemical Geology 192 (2002) 163—181 169

C

log fS;==1.7 0l
log fO,=-8.8

log fS,=-1.6
log fO,=-9.8

Fig. 3. Reflected light photomicrographs (plane polarized light) of sectioned and polished run-products (S =sulfide melt, Ru=Ruthenium
phenocrysts, L= Laurite, Ol=Olivine, I =RuOslIr alloy, V =vesicle); (A) Ru391 (note the Ru dendrites, a product of quench crystallization), (B)
Ru392, (C) Ru2101 (note the skeletal texture of the laurite, which is intergrown with quench dendrites of Ru), (D) RuOsIr3102A (alloys in this

experiment are ~ 60% Ru, 40% [Os +Ir]).

als, alloy phenocrysts exhibited a euhedral morphol-
ogy, with a distinctly smaller grain size and high
number density.

5.2. Attainment of equilibrium

We have assessed the approach to equilibrium in
our experiments in several different ways. First, we
conducted a series of experiments, all at 1300 °C
using identical starting materials, run for durations
of 1, 3 and 5 days (Rul92, Ru392 and Ru592;
Table 1) and found that Ru solubilities were iden-
tical (Fig. 4), indicating rapid Ru solution into the
sulfide liquid. This result is in contrast to that of
Peach and Mathez (1996), who observed a pro-
gressive increase in melt Ir content as a function of
run duration in experiments done at 1450 °C and
0.8 GPa. Inasmuch as these workers relied on
internal buffering, and the assumption of vapor
saturation to fix fO, and fS,, it is possible that
the time evolution in metal solubility seen in their
experiments is a product of progressive changes in
sample fO, (or fS,), possibly coupled to vapour

loss. Alternatively, it may be that Ir metal dissolves
more slowly in sulfide melt at their experimental
conditions, although our own 1 atm reconnaissance
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Fig. 4. Sulfide melt compositions from experiments Ru392, Rul192
and Ru592 as a function of run duration (solid symbols). Open
symbols are for reversal experiment Ru3112rev_92.
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experiments have shown Ir solution to be as rapid
as Ru. In addition to time invariance of Ru sol-
ubility, we were also able to “reverse” our solu-
bility measurements. This was accomplished by
running pairs of samples initially at conditions in
which the Ru solubility is high ( ~ 11 wt.% at log
fO,=—10.8, log fS,=—1.7), then, upon quenching,
one crucible was retained for EMP analysis while
the other was re-run at conditions in which the Ru
solubility is lower. We did this procedure for two
different sets of conditions in the second step (log
fO,=—28.1 and — 8.8, both at log fS,=—1.7) and
found that solubilities are within error of equivalent
forward experiments. In addition to these more
direct tests for chemical equilibrium, we also did
multiple electron microprobe analyses across the
largest (30+microns) of the alloy phenocrysts pro-
duced in experiments, and found them to be com-
positionally homogeneous. This homogeneity is also
reflected in the low standard deviation in alloy
analyses provided in Table 3.

5.3. IPGE phenocryst compositions

In experiments with Ru as the sole IPGE, alloy
phenocrysts contained 2—8 mol% Fe+Ni (most
commonly 4 mol%), with the remainder being
ruthenium. Whereas the relative concentration of
Fe and Ni in the phenocrysts varied systematically
with each of the parameters explored in this study,
Ru concentrations remained essentially constant.
Thus, the activity of Ru is nearly the same in
experiments, and close to unity. At fixed /S, and
melt composition, decreasing oxygen fugacity
(10 %' to 10 ~°® atm) caused Fe concentrations
in the alloy to slightly increase ( ~ 0.5 mol%) while
the molar abundance of Ni decreased by an equiv-
alent amount. A decrease in fS, from 10~ '7—
10~ *° atm resulted in an ~ 4 mol% decrease in
Ru concentration, which was balanced by a ~ 3
and 1 mol% increase in Fe and Ni concentrations,
respectively. As expected, alloys produced in experi-
ments in which Fe in the sulfide melt were replaced
by Ni showed a corresponding increase in their Fe/
Ni ratio. The composition of alloys produced in
experiments with added Os+1Ir is portrayed in Fig.
5. As shown, the series of compositions produced
span the range of Ru contents for natural IPGE

alloys, and are intermediate in their Os/Ir ratio.
The addition of Os and Ir to the alloy resulted in
considerably more uptake of Fe and Ni (Table 3),
which is consistent with the reduced activity coef-
ficients for Fe (and probably Ni) in Os and Ir
relative to Ru alloys (e.g. Borisov and Palme,
2000). At constant fO,, fS, and melt Fe/Ni, the Fe
and Ni contents of Ru alloys decrease with decreas-
ing temperature.

5.4. Sulfide melt compositions

Ruthenium solubilities were found to change
markedly as a function of all of the parameters
we explored, with values ranging from ~ 0.3 to 44
wt.%. The effects of each parameter are described
separately below.

5.4.1. Effect of fO,

Analysis of the sulfide melt from experiments in
which oxygen fugacity was varied from 10~ %' to
10 ~ %% atm at a constant /S, of 10 ~ 7 atm (Fig. 6a)
revealed that Ru concentrations increase in a non-
linear manner from 0.3 wt.% at f0,=10 %' to ~ 12
wt.% at fO, values greater than 10~ atm. The Ru
solubility changes abruptly over a narrow fO, interval
between 10~ *® and 10~ %! atm. In concert with
these changes in Ru solubility, the oxygen content
of sulfide liquids decreased from ~ 4 wt.% at fO,=
10 %! atm to undetectable levels at f0,=10"'"%
atm, with a complimentary increase in S abundance
from ~ 27 to 32 wt.%. Consideration of the effect of
SO, on reaction (1) would suggest that increasing fO,
would promote solution of Ru if this element is
dissolving as an oxide species. The observed negative
correlation between fO, and Ru solubility, however,
suggests that Ru does not dissolve in this manner, in
contrast to its solution behavior in silicate melts (e.g.
Borisov and Nachtweyh, 1998). Indeed, it would
appear that addition of oxygen to the sulfide melt
markedly raises the activity coefficients for Ru melt
species.

5.4.2. Effect of 1S,
The effect of sulfur fugacity on Ru solubility was

investigated at oxygen fugacities of 10~ ¢ and
IO*Q'Satm, and in both cases, Ru solubility in-
creased sympathetically with fS, (Fig. 6b). At an
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/0, of 10~ 3¢ atm, values range from 0.3 wt.% at
/S, of 10 7> atm to >16 wt.% at /S, of 10~ *“atm.
At fO, of 10 ~°® atm, solubilities were systemati-
cally higher, with values increasing from ~ 12 to 44
wt.% as fS, increased from 10~ '° to 10~ ' atm.
Not surprisingly, the observed variation in Ru sol-
ubility with fS, is consistent with behavior described
by reaction (2), indicating Ru solution as sulfide
species.

5.4.3. Effect of melt composition

Two series of experiments were conducted to
investigate the effect of sulfide melt Fe/Ni ratio on
Ru solubility. Three experiments were done at fO, of
10~ %" atm, /S, of 10~ '® atm and 1300 °C and
three at f0,=10 " atm, fS,=10 "7 atm and 1200
°C. In both series, Ru concentrations in alloy-satu-
rated melt decreased with an increase in Fe/Ni (Fig.
6¢), consistent with the previous laurite solubility

measurements of Brenan and Andrews (2001). Cor-
related with the overall decrease in Ru solubility
with increasing Fe/Ni is an overall increase in melt
oxygen content. At constant fO,, it appears that
higher Fe melts contain more oxygen, behavior that
was also noted by Rose and Brenan (2001) in
experiments in which Fe in the sulfide melt was
substituted by Co, Ni or Cu. The implication of this
result is that at a given fO,, solution of Fe in sulfide
melt involves a greater association with oxygen than
is the case for other transition metals. A similar
correlation between oxygen concentration and Ru
solubility was noted above for experiments run at
constant Fe/Ni, but variable fO,. The Ru-—oxygen
relations for both sets of experiments are portrayed
in Fig. 6d. The trend in Ru solubility with melt
oxygen content is similar, regardless if oxygen varies
by changes in fO,, or Fe/Ni, suggesting that it may
not be the identity of the cation as much as the
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addition of O with Fe that affects the activity

coefficients of Ru species in the melt.

5.4.4. Effect of adding Os and Ir

In experiments done at fO, of 10 ~°® atm, /S, of
10 ~ "% atm and 1300 °C, the solubility of ruthenium in
the sulfide melt showed a marked decrease as the
coexisting alloy was diluted by Os+1Ir (Fig. 6e).
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Specifically, the solubility of pure Ru at these condi-
tionsis ~ 15 wt.%, whereas values dropped to 3.6 and
1.7 wt.% as the mole fraction of Ru in the alloy (Xg,)
decreased to ~ 0.58 and ~ 0.36, respectively.

5.4.5. Effect of temperature
We assessed the effect of temperature on Ru
solubility by conducting experiments at fO, of
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10~ °® and 10 ~ ! atm, and fixed /S, of 10 L7 atm.
Results are portrayed in Fig. 6f, and show that, at each
fO,, the solubility decreases with decreasing temper-
ature, although the T effect at log fO, of —8.1 is
smaller than at log fO, of —9.8. To maintain satu-
ration in a sulfide liquid, however, the fO, and /S, of a
natural magma cannot remain constant with changes
in temperature, and an accurate assessment of the
temperature dependence on Ru solubility should
account for these effects. Fig. 6g shows the fO,—/S,
conditions for sulfide saturation at 1200 and 1300 °C
in a silicate magma with 31 mol% total FeO (although
this melt iron content is high for a natural basaltic
magma, it is appropriate for sulfide liquid saturation at
the conditions for experiment Ru2102_1200t, and
serves the purpose of illustration). Inasmuch as the
fO, of natural magmas track parallel to the common

solid oxide buffers (Carmichael, 1991), we have
portrayed the T dependence of the fO,—fS, trajectory
for a sulfide-saturated magma assuming that fO,
tracks parallel to the fayalite—magnetite—quartz
(FMQ) buffer. As shown, at constant relative fO,,
the /S, required for sulfide saturation increases with
increasing temperature. For the case of the experiment
done at 1200 °C (Ru2102_1200t), to maintain sulfide
liquid saturation from 1200 to 1300 °C, at a constant
relative fO, of FMQ — 1.5, requires the fO, to
increase from 10~ 2% to 10~ %8 atm, and the fS, to
increase from 10 ~ ' to 10 ~ ! atm. Although we did
not do an experiment at the precise conditions for
saturation at 1300 °C, interpolation of the 1300 °C
solubility data for fO, of 10 ~ ** atm (Fig. 6b) yields a
solubility of ~ 15 wt.% at /S, of 10 ~ "' atm. Thus,
the “realistic” effect of temperature accounted for in
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this manner yields a change in solubility that is very
similar to the effect seen if both fO, and fS, are held
constant.

6. Discussion
6.1. Solubility of other IPGE-bearing phases

Fleet and Stone (1991) report results from experi-
ments at 1 bar and 1200 °C that produced sulfide
melt with <1 wt.% Ir and <0.1 wt.% Os coexisting
with alloys containing 77—88 wt.% Ir and 97 wt.%
Os. Similarly low Ir and Os concentrations were
measured by Brenan and Andrews (2001) for sulfide
melt coexisting with Ru—Os—Ir alloy at 1200—1300
°C, /S, of 10~ '=10 "2 atm and fO, 10 ~%-10'°
atm. These values are generally consistent with the
low Os and Ir contents of sulfide melt produced in
our Ru—Os—Ir alloy-saturated experiments, although
our alloys contained less Os and Ir than those
produced by these latter workers. Such results show
that the Os and Ir content of sulfide melt required for
alloy saturation is much lower than for Ru, present-
ing the possibility that some of the near-endmember
Os and Ir alloys reported in natural parageneses (see
Fig. 5), could be stable in the presence of sulfide
liquid. Regardless of how low melt Os and Ir
contents are, high Ru-levels in the melt are nonethe-
less required to stabilize Ru-bearing ternary alloy
compositions. In contrast to the much lower Ir
solubilities inferred from the aforementioned experi-
ments, Peach and Mathez (1996) measured relatively
high Ir concentrations ( ~ 4 wt.%) in sulfide melt
equilibrated with Ir—Fe alloy ( ~ 90% Ir) at 0.8 GPa
and 1450 °C. Such a high Ir solubility may reflect
the higher temperature of those experiments, as
values are likely to increase with temperature, based
on our assessment for Ru. Pressure may also serve to
increase Ir alloy solubility in sulfide melt, although
we are unaware of any experiments that have sys-
tematically documented this effect.

6.2. Implications for alloy and laurite stability during
melting and solidification

The results of our assessment of the effects of fO,,
1S5, melt Fe/Ni, alloy composition and temperature are

sufficiently complete to allow us to determine the
likelihood of IPGE alloy saturation under sulfide
saturated conditions in natural magmas. Using the
trends in Ru solubility with fO, and fS,, we have
calculated solubilities for the fO,—fS, conditions of
sulfide liquid saturation at 1300 °C, for a silicate melt
containing 15 mol% ( ~ 18 wt.%) FeO, which is at
the high end of concentrations in tholeiitic magmas.
Results (Fig. 7) are portrayed in terms of Ru solubility
as a function of fO,, in which values of fO, corre-
spond to a particular fS, to maintain sulfide liquid
saturation. Also shown are the Ru contents of sulfide
liquid required to saturate in Ru—Os—Ir alloy (Os/
Ir=1) with 58 and 36 mol% Ru. These curves were
calculated by assuming that the relative reduction in
Ru solubility shown in Fig. 6e applies to the range of
fO, and fS, portrayed.

For a given alloy composition, the Ru solubility
changes little over a large range of fO,, mainly
because the reduction in alloy solubility that accom-
panies an fO, increase is balanced by the increase in
solubility that follows the rise in fS, required to
maintain sulfide liquid saturation. Over a broad range
of Xg, in the alloy, the Ru content of the sulfide liquid
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Fig. 7. Estimated Ru solubility in a sulfide melt at 1300 °C as a
function of oxygen fugacity. All curves are plotted at fO, and fS,
conditions appropriate for sulfide saturation in a basaltic melt
(FeO =15 mol%). Curves are labeled for the mole fraction of Ru in
the alloy phase. The single point labeled Xz, =0.7 corresponds to
experiment fRuS of Brenan and Andrews (2001) run at 1250 °C that
was saturated in both laurite and Ru—Os—Ir alloy. For comparison
is shown the upper range of Ru contents from sulfides in the
Merensky Reef of the Bushveld Complex (data from Naldrett,
1981).
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required to maintain saturation is at wt.% levels, and it
should be noted here that for melts with lower total
FeO contents, the fS, required for saturation in sulfide
liquid is higher, and therefore Ru solubilities will also
be higher. We have also included the results of experi-
ment fRu5 from Brenan and Andrews (2001), which
was run at similar conditions to the experiments of
this study, but at 1250 °C, and was subsequently
saturated in both Ru—Os-Ir alloy (Xz,=0.7) and
laurite. The Ru content of the sulfide melt required
for alloy—laurite saturation is also high ( ~ 8 wt.%),
and consistent with the variation in solubility with
alloy composition determined in this study. In addi-
tion to the solubility relations, Fig. 7 also depicts the
maximum Ru content of ore-grade sulfide liquid
segregations associated with mafic and ultramafic
intrusive and extrusive rocks. The PGE levels in such
rocks are higher than is typical for immiscible sulfide
globules in mafic lavas, and thus serves to provide a
robust test of whether sulfide-saturated magmas are
likely to crystallize IPGE alloys. As the Ru concen-
trations of these sulfide liquid segregations are at the
ppm level, they clearly fall below the saturation levels
required by our experiments, indicating that IPGE
alloy crystallization is unlikely once a mafic magma
achieves sulfide liquid saturation. Both Peach and
Mathez (1996) and Brenan and Andrews (2001) came
to similar conclusions, based on their finding of wt.%
solubility levels for other IPGE-bearing phases (Ir
alloy and laurite; discussed above), albeit over a more
restricted range of experimental conditions.

Given the conclusion that IPGE alloys (or laurite)
are unlikely to crystallize in sulfide saturated mafic
magmas, the occurrence of these phases as inclusions
in primary ferromagnesian phenocrysts, which are in
turn in contact with matrix base metal sulfides, would
seem paradoxical. Accepting the preserved textural
relations as indicating early crystallization of the
included PGMs requires, however, that interstitial
sulfide was introduced after alloy precipitation and
subsequent isolation in host phenocrysts. Any alloys
that were not initially trapped and thus “shielded”
from later-forming sulfide liquid would be redis-
solved, thus accounting for the paucity of laurite or
IPGE alloy in the matrix (e.g. Western Bushveld
Complex, Maier et al., 1999;Merkle, 1992; Shetland,
Prichard et al., 1986). The occasional occurrence of
base metal sulfides included with IPGE phases (Zam-

bales Ophiolite, Bacuta et al., 1990; Western Bush-
veld Complex, Maier et al., 1999) would therefore be
a consequence of the grain boundary mobility that
accompanies post-solidification compaction and
annealing. Rose and Brenan (2001) and Brenan and
Rose (in press) have shown that at fO, that exceeds
FMQ-1.6, chromite, as well as ferromagnesian sili-
cates like olivine, will be readily wetted by sulfide
liquid, making them susceptible to infiltration to
achieve surface energy reduction (e.g., Watson,
1981). Thus, later-formed sulfide melt could readily
permeate pre-existing cumulates, thus precipitating
the observed interstitial sulfides.

Clearly, early precipitation and accumulation of
laurite + Ru—Os—Ir alloy will have a profound effect
on IPGE/PPGE fractionation, owing to the relative
incompatibility of the PPGEs in both of these PGMs
(Brenan and Andrews, 2001). Whether or not these
phases begin to precipitate from a silicate magma will
depend on the factors that control PGE solubility,
which are as yet poorly constrained (see below), but
certainly include fO, and probably /S, (e.g., O’Neill et
al., 1995; Ertel et al., 1999; Amossé et al., 2000). An
additional important factor in determining the stability
of laurite and Ru—Os—Ir alloy is whether the system
reaches saturation in an immiscible sulfide liquid.
Early crystallization of laurite and/or Ru—Os—Ir alloy
would be very effective in removing the IPGEs from
the magma, thus concentrating them in the initial
cumulates, and resulting in a relative enrichment of
the PPGEs in the later-formed sulfide liquid. The
abundances of PPGEs would thereby be controlled
by the fraction of sulfide liquid present in a particular
rock unit, and such relations have been well docu-
mented in the Bushveld (i.e., Maier and Barnes,
1999). For the case of sulfur-poor magmas, which
never reach sulfide-liquid saturation, precipitation of
laurite or Ru—Os—Ir alloy (or both) will cause IPGE-
enrichment in the early-formed cumulates, with fur-
ther crystallization causing progressive PPGE-enrich-
ment in the more evolved compositions. Peck and
Keays (1990) have provided a detailed account of this
behavior in the Heazlewood River Complex (Tasma-
nia), which has an abundance of Ru—Os—Ir placer
deposits derived from the basal cumulates, and no
associated sulfide mineralization. For magmas whose
sulfur fugacities are sufficiently high that sulfide
saturation occurs concurrently with the precipitation
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of the primary liquidus phases, laurite + Ru—Os—Ir
alloy will not form, and decoupling of the IPGE from
the PPGE can only occur by crystallization of mss
(e.g., Li et al, 1998), as has been documented at
Sudbury (Naldrett et al., 1982; Li et al., 1992;
Ballhaus et al., 2001), Noril’sk (Naldrett et al.,
1994; Zientek et al., 1994) and Alexo, Ontario
(Barnes and Naldrett, 1986).

6.3. Estimation of Ru activity in Ru—Os—1Ir alloy

Estimation of the activity of Ru in ternary Ru—Os—
Ir alloy can be made by comparing the Ru content of
sulfide melt coexisting with pure Ru with that in
equilibrium with Ru—Os—Ir alloy in experiments
run at the same fO,, fS, and temperature. In the
current study, this involves comparing the result of
experiments Ru3102 with RuOsIr3102A and B. Such
information may be used to estimate the Ru content of
silicate melt coexisting with Ru—Os—Ir alloy, given
the solubility of pure Ru, which is available from the
experiments of Borisov and Nachtweyh (1998). This
data may, in turn, provide a more accurate evaluation
of the likelihood of IPGE alloy precipitation in
sulfide—undersaturated silicate melt.

At equilibrium, the activity of Ru in the sulfide
melt (afs") is equal to that in the coexisting metal,
which is unity for a melt saturated in pure Ru, i.e.:

sulfide melt __ metal __
Ry =ag, =1 3)

It follows from the definition of activity that the
product of the activity coefficient (y3a 4 ™) and
the mole fraction of Ru (Xgufide melty js also one,
hence the activity coefficient for Ru in the sulfide melt

can be calculated as:

;L]s;ﬂﬁde melt __ 9/X]§1llllﬁde melt. (4)

For the case of experiment Ru3102, yiufide melt jg

calculated to be 15.1. Assuming yafide et qoes not
change significantly with Xgat9® ™! the activity of
Ru in the ternary alloys from experiments RuO-
sIr3102A and B can be calculated from the expres-

sion:

15.1Xéﬂlﬁde melt _ agﬂetﬂ’ (5)

which also allows the activity coefficient for Ru in the
metal phase to be calculated from the expression:
agstal _ ygstal X]I{I:ftal' (6)
The activity of Ru in the ternary alloys from experi-
ments RuOsIr3102A (Xae'®'=0.58) and B (Xp<t*!=
0.36) are 0.24 and 0.11, respectively, which corre-
spond to values of yac*® equal to 0.41 and 0.30. Such
values of yac*® clearly indicate non-ideal mixing in the
ternary Ru—Os—Ir system, which is not surprising,
given the miscibility gaps on both the Ru—Ir and Os—
Ir binary joins (Eremenko et al., 1988; Reiswig and
Dickinson, 1964), which apparently extend into the
Ru—Os—Ir ternary, based on compositional trends
amongst natural alloys (Cabri et al., 1996).

The Ru content of silicate melt coexisting with a
ternary Ru—Os—Ir alloy can be estimated by combin-
ing the alloy activity—composition relations estimated
from our data with the silicate melt Ru solubility data
determined by Borisov and Nachtweyh (1998). For
example, at a temperature of 1300 °C and log fO, of
— 8.2 (corresponding to FMQ-1), the data of Borisov
and Nachtweyh (1998) predict a Ru solubility of ~ 1
ppb. Assuming that the activity coefficient for Ru
metal in silicate melt is independent of Ru content, the
Ru concentration of a silicate melt coexisting with a
ternary Ru—Os—Ir alloy will be reduced in proportion
to the Ru activity in the alloy. Thus, the Ru concen-
tration in a silicate melt coexisting with Ru—Os—Ir
alloys with Xg' of 0.58 and 0.36 will be 0.24 and
0.11 ppb, respectively. An increase in fO, of one log
unit raises the Ru solubility estimate to ~ 4 ppb,
which corresponds to solubilities of ~ 2 and ~ 1
ppb Ru for the alloys. Such values are at or below Ru
concentrations reported for sulfide-undersaturated
komatiites and high Mg basalts (Briigmann et al.,
1987; Puchtel and Humayun, 2000, 2001), suggesting
that such magmas could be alloy saturated. We should
emphasise that our estimates may be subject to con-
siderable uncertainty, however, given that Ru solubil-
ity at low fO, is based on a solubility-fO, correlation
determined at fairly oxidizing conditions (log fO, of
— 1.2 to — 3). Moreover, the effect of dissolved sulfur
on Ru solubility has not been determined, and could
be substantial (see below), making our solubility
estimates only strictly applicable to S-free magmas.
In terms of the other components of Ru—Os—Ir alloys,
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the solubility of pure Ir and Os metals are known to be
low in molten silicate (i.e., ~ 7 ppb Ir and 40—200
ppb Os at FMQ-1; Borisov and Palme, 1995; Borisov
and Walker, 2000), but activity—composition relations
for these metals in such alloys are unavailable, thus an
accurate estimate of the Ir and Os levels required for
silicate melt saturation cannot be accurately deter-
mined at this time.

6.4. Implications for two liquid partitioning of
ruthenium

At conditions of sulfide melt—silicate melt equili-
brium, the activity of Ru in each phase will be the
same, although the corresponding Ru concentrations
may differ by orders-of-magnitude, owing to differ-
ences in the activity coefficients for these two melt
types. In principle, two-liquid partition coefficients
can be calculated from individual metal solubility
experiments involving silicate and sulfide melts, as
the activity of the metal in either melt type will be
unity. We have calculated the partitioning of ruthe-
nium between sulfide melt and host silicate magma as
a function of fO, by ratioing our sulfide melt solu-
bility data to values determined by Borisov and
Nachtweyh (1998) for an anorthite—diopside eutectic
composition. Fig. 8a portrays the Ru solubility data
for the two melt types, and Fig. 8b shows the variation
in calculated sulfide—silicate melt partition coeffi-
cient. As noted previously, Ru solubility in sulfide
melt decreases slightly with increasing fO,, while
Ru solubility in the silicate melt increases strongly
with increased fO,. The net effect is an overall de-
crease in the calculated partition coefficient with in-
creasing oxygen fugacity (Fig. 8b). Absolute values of
DU are calculated to be ~ 108 to ~ 10'° over the
fO, range relevant to natural magmatic systems. For
comparison, we have also provided in Fig. 8b a
summary of sulfide—silicate melt partition coefficients
for Ru that have been determined by direct measure-
ments on equilibrated sulfide—silicate melt pairs.
Regardless of fO,, these measured values are
>1000 X less than those we have calculated from metal
solubility data. Below we briefly discuss the possible
origins of this discrepancy, as it may offer insight into
the accuracy of the available two-liquid partitioning
data, and the solution properties of Ru in silicate and
sulfide melts.
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Fig. 8. (a) Plot of Ru solubility in sulfide melt (this study) and
silicate melt as a function of AFMQ. Values for silicate melt are
extrapolated from the data of Borisov and Nachtweyh (1998). (b)
Plot of the calculated sulfide melt/silicate melt partition coefficient
for Ru as a function of AFMQ based on the solubility data presented
in (a). For comparison are the partition coefficients measured from
experiments involving coexisting sulfide and silicate melts (sources
cited: Fleet et al., 1999; Fleet et al., 1996; Crocket et al., 1997;
Bezmen et al., 1994; Sattari et al., 2002).

The large discrepancy in calculated vs. measured
DT may arise from at least three sources: (1)
inaccurate measurement of two-liquid partition coef-
ficients, (2) non-Henryian solution of the PGEs in
silicate melt and (3) inaccuracies in estimating Ru
metal solubility in the silicate melt. In terms of the
sulfide melt—silicate melt partitioning data, a com-
mon aspect of nearly all previous determinations is
the use of bulk analytical techniques to determine
the PGE content of mechanically separated run
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products. In contrast, Sattari et al. (2002) used laser
ablation ICP-MS to characterize run products from
sulfide—silicate melt partitioning experiments, and
observed PGE-rich spikes in the time-resolved, in
situ glass analyses. Results of those experiments
only yielded minimum two-liquid partition coeffi-
cients for Ru (>3.5 x 10%) and other PGEs, as the
PGE contents of inclusion-free glass domains were
below detection (<0.03 ppm Ru). As a conse-
quence of those results, we suggest that previous
partition coefficient determinations could be some-
what in error due to incomplete phase separation, as
even small amounts of sulfide included in the glass
phase would affect (lower) partition coefficients (see
Borisov and Walker, 2000). Indeed, although Fleet
et al. (1996) were able to acquire reproducible
analyses on various sized glass fractions from their
run products, the scale of heterogeneity observed by
Sattari et al. (2002) is on the order of microns or
less. It is difficult to predict, however, the exact
degree to which previous results have underesti-
mated the two-liquid partition coefficients, as the
amount of included material in the glass separates
from those experiments is unknown.

In terms of the solution properties of the silicate
and sulfide melts, Crocket et al. (1997) documented
a positive correlation between Dy, and the
total Ru content of the coexisting sulfide liquid,
for Ru concentrations in the sulfide phase of 20—
300 ppm. These results have been interpreted by
Fleet et al. (1999) to correspond to non-Henryian
activity composition relations in one or both of the
melt phases. Thus, the large partition coefficients
that we have calculated for conditions of Ru
saturation in both melts would appear to be pre-
dicted by those results. A significant extrapolation
of the trend depicted in Fig. 2a of Crocket et al.
(1997) yields a sulfide—silicate partition coefficient
of ~6x10° at 10,000 ppm Ru in the sulfide
liquid, which approaches the values we have esti-
mated at AFMQ of 0.9, but still falls short by
100 X . Thus, non-Henryian effects on two-liquid
partitioning may indeed account for at least part of
the discrepancy between calculated and measured
values. However, as the apparent non-Henryian
effects reported by Crocket et al. (1997) have only
been documented over a limited concentration
range, and involve significant scatter in coexisting

silicate melt concentrations, better characterization
of this phenomenon is certainly in order.

A final source of discrepancy in calculated vs.
measured Dy, 7! is an inaccurate estimation of
the Ru metal solubility in silicate melt, which may
arise from at least two sources: (1) uncertainty in
the low-fO, extrapolation of solubilities that have
been measured at high fO, and (2) the possible
effect of dissolved sulfur on enhancing metal sol-
ubilities in the silicate melt. In terms of the first
effect, the Ru solubilities provided by Borisov and
Nachtweyh (1998) were measured at AFMQ of +3
to +5, whereas conditions for basalt petrogenesis
(and our calculations) are in the range of AFMQ of
+1.5to —2.5 (e.g., Wallace and Carmichael, 1992).
The extrapolation to low solubility is based on the
implicit assumption that the valence state of Ru
stays constant, and thus, melt species present at
high fO, persist into the low fO, regime. Ertel et al.
(1999) measured Rh and Pt solubilities over a
somewhat broader range of fO,, and their results
suggest that this assumption is valid for those
elements. In contrast, Borisov et al. (1994) deter-
mined that the variation in Pd solubility with fO,
reflects a change in the proportion of Pd**, Pd”*
and Pd° species such that the fO, dependence of Pd
solubility is reduced with decreasing fO,. If this
were the case for Ru, then solubilities extrapolated
from high fO, data could be significantly under-
estimated at low fO,. Thus, “true” Ru solubilities at
low fO, could be higher, resulting in a reduction in
calculated two-liquid Ds, making our estimates
more in line with direct determinations. In terms
of the effect of dissolved sulfur, although O’Neill et
al. (1995) argue that S should not affect the
solubility of siderophile elements in silicate melt,
Amossé et al. (2000) have shown that Rh, Ir and Pt
solubility markedly increase with increasing fS,.
Inasmuch as the formation of an immiscible sulfide
melt requires significant levels of dissolved sulfur in
the silicate melt, we view this effect as potentially
significant.

7. Conclusions

We have found that the solution behavior of ruthe-
nium (and probably other PGEs) in molten sulfide is



D.R.A. Andrews, J.M. Brenan / Chemical Geology 192 (2002) 163—181 179

complex, with solubility being a strong function of fO,,

1S5, melt Fe/Ni and temperature. However, consider-
ation of solubilities that would prevail at conditions
relevant to sulfide liquid saturation in mafic magmas
yields values that are uniformly high, even on dilution
with other IPGEs. Such solubility levels far exceed
those found even in ore-grade sulfide liquid segrega-
tions, suggesting crystallization of IPGE alloy (and
laurite) in the presence of sulfide liquid is unlikely. It is
thus our conclusion that if IPGE-rich PGMs are
liquidus phases, the occurrence of interstitial base
metal sulfide associated with rocks containing these
minerals must reflect the introduction of sulfide liquid
at a stage subsequent to PGM crystallization and
entrapment by primary mafic phenocrysts. Hence, the
timing of sulfide immiscibility is crucial if [IPGE-rich
phases are to crystallize and separate from mafic
magmas. Based on our estimates of the activity of Ru
in ternary Ru—Ir—Os alloy, it appears that Ru concen-
trations in silicate melt required for alloy saturation are
very low (ppb to sub-ppb), which is at or below levels
found in some high Mg igneous rocks. Although
similar activity—composition data are as yet unavail-
able for Os and Ir, the overall low solubility of both
these metals in silicate melt suggests alloy saturation in
natural, sulfide-undersaturated systems is certainly
plausible. As a final point, the sulfide melt—silicate
melt partitioning we have calculated based on the
solubility of Ru in each of these phases is extreme,
with values of up to ~ 10'% at very low oxygen
fugacities. Such large partition coefficients could be
real, and possibly reflect problems with analyzing
separated run products from partitioning experiments
using bulk methods. Alternatively, high values may be
a consequence of non-Henryian activity—composition
relations for Ru in either melt, or an artifact of our
underestimating the solubility of Ru in molten silicate
at the conditions relevant to saturation in immiscible
sulfide liquid. In terms of the latter, possible changes in
Ru valence state with decreased fO,, or the presence of
dissolved sulfur, are both likely to enhance Ru solu-
bility in silicate melt, thus decreasing calculated two-
liquid partition coefficients. In any case, it seems clear
that a complete understanding of Ru solubility behav-
iour in molten silicate is still pending, as is likely for the
other PGEs, and there is a clear need for high precision
solubility measurements at low fO,, and in the presence
of dissolved sulfur.
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