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Abstract

We investigate the origin of high platinum-group element (PGE) abundances associated with chromite-rich
rocks by determining the relative partitioning of these elements between chromite- and sulfide-silicate liquids.
Chromites were crystallized in the presence of immiscible sulfide and silicate melts in experiments at 1 GPa,
producing a few, relatively large (20-50 sm) crystals, which were analyzed by laser ablation ICP-MS. Our re-
sults show that the PGE inventory of chromite and silicate melt produced in experiments is dominated by sul-
fide and/or alloy micronuggets and that the intrinsic PGE content of these phases is low (sub-ppm), despite
high concentrations in coexisting sulfide liquid (i.e., up to alloy saturation). Lower bounds on minimum sul-
fide-silicate melt PGE partition coefficients (Dp¢g) calculated from this data are 0.4 to 10 X 104, which are sim-
ilar to values determined in previous studies, confirming the extreme fractionation of these elements into the
sulfide phase. Rhenium, which was added to experiments in order to constrain Re-Os fractionation, is highly
concentrated in sulfide liquid, present at low but uniform levels in silicate melt, and undetectable in chromite.
Calculated sulfide-silicate melt Dy, are 3.3 to 5.2 X 10*, and experiments yielded lower bounds for D/Dy, of
3, indicating that sulfide-silicate melt equilibrium can fractionate Re from Os. Minimum sulfide melt-chromite
partition coefficients are 1,000 or more, indicating that coexisting sulfide melt will be the dominant host for the
PGE. Using this partitioning data, we have calculated the mass balance for Ir in chromite-sulfide mixtures and
show that for rocks with greater than 200 ppm sulfur, less than 24 percent of the Ir will be in chromite, illus-
trating that chromite is not the significant PGE host even in low sulfur chromitites. In an experiment saturated
in Ir-Re alloy, we measured a maximum iridium concentration in run-product chromites of 150 ppb, which,
when combined with an estimate of the Ir activity in the coexisting alloy, yields a maximum Ir solubility of ~210
ppb. We have found examples of chromitites with Ir contents exceeding this value, indicating that these sam-
ples have accumulated an additional PGE-bearing phase. Such results support the notion that interstitial sul-
fide liquid, or accessory minerals included at the magmatic stage (i.e., laurite, alloys), are most likely to be the
dominant primary hosts for PGE in chromite-rich rocks.

Introduction

THE IGNEOUS geochemistry of the platinum-group elements
(PGE) has béen extensively studied over the past several
decades, yet the processes by which these elements are con-
centrated and fractionated from each other are poorly under-
stood. At least five different phases have been proposed as
playing an important role in affecting PGE behavior during
melting and solidification: sulfide melt, PGE-rich sulfides or
alloys, primary liquidus minerals such as olivine or chromite,
and syn- to postmagmatic hydrothermal fluids (e.g., Barnes et
al., 1985; Peach and Mathez, 1996). Data from both natural
assemblages and experiments exist to at least partially evaluate
the role of sulfides, alloys, and fluids on controlling both the
absolute and relative PGE abundances in different mafic
and/or ultramafic igneous rocks. However, observations to as-
sess the role of primary liquidus phases such as olivine and
chromite in PGE fractionation and concentration are few and
yield ambiguous results (summarized below). In this paper, we
document the partitioning behavior of Re and PGE between
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coexisting chromite- and sulfide-silicate melts with the specific
intent of understanding the association of anomalously high
PGE concentrations with chromitite segregations.

Observational and Experimental Evidence for
Chromite as a PGE Host

Various evidence has accumulated in support of the notion
that chromite may be a significant host for the PGE in mafic
and ultramafic igneous rocks. For example, analyses of min-
eral separates from ultramafic xenoliths collected at Kil-
bourne Hole, New Mexico, led Hart and Ravizza (1996) to
suggest that Os is compatible in olivine and Cr-bearing spinel,
with calculated mineral-silicate melt partition coefficients
greater than 20. Moreover, Mitchell and Keays (1981) re-
ported PGE abundances in whole rock and mineral separates
from ultramafic xenoliths from various localities, which iden-
tified Cr-spinel, in addition to interstitial sulfide, as the sig-
nificant PGE host. Further support for a PGE association
with Cr-rich spinel or chromite comes from the correlation
between Ir and Cr in various members of the Fiskenaesset
Complex (West Greenland; Morgan et al., 1976) and mafic
and/or ultramafic lavas (Hamlyn et al., 1985; Crocket and
MacRae, 1986; Briigmann et al., 1987), as summarized by
Peach and Mathez (1996). In addition, cumulate chromitites
from different igneous settings, such as those in layered
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intrusions, ophiolites, and alpine-type peridotites, are known
for their anomalously elevated PGE levels (McLaren and
DeVilliers, 1982; Page et al., 1982; Talkington and Lipin,
1986; Peck and Keays, 1990, Peck et al., 1992; Von Grue-
newaldt and Merkle, 1995; Zhou et al., 1998). Indeed, earth’s
richest PGE ores are associated with chromitites in layered
intrusions (Naldrett, 1981) such as the UG2 horizon of the
Bushveld (McLaren and DeVilliers, 1982). An additional dis-
tinctive aspect of cumulate chromitites is their highly frac-
tionated PGE abundances: chromitites from layered intru-
sions having elevated PPGE (Rh, Pt, Pd ) relative to IPGE
(Os, Ir, Ru), whereas the opposite is true for ophiolite-hosted
chromitites. In addition to observations of natural materials,
results of previous experimental studies have suggested that
spinel-structured minerals may selectively concentrate some
PGE. Specifically, Capobianco and Drake (1990) and Capo-
bianco et al. (1994) measured spinel- and magnetite-silicate
melt partition coefficients for Rh, Ru, and Pd at 1 bar (10°
Pa), 1,275° to 1,450°C, and relatively high oxygen fugacities
(i.e., FMQ + 1 to FMQ + 7), with their work revealing large
partition coefficients for Ru (~20 to >4,000) and Rh
(~80-300), and uniformly low values for Pd (i.e., <1). A no-
table aspect of these results is that partition coefficients for
Ru are comparable to values measured between immiscible
sulfide and silicate melts. As a consequence of this partition-
ing data, Capobianco et al. (1994) have suggested that other
spinel group minerals, like chromite, may have a similarly se-
lective affinity for the PGE, this accounting for the chromi-
tite-PGE association.

Despite the evidence supporting the possible role of
chromite in concentrating and fractionating the PGE, there
also exists observational and analytical data that counter this
notion. For example, Lorand et al. (1998) determined the
PGE concentrations in a suite of orogenic lherzolites from the
North Pyrenean Metamorphic zone and found no correlation
between PGE content and Cr-spinel abundance. There was,
however, a systematic positive correlation between PGE and
sulfur content, reflecting the control of accessory sulfide min-
erals. With the exception of a weak trend in the Upper Criti-
cal zone, Maier and Barnes (1999) found no systematic cor-
relation between whole-rock Cr and PGE content in rocks
from the western Bushveld Complex, consistent with similar
observations made for chromite-bearing rocks in ophiolites
(e.g., Bacuta et al., 1990; Yang et al., 1995; Zhou et al., 1998).
Most recently, Ballhaus and Sylvester (2000) used laser abla-
tion ICP-MS to measure the PGE content of the various
phases comprising the Merensky reef (Bushveld Complex)
and found less than ~10 ppb PGE in chromite, whereas bulk-
rock PGE abundances (ppm levels) could be adequately ac-
commodated in coexisting pyrrhotite, pentlandite, and Pt
alloy.

Ity is thus unclear as to whether chromite is a mineral that
can dissolve considerable levels of PGE during initial growth,
but that this inventory is partially or completed sequestered
by subsolidus phases, or simply that chromite is coprecipi-
tated at the magmatic stage with PGE-rich sulfide melt or
PGE-bearing accessory minerals. Indeed, even in the
Bushveld Complex, which is arguably the world’s best charac-
terized PGE deposit, the primary PGE concentration mech-
anism of the sulfide-bearing chromitites is still much debated
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(cf. Cawthorn, 1999). Thus, to assess whether chromite can
be a significant host for the PGE requires knowledge of the
chromite-silicate melt partition coefficients for these ele-
ments. Of equal importance, however, is evaluating the rela-
tive partitioning of PGE between chromite and sulfide melt,
as this data is necessary to assess which of these phases will be
important PGE hosts in sulfide-saturated systems. To this
end, we have conducted experiments at high pressure (P) and
temperature (T) to measure PGE (and Re) partitioning in
samples that are saturated in chromite- and silicate- sulfide
melt at an f;, relevant to basalt petrogenesis. This paper re-
ports on our initial results in this endeavor, and we show that
the PGE inventory of chromite and silicate melt produced in
experiments is dominated by sulfide and/or alloy micro-
nuggets, and that the intrinsic PGE content of these phases is
low (sub-ppm), despite high concentrations in coexisting sul-
fide liquid (i.e., up to alloy saturation). Such results support
the notion that interstitial sulfide liquid, or accessory miner-
als included at the magmatic stage (i.e., laurite, alloys), are
most likely to be the dominant primary hosts for PGE in
chromite-rich rocks.

Experimental Technique

Qverview

Accurate characterization of the partitioning behavior of
the siderophile elements presents specific analytical and ex-
perimental challenges. First, these elements typically exhibit
low solubility in silicate melts (ppb levels; e.g., O'Neill et al.,
1995; Borisov and Palme, 1997; Ertel et al., 1999), even at rel-
atively high oxygen fugacities, making their detection in run-
product phases difficult. Second, in experiments run at low
fo., Ertel et al. (1999) observed a marked decrease in Pt and
RE solubilities as a function of run duration, and the presence
of submicron-scale Pt and Rh heterogeneities during LA-
ICP-MS analysis. Their results suggest that PGE alloy nuggets
remain dispersed in experimental melts for long periods of
time, thereby making intrinsic melt concentrations difficult to
measure and providing nucleation sites that become inclu-
sions in growing phenocrysts. Finally, rhenium, which was
added to experiments to better constrain Re-Os fractionation,
is highly volatile at oxygen fugacities exceeding the iron-
wustite buffer, (e.g., Borisov and Jones, 2000), ruling out 1
bar (10° Pa) experiments where control of f,, is by gas mixing.

To better assess the contribution of micronuggets to the ap-
parent PGE concentration in each phase, we used laser abla-
tion ICP-MS as a method of analysis. This technique mea-
sures the intensity of preselected isotopes as a function of
ablation time, thus yielding a time-resolved depth profile for
each analysis spot and hence allowing us to filter out the con-
tribution of inclusions to the sample signal. To promote solu-
tion of Re and the PGE into all phases, experiments were
done at Re and PGE concentrations in the sulfide melt up to
metal saturation levels. To avoid Re volatilization, experi-
ments were done at 1 GPa, using a piston-cylinder apparatus,
and employed a growth protocol designed to promote the for-
mation of a few, large chromite crystals, thus allowing for an
expanded spot for laser ablation analysis and hence lower de-
tection limits. A summary of partitioning experiments is pro-
vided in Table 1.
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TABLE 1. Summary of Experiments

Experiment no. Capsule! Additives? Soak (h)3 Total duration (h) log foo* log fs5 Alloys present6
IPRe4 A 1wt % Ir, Pd and Re 48 735 -8.9(0.2) ~2.1(0.2) Irs; s Ress  Fe, -
PGE1b A 500 ppm PGE and Re 60 85.5 -9.5(0.2) -2.1(0.3) Quench
PGElc A 500 ppm PGE and Re 30 55.5 -9.2(0.3) -1.6(0.2) Quench
PGEld B 500 ppm PGE and Re 30 55.5 -9.2(0.2) -1.8(0.2) Quench
PGEle B 500 ppm PGE and Re 60 85.5 -9.3(0.3) -2.0(0.2) Quench

! Capsule configuration used in experiment: A = graphite-lined Pt, B = graphite-only Pt

2 Approximate amount of each metal (Re + PGE) added to sulfide melt

3 Duration of final soak step (1,330°C) following 1.5 h superliquidus (1,460°C), 4 h at the liquidus (1,350°C), and a 1°C/h ramp

4 Calculated fo, based on the chromium content of silicate melt, using data in Roeder and Reynolds (1991)

5 Calculated fs, using the calculated fo,, melt sulfur abundance and equation 7 of Wallace and Carmichael (1992)

6 All experiments contained Re-PGE alloy as a quench phase in the sulfide liquid, experiment IPRe4 also contained an intergrowth of immiscible alloys,

whose average composition is given in atomic percent

Experimental details

The silicate melt employed in our experiments corresponds
to the 401 diabase composition of Hill and Roeder (1974), for
which the chromite saturation surface as a function of tem-
perature and oxygen fugacity has been extensively character-
ized (Hill and Roeder, 1974; Murck and Campbell, 1986;
Roeder and Reynolds, 1991). This composition was synthe-
sized from a mixture of high-purity oxides and carbonates that
were ground under ethanol in an agate mortar, dried, decar-
bonated, and then preequilibrated at the magnetite-hematite
buffer to ensure a high initial ferric/ferrous ratio. Following
the decarbonation-oxidation steps, synthetic brucite was
added to the starting material in an amount sufficient to re-
lease ~1 wt percent water at run conditions. Water was added
because reconnaisance experiments showed that its presence
appeared to enhance chromite growth, with only a few, rela-
tively large (25-50 um) chromites produced in wet runs, as
opposed to numerous small crystals in those run nominally
dry. The sulfide melt used in this study was prepared using a
mixture of pure Fe, Ni, S powder in 50:20:30 ratio by weight,
to which Re and PGE metals were added. The identity and
approximate amount of each metal added to an experiment is
provided in Table 1. Individual samples were prepared by
combining ~10 mg of the 401 diabase composition with ~1
mg of the sulfide melt mixture using a clean razor blade, then
loading into a graphite-lined Pt capsule and sealed using an
arc welder. Experiments PGE1d and PGEle were run in
graphite only. Encapsulated samples were then inserted into
a standard %" NaCl pyrex-crushable magnesia pressure cell
and run at high P and T in the piston-cylinder apparatus.
Each partitioning experiment consisted of four separate tem-
perature steps: (1) an initial superliquidus step at 1,460°C,
lasting 2 h to allow the silicate and sulfide melt mixture to ho-
mogenize; then (2) rapid cooling (50°C/min) to the predeter-
mined liquidus (1,350°C) for 1.5 h to allow for nucleation of
chromite crystals; followed by (3) slow cooling (1°C/h) to pro-
mote growth of chromite; and (4) an isothermal soak at
1,330°C of varying duration (20-60 h), then quenching.

Following an experiment, samples were initially sectioned
by grinding with 400- and 600-grit paper, and upon exposing
an appropriate amount of surface, mounted in epoxy resin
media. After curing, mounted samples were then reground
with 400- and 600-grit paper and polished with 1- and 0.3-um

alumina powder prior to textural observations and subse-
quent microbeam analysis.

Analytical Techniques

Major element analysis

Major element composition of run-product phases was ob-
tained using a Cameca SX 50 electron microprobe at the Uni-
versity of Toronto. Glass analyses were carried out using a 15-
um defocused beam at 15-kV accelerating voltage, with two
conditions: a 10-nA beam for major and minor elements and
a50-nA beam for Ni. Chromite grains were analyzed using an
accelerating voltage of 20 kV and focused beam of 35 nA.
Chemical homogeneity of chromite and glass phases in run
products were determined by multiple analyses consisting of
up to 10 points in chromite along the diagonal axes of the ex-
posed crystals and 20 points in glasses along the horizontal
and vertical length of the samples. Owing to their textural in-
homogeneity, sulfide melt compositions were determined by
combining focused beam analyses of quench phases (15-kV
accelerating voltage, 25-nA beam current) with modal abun-
dances determined by image analysis. Alloy compositions in
the run product from experiment IPRe4 were determined
using a 20-kV accelerating voltage and a focused beam cur-
rent of 60 nA. Standards used for electron microprobe analy-
sis were Juan de Fuca Ridge VG2 glass, natural chromite,
pentlandite, and pure PGE and Re metals. Analyses of
chromite- and sulfide-silicate melt are provided in Table 2.

Trace element analysis

We determined the trace element content of individual
run-product phases using the laser ablation ICP-MS facility
in the Department of Earth and Planetary Sciences at Har-
vard University. This system employs a Lambda Physik ex-
cimer laser (operating with an ArF mixture at 193 nm) cou-
pled to a PQ II+ quadrupole ICP-MS, with He flushing the
ablation cell to enhance sensitivity (Eggins et al., 1998). Fur-
ther details of this system are provided in Horn et al. (2000).
For calibration purposes, a silicate reference glass, NIST 610,
doped with 61 trace elements at a level of approximately 450
and 49 ppm Re, and a Ni sulfide inhouse standard (PGE76)
containing ~76 ppm of all PGE and trace levels of Re (~6
ppb) were selected. The standards were analyzed four times,
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twice before and after analysis of 16 points on each sample.
Each spot analysis consisted of 60 s of background measure-
ment (gas blank) followed by ~60 s of sample ablation. The
intensity for each element was calculated as the mean count
rate during the ablation period corrected for differences in
the ablation yield using a known internal standard element.
5Mn, “°Ti, and *3Ca were used as internal standards to correct
for ablation yield differences, since their concentrations in
the glass, chromite, and the NIST 610 standard are known.
6INi was used as an internal standard to monitor the PGE
concentrations using the PGE76 NiS standard. In all run
products the Ni content of the chromite and silicate melt
were lower than the detection limit of the electron probe,
thus, Ni concentrations in these phases were measured by
LA-ICP-MS using the NIST 610 glass as standard. These val-
ues were then used to correct for ablation yield differences
and to calculate PGE concentrations using the PGE76 stan-
dard. In this study, isotopes measured in glass, chromite and
sulfide consist of the following: 6!Ni, ®2Ni *Ru, 'Ry, 12 Ry,
19Rh, 19%5pd, % Re, *0s, 1%20s, 19'1Ir, %1, and Pt. By using
the time-resolved spectra, it was possible to observe the pres-
ence of any heterogeneity as expressed by intensity variations
during the actual analysis. The most common heterogeneity
encountered was high concentration spikes in PGE concen-
trations corresponding to microinclusions within various
phases. Therefore, in order to determine PGE contents of in-
clusion-free material, each spectrum was examined individu-
ally and only spike-free domains were integrated to calculate
the trace element concentrations. The precision and detec-
tion limits of the LAM-ICP-MS are discussed in detail in
Jackson et al. (1992) and Jenner et al. (1993). The minimum
detection limit is determined by count rates that are 20 above
background. It is important to point out that this detection
limit is not constant and varies with the ablation efficiency
and the pit size. The ablation yield is a measure of how a par-
ticular phase ablates in comparison to the NIST 610 glass or
PGE 76 standard. Thus, minimum detection limits are gen-
erally lower in glass and sulfide since large ablation craters
were produced during those measurements (85-180 um). In
contrast, the minimum detection limits in chromites were
high owing to the small ablation spots, which ranged from 15
to 20 um.

In the case of quenched sulfide melt, the extreme textural
inhomogeneity of this material prevented us from accurately
determining trace element contents by in situ methods. The
Re and PGE contents of sulfide melts from experiments
PGElb-e were estimated by mass balance, using whole-sam-
ple concentrations determined by instrumental neutron acti-
vation analysis (INAA). Experiment IPRe4 was saturated in
Ir-Re alloy, so Re and PGE abundances in the sulfide liquid
could not be determined by this method. Subsequent to the
in situ analyses, sectioned samples were extracted from their
mounts using a diamond wafering blade, cleaned of adhering
graphite, then irradiated along with standards for 30 h at the
SLOWPOKE II reactor facility at the Royal Military College
(Ontario, Canada). Samples and standards were then counted
using a thick planar-type intrinsic Ge detector at the Univer-
sity of Toronto. Chromium and gold are present in our sam-
ples at the wt percent and parts per million levels, respec-
tively, with the latter element being a contaminant in the
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reagents used as starting materials. Owing to large interfer-
ences produced by the decay of Cr and Au isotopes, abun-
dances of Rh and Pt could not be determined by INAA. Al-
though logistical difficulties prevented us from counting the
88.04 keV gamma ray associated with short-lived 1°Pd at the
reactor site, Pd abundances were determined using the 21.90
keV X-ray, for which we have greater detector sensitivity. De-
spite this measure, overall low count rates from 1®Pd decay
resulted in poor precision in determining the abundance of
this element. Whole-sample Ni abundances measured by
INAA, combined with values determined in situ for sulfide
and silicate melts, were used to estimate the mass fraction of
these two phases present within the aliquot of run product
analyzed by INAA. Inasmuch as the Re and PGE content of
silicate glass is essentially zero, abundances of these elements
in the sulfide melt could be estimated by dividing whole-sam-
ple concentrations by the mass fraction of sulfide melt. A
complete summary of whole sample, sulfide melt, and in situ
trace element determinations is provided in Table 3.

Results and Discussion

Textural observations

Figure 1A shows a portion of a sectioned run product and
provides an example of the typical textural development in
our experiments. Silicate melts are quenched to glass and lack
visible quench crystals, except at the margins of some
chromite grains. Chromites are generally sub- to euhedral,
vary in size from 20 to 50 um, and ares nucleated either on
the walls of the graphite capsule or at the sulfide and/or sili-
cate liquid interface. Chromite crystals frequently contain in-
clusions of sulfide melt (Fig. 1B), which were entrapped dur-
ing nucleation and growth. Quenched sulfide liquid occurs as
circular globules, ranging from 80 to 450 #m in diameter, and
commonly adheres to the wall of the graphite capsule (Fig.
1A, D) and to chromite crystals. Sulfide globules are textu-
rally inhomogeneous (Fig. 1C, D), which is presumably a re-
sult of rapid crystallization during the quench. Re-PGE alloy
occurs as an interstitial quench phase (Fig. 1C) within the sul-
fide globules of all experiments. Experiment IPRe4, which
contained the highest abundance of added Re and PGE (1 wt
% each of Ir and Re), also produced relatively large (>10 um)
euhedral crystals of Ir-Re alloy, hosting fine, bladed crystals of
a second, presumably immiscible Ir-Re alloy. Both alloys are
interpreted to have been stable during the experiment. Be-
cause of the finely intergrown texture in these alloys, we
could not obtain reliable analyses for each, although they
were confirmed as compositionally distinct by qualitative en-
ergy dispersive analysis. As such, the alloy composition pro-
vided in Table 1 is probably an average, whereas estimates of
each phase composition can be made using the Ir-Re phase
diagram (see “PGE mass balance in chromitites” section).
These alloy intergrowths only occur within sulfide globules,
which probably reflects the preferential wetability of the sul-
fide melt for the metallic phase, as also observed by Brenan
and Andrews (2001).

Major and minor element behavior

Electron microprobe analyses across individual chromite
phenocrysts reveal them to be homogeneous, as the standard
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TaBLE 3. Summary of PGE, Re, and Ni Concentrations (ppm) in Run Product Phases

Sample no. Phase n! Ni Ru Rh Pd Re Os Ir Pt
IPRe4 Glass 9 240 (46) <0.052 <0.020 <0.12 0.041 (0.016) <0.038 <0.040 <0.45
Chromite 1 850 <2.5 <0.13 <0.087 <0.06 <0.61 <0.15 <1.0
Sulfide see Table 2b NR3 NR NR NR NR NR NR
PGE1b Glass 4 90 (9) <0.030 <0.010 <0.050 0.016 (0.003) <0.020 <0.010 <0.030
Chromite 2 610 (43) <15 <0.80 <3.6 <0.38 <0.97 <0.35 <12
Sulfide4 see Table 2b 1035 (56) ND3 459 (91) 542 (1) 1937 (11) 352 (1)) ND
PGElc Glass 5 160 (57) <0.053 <0.040 <0.16 0.016 (0.006) <0.019 <0.02 <0.057
Chromite 1 890 <14 <0.33 <0.18 <0.59 <0.18 <0.15 <0.91
Sulfide see Table 2b 1120 (32) ND 659 (152) 837 (1) 1627 (6) 714 (1) ND
PGE1d Glass 3 120 (5) <0.057 <0.020 <0.10 0.013 (0.005) <0.026 <0.020 <0.031
Chromite 1 732 <1.20 <0.89 <2.5 <0.53 <1.40 <0.37 <14
Sulfide see Table 2b 694 (37) ND 441 (80) 628 (1) 782 (6) 515 (1) ND
PGEle Glass 4 140 (11) <0.075 <0.010 <0.060 0.012 (0.002) <0.010 <0.01 <0.020
Chromite 2 590 (68) <0.52 <0.52 <2.6 <0.36 <0.51 <0.14 <0.61
Sulfide see Table 2b 604 (35) ND 465 (105) 387 (1) 619 (6) 487 (1) ND

1 Refers to number of analyses used to obtain average

2 Concentrations given as less than detection (defined as 20 above background)
3 No value reported due to sample heterogeneity during LA-ICPMS analysis and because alloy saturation prevented determinatio

correspond to lowest measured values amongst multiple analyses

4 Sulfide melt Re and PGE concentrations determined by mass balance using whole-sample PGE abundances measured by INAA (see text)
5 Element abundance not determined due to high concentration of interfering element (Cr on Rh and Au on Pt; see text)
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Fic. 1. A. Secondary electron image of a sectioned run product, showing the typical textural association of phases pro-
duced in partitioning experiments. The circular structures correspond to the ablation pit (as labeled in silicate glass) pro-
duced during trace element analysis. B. Backscattered electron image of a chromite crystal produced in experiment PGE 1b.
Note the inclusions of sulfide liquid trapped during crystal growth. Using time-resolved analysis, the trace element contri-
bution from these inclusions can be excluded, yielding the intrinsic abundance in the chromite. C. Backscattered electron
image of quenched sulfide melt from experiment PGELd. The image reveals domains of variable metal content produced
during the quenching process. High Fe, low Ni domains are dark in this image, with brightness increasing with Ni content.
The low abundance, brightest regions contain the highest concentrations of PGE. D. As in C, from experiment IPRe4. In
addition to containing the PGE-rich domains produced during the quenching process, this sample was also saturated in dis-
crete crystals of Ir-Re-rich alloy (as shown), interpreted to have been a stable phase during the experiment.

n by mass balance
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deviation in analyses is generally similar to errors from count-
ing statistics. Figure 2 compares the trivalent cation composi-
tions (calculated assuming AB,O, stoichiometry) of naturally
occurring chromites to those produced in this study. Our syn-
thetic chromites fall within the range of compositions from
ophiolites, alpine peridotites, and layered intrusions, which
are all characterized by low aluminum and ferric iron con-
tents. Glass analyses from analytical traverses both across and
down the length of a run product reveal the same level ho-
mogeneity. Such results are also confirmed by the repro-
ducibility of the minor and trace element (Ti, Mn, Ni) content
of chromites and glasses measured by LA-ICP-MS. Although
sulfide melt compositions are relatively imprecise, Fe, Ni,
and S abundances are similar to amounts added initially. The
notable exception to this is the melt from experiment PGE1b,
which has an unusually low Ni abundance (~9 wt %) relative
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to initial values (~20 wt %). It is not clear why the Ni abun-
dance is so different from the starting material, although pos-
sibilities include preferential Ni loss to the Pt capsule or sim-
ply variation in the Fe/Ni ratio in the added sulfide melt
mixture, as a consequence of nugget effects. It seems most
likely, however, that Ni loss by diking through the graphite
capsule would also have reduced Fe abundances in the sili-
cate melt, which is not observed. We therefore view the latter
scenario as more likely, as it also probably accounts for the
small but systematic differences between the initial sulfide
mixture and the final melt composition seen in the other
experiments.

Estimation of oxygen and sulfur fugacity

The prevailing oxygen fugacity within our experiments was
estimated from the chromium content of the silicate melt, as

FeS+

@ Oregon - Alpine chromitites (Stockman and Hlava, 1984)

V¥ China - Podiform chromitites (Zhou et al., 1996)

B Bulgaria - Eastern Rhodhope Complex (Tarkian et al., 1991)

¢ Greece - Vourinos Ophiolite Complex (Roberts, 1982)

A Tasmania - Heazlewood River Complex (Peck and Keays, 1990)
O South Africa - Bushveld Complex (McLaren and De Villiers, 1982)
O Iceland - Aikali basalt spinels (Thy, 1983)

A This Study

FIG. 2. Ternary plot depicting the chromite compositions (trivalent cation %) synthesized in this study in comparison to

naturally occurring samples from different geologic settings.
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this quantity is sensitive to fo,, when the system is saturated in
chromite (Murck and Campbell, 1986; Roeder and Reynolds,
1991). In this estimation, we parameterized the 1-bar experi-
mental data of Roeder and Reynolds (1991) to obtain a poly-
nomial expression for the Cr content of chromite-saturated
401 diabase as a function of fo_ and temperature. Roeder and
Reynolds (1991) also found that chromite solubility increased
with pressure, and this effect was accounted for by shifting fo,
calculated from the 1-bar parameterization by 0.68 log units.
With this estimate of fo, combined with measured melt sulfur
contents, sulfur fugacity (fs,) was calculated using the rela-
tionship derived by Wallace and Carmichael (1992; their eq
7). Values of fo, and fs, are provided in Table 1 and pertain to
the final soak temperature of 1,330°C. Quoted uncertainties
in fo,, were determined by propagating the 1o error in melt Cr
content through the polynomial expression. Uncertainty in f;
is based on propagating the error in fo, through equation 7 o
Wallace and Carmichael (1992). Taking these uncertainties
into account, the between-run reproducibility of fo, and fs is
very good, and average log values are -9.2, and -1.9, respec-
tively. For reference, calculated values of fo,, correspond to
2.2 log units more reduced than the fayalite-magnetite-quartz
(FMQ) buffer and values of fo, and fs, are within the range
recorded by terrestrial oceanic basalts (Wallace and Car-
michael, 1992). As experiments were contained in graphite
and had initially high Fe®*/Fe®", fo_ is expected to decrease
(approaching the CCO buffer) as a consequence of Fe re-
duction coupled to graphite oxidation (e.g., Holloway et al,
1992). At 1.0 GPa and 1,330°C, the CCO buffer is at a log f, y
of -8.2 (Ulmer and Luth, 1991), and thus our experiments are
behaving as expected, although f, values are systematically
more reduced than CCO, which is a consequence of adding
sulfur to the system (see discussion in Peach and Mathez,
1993).

Trace Element Behavior

Distribution within individual phases

Analysis of chromites for trace elements was made difficult
by the relatively small size of this phase in run products
(20-50 m) and its tendency to include other phases. As such,
time-integrated signals were often short, as the laser quickly
ablated through such small grains, and signals were often
dominated by inclusion material. An example of this latter ef-
fect is shown in Figure 3A, which depicts the time-resolved
ICP-MS spectra for a chromite grain from experiment IPRe4.
As illustrated using the Pt and Ir signals, it is clear that this
grain contains PGE-rich domains, interpreted as included
sulfide globules, as confirmed by high resolution imaging
(Fig. 1B). Using time-resolved analysis, however, we are able
to avoid these domains and thus provide the most accurate
measure of the intrinsic Ni, Re, and PGE content of each
chromite grain. In all cases, these best estimates of chromite
Re and PGE contents yielded values that were below detec-
tion. In contrast, clean chromite domains yielded uniform
and measurable Ni concentrations.

There was substantial variation in the signal intensity dur-
ing laser ablation of the quenched sulfide globules, and an ex-
ample of this behavior is portrayed in Figure 3B. This varia-
tion arises from the sequential ablation of different quench
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phases and clearly precludes the accurate determination of
element concentrations in the prequench sulfide liquid. In
addition to the intraspot heterogeneity, we also encountered
significant spot to spot variability in the average signal inten-
sity for a particular element, which we attribute to differences
in the depth over which the average was taken (i.e., some
globules were thinner than others, reflecting significant phase
loss during polishing) and the overall coarseness of the
quench crystals. As such, sulfide melt Re and PGE concen-
trations reported in Table 3 correspond to values measured by
whole-sample INAA. No sulfide melt analyses are reported
for experiment IPRe4, as this experiment was alloy saturated,
thus precluding the mass-balance approach based on whole-
sample abundances.

Silicate glasses contain relatively high and uniform concen-
trations of Ni and Re, whereas the PGE exhibit variable be-
havior, depending on whether the experiment was alloy satu-
rated or not. For the case of experiment IPRe4, which
contained clearly visible phenocrysts of Ir-Re alloy, all of the
PGE exhibited a heterogeneous distribution in the silicate
melt (Fig. 3C). In contrast, PGE-rich, but stable alloy-free ex-
periments had glass PGE contents that were below minimum
detection limit (Fig. 3D), with only occasional PGE-rich
spikes (i.e., contamination zones). In the former experiments,
the PGE-rich domains observed in the time-resolved spectra
probably arise from the intersection of PGE micronuggets, as
has been proposed in previous work involving alloy-saturated
systems (e.g., O'Neill et al., 1995; Ertel et al., 1999). In the
latter experiments, the occasional PGE-rich spikes are prob-
ably derived from discrete sulfide microglobules. Aside from
these occasional spikes, the lack of associated PGE in glass
analyses from alloy-undersaturated experiments suggests that
the Re signal from the glass is not derived from dispersed sul-
fide microglobules but instead from a dissolved component of
the silicate melt. The solubility of pure Re at the fo,, of our ex-
periments is estimated to be ~0.013 ppm, based on the mea-
surements of Ertel et al, (2001) from experiments done at 1
bar involving an iron- and sulfur-free melt composition. The
Re contents of the glasses produced in our alloy-undersatu-
rated experiments are similar to this value (0.012-0.016;
Table 3), whereas the Re content of glass from the Ir-Re
alloy-saturated experiment (IPRe4) is higher (0.041 ppm). At
conditions close to saturation, a small amount of stable alloy
might be overlooked, given the extremely low solubility of
rhenium. However, it is important to point out that in the
presence of other siderophile elements, any saturating alloy
will contain some amount of these other elements, and thus
enhanced levels of Re in the melt due to the presence of dis-
persed micronuggets would also be associated with enhanced
levels of other PGE, which is not observed. Moreover, al-
though O’Neill et al (1995) argued 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_. Also, Peach et al. (1994) obtained
silicate melts with up to 300 ppb Ir in alloy-undersaturated,
sulfide-silicate melt partitioning experiments, a level that far
exceeds the value of ~30 ppb for the solubility of Ir in the
sulfur-free experiments of O’'Neill et al. (1995). Thus, the
lack of evidence for stable Re-bearing alloy in what we inter-
pret as alloy-undersaturated experiments is most likely to be
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F1G. 3. Time-resolved spectra produced during laser ablation of various run-product phases. A. Chromite from experi-
ment IPRe4. Note the heterogeneous distribution of Pt, which is interpreted as derived from inclusion material, and the cor-
relation between Ir and Pt concentrations. B. Sulfide melt from experiment PGE1d. The variation in Ni, Re, and Ir contents
with time (= depth) reflects the textural inhomogeneity of the quenched melt. C. and D. Glasses from experiments IPRe4
(alloy saturated) and PGE1d (alloy undersaturated), respectively. Note that Re is relatively homogeneous in each of these
glasses, whereas Ir is highly inhomogeneous in the alloy-saturated glass, suggesting that Ir-bearing micronuggets are sampled
during analysis. Ir micronuggets appear to be absent in the alloy-undersaturated glass.

a consequence of enhanced Re solubility due to the presence
of dissolved sulfur.

Trace element partitioning

Sulfide melt-chromite, chromite-silicate melt, and sulfide-sil-
icate melt partition coefficients (D) for Ni, Re, and PGE are
summarized in Table 4. Chromite- and sulfide-silicate melt par-
titioning of nickel and rhenium allows us to make a first-order
assessment of the approach to phase equilibrium in our experi-
ments. In addition to the general homogeneity of Ni in chromite
and silicate melt, Ni partitioning between these phases is repro-
ducible between experiments, with values ranging from ~4 to
~7, with no systematic variation with run duration or encapsu-
lation technique (Fig. 4). Our partition coefficients for Ni are
similar to those determined for Co (i.e., 5 + 0.5) by Horn et al.

(1994) involving chromium-rich spinel, which is not unex-
pected, given the similar charge and ionic radius of these ele-
ments. Sulfide-silicate melt partition coefficients for Re and Ni
are similarly reproducible (Fig. 4), despite the imprecision in
the sulfide melt Ni determinations. Partition coefficients for Ni
(810-1,300) are in good accord with the values of 1031 to 1422
determined by Peach and Mathez (1993) at similar conditions
of P T, fo,, and melt FeO content. In terms of the approach to
sulfide-silicate melt equilibrium for the PGE, Bezmen et al.
(1994) showed that partition coefficients for these elements be-
come constant at run durations as short as 30 h, suggesting that
the approach to two-liquid equilibrium is rapid. All of our ex-
periments were run for at least 30 h, indicating that the mini-
mum partition coefficients determined in this study are most
likely to represent equilibrium values.
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TABLE 4. Summary of Partition Coefficients between Sulfide and Silicate Melt or Chromite

Experiment no. Phase Ni Ru Rh Pd Re Os Ir Pt

IPRe4 Sulfidersilicate 810 (170)
Sulfide/chromite 230 (21)
Chromitesilicate 3.5(0.7) <15

PGElb Sulfide/silicate 960 (190) >35000 >9180 34000 (6400) >97000 >35000
Sulfide/chromite 140 (26) >690 >130 >370 >2000 >1000
Chromite/silicate 6.8 (0.8) <24

PGElc Sulfide/silicate 950 (350) >21000 >4119 52000 (20000) >86000 >36000
Sulfide/chromite 170 (12) >800 >3700 >85 >1800 >4800
Chromite/silicate 5.6 (2.0) <37

PGE1d Sulfide/silicate 1300 (110) >12000 >4110 48000 (19000) >30000 >26000
Sulfide/chromite 214 (17) >580 >180 >430 >560 >1400
Chromite/silicate 6.1 (0.3) <41

PGEle Sulfide/silicate 1200 (270) >8100 >7750 33000 (5400) >62000 >49000
Sulfide/chromite 290 (69) >1200 >180 >610 >1200 >3500
Chromite/silicate 4.2 (0.6) <30

Minimum sulfide-silicate melt partition coefficients for
the PGE from a particular experiment were calculated using
the PGE content of the sulfide melt combined with the
maximum PGE content of the silicate melt, based on the sil-
icate melt analysis with the lowest minimum detection limit.
The highest minimum values determined in this study, along
with measured Re partition coefficents, are compared to
previous determinations in Figure 5. Our highest minimum
estimates for PGE partition coefficients are 0.4 tol0 ? 10*
and are similar to values determined in previous studies. As
can be seen in Figure 5, substantial variation exists in the
dataset for sulfide-silicate melt partitioning of the PGE. The
origin of this variation has been debated for some time, and
there is still disagreement as to the role of fog, T, melt com-
position, and PGE concentration in producing this behavior
(cf. Bezmen et al., 1994; Fleet et al., 1996). A common as-
pect of all previous determinations, however, is the use of
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FIG. 4. Variation in sulfide-silicate melt (Re, Ni) and chromite-silicate
melt (Ni) partition coefficients as a function of experiment duration. Data are
shown for samples sealed in graphite-lined (filled symbols) and graphite-only
(open symbols) platinum capsules.

bulk analytical techniques to determine the PGE content of
mechanically separated run products. Inasmuch as PGE-
rich spikes were observed in our time-resolved glass analy-
ses, we suggest that part of the variability of previous deter-
minations may also arise from incomplete phase separation,
as even small amounts of sulfide included in the glass phase
would lower partition coefficients. 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 we observe is on the scale of microns
or less. Our data further affirm the extreme nature of sul-
fide-silicate melt partitioning of the PGE and clearly rein-
force the essential conclusion of previous experimental
studies: segregation of even small amounts of magmatic sul-
fide liquid will strongly concentrate all of the PGE and pro-
foundly influence the behavior of these elements during
melting and solidification.
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F1c. 5. Comparison of sulfide-silicate melt partition coefficients measured
in this study with values reported in the literature (sources as shown). The
partition coefficients for Re constitute the range of values determined in this
study, whereas values for the PGE correspond to the highest minimum value
measured among all experiments (see Table 4).
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Our sulfide-silicate melt partition coefficients for Re are
3.3 to 5.2 x 10* and substantially greater than the partition
coefficient of 43 determined by Roy-Barman et al. (1998) in-
volving bulk analyses of glass and sulfide phases separated
from a Loihi seamount lava. Given that their estimate of the
sulfide-silicate D for osmium (4.8 X 10%) is consistent with
the minimum value we have measured, the substantial dis-
crepancy in the value for Re is somewhat puzzling. In either
case, results suggest that Re is sequestered by the sulfide lig-
uid, although our data indicate that the efficiency of collec-
tion will be much greater. It is also of note that all of our sul-
fide-silicate melt D values for Re are less than our highest
minimum estimate for Os (9.7 X 10%), implying that sulfide
liquid, either as a mantle residue or removed at low pressure,
can fractionate Re from Os (by at least a factor of 3), thus con-
tributing to the observed Os depletion in mantle-derived
magmas.

As a consequence of the exceedingly low solubility of the
PGE in molten silicate, we were not able to obtain bounds on
the chromite-silicate melt partitioning behavior of these ele-
ments. However, for the case of Re, results from experiment
IPRe4 yielded the lowest minimum detection limits for this
element in chromite, thus providing a best estimate maxi-
mum partition coefficient of 1.5. In contrast to the relatively
low Dg, inferred for chromite, Righter et al. (1998) have
shown that Re is highly compatible in magnetite, with Dy,
ranging from 20 to 50. The maximimum D, we have mea-
sured for chromite is also lower than the value of ~3 mea-
sured for garnet-silicate melt by Righter and Hauri (1998).
These results would suggest that the behavior of Re in ig-
neous systems will not only be influenced by the presence of
sulfide melt but also by the identity of the crystallizing oxide
phase and whether melting occurs in the spinel or garnet
facies.

PGE mass balance in chromitites

Constraints on chromite-sulfide melt partitioning allow for
a direct assessment of the relative roles of these phases in
PGE collection in sulfide-saturated systems. Minimum sul-
fide melt-chromite partition coefficients were calculated
using the minimum detection limits for these elements in
chromite, combined with concentrations in coexisting sulfide
melt. The highest minimum partition coefficients calculated
in this way exceed 1,000, clearly indicating that coexisting sul-
fide melt will be the dominant host for the PGE. The spinel-
and magnetite-silicate melt partition coefficients for Ru and
Rh determined at much higher fo, by Capobianco et al.
(1994) vary from ~2 to ~200X less than typical sulfide-silicate
melt values of ~10%. Our direct determinations of sulfide melt
-chromite partitioning clearly indicate that the disparity in
PGE partitioning will be much greater than this, however,
which is probably a consequence of changes in the spinel
structure by Cr substitution, and the concomitant shift in
ionic radius that accompanies the change in oxidation state of
the PGE with reduction in f, .

Using the sulfide melt-chromite partitioning data, we cal-
culated a mass balance for the system to assess the maximum
likely contribution from chromite to whole-rock PGE abun-
dances in sulfide-saturated samples. Assuming sulfide melt-
chromite equilibrium, we have calculated the mass balance
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for Ir in chromitites from the Bushveld, using the whole-rock
Ir and sulfur concentrations summarized in Maier and Barnes
(1999). Ir was chosen in this example as it is an IPGE that fre-
quently occurs in high abundance in chromitities and is best
constrained in terms of lower bounds in sulfide-chromite
fractionation. In this example, sulfide melt fractions were cal-
culated from whole-rock sulfur contents by assuming 30 wt
percent sulfur in the sulfide melt phase. The maximum irid-
ium content of chromite, and hence the minimum iridium
content of coexisting sulfide melt, was calculated using a min-
imum sulfide melt-chromite Dy, of 4.8 X 10° (experiment
PGElc, Table 4). Figure 6A illustrates the calculated varia-
tion in the (maximum) percent Ir in chromite with the whole-
rock sulfur content, along with the position of three chromi-
tite reefs with measurable sulfur contents. For rocks with
greater than 100 ppm sulfur, less than 38 percent of the Ir will
be in chromite, and this value drops to less than 24 percent
for rocks with >200 ppm sulfur. This example clearly illus-
trates that even for rocks with very low sulfur contents,
chromite is not the significant PGE host.

An additional constraint on whether chromite serves as a
significant PGE host in natural chomitites can be derived
from the results of experiment IPRe4, which was saturated in
Ir-Re alloy. In this experiment, we measured a maximum irid-
jum concentration in run-product chromites of 150 ppb,
which, when combined with an estimate of the Ir activity in
the coexisting alloy, can be used to place upper bounds on the
iridium solubility in chromite. With this information, it can be
determined if the Ir content of natural chromitites exceeds
this solubility level, thus indicating the importance of other
PGE-bearing phases to the whole-rock PGE budget. The av-
erage composition of the alloy intergrowth in experiment
IPRe4 was determined to be Irs;ResFes (atomic %), which
when projected onto the binary Ir-Re phase diagram
(Okamoto, 1992) plots within the two-alloy field (Ir-rich side),
confirming the textural observations and indicating that it is a
two-phase intergrowth of Ir;,Rey, and IryReq (the partition-
ing of Fe between alloys being unknown, but the small
amount of Fe present is assumed to have a negligible effect
on phase compositions). Accurate estimation of the activity of
Ir in the alloy is made difficult by the lack of activity-compo-
sition data for the binary system. However, recognizing that
immiscibilty in this system reflects a positive deviation from
Raoult’s law (e.g., Darken and Gurry, 1953), the activity coef-
ficient for Ir in the alloy will be >1. Consequently, the maxi-
mum iridium solubility in chromite is expected to be ~210
ppb, based on the inferred presence of IrRes, alloy and
using a minimum activity coefficient of 1. A histogram de-
picting the Ir content of chromitites from various geologic
settings is provided in Figure 6B and shows a preponderance
of values <210 ppb but several samples having concentrations
that exceed this value. Our results would suggest that the lat-
ter samples have Ir contents that could not be accommodated
in chromite alone and strongly indicates that these chromi-
tites have accumulated an additional PGE-bearing phase,
such as trapped sulfide melt or accessory laurite and/or Ir-rich
alloy. It is notable that these latter accessory phases are well
documented in samples from all of the localities portrayed in
Figure 6B. In agreement with this analysis are the results of
Schoenberg et al. (1999) who have clearly demonstrated that
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FIG. 6. A. Calculated iridium inventory (chromite vs. sulfide) as a function
of whole-rock sulfur content for chromite in equilibirum with various sulfide
fractions. In this case, the percent of Ir in chromite is calculated from mass
balance, using a minimum sulfide/chromite partition coefficient of 4800
(Table 4) and assuming that sulfide melt contains 30 wt percent sulfur. For
comparison are the sulfur contents of chromitites from the Bushveld Com-
plex (summarized in Maier and Barnes, 1999). Each sample is labeled with
its whole-rock Ir concentration. B. Histogram depicting the whole-rock Ir
contents of chromitites from various geologic settings. The vertical dashed
line corresponds to the maximum estimated solubility of Ir in chromite based
on results from this study (see text for discussion). Data sources are Stock-
man and Hlava (1984), Talkington and Lipin (1986), Merkle (1992), Torres-
Ruiz et al. (1996), and Maier et al. (1999).

the rhenium and osmium budget of chromitites from the
western Bushveld Complex is not accommodated by
chromite alone. In this case, the sulfide-bearing interstitial
gangue was found to be variably enriched in Re and Os by up
to ~20 and ~40 fold, respectively, relative to chromite sepa-
rates, in agreement with sulfide-chromite partition coeffi-
cients of >600 (Re) and >2,000 (Os) measured in this study.
The sulfide content of the gangue material was not reported,
however, so the precise amount of Re or Os incorporated into
the pure sulfide fraction cannot be determined.
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As a final point, the textural development of our samples
may also offer some insight into the chromite-PGE associ-
ation. Chromites synthesized in our experiments frequently
contain alloy or sulfide inclusions, which vary in size from
submicron particles observed as PGE heterogeneities dur-
ing time-resolved analysis (Fig. 3A) up to a few or more mi-
crons as revealed in the exposed surfaces of chromites in
sectioned run products (Fig. 1A, B). These textural rela-
tionships suggest that chromite nucleation occurs preferen-
tially at the sulfide liquid/silicate melt or alloy/silicate melt
interfaces. Thus, our results support a scenario in which the
PGE-chromitite association is a consequence of the physi-
cal proximity of chromite with PGE-rich phases and not
concentration by high-temperature solid solution (see also
Hiemstra, 1979; Tredoux et al., 1995). This idea has been
previously suggested based on the observation of laurite
and Ru-Os-Ir alloy inclusions in chromites from both lay-
ered intrusions and ophiolite complexes (e.g., Legendre
and Augé, 1986; Talkington and Lipin, 1986; Merkle, 1992;
Peck et al., 1992). That these phases were trapped at the
magmatic stage is also supported by recent phase equilib-
rium experiments (Brenan and Andrews, 2001) in which
laurite and Ru-Ir-Os alloy were shown to be stable at the
chromite liquidus, even under sulfide liquid-undersatu-
rated conditions.

Conclusions

The essential conclusions of this study include the fol-
lowing: (1) our sulfide-silicate melt partition coefficients
for Re and the PGE reaffirm the notion that immiscible
sulfide melts will dominate the behavior of these elements
in sulfide-saturated magmas; (2) Dg, is at least a factor of 3
lower than Dy, thus resulting in an increase in the Re/Os
ratio of silicate melts derived from partial melting of sul-
fide-bearing sources or by removal of sulfide liquids at low
pressure; and (3) although spinel-silicate melt partition co-
efficients for the PGE may be of nearly the same magni-
tude as values measured between sulfide and silicate melt,
this similarity may not exist for chromite, given the large
minimum sulfide melt-chromite partition coefficients mea-
sured in this study. Further confirmation of this latter con-
clusion, however, awaits a more accurate determination of
chromite-silicate melt partitioning at low fo,. These results
suggest that the chromite-PGE association is probably spa-
tial, and not chemical, as high PGE contents in chromitites
appear to be related to entrapment of PGM or the presence
of interstitial sulfide. Perhaps the largest uncertainty in the
entrapment hypothesis is the lack of detailed solubility in-
formation for multicomponent PGE alloys and sulfide as
functions of fo,, fs,, and melt composition. Although solu-
bility information is available for the individual PGE (e.g.,
O'Neill et al., 1995; Borisov and Palme, 1997; Ertel et al.,
1999), only Borisov and Palme (2001) have presented a de-
tailed assessment of the effects of other additives, specifi-
cally Fe, whereas it is unknown as to how the individual
metal solubilities change by dilution of other PGE. Results
of future experiments that address these issues will shed
significant light on the origin of PGE-rich accessory phases
and the PGE-chromite association.
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