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Abstract

We propose a model of high-temperature formation of platinum-group element (PGE) alloys from base—metal sulfides
subjected to decreasing sulfur fugacity (fS,). For this purpose we experimentally investigated the effect of partial
desulfurization of monosulfide solid-solution (Mss) with variable Ni and Cu contents on the distribution behaviour of Pt, Ir and
Pd at 1000 °C. We partially removed sulfur from the PGE-bearing Mss using the ““tube-in-tube” technique and pyrrhotite as an
/S, buffer. We found that Mss undergoing S loss can produce (1) Pt and Ir exsolution from the Mss matrix in the form of PGE-
bearing alloys, (2) partial melting of the Cu—Ni-bearing Mss to form Fe-rich Mss, Cu—Ni—Pd-rich sulfide liquid and Fe—Ir—Pt
alloy. Both of these processes are geologically important. The partial melting of the S-depleted sulfides could explain the
presence of two types of sulfides found in the mantle, Mss-dominated sulfides and S-poor sulfides consisting mainly of
pentlandite and chalcopyrite. We also suggest that the Cu—Ni—Pd-rich liquid formed by partial melting of the sulfides could
migrate away from the Mss and Fe—Ir—Pt alloys thus spatially decoupling Ir—Pt and Cu—Pd as observed in reefs and mantle
nodules. In addition, the formation of PGE alloys in response to the desulfurization processes potentially could occur (1) after
pressure falls during transport of the basalt magma with entrained sulfide droplets; (2) after sulfur removal by S-undersaturated
melts or fluids from PGE-enriched sulfide proto-ore; (3) after degassing of the sulfide droplets occurring in a sub-volcanic
chamber and (4) as a result of sulfide interaction with chromite.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The presence of platinum-group element (PGE)
bearing alloys in sulfur-poor silicate rocks is still not
well understood. The main questions are how and at
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what stages of ore-formation do the alloys crystallize?
Because of the common association of PGE with
base—metal sulfides, it is reasonable to consider the
problems of platinum-group mineral (PGM) formation
in close connection with the processes of crystalliza-
tion and subsolidus re-equilibration in the Fe—Ni—Cu
sulfide systems. In mantle rocks the base—metal
sulfides are typically found as monosulfide solid-
solution (Mss) which hosts most of the mantle’s
PGE (e.g., Lorand, 1989; Bulanova et al., 1996;
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Pattou et al., 1996; Alard et al., 2000; Lorand and
Alard, 2001). Numerous experimental studies have
revealed the great capacity of pyrrhotite [Fe; _ ,S] and
monosulfide solid-solution [(Fe,Ni,Cu); _ ,S] to con-
centrate PGE at magmatic temperatures (Makovicky
et al., 1986, 1988, 1990; Fleet and Stone, 1991;
Ballhaus and Ulmer, 1995; Li et al., 1996; Makovicky
and Karup-Maoller, 1999, 2000). Furthermore, Makov-
icky et al. (1986, 1988) showed the low-temperature
exsolution of PGE phases from originally PGE-satu-
rated pyrrhotite as a result of the sharp decrease in
solubility of PGE in pyrrhotite with lowering temper-
ature. The same concept of low-temperature exsolu-
tion-induced formation of discrete PGE phases was
developed later by Ballhaus and Ulmer (1995) for
PGE dissolved in monosulfide solid-solution and by
Peregoedova and Ohnenstetter (2002) for PGE dis-
solved in quaternary solid-solution Hz-Iss [(Ni,
Cu,Fe); + ,S,]. Ballhaus and Ulmer (1995) reported
that the solubility of Pt and Pd in pyrrhotite falls
strongly with decreasing temperature and decreasing
sulfur fugacity (f'S,). Based on this observation, these
authors concluded that the base—metal sulfides of the
Merensky reef may have exsolved PGE to temper-
atures below 100 °C.

Nevertheless, a number of geological situations
may have existed where a significant decrease in
sulfur fugacity could happen at an earlier, high tem-
perature, stage of ore-formation. For example, Lorand
and Conquéré (1983) interpreted the metal rich com-
positions of some pentlandite-dominated sulfide
assemblages in mantle xenoliths from the Massif
Central, France, as resulting from desulfurization of
the monosulfide solid-solution under high-tempera-
ture, open-system conditions. In addition, the loss of S
from sulfides can also occur during the course of
partial melting of the mantle, after pressure falls
during transport of the mantle-derived magma with
entrained sulfide droplets or as a result of sulfide
interaction with percolating S-undersaturated melts/
fluids, or with surrounding minerals.

It has been shown experimentally that at a given
temperature the solubility of platinum-group elements
in pyrrhotite and monosulfide solid-solution drops
rapidly towards S-poor compositions and reaches zero
at troilite composition (Makovicky et al., 1986, 1988,
1990; Li et al., 1996; Barnes et al., 1997a,b; Makov-
icky and Karup-Meller, 1999, 2000; Majzlan et al.,

2002). Therefore, the depletion of Mss in sulfur,
which would occur under conditions of declining
sulfur fugacity, might lead to formation of individual
PGE alloys.

In the present study, we propose a model of high-
temperature formation of PGE alloys from base—
metal sulfides subjected to decreasing sulfur fugacity.
For this purpose we investigated the effect of partial
desulfurization of high-temperature monosulfide sol-
id-solution with variable base—metal ratios on the
distribution behaviour of PGE. Experiments were
carried out in the system Fe—Ni—Cu-S doped with
Pt, Ir and Pd at the temperatures of 980 or 1000 °C
and with /S, buffered by pyrrhotite. In accordance
with the earlier paper by Ballhaus and Ulmer (1995)
on Pt and Pd solubilities in pyrrhotite, we found that
sulfur fugacity plays an extremely important role in
the formation of individual PGE minerals. Our sulfur-
buffered experiments show that variation in /'S, di-
rectly affects the bulk metal/S ratio of sulfide assemb-
lages and leads to a change in the stable assemblages
of base—metal sulfides and PGE phases. In addition,
we demonstrate that 1) the S-loss from the mono-
sulfide solid-solution can lead to its partial melting,
producing a Cu—Ni-rich sulfide melt and changing
completely the original PGE distribution pattern, and
2) PGM-exsolution from the monosulfide solid-solu-
tion can occur at magmatic temperatures. Finally, we
show how our findings can be applied to natural PGE
deposits.

The following abbreviations are used throughout
the paper: Mss—monosulfide solid-solution; Iss—
intermediate solid-solution; Po—pyrrhotite; Pn—
pentlandite; Cp—chalcopyrite; L—sulfide liquid.

2. Experimental and analytical methods

The starting sulfide assemblages were synthesized
in evacuated silica glass tubes by melting a mixture of
pure elements at 1200 °C (iron wire 99.99%, nickel
wire 99.995%, copper foil 99.99%, sulfur pieces
99.999%, platinum wire 99.99%, iridium powder
99.995% and palladium tube 99.99% from Johnson-
Matthey). As Mss with a variable base—metal ratio is
the dominant sulfide phase in the mantle and igneous
crustal rocks, the starting compositions of the present
experiments were chosen so that, the run products at
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Fig. 1. Diagram showing schematically the displacement of the bulk compositions of the experimental runs across the phase fields of the system
Fe—Ni—Cu-S at 980—1000 °C: solid circles and diamonds are the starting compositions with corresponding phase compositions for the
experiments with Pt—Ir and Pd, respectively; open circles and diamonds are the compositions of the final products of the f'S, buffering
experiments with Pt—Ir or Pd, respectively; solid lines are the boundary between the phase associations according to the present experiments;
shadowed fields are the same boundaries in more PGE-enriched systems (Li et al., 1996); dashed lines with arrows show the approximate shift
of the sulfide composition with lowering sulfur fugacity; dotted lines are the tie-lines between coexisting Mss and sulfide liquid. See text for

further discussion.

1000 °C would be either [Po], [Mss] or [Mss + liquid]
(Li et al., 1996) (Fig. 1). The sulfur content of the
starting samples was limited to approximately 53
at.%; Ni and Cu contents ranged from 0 to 4.5 at.%;
sulfide samples were doped with platinum-group
elements of 0.2 wt.% (0.05 at.%) each for Pt and Ir,
and 0.5 wt.% (0.2 at.%) for Pd (Table 1).

The experiments were conducted following several
methodologies. In the first series of experiments we
investigated the final products of crystallization of
PGE-bearing sulfide melts of the compositions of
interest. These experiments were carried out with the
sulfide samples slowly cooled from melting tempera-
ture (1200 °C) to room temperature with variable
rates of cooling, from 6 to 30 °C/h, to investigate the
PGM exsolution process on cooling. The aim of the
second series of experiments was to synthesize base—

metal sulfides with platinum-group elements in solid-
solution. These experiments were performed with the
same bulk compositions, but at 1000 °C followed by
fast quenching in salted ice water to assure complete
dissolution of all added PGE into the structure of
base—metal sulfides. These PGE-bearing sulfides rep-
resent synthetic analogues of mantle sulfides and were
used to model changes occurring under conditions of
decreasing sulfur fugacity. In the course of these
experiments sulfur fugacity was determined to evalu-
ate /S, conditions at which a complete dissolution of
PGE in sulfides of variable base—metal content occurs
at magmatic temperatures.

Sulfur fugacity was estimated by the pyrrhotite
indicator according to the equation of Toulmin and
Barton (1964). Peregoedova and Ohnenstetter (2002)
discussed the reliability of the method of Toulmin and

Table 1
Starting compositions
Run# Wt.% At.%

Fe Ni Cu Ir Pt Pd S Fe Ni Cu Ir Pt Pd S
FS1 60.60 0.20 0.19 39.01 47.10 0.05 0.04 52.81
FS2 56.72 2.00 2.02 0.20 0.19 38.87 44.24 1.48 1.39 0.04 0.04 52.81
FS3 52.81 4.03 4.03 0.20 0.20 38.73 41.34 3.00 2.77 0.05 0.04 52.80
FS4 60.39 0.51 39.10 46.90 0.21 52.89
FS5 56.57 2.00 2.00 0.50 38.94 44.09 1.48 1.37 0.20 52.86
FS7 48.31 6.04 6.14 0.50 39.00 37.85 4.50 423 0.21 53.22
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Barton (1964) for the /'S, determination in the Fe—
Ni—Cu-S system. We synthesized pyrrhotite of the
composition approaching stoichiometric FeS and de-
termined its composition and homogeneity by micro-
scopic examination and X-ray diffraction (XRD).
Then, an open silica-glass tube filled with Po powder
was placed inside a larger tube filled with sulfide
sample (in pieces) in such a manner that both the
sample and the pyrrhotite coexisted with a common
gas-phase but were not in physical contact with each
other (Fig. 2A). In these experiments, the quantity of
pyrrhotite powder was 30—40 times less than that of
the main charge to prevent the influence of the Po
composition on the composition of the sulfide sample
via vapor phase. These “double tubes” were evacu-
ated, sealed, annealed at 1000 °C for 5 days, and then
quenched in salted ice water. In the course of anneal-
ing, the composition of pyrrhotite from the inner tube
changed due to the exchange of sulfur vapor with the
samples. The final composition of pyrrhotite was
determined by both electron microprobe and X-ray
diffraction by using its d;(, value, and the log /'S, was
calculated. A significant difference between 'S, esti-
mates by the two methods was observed (Table 2).
This discrepancy is due to the difference in pyrrhotite
composition obtained by electron microprobe and X-
ray diffraction; the Po composition obtained by XRD
method being more accurate. The electron microprobe
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analysis of the pyrrhotite was carried out in a wave-
length-dispersion mode with a JEOL 8900 instrument
at an accelerating voltage of 20 kV and a beam current
of 30 nA. The counting time was 20 s. Synthetic FeS
was used as standard for Fe and S in the samples
FS1-FS3; synthetic CuFeS, was used also as stan-
dard for S in the samples FS4—FS7. The detection
limits were 600—650 ppm for Fe and 220—300 ppm
for S. Average standard deviation for Fe and S
contents of Po determined by the electron microprobe
is 0.15 wt.% with the maximum standard deviation
attaining 0.27 wt.%. The uncertainty in the determi-
nation of Po composition by the electron microprobe
is enough to significantly affect the /'S, determination
following the technique of Toulmin and Barton (1964)
because /'S, is extremely sensitive to the Fe/S ratio in
the pyrrhotite. Reduction of the microprobe result for
S content of pyrrhotite by only 0.15 wt.% reduces the
calculated log 'S, by —0.95 at 1000 °C.

The diffraction peak {102} of the pyrrhotite was
determined with a DRON-3 diffractometer, using
CuKa radiation and high-purity silicon powder as an
external standard. The precision of the pyrrhotite
composition determined by X-ray diffraction is
+0.02 wt.% giving an error in calculated log /'S, of
+0.03 at 1000 °C. According to Toulmin and Barton
(1964), the total error in the estimate of log /'S, from
pyrrhotite composition is about % 0.35. In addition,
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Fig. 2. Schematic of the “tube-in-tube” experiments where pyrrhotite is used as: (A) Indicator of the sulfur fugacity; (B) Buffer of the sulfur

fugacity. See text for further discussion.
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Table 2
Compositions of pyrrhotite with corresponding sulfur fugacity
values

Run# EMP data, wt.% Log /S, din Log 'S,
FeS—Toml by EMP of Po by XRD

FSI-1 60.75 39.20 100.03 0.0 2.0708 —0.9
(1000 °C)

FS1-2 61.06 39.05 100.11 —-0.3 2.0717 -1
(1000 °C)

FS1-3 63.23 36.90 100.13 —4.8 n.a.
(1000 °C)

FS2-1 60.67 39.05 99.72 —0.2 n.a.
(980 °C)

FS2-2 61.37 39.10 10047 —0.6 2.0722  —1.2
(980 °C)

FS2-3 63.85 36.85 100.70 —6.2 2.0948 <—-17.1
(980 °C)

FS3-1 60.71 39.05 99.76 —0.1 n.a.
(1000 °C)

FS3-3 63.39 36.94 100.33 —49 2.0933 —-6.7
(1000 °C)

FS4-1 61.14 39.51 100.66 0.0 n.a.
(1000 °C)

FS4-3 63.56 37.12 100.67 —4.7 2.0955 <—-6.9
(1000 °C)

FS5-1 61.09 39.64 100.73 0.2 n.a.
(1000 °C)

FS5-3 63.56 37.18 100.74 —4.6 2.0932 —6.6
(1000 °C)

FS7-1 59.49 40.36  99.84 1.3 n.a.
(1000 °C)

FS7-3 63.38 37.24 100.63 —4.2 2.093 —-6.5
(1000 °C)

n.a.—not available. According to the results of XRD analyses for
the Po buffer used in FS2-3 and FS4-3 its Fe/S ratio exceeds 1 and
the equation of Toulmin and Barton (1964) is not applicable. For
these samples we use the maximum log /'S, (in atm.) corresponding
to the composition of stoichiometric FeS (Fe/S = 1) at the temperature
studied.

the pyrrhotite composition and corresponding sulfur
fugacity determined by the method of X-ray diffrac-
tion are very close to the composition of pyrrhotites
used as the fS, buffers in the same experiments.
Because the pyrrhotite buffers were synthesized and
weighed out on a high precision (0.0001 g) balance,
their compositions are precise, thus the /'S, deduced
from the XRD determinations are more accurate.
However, many runs produced insufficient pyrrhotite
for XRD analysis, so for the relative change in log /'S,
the electron microprobe analyses have been used.

In the third series of experiments pyrrhotites with
variable Fe/S ratio were used to reduce the sulfur

fugacity of PGE-sulfides synthesized previously, and
in this case the quantity of the Po buffer was 30—40
times larger than that of the sample (Fig. 2B). Two
pyrrhotite buffers were used: FeS (63.5 wt.% Fe, 36.5
wt.% S) and FepoS (61.2 wt.% Fe, 38.8 wt.% S).
According to Toulmin and Barton (1964) the cor-
responding log f'S, is expected to be respectively
—6.8 and —0.6 at 1000 °C and —7 and —0.7 at
980 °C. The “tube-in-tube” assemblage was annealed
at 1000 or 980 °C for 7 days and quenched in salted ice
water. In the course of this annealing, the sample was
equilibrated with the pyrrhotite buffer via the vapour
phase leading to S reduction in the sample. This process
of sulfur removal from the sample is an experimental
model of a natural desulfurization process.

To confirm that the results obtained could be
applicable to natural sulfides, some exploratory
experiments were performed to test the possibility of
PGE alloy formation in the S-poor pyrrhotite contain-
ing only trace quantities of Pt or Ir. For this purpose,
pyrrhotites doped with 10 ppm of Pt or Ir were
synthesized by mixing pyrrhotites initially containing
1000 ppm of the PGE with a stoichiometric FeS. The
mixture was melted at 1250 °C and quenched in
salted ice water to provide the best conditions for
PGE solubility in the pyrrhotite structure (Cabri et al.,
2003). The aim of this series of experiments was to
examine whether individual PGE-bearing alloys will
form at extremely low, close to natural, concentrations
of platinum and iridium in the S-poor pyrrhotite. The
few studies of PGE concentrations in natural pyrrho-
tites give ranges of 0.1-2.7 and 1.1-11.5 ppm or
lower, for Pt and Ir, respectively (Ballhaus and Syl-
vester, 2000; Cabri et al., 2003).

The following method of naming the samples was
used to identify the run conditions; FSX-Y, where X
corresponds to the composition of the run; Y corre-
sponds to the conditions of the run: with 0=experi-
ments with slow cooling of a sulfide liquid to room
temperature to reveal final products of crystallization;
1 =quenched experiments with pyrrhotite indicator to
determine the conditions of sulfur fugacity for the
initial PGE-bearing sulfide association; 2 and 3=
experiments with pyrrhotite buffers to model the
sulfur removal from PGE-bearing sulfide associations
synthesized in the previous set of experiments.

Experimental durations of 5 to 7 days are sufficient
to achieve equilibrium in the system Fe—Ni—Cu—S ata
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temperature of 1000 °C, especially in the presence of
sulfide liquid as in our Cu- and Ni-bearing experiments
(Naldrett, 1967; Li et al., 1996). In our experiments, the
sharpness of d;¢, peaks of the pyrrhotites is evidence
that equilibrium was reached with respect to sulfur in
the vapor in the course of annealing at 1000 °C. In
addition, the compositions of base—metal sulfides and
coexisting PGE phases were constant throughout the
sample, providing another line of evidence for the
attainment of equilibrium. The slow cooling experi-
ments correspond to non-equilibrium conditions and
the phase-relationships observed in these experiments
cannot be attributed to a precise temperature.

The products of experiments were studied by the
same electron microprobe used to analyse the pyrrho-
tite indicator. The sulfides CuFeS,, FeS and (Fe,Ni)oSg
as well as Ni, Pt, Ir and Pd metals were used as
standards. The analytical conditions were as follows:
accelerating voltage 20 kV, beam current 30 nA,
counting times up to 60 s, spot diameter of 3 pm. A
defocused electron beam of 30 um in diameter was
used to determine the bulk compositions of sulfide
liquid and base—metal sulfides containing exsolution-
induced PGE phases when their size was too small to
analyse individually. The detection limits for platinum-
group elements were 600—1500 ppm, depending on
counting time.

3. Results

The final products obtained after each series of
experiments are shown in Table 3. Below we present
first the phase relationships determined from quenched
unbuffered experiments at 1000 °C (FSX-1 series) and
continue with the description of the final products of
crystallization of PGE-bearing sulfide liquids obtained
in the slow-cooling experiments (series FSX-0). Final-
ly, we will report results of the main experiments
(series FSX-2,3) modeling the S loss from the PGE-
bearing sulfides.

3.1. Results of the unbuffered experiments (FSX-1
series)

Except for run FS7-1, the starting compositions of
most of the runs fall in the Mss [(Fe,Ni,Cu,Pt,
Ir,Pd), _ ,S] field at 1000 °C (Fig. 1). Consequently,

Table 3
Results of experiments using pyrrhotite as /'S, indicator or buffer

Run# T, °C Po Log f'S,

FS1-0 SC - -
FS1-1 1000 indicator —0.9
FS1-2 1000 buffer1 —1
FS1-3 1000 buffer 2

Run products

Fe; _,S+PtS

(Fe,Pt,Ir); _ .S

(Fe,Pt,Ir); _,S

“<—6.9" Fe; ,S+Fe—Ir—Pt alloy

FS2-0 SC - Mss + Iss + Pt—phase
FS2-1 980 indicator “—0.9” Mss

FS2-2 980 buffer I —1.2 Mss +Pt—Ir ex.

FS2-3 980 buffer2 <-7.1 Mss + L+ Fe—Ir—Pt alloy
FS3-0 SC - - Mss + Iss + Pt—phase
FS3-1 1000 indicator “—0.9” Mss

FS3-3 1000 buffer2 —6.7 Mss+ L+ Fe—Ir—Pt alloy
FS4-0 SC - - Fe; _ .S+Pd—phase
FS4-1 1000 indicator “—0.9” (Fe,Pd), _ .S

FS4-3 1000 buffer2 <-—6.9 Fe; _ .S+Fe—Pd alloy
FS5-0 SC - - Mss + Pd—phase

FS5-1 1000 indicator “—0.9” Mss

FS5-3 1000 buffer2 —6.6 Mss+L

FS7-0 SC - - Mss + Iss + Pd—phase
FS7-1 1000 indicator “0.4” Mss+L

FS7-3 1000 buffer2 —6.5 L+Mss(?)

Buffer 1—Fe (61.2 wt.%), S (38.8 wt.%); Buffer 2—Fe (63.5
wt.%), S (36.5 wt.%); log /'S, values (in atm.) given in commas
were estimated by comparison with log /'S, values determined by
X-ray diffraction; SC—slow cooling.

Mss is the only stable phase observed in the unbuffered
quenched runs (Table 3). The starting composition of
FS7-1 falls between liquid and Mss (Fig. 1) thus in the
quenched run Mss and liquid were observed (Table 3).

The compositions of all run products are listed in
Tables 4 and 5. Except for run FS7-1 all of the PGE
dissolved into the Mss with no visible exsolution and
the composition of the Mss is almost identical to that
of the starting composition. In experiment FS7-1 Cu
and Pd are strongly concentrated in the liquid relative
to Mss, while Ni is slightly concentrated in the Mss
(Table 5). The partition coefficients (Table 6) for these
three elements between Mss and sulfide liquid are
similar to those obtained in similar experiments by Li
et al. (1996). The boundaries of the compositional
fields of Mss and sulfide liquid are slightly (2—8 at.%)
shifted toward Cu and Ni when compared with a
similar diagram by Li et al. (1996). This is due to
the much higher total concentration of PGE in their
experiments (8 wt.% compared with 0.4—0.5 wt.% in
the present experiments).

With the exception of run FS7-1, the log /S,
calculated from the microprobe composition of the
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Table 4
Compositions of phases in experiments with Pt and Ir
Run# Phase N  Composition, wt.%
Fe Ni Cu Ir Pt S Total
FS1-0 (SC) Fe, .S 9 59.61(0.27) 1.52 (0.17)  0.17 (0.03)  38.82 (0.15) 100.12 (0.28)
PtS 6 1.33(0.35) <0.2 83.71 (0.33) 14.22 (0.15)  99.30 (0.44)
FS1-1 (1000 °C) Fe; .S 6 60.68 (0.19) 0.16 (0.01)  0.18 (0.03) 38.93 (0.1) 99.95 (0.24)
FS1-2 (1000 °C) Fe; _,S 7 61.02 (0.23) 0.18 (0.03)  0.17(0.03)  38.81 (0.13) 100.18 (0.27)
FS1-3 (1000 °C) Fe; _,S 7 63.36 (0.18) <0.07 <0.06 36.96 (0.1)  100.36 (0.21)
FS2-0 (SC) Mss 7 57.79 (0.23)  2.25(0.05) 0.92 (0.08) 0.21 (0.03) <0.06 39.17 (0.18)  100.35 (0.17)
Iss 5 39.76 (0.96) 0.61 (0.14) 26.15(1.21) <0.07 0.24 (0.14)  35.48 (0.45) 102.33 (0.89)
FS2-1 (980 °C)  Mss 8 57.09 (0.41) 197 (0.02) 3.14(0.15) 0.15(0.1)  0.19(0.07) 38.48 (0.15) 101.02 (0.51)
FS2-2 (980 °C)  Mss 8 57.30(0.28) 2.03(0.01) 2.72(0.12) 0.21 (0.07)  0.20 (0.07)  38.34 (0.1)  100.80 (0.35)
FS2-3 (980 °C)  Mss 6 62.26(0.32) 0.41(0.01) 1.29(0.13) <0.07 <0.06 36.73 (0.08) 100.72 (0.39)
Fe—Ir—Pt 11 45.35(0.61) 2.47(0.11) 0.44 (0.11) 28.45(0.53) 23.74 (0.61)  0.04 (0.03) 100.48 (0.35)
Liquid 3 563 (1.19) 5.38 (0.51) 11.97 (2.29) <0.13 <0.1 30.64 (0.67) 104.35 (1.39)
Fe—Ni (q) 5 84.11 (1.00) 15.13 (0.85) 0.88 (0.06) <0.08 <0.06 0.17 (0.08) 100.63 (0.5)
FS3-0 (SC) Mss 6 55.55(0.23) 4.48(0.05) 0.85(0.11) 0.23 (0.04) <0.06 39.34 (0.1)  100.44 (0.3)
Mss+PGM 6 54.67 (0.11)  4.47 (0.08) 1.16 (0.20) 0.24 (0.05) 0.29 (0.13)  39.2 (0.15)  100.04 (0.28)
Iss 7 39.85(0.7) 0.61 (0.07) 25.77 (0.64) <0.07 <0.06 35.37 (0.07) 101.83 (0.67)
FS3-1 (1000 °C) Mss 7 53.72 (0.23) 3.98 (0.05) 4.41(0.22) 0.17 (0.04) 0.17 (0.02) 38.46 (0.12) 100.91 (0.18)
FS3-3 (1000 °C) Mss 6 61.84(0.27) 0.78 (0.04) 2.97 (0.30) <0.07 <0.06 36.38 (0.15) 101.98 (0.17)
Fe—Ir—Pt 4 3597 (0.2) 2.87 (0.02) 1.17 (0.3)  32.05 (0.46) 28.38 (0.54) 0.06 (0.04) 100.51 (0.4)
Liquid 6 55.58 (0.8) 6.71 (1.22) 11.67 (1.92) <0.13 <0.1 30.50 (1.47) 104.57 (1.04)

Here and elsewhere in tables: N—number of analyses to calculate the average composition; “ <0.06”—below the detection limit of the electron
microprobe; numbers in parentheses are standard deviations; (q)—alloy formed from quenching of a liquid; Mss + PGM—due to the small grain
size of exsolution-induced PGE phases in the matrix of Mss, a defocused beam was applied to analyze both Mss and PGE phases.

Table 5
Compositions of phases in experiments with Pd
Run# Phase N Composition, wt.%
Fe Ni Cu Pd S Total
FS4-0 (SC) Fe, _,S 9  60.56 (0.3) 0.10 (0.03) 38.86 (0.12) 99.80 (0.37)
PGM (ex) 3 3530(8.79) 32.16 (11.75)  32.33 (2.03) 99.95 (0.9)
FS4-1 (1000 °C)  Fe; _,S 8  60.47 (0.13) 0.53 (0.08) 38.64 (0.14) 99.93 (0.22)
FS4-3 (1000 °C)  Fe; _,S 9 63.15(0.24) <0.15 36.34 (0.12)  99.98 (0.24)
Fe—Pd 6 30.93 (0.28) 67.06 (0.5) 2.25(0.17)  100.46 (0.53)
FS5-0 (SC) Mss 1 56.13 2.09 3.25 0.63 38.69 100.79
Mss +PGM 3 5361(1.4) 2.05 (0.12) 2.61 (1.63) 3.48 (0.69) 37.90 (0.14) 99.66 (0.83)
FS5-1 (1000 °C)  Mss 10 56.79 (0.22) 2.08 (0.02) 2.44 (0.15)  0.54 (0.05) 38.31 (0.12)  100.16 (0.26)
FS5-3 (1000 °C)  Mss 10 62.24 (0.24) 0.64 (0.01) 0.86 (0.11)  <0.09 36.30 (0.07)  100.07 (0.22)
Liquid 14 57.60 (2.85)  7.25(1.88)  5.54 (1.74)  3.46 (0.94) 26.03 (249)  99.88 (0.96)
Fe—Ni—Pd (q) 3 56.81(2.3) 24.22 (0.9) 2.96 (0.36) 16.92 (2.39) 1.43 (0.67)  102.33 (0.67)
FS7-0 (SC) Mss 6 52.34(0.4) 7.50 (0.11)  0.89 (0.26)  0.26 (0.05) 38.98 (0.13)  99.96 (0.34)
Iss 15 38.14 (0.26) 1.15 (0.1) 24.72 (0.17)  <0.09 34.93 (0.19) 99.07 (0.47)
PGM (ex) 2 32.06 (3.87) 4.40 (1.12) 9.82 (4.22)  22.96 (2.45) 33.49 (0.79)  102.73 (0.88)
FS7-1 (1000 °C)  Mss 7 50.20 (0.23) 6.28 (0.02) 5.19 (0.11)  0.43 (0.08) 38.18 (0.12)  100.28 (0.26)
Liquid 10 3072(1.51)  471(1.2)  27.08(1.8)  434(1.76) 33.54 (0.31)  100.39 (0.64)
FS7-3 (1000 °C)  Liquid 14 52.18 (1.70) 7.85 (1.57) 9.01 (2.55)  0.79 (0.38) 30.54 (1.75)  100.37 (0.78)

Abbreviations are similar to those used in Table 3: PGM (ex)—exsolution-induced Pd-rich phase in a matrix of Mss (due to the small size of
PGE phases the analyses can be used only to show that the composition was enriched in Pd).
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Table 6
Mss/L partition coefficients for Ni, Cu and Pd

Run# T, °C S-content D Mss/L

wt.% Ni Cu Pd
FS2-3 980 <36.7 0.08 (0.01) 0.11 (0.02) -
FS3-3 1000 <36.4 0.12 (0.02) 0.25 (0.05) -
FS5-3 1000 <36.3 0.09 (0.02) 0.16 (0.05) <0.03
FS7-1 1000 39 1.33 (0.34)  0.19 (0.01) 0.1 (0.04)

Numbers in parentheses are standard deviations of partition
coefficients calculated according to the equation employed by Li
et al. (1996).

pyrrhotite indicator is approximately O for all of these
experiments in good accordance with very slight slope
of /'S, isobars in the Mss field in the system Fe—Ni—S
reported by Naldrett (1967) (Table 2). The significant
increase of sulfur fugacity observed in the sample
richest in Cu and Ni, FS7-1, is due to the appearance
of the sulfide liquid in the association with Mss. In
addition, this agrees well with the data of Peregoedova
and Ohnenstetter (2002), who have shown that at
constant S content in the system Fe—Ni—Cu—S sulfur
fugacity increases with the ratio of (Ni+Cu)/Fe. In
spite of this high value of sulfur fugacity (log S, =1.3)
for FS7-1, our Po indicator still lies in the pyrrhotite
compositional field, clearly below the S condensation
curve at 1000 °C (Craig and Scott, 1974, and refer-
ences therein). Moreover, as discussed above, the
estimated log 'S, based on XRD of Po is more accurate
and systematically lower than the estimates based on
microprobe compositions. Unfortunately only one run,
that richest in Fe, FS1-1, contained sufficient Po for
XRD analysis. This gives an estimate of — 0.9 for log
/S, (Table 2). Taking into account the similarity of /S,
“microprobe” estimates for the samples FS1—-FS5 and
the practically horizontal slope of fS, isobars in the
Mss field noted above, we can assume that log /'S, was
close to — 0.9 in all samples lying in the Mss compo-
sitional field (samples FS1—FS5), and that the real log
1S, in the sample FS7-1 was probably lower by 0.9
units than its “microprobe” determined value, which
gives an estimate of 0.4 (Table 3).

3.2. Final products of PGE-bearing sulfide liquid
crystallization (FSX-0 series)

The slow cooling experiments provide information
about the textures formed when natural sulfide liquids

crystallize. The run product of the Cu—Ni-poor runs
consists of pyrrhotite with exsolutions of Pt or Pd
phases (Tables 3—5). The run products of the Cu—Ni-
bearing runs are Mss, Iss and exsolved phases with Pt
or Pd. Based on phase diagrams for the Fe—Ni—Cu-—
S system (Kullerud et al., 1969) Mss was the first
phase to crystallize and Iss represents the fractionated
liquid. In most cases the Pt or Pd phases form as
oriented lamellae hosted in the pyrrhotite or Mss
matrix (Fig. 3A and B). The small size of the lamellae
does not allow quantitative determination of their
composition by microprobe; we can only confirm
that they contain major amounts of Pt or Pd (Tables
4 and 5). Interestingly, no exsolution lamellae of Ir
phases were found; this is consistent with the ability
of Ir to substitute into the octahedral site of S-rich
Mss (Barnes et al., 2001). In spite of the formation of
exsolution-induced PGE phases, it was found that S-
rich pyrrhotite (52.9 at.% S) contains high concen-
trations of Pd (0.1 wt.%), Pt (0.17 wt.%) and Ir (1.52
wt.%) when cooled slowly to room temperature
(Tables 4 and 5). We find that Ni and Ir are enriched
in Mss relative to the Iss, whereas Cu and Pt are
enriched in the Iss relative to the Mss (Tables 4 and
5), consistent with Makovicky (2002).

We observed different morphologies of exsolved
PtS in FS1-0 depending upon the cooling rate. In the
most slowly cooled runs the exsolutions of PGE
phases are lamellae. However, in FS1-0 some idio-
morphic PtS grains of about 40 um diameter were
obtained by slow ( ~ 6 °C/h) cooling of PGE-bearing
sulfide melt from 1210 °C to 300 °C (Fig. 3C).
However, in the quench experiments FS1-1 only
homogeneous pyrrhotite with Ir and Pt contents of
0.16 and 0.18 wt.%, respectively, is found (Table 4).
These two observations suggest that Pt was dissolved
at high temperature (1000 °C) in the pyrrhotite, but it
exsolved from the Po structure in the form of PtS at
lower temperature (FS1-0). The euhedral crystal shape
obscures the exsolution-induced origin of PtS, dem-
onstrating that subsolidus reequilibration and recrys-
tallization could produce PGM crystals very similar to
those crystallized directly from sulfide liquid. To
investigate whether these grains are the product of
recrystallization we modified the cooling rate of our
experiments. Using the same composition and cooling
the charge from 1000 °C to 300 °C in 1 day ( ~ 30
°C/h) yielded elongated lamellae exsolutions of PtS
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Fig. 3. Back-scattered electron images: (A) Exsolution-induced lamellae of the Pd-rich phase in the matrix of pyrrhotite formed during slow
cooling of sample FS4-0; (B) Final products of crystallization of Cu—Ni bearing sulfide liquid including Mss with exsolution-induced lamellae of a
Pt-rich phase and intermediate solid solution decomposed to different phases of the chalcopyrite family, run FS2-0; (C) PtS aggregate crystal
formed from Pt-bearing pyrrhotite on slow cooling, run FS1-0; (D) PtS lamellae exsolved from Pt-bearing pyrrhotite on fast cooling, run FS1-6.

(Fig. 3D). In the latter case, the time was not sufficient
for PtS exsolution-induced lamellae to grow by dif-
fusion, and their exsolution texture is preserved.
Therefore, care should be taken when using euhedral
appearance of PGM grains as a proof of their early
magmatic crystallization in natural sulfide ores.
According to the slow cooling experiments, the
final products of crystallization of Cu—Ni-bearing
sulfide liquid in the studied part of the system Fe—
Ni—Cu-S consist of Iss and Mss hosting exsolution-
lamellae of individual platinum (runs FS2-0, FS3-0)
or palladium (runs FS5-0, FS7-0) phases. Apparently,
the lamellae hosted by Cu- and Ni-bearing Mss (Fig.
3B) could not recrystallize to bigger grains due to

their late, low-temperature exsolution. The reason for
this is the higher PGE solubility in the Ni-bearing Mss
(Li et al.,, 1996) compared with Ni-free pyrrhotite
(Ballhaus and Ulmer, 1995) at the same temperature.
Thus, exsolution-induced lamellae of PtS apparently
formed in the pyrrhotite matrix at higher temperatures,
and had time to recrystallize into bigger grains. This
could also be due to variable diffusion speeds in
different hosts, Po and Ni—Cu-rich Mss. To summa-
rise, in Cu—Ni-bearing sulfide ores, the process of
formation of secondary platinum-group minerals by
exsolution from base—metal sulfides could be delayed
in comparison with the same process occurring in
sulfides enriched in Fe due to the higher solubility
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limits of PGE in S-rich Mss typical for Cu—Ni-
bearing associations (Peregoedova and Ohnenstetter,
2002).

3.3. Results of buffered experiments

The sulfur fugacity was reduced in experiments
with the pyrrhotite buffers (FSX-2 and 3 series). The
FSX-2 experiments (run in equilibrium with S-rich
buffer) reduced log /'S, only slightly as the S content
of the Po buffer was close to the starting run compo-
sitions. Moreover, the reduction of log /'S, by ~ 0.1—
0.4 practically corresponds to or is even below the
analytical uncertainty (Table 2). The FSX-3 experi-
ments (run in equilibrium with the S-poor buffer)
reduced log /'S, by a much larger amount (~ 4.5—
5.6) reducing the absolute value to, respectively, — 6.5
and — 7.1 (Table 2). The decrease in sulfur fugacity
results in a partial transfer of sulfur from the sulfide to
the vapor. Consequently the metal/sulfur ratio of the
initial sulfides increased causing two important
events: formation of PGE-bearing alloys and partial
melting of the sulfides.

3.3.1. High-S buffered experiments (FSX-2 series)
Two experiments were run with the high-S buffer:
FS1-2 at 1000 °C and FS2-2 at 980 °C. In both cases
the run product was Mss (Table 3). The Pt and Ir
contents of the Mss are close to the initial composi-
tion of the sample (0.2 wt.% of each element), thus
most PGE are dissolved in the Mss. However, there
are some very tiny exsolutions in FS2-2 at the
boundaries of the grains of Mss (Fig. 4A). Micro-
probe analyses reveal elevated Pt and Ir concentra-
tions in these areas but the precise composition
cannot be determined due to the small grain size.
In this case, the PGE phases reveal the following
features: (1) formation of numerous separate grains
of extremely small size ( = 0.5 pum) and (2) occur-
rence in the most favorable, in terms of crystallog-

raphy, position for exsolution-induced grains. It is
very difficult to know if these grains were stable at
run temperature or if they formed on quenching.
However, no PGE phases appeared in the sample
FS1-1 on quenching from 1000 °C in spite of almost
identical /'S, run conditions. Consequently at 980 °C,
the first PGE phases might be appearing as exsolu-
tions from the Mss containing about 0.2 wt.% Pt and
Ir and the metal/S ratio (atomic) of about 0.93 when
the log 'S, decreases to approximately — 1.2.

3.3.2. Low-S buffered experiments (FSX-3 series)
The two Cu—Ni free, low-S buffered experiments,
FS1-3 and FS4-3, produced Po and PGE-bearing
alloys. In the Pt—Ir doped experiments the alloy
composition was not analysed due to its small size.
Based on the data of Makovicky and Karup-Meller
(2000), this alloy apparently is y(Fe,Ir,Pt) solid-solu-
tion, with a composition dominated by Fe. The
composition of alloy formed in experiments doped
with Pd is very close to PdFe (Pd analogue of
tetraferroplatinum PtFe) (Table 5). The Fe—Ir—Pt
alloys occur as oriented lamellae in the pyrrhotite
matrix (Fig. 4B). In contrast, the grains of the Pd—Fe
alloy are mainly concentrated close to the boundaries
with vapor phase as rounded relatively big blebs. The
difference in texture is interpreted to indicate the
higher mobility of palladium compared to platinum
and iridium (Fig. 4C). The constancy of the Fe—Ir—Pt
alloy composition through the samples, the relatively
large size of some alloy lamellae (up to 5 um in
length), as well as the clear tendency of small grains
to group together forming bigger grains (Fig. 4B), and
the very big size (up to 17 um) of the grains of Pd—Fe
alloy (Fig. 4C) were taken as support for the equilib-
rium formation of PGE-bearing alloys in the low-S
buffered experiments. No detectable amounts of Pt, Ir
or Pd were found in the pyrrhotite matrix hosting the
PGE-bearing alloys suggesting preferential distribu-
tion of the PGE into the metal phase (Tables 4 and 5).

Fig. 4. Back-scattered electron images: (A) Exsolution-induced Pt—Ir phase at the boundaries of the Mss grains after sulfur reduction of the Mss
in run FS2-2, 980 °C; (B) Exsolution-induced lamellae of Fe—Pt—Ir alloy in a matrix of pyrrhotite appearing after reduction of /'S, in run FS1-
3, 1000 °C; (C) Grains of the Pd—Fe alloy formed by exsolution from pyrrhotite after reduction of /'S, in run FS4-3, 1000 °C; (D) Partial
melting of the Pt—Ir-bearing Mss caused by sulfur reduction and resulting in the formation of Cu—Ni-rich sulfide liquid (multiphase quench
mixture) and PGE alloys (some of the bright crystals associated with a liquid) in run FS2-3, 980 °C; (E) Stable Fe—Ir—Pt alloy formed during
partial melting of Mss, surrounded by Fe—Ni alloy formed from the liquid on quenching in run FS2-3, 980 °C; (F) Products of solidification of
Cu—Ni—Pd sulfide liquid. The morphology of the grains of the Fe—Ni—Pd alloy (the brightest phase) is indicative of formation from a sulfide
liquid on quenching and were not stable at run temperature, run FS5-3, 1000 °C.
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In the Cu—Ni-bearing experiments the run products
were Mss, liquid and Fe—Ir—Pt alloy (Fig. 4D and E)
in the Pt—Ir doped experiments, and Mss and liquid in
the Pd doped experiments (Table 3). The Mss is
depleted in Cu and Ni and Pd relative to the liquid.
The incompatibility of Cu and Pd is similar to that
observed at higher fS,, but Ni shows a change in
behavior from compatible at high /'S, to incompatible
at low f'S,. This change in behavior of Ni has been
observed in previous experimental work (Barnes et
al., 1997a,b; Makovicky, 2002) and the partition
coefficients we found are similar to those reported
previously for low fS,. The composition of Fe—Ir—Pt
alloy corresponds to the Fe-rich y(Fe,Ir,Pt) solid-
solution with a slight enrichment in Ir compared with
Pt (Table 4).

The formation of alloy plus liquid is expected when
the phase diagram is examined (Fig. 1). The reduction
of sulfur in the system results in a shift of the bulk
composition from within the compositional field of the
monosulfide solid-solution through the field Mss+L
to the three-phase association Mss + L +alloy for runs
FS2-3, and FS3-3 (Fig. 1). During partial melting, the
metal/sulfur ratio of the monosulfide solid-solution
rises from 0.92 (in the sample FS2-1) to 1 (in the
sample FS2-3), and all Pt and Ir dissolved originally in
the S-rich Mss partition into the alloy leaving concen-
trations below our minimum detection limits in the S-
poor monosulfide solid-solution (Table 4). A similar
situation exists for sample FS3-3, but the Fe—Ir—Pt
alloy formed in this sample is richer in Ir, Pt, Cu and
Ni, and lower in Fe than the alloy formed in sample
FS2-3 (Table 4).

The grains of primary Fe—Ir—Pt alloy are rather
abundant and always bordered with Fe—Ni alloys
formed on quenching of the sulfide liquid, making it
very difficult to analyse this liquid with the use of the
defocused electron beam (Fig. 4E). That is why the
real composition of the sulfide liquid produced by
partial melting of the sample FS2-3 is probably more
S-rich and Fe-poor than our microprobe results due to
the inclusion of primary Fe—Ir—Pt alloys in the
analysed volume; the Pt and Ir contents of the liquid
being, however, below the microprobe detection limit.

We are confronted with the same problem of an
overestimated Fe-content when analysing the compo-
sition of the sulfide liquid produced in the Pd-bearing
sample FS5-3. During partial melting of this sample

Pd partitions predominantly into the Cu—Ni-rich sul-
fide liquid (3.5 wt.% Pd) and does not form stable Pd-
bearing alloys in contrast to Pt and Ir (Table 5). On
quenching this Pd-rich liquid solidifies producing
many grains of Fe—Ni—Pd alloy intimately mixed,
but heterogeneously distributed with other products of
solidification hampering the use of a defocused beam
(Fig. 4F). That is why the real composition of this
liquid is also most likely poorer in Fe and richer in S
than our microprobe results (Table 5). As the base—
metal starting composition of the Pd-doped sample
FS5-3 is almost the same as the Pt—Ir-doped sample
FS2-3, the S-content of the sulfide melt in the sample
FS5-3 after 'S, buffering experiments most likely was
close to that of the liquid existing in the sample FS2-3,
therefore the “Mss-liquid” tie-line for the sample FS5
in Fig. 1 should rotate counter clockwise from the line
1 to the line 2.

The Pd concentration of the Fe-rich monosulfide
solid-solution formed during partial melting together
with the Cu—Ni—Pd-rich liquid was below the detec-
tion limit by microprobe (<880 ppm). In these experi-
ments the sulfur fugacity did not fall low enough
(—6.6 in log fS,) for a stable Pd alloy to form. The
Cu and Ni sample FS7-3 apparently was melted
completely after S was lost and all palladium dis-
solved in the sulfide liquid. In this Cu—Ni-rich part of
the system, individual palladium phases did not form
either.

3.4. Experiments on solubility of trace quantities of Pt
and Ir in the S-poor pyrrhotite

The experiments described above were carried
out at the 2000 to 5000 ppm concentration level
of PGE in the sulfide assemblages. Concentrations
as high as this are found in some PGE reef deposits
(Barnes and Maier, 2002; Naldrett, 1989), but most
sulfides and more particularly mantle sulfides, con-
tain only 1-100 ppm PGE (Bulanova et al., 1996;
Alard et al., 2000). Therefore one could ask whether
the present experiments are applicable to natural
sulfides.

The low solubility of platinum-group elements in
S-poor pyrrhotite or Mss is well known (Li et al.,
1996; Ballhaus and Ulmer, 1995; Barnes et al.,
2001). Numerous experimental studies report very
low or nil Pt and Ir concentrations in Fe-rich, S-poor
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base—metal sulfides at conditions of low sulfur
fugacity (Ballhaus and Ulmer, 1995; Sinyakova et
al., 1996; Makovicky and Karup-Mgller, 1999; Maj-
zlan et al., 2002; Peregoedova and Ohnenstetter,
2002). Nevertheless, due to the relatively high de-
tection limit of the electron microprobe used in most
of these studies we still do not know how much PGE
can be dissolved in the pyrrhotites with the lowest S
contents.

To determine at what level pyrrhotite becomes
saturated with PGE phases, we conducted high tem-
perature experiments involving the addition of trace
quantities, 10-1000 ppm, of Pt or Ir to a S-poor
pyrrhotite with a composition approaching stoichio-
metric FeS. It was found that even when 10 ppm of
either Pt or Ir were added into the pyrrhotite, Pt- or Ir-
bearing phases, presumably alloys, formed. They
were easily detected in the matrix of pyrrhotite under
the optical microscope as well as on the electron
microprobe in back-scattered images by their bright-
ness and high relief. The compositions of the Pt- or Ir-
phases coexisting with S-poor pyrrhotite are presented
in the Table 7. Due to the extremely low amount of Pt
and Ir added the size of the platinum and iridium
phases dispersed in the pyrrhotite matrix was minis-
cule, making it impossible to perform precise micro-
probe analysis. Nevertheless, elevated Pt and Ir
contents were detected in the vicinity of the alloy
grains. In contrast, PGE concentrations were below
the detection limit when analysing alloy-free areas of

Table 7

the pyrrhotites. The compositions of alloys were then
recalculated assuming that all sulfur in these analyses
belongs to the pyrrhotite matrix. These results are
only approximate, but they show that when alloys
form in association with S-poor pyrrhotite Pt and Ir
partition preferentially into the alloys even if only
trace quantities of PGE are present. We did not
observe any additional sulfide phases attached to the
grains of PGE-bearing alloys or textures typical of
quenched liquids, thus the alloys do not appear to be
products of solidification from a liquid coexisting
with Po (cf., Craig and Scott, 1974). However, such
a possibility should not be excluded completely. We
realize also that alloy formation could happen in this
case because of saturation of pyrrhotite with Fe, but it
does not change the main conclusion: the results of
our experiments of higher PGE concentrations are
valid for trace quantities of PGE as the reduction of
sulfur fugacity results in an increase in the metal/S
ratio of pyrrhotite and if this is high enough for metal
saturation to occur Pt and Ir will partition into the
alloy.

4. Discussion

At high temperatures (800—1180 °C), S-rich pyr-
rhotite dissolves large quantities of Pt (1.1 at.%), Ir
(1-5.8 at.%) and Os (0.3-0.7 at.%) (Makovicky and
Karup-Mgller, 1999; Karup-Meller and Makovicky,

Results of experiments with 10—1000 ppm of Pt and Ir added in the Po-liquid at 1250 °C

Run# Composition, wt.% Run# Composition, wt.%

Fe Pt S Total Fe Ir S Total
Mc-2 Mc-3
Starting compositions 63.46 0.10 36.44 Starting compositions  63.45 0.10 36.45
q-Po 64.27 (0.26) <0.06  36.24 (0.15) 100.52 g-Po 64.3 (0.28) <0.07 36.3 (0.11) 100.63
q-alloy® 57.1 275 147 993 g-alloy® 56.8 287 202 105.7
Corrected g-alloy 53 47 Corrected g-alloy 42 58
Mc-4 Mc-6
Starting compositions 63.52 0.001 36.48 Starting compositions  63.51 0.01 36.48
q-Po 64.32 (0.16) <0.06 3631 (0.1) 100.65 g-Po 64.07 (0.23) <0.07 36.18 (0.11) 100.27
g-alloy® 69 3 30 102 g-alloy” 78.2 10.5 149 103.6
Corrected g-alloy 72 28 74.6 16.1 152 105.8

Corrected g-alloy 79 21

The composition of g-alloy was corrected with the use of the matrix composition assuming that the g-alloy does not contain any sulfur;
“<0.06”—below the detection limit of the electron microprobe; numbers in parentheses are standard deviations.
# Matrix of quench pyrrhotite (q-Po) was included due to the small size ( ~ 1 pm) of grains of quench alloy (g-alloy).
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2002; Majzlan et al., 2002). Ballhaus and Ulmer
(1995) reported that (1) maximum solubilities of Pt
and Pd in Fe; _,S at 810 °C are about 0.2 and 2.7
at.%, respectively; (2) concentrations of both Pt and
Pd fall exponentially with decreasing /'S, and (3) Pt
and Pd initially dissolved in Mss will be exsolved as
the Mss recrystallizes to Fe; _,S and pentlandite
during cooling to form their own discrete PGE phases.
Peregoedova and Ohnenstetter (2002) found that at
intermediate temperatures, 760 °C, Pd and Rh dis-
solve in base—metal sulfide solid-solutions, especially
in quaternary solid-solution Hz-Iss and to a lesser
extent in Mss, but exsolve from them in the form of
individual phases, sulfides or alloys, at lower temper-
atures. The present experiments confirm that an S-rich
( = 53 at.%) monosulfide solid-solution can concen-
trate significant amounts of platinum, iridium and
palladium in solid-solution at high temperatures (at
least 0.2 wt.%). In addition, our experiments demon-
strate that PGE exsolution from sulfides in the form of
individual minerals is not always a low-temperature
phenomenon, but can easily take place at magmatic
temperatures. Thus, we found that at 1000 °C S loss
from the monosulfide solid-solution can produce: (1)
the exsolution of Pt and Ir from Mss in the form of
PGE-bearing alloys, and (2) partial melting of the
Cu—Ni-bearing monosulfide solid-solution to form S-
poor Mss, Cu—Ni—Pd-rich liquid and Fe—Ir—Pt
alloys. Both these events are geologically extremely
important.

For example, Lorand and Conquéré (1983) inter-
preted Cu-—Ni-rich interstitial sulfides in spinel
lherzolite xenoliths from the Massif Central and
Languedoc, France, as having evolved under condi-
tions of desulfurization followed by partial melting of
sulfides initially dominated by monosulfide solid-
solution. In the present paper we showed experimen-
tally that this model works, and that at magmatic
temperatures S loss from the sulfide leads to its partial
melting producing Cu—Ni-rich liquid. Ebel and Nal-
drett (1997) reported that copper strongly influences
the transport properties of sulfide liquid. As the
copper content of the liquid increases the liquid
becomes less viscous, and the diffusivity of metals
or metal—sulfide complexes increases in the liquid.
Therefore, highly mobile Cu—Ni liquid could migrate
away from the more refractory Fe-rich Mss yielding
the two kinds of sulfides observed in the mantle

(Lorand and Conquéré, 1983; Dromgoole and Paste-
ris, 1987; Szab6 and Bodnar, 1995; Alard et al., 2000,
and references therein). Mss residue can be considered
as “a high-temperature precursor” of a relatively S-
and Fe-rich mantle sulfide assemblage composed of
Mss £ minor Cp and Pn with Cu—Ni-rich liquid being
“a high-temperature precursor” of an S-poor sulfide
assemblage composed of Cp + Pn (Szabo and Bodnar,
1995).

In nature, the S-content of Mss could decrease as
result of interaction with S-undersaturated fluids,
which could be basalt magma rising through the
mantle, or interstitial liquid rising through a magma
pile (Fig. 5). As we noted before, mantle sulfides
generally consist of monosulfide solid-solution
enriched in Ni and to a lesser extent in Cu, and their
bulk compositions are very close to the boundary with
[Mss+ Liquid] phase field (Alard et al., 2000). A
small decrease in S content is sufficient to reach this
boundary and start melting producing a Cu—Ni sulfide
liquid enriched in Pt and Pd (PPGE) and Mss residue
with high concentrations of IPGE (Ir, Os, Ru and Rh)
(Li et al., 1996). At this stage of the partial melting,
the Cu—Ni—Pt—Pd-rich partial melts could migrate
away from the solid residue thus spatially decoupling
IPGE from PPGE as observed in reefs and mantle
xenoliths (Alard et al., 2000; Barnes et al., 2001;
Lorand and Alard, 2001). In case of more extensive S
loss from the system, Mss will melt producing Fe-rich
Mss, Cu—Ni—Pd sulfide liquid and Ir—Pt alloys (Fig.
5), which may be responsible for the fractionation of
Pd from Ir and Pt that is generally observed in mantle
derived melts (Crocket, 2002, and references there in;
Luguet et al., 2003).

According to our data, the maximum sulfur fugac-
ity under which Fe—Ir—Pt alloys can crystallize at
1000 °C during the partial melting of the base—metal
sulfide is very low, approximately between — 6.7 and
— 7.1 depending on the composition. Almost the same

/S, conditions are required to form the exsolution-

induced PGE alloys. Thus, at natural PGE concen-
trations, the extraction of Pt and Ir from pyrrhotite or
Fe-rich monosulfide solid-solution at 1000 °C could
be expected at log f'S, approaching — 6.9 (cor-
responding to the stability of stoichiometric FeS
which does not incorporate significant concentrations
of platinum-group elements). The question is whether
such a reduction of the sulfur fugacity can occur under
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Fig. 5. Model of formation of Pt—Ir alloys from monosulfide solid-
solution exposed to desulfurization resulting from sulfide interaction
with percolating S-undersaturated melts or fluids.

natural conditions because the /'S, is linked to O, of
magma and the /'S, calculated here is lower than in
most basalt magmas (Wallace and Carmichael, 1992).
In our experiments, at log /S,>— 0.9 all the PGE are
dissolved in pyrrhotite. The log /'S, at which they
begin to separate must lie between — 6.9 and — 0.9.
We suggest that PGE exsolution from sulfide solid-
solutions could happen at relatively high /S, if the
base—metal sulfides were particularly enriched in
PGE. We observe that PGE start to exsolve from
Mss containing about 0.2 wt.% of Pt and Ir when
log fS, is as high as — 1.2 at 980 °C. Additional
experiments are necessary to determine the PGE
solubility limits for Mss of variable base—metal and
S contents.

Another situation where PGE alloys could form
from base—metal sulfides is as a consequence of S
loss during magma transport. Mantle-derived melts
may entrain some sulfide droplets with them (Barnes
et al.,, 2001; Bockrath and Ballhaus, 2002). The
solubility of sulfide in basaltic melt increases with
decreasing pressure (Mavrogenes and O’Neill, 1999).
Thus, during magma ascent the sulfide droplets could
be partly resorbed and the S-content of the sulfide
liquid could fall sufficiently for alloys to form. How-
ever, Andrews and Brenan (2002) suggest that [IPGE
alloys will not crystallize in sulfide-saturated mafic
magmas because of the high solubility of IPGE in a
sulfide liquid under fO,—f'S, conditions required to
maintain sulfide liquid saturation (log fO,=— 9.9 and
log fS,=—1.6 at 1200 °C). Moreover, alloy forma-
tion appears to require much lower S fugacity, which
is difficult to attain as the sulfur fugacity is controlled
by fO, of the basalt melt and ranges from log /'S, of
— 2 to 1 (Wallace and Carmichael, 1992). On the other
hand, there is evidence that sulfide liquids coexisting
with silicate magmas can have a low S concentration;
examples of this are the high metal/S ratios, between 1
and 1.087, recorded in some sulfide globules found in
basaltic lavas from mid-oceanic ridges (Czamanske
and Moore, 1977). Experimental studies confirm the
stability of PGE alloys in S-undersaturated systems of
this composition under conditions in which bulk Cu
and Ni concentrations do not exceed 4—6 at.% (Fig.
1). Peregoedova and Ohnenstetter (2002) showed that
at constant S content of the system, sulfur fugacity
increases strongly with increasing Cu and Ni contents.
Therefore, sulfide liquids with metal/S ratios close to
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1 but richer in Cu and Ni compositions will have
higher values of fS,, apparently too high for PGE
alloys to be formed. There is a need for more data
concerning fO,—fS, conditions required for alloy
saturation in a silicate—sulfide system with variable
base—metal and sulfur composition to evaluate the
viability of the alloy formation model. Another factor
that should be taken into account is the solubility of
PGE alloys in the silicate melt. Metal/silicate partition
coefficients summarized by Borisov and Palme (2000)
are extremely high (10°—10"3 at 1350 °C). Moreover,
the authors showed that formation of Fe—Pt alloys
leads to a significant reduction in the solubility of Pt
in a silicate melt, favoring stability of Fe—Pt alloys
and fractionation of Pt from Ir and to a lesser extent
from Pd.

Another case where the present experiments might
be applicable is when sulfide droplets occur in a sub-
volcanic chamber. Degassing, passive or during erup-
tion, as well as mixing with a sulfide-undersaturated
magma will decrease S concentrations in the sulfide
droplets. We suggest that this possibly results in the
formation of PGM. Larocque et al. (2000) have
suggested this leads to Au crystallization. Further-
more, it has been suggested that in chromite-rich
portions of the Bushveld reefs sulfides trapped be-
tween the chromite grains could lose Fe to the
chromite and S to the vapor leaving behind plati-
num-group minerals crystallized under conditions of
low sulfur fugacity (Von Gruenewaldt et al., 1986;
Naldrett and Lehmann, 1988; Merkle, 1992; Mathez,
1999; Barnes and Maier, 2002). There are a number of
examples of PGE ore deposits where it has been
proposed that after sulfides have collected the PGE
to form the proto-ore, sulfur was removed by fluids
and various metals, including the PGE, dissolved in
this fluid (Gain, 1985; Boudreau, 1988; Lavigne and
Michaud, 2001). Finally, vapor transport of sulfur and
possibly other metals is considered important for
formation of some base—metal sulfide deposits (Gri-
nenko, 1985; Ripley and Alawi, 1988; Theriault et al.,
2000; Barnes et al., 2001). Initial experiments by
Baker et al. (2001) showed that S, Pt, Cu and Ni
can be transferred by vapor at 1100 and 1300 °C.
Vapor-transport experiments by Peregoedova et al.
(2003) revealed that S-dominated vapor could play
an important role as a PGE transport agent, especially
for palladium.

5. Conclusions

Our experimental study demonstrates that the re-
moval of sulfur from the sulfide by reaction with
surrounding minerals or via the vapor phase under
conditions of declining sulfur fugacity can produce:

1. The exsolution of Pt and Ir from base—metal
sulfides in the form of PGE alloys.

2. Partial melting of the sulfide leading to the
formation of S-poor monosulfide solid-solution,
Fe—Pt—Ir alloy and highly mobile Cu—Ni—Pd-rich
sulfide liquid.

This could separate palladium from platinum and
iridium in natural ore systems resulting in the change
of the initial Pd/Pt and Pd/Ir ratio.

Idiomorphic PGM crystals do not automatically
provide evidence of primary crystallization from lig-
uid. Such crystals may also form by recrystallization
of exsolution-induced lamellae of PGM in PGE-bear-
ing base—metal sulfides as a result of sulfur removal
from the system, partial melting of sulfide when
reducing the sulfur fugacity, or simply cooling.
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