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ABSTRACT
Partition coefficients (D) for Ni, Cu, and platinum-group elements (PGE) between monosulphide solid solution (mss)
and Fe-sulphide liquid (lig) have been determined experimentally using an electron microprobe (EMP) to analyze
experimental run products. The EMP detection limit is approximately 0.05 weight per cent for the PGE, consequently
few results were obtained for Pt and Ir and the precision for Pd and Rh at low concentrations was poor. These run
products have been reanalyzed using a proton microprobe (PMP), which has a detection limit between 10 and 50ppm
for these elements.

It is now clear that D for all the elements show a strong dependence on the S content of the run in
S-undersaturated and S-saturated runs. However, in S-oversaturated runs the S content of the run does not appear to
influence D™, The greater precision of the PMP data establishes that in S-oversaturated runs D™ at 1000°C are
consistently higher than those at 1100°C. In contrast, D™ in the S-undersaturated and S-saturated runs are similar
at both temperatures. This difference in behaviour is thought to arise because in the S-undersaturated and S-saturated
runs the amount of S in the mss is controlled by the S content of the run. As the S content in the mss increases, the
number of vacancies in the structure of the mss also increases, and D™ yises. In contrast, in S-oversaturated runs
the mss has absorbed the maximum amount of S and thus the S content of the run no longer influences the structure
of the mss and hence does not control D™, Thus, the effect of temperature on D™"“only becomes apparent in
the S-oversaturated runs.

The tendency for Os, Ir, Ru and Rh to partition into mss and the exclusion of Cu, Pt and Pd from mss maybe used
to explain a number of phenomena; the zonation of massive sulphide bodies, the tendency for Os, Ir, Ru and to a
lesser extent Rh to be enriched in cumulates with minor sulphides, and the presence of two types of sulphides in
mantle nodules (an Os-Ir -rich mss and Cu-Pd rich pentlandite).

The tendency of sulphide liquids to crystallize RuOsIr and Pt-Fe minerals at low f'S2 may explain the enrichment
of RuOslr in ultramafic mafic cumulate rocks in the following manner. Sulphide solubility increases as pressures falls.
Thus, sulphide droplets in rising basalt magma could be partly resorbed. The PGM could crystallize from this liquid.
If these PGM survive long enough, then they could be incorporated into the early cumulate phases such as olivine
and chromite. This would explain both the presence of PGM in many olivine and chromite cumulates and the
tendency of more evolved magmas to have high Pd/Ir ratios.

mss/liquid

Introduction

The exact determination of partition coefficients by
experimental work has helped to understand a wide
variety of natural processes (e.g. Rollinson, 1993). Many
experiments have been carried out to investigate the
partition coefficients of the lithophile elements over the
past thirty years. In contrast, studies of the partition

coefficients for the siderophile elements are sparse. In
large part, this has been due to analytical difficulties in
determining siderophile element concentrations. These
partition coefficients are important since they are used in
models of a number of processes. The partitioning of
metals between sulphide liquid and monosulphide solid
solution (mss) could explain the compositional zonation
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Figure 1. Comparison of the results from the electron microprobe with results from the proton microprobe for: a) Rh, b) Pd, o) Ir, d) Pt.

observed in many magmatic sulphide ores (Barnes
et al., 1997b and references therein). Bulanova et al.
(1996) have used D™ to interpret the OsIrRu-enriched
patterns they found in a sulphide inclusion in a
kimberlite diamond. Further, the partitioning of metals
among sulphide liquid and metal alloys has been used
to speculate on how the Earth’s core formed (Jones and
Drake, 1986; Jana and Walker, 1997). Walker et al. (1995)
have suggested that crystallization of the Earth’s

Table 1. Run products and the bulk composition of the runs.

inner core as Fe-metal alloy and development of the outer
core as a S-bearing metal liquid could result in
the outer core being enriched in Pd and Re relative to Os,
Ir and Ru. They further speculate that plume-related
magmas contain evidence of this because they sample the
layer of mantle immediately in contact with outer core,
the D” layer, and are enriched in Pd and radiogenic Os.
We attempted to determine the partition coefficients
of Ni, Cu, Pd, Pt, Rh and Ir at 1000°C, and at 1100°C

Run # B11-1 L11-1 L11-2 B11-2 L11-3 L11-4 B11-3 B10-1 L10-1 L10-2 B10-2 L10-3 L10-4 B10-3
T°C 1100 1100 1100 1100 1100 1100 1100 1000 1000 1000 1000 1000 1000 1000
Swt% 3189  33.67 3533 3691 3833  39.67 41.01 3145 3367 3533 30696 3833 39.67 4095
Fe 49.85  48.33 46.67 4496  43.67 4233 4095 49.16 4833 40.67 4491 43.67 4233 40.95
Cu 5.04 5.00 5.00 4.96 5.00 5.00 5.02 5.00 5.00 5.00 4.96 5.00 5.00 5.04
Ni 4.98 5.00 5.00 4.99 5.00 5.00 4.95 4.93 5.00 5.00 5.08 5.00 5.00 4.96
Pd 2.08 2.00 2.00 2.11 2.00 2.00 1.96 2.09 2.00 2.00 1.96 2.00 2.00 2.05
Pt 2.12 2.00 2.00 2.10 2.00 2.00 2.02 3.48 2.00 2.00 2.12 2.00 2.00 2.01
Rh 2.08 2.00 2.00 1.94 2.00 2.00 2.04 1.95 2.00 2.00 1.98 2.00 2.00 2.06
Ir 1.97 2.00 2.00 2.04 2.00 2.00 2.05 1.95 2.00 2.00 2.04 2.00 2.00 2.00
run mss mss mss mss mss mss mss mss mss mss mss mss mss mss
products liquid  liquid liquid liquid  liquid  liquid  liquid liquid liquid  liquid liquid liquid liquid liquid

metal  metal S S S metal metal S S S

SOUTH AFRICAN JOURNAL OF GEOLOGY



SARAH-JANE BARNES, ESME VAN ACHTERBERGH, EMIL MAKOVICKY AND CHUSI LI

277

1005 100 3
= a) = b)
- saturated oversaturated — saturated oversaturated
~| undersaturated 7| undersaturated L~
0 0
- 10 4 0 0
105 0 " 3 0 . e e e
E o 0 i :
= e =
Z e e
a | g ey E 2
14 (] _
3 0.1
7 o P!
] T e
0.1 T T T T T 0.01 T T T T T i
46 48 30 52 54 56 38 46 48 50 52 54 56 38
% molar S in run % molar S in run
= =
m C) saturated oversaturated ] d) saturated oversaturated
-| undersaturated e - undersaturated N
L~ 0 0 0
- 0 - 0
0 0 e e ra: e
T e x 0 e
0.1 E e a 0.1 E e
p e ]
n B e (]
n 0 n
e 0
0
0.01 T 7 T T . . 0.01 T T T T T .
46 48 50 52 54 56 38 46 48 50 52 54 56 38
% molar S in run % molar S in run

Figure 2. Plot of D™ yersus S content of the run for a) Rh; b) Ir; ©) Pd; d) Pt. o = results for 1000°C; e = results for 1100°C. Note the

strong correlation between S content of the run and pss/liq for S-undersaturated and saturated runs. In S-oversaturated runs D

fairly constant and D at 1000°C are higher than at 1100°C.

among sulphide liquid, mss and metal alloy over a range
of Fe/S ratios (Li et al., 1996). These results showed that
the D™ of Ni, Cu, Pd and Rh are strongly controlled
by the S content of the run. However, there are only a
few results for Pt and Ir because, in many of the run
products, these elements were present at concentrations
less than the detection limit of the electron microprobe
(EMP). Thus, D™ for Ir at 1000°C and D™ for Pt
at 1100°C could not be determined. Further, the
relationship between D™ Pt and S content of the run
was ambiguous. These problems have been addressed
in this publication by determining the concentrations of
platinum-group elements (PGE) by proton microprobe
(PMP).

Experimental and Analytical Methods

In all of the experiments the dry condensed sulphide
systems were studied. After examining Kullerud’s et al.
(1969) phase diagrams the composition of the runs
(Table 1) was chosen so as to investigate a range of
S-activities. The experimental charges consisted of
150mg of material. Analytical grade pure elements
(metals from Johnson Matthey, S from Fluka AG) were
weighed out into silica tubes. The metals were in the

mss/liq is

form of filed shavings; the sulfur was in the form of
crushed crystals. All material was “Specpure” and “High
Purity”. The silica tubes were then evacuated and sealed.
The charges were preheated at 300°C for 3 days. The
temperature was then raised to 1000°C or 1100°C in a
vertical furnace and kept at the target temperature for 7
and 4 days respectively. Charges were quenched in an
ice bath, after which they were opened and the run
products mounted in epoxy and polished. A photograph
of a typical charge is shown in Li et al. (19906).

After examining the run products (Table 1) in
reflected light Li er al. (1996) divided the runs into three
groups. Borrowing from the terminology used in silicate
systems; S-rich runs containing crystals of native S
(representing quenched S-bearing gas), sulphide liquid
and mss, are referred to as S-oversaturated; runs with
intermediate S content containing sulphide liquid plus
mss, are referred to as S-saturated; and S-poor runs
containing metal alloy, sulphide liquid and mss, are
referred to as S-undersaturated. The compositions of all
these phases were determined by EMP. However, as
mentioned in the introduction the results for the PGE
were compromised by the high detection limit of the
EMP. Therefore, the PGE contents were determined by

SOUTH AFRICAN JOURNAL OF GEOLOGY



278 PARTITIONING OF PLATINUM-GROUP ELEMENTS

Table 2. Compositions of the sulphide liquid, the mss and Nernst partition coefficients between mss and sulphide liquid

Run # B11-1 L11-1 L11-2 B11-2 L11-3 L11-4 B11-3
T°C 1100 1100 1100 1100 1100 1100 1100
liquids
error error error error error error
Swt% 3427 33.63 34.34 35.72 360.17 30.57 36.44
Fe 51.35 46.19 43.27 41.95 40.69 41.90 41.97
Cu 5.60 7.80 8.94 8.30 9.59 9.60 8.15
Ni 4.97 6.24 6.07 5.78 5.31 5.03 5.44
Pd 2.11 0.0186 1.70 0.0170  3.32 0.0412 3.21 0.0366 4.14 0.0600  4.80 0.0410 2.96 0.0225
Pt 0.16 0.0105 0.94 0.0900  3.99 0.3330 2.89 0.2420  3.67 0.3330 3.95 0.4630 3.22 0.1780
Rh 1.72 0.0186 1.62 0.0200  1.27 0.0140 0.980 0.0106  0.907 0.0090 0.559 0.0071 0.937 0.0150
Ir 0.254  0.0216  0.647 0.0590  0.715 0.0740 0.561 0.0560  0.603 0.0610 0.572  0.0630 0.585 0.0550
mss
Swt%  37.05 37.38 37.58 37.80 38.40 38.47 37.92
Fe 58.91 57.10 52.22 48.95 47.52 47.64 46.80
Cu 1.14 1.56 2.15 2.05 2.56 2.24 1.93
Ni 0.99 2.21 3.47 3.99 4.09 4.85 4.05
Pd 0.036  0.0011 0.126 0.0016  0.310 0.0040 1.56 0.0178  0.551 0.0065 0.802 0.0075 0.455 0.0054
Pt 0.015 0.0018  0.049 0.0061  0.202 0.0200 1.33 0.1140 0.514 0.0550 0.659  0.0650 0.503 0.0450
Rh 0.76 0.0110 1.40 0.0171  2.35 0.0266 2.11 0.0258  4.58 0.0269  2.42 0.0240 3.64 0.0430
Ir 0.015 0.0044  0.743 0.0680  2.49 0.2290 1.92 0.1790  3.02 0.2450  3.93 0.2500 3.91 0.3660
Nernst partition coefficients
Pd 0.017  0.0005 0.074 0.0012  0.093 0.0017 0.486 0.0078 0.133 0.0025 0.167 0.0021 0.154 0.0022
Pt 0.092 0.0129  0.052 0.0082  0.051 0.0066 0.460 0.0551 0.140 0.0196 0.167 0.0256 0.156 0.0164
Rh 0.440  0.0080 0.864 0.0150 1.85 0.0292 2.15 0.0351 5.05 0.0582  4.33 0.0698 3.89 0.0773
Ir 0.061  0.0182 1.15 0.1483  3.48 0.4822  3.42 0.4674 5.01 0.0494 6.87  0.8739 6.68  0.8868
Run # B10-1 L10-1 L10-2 B10-2 L10-3 L10-4 B10-3
T°C 1000 1000 1000 1000 1000 1000 1000
liquids
* error error * error error error error
Swt%  31.49 32.12 31.20 31.54 33.95 34.72 34.23
Fe 42.92 40.24 33.11 27.98 31.96 31.71 32.48
Cu 10.78 12.68 15.68 17.01 16.82 17.08 16.39
Ni 9.83 8.57 7.56 6.21 433 4.27 4.27
Pd 4.15 1.0000 5.57 0.0920  6.53 0.0920 6.74 1.0000 8.26 0.1210  6.49 0.0819 6.81 0.0920
Pt 0.20 0.1300 1.08 0.1200  6.53 0.8060 9.23 1.5000 6.98 0.5500 5.59 0.4630 5.73 0.4400
Rh 1.39 0.1600  1.92 0.0250  0.865 0.0097 0.490 0.2000  0.140 0.0350 0.266  0.0032 0.410  0.0060
Ir 0.150  0.0750 0.225 0.0250  0.350 0.0561 0.150 0.0700  0.132 0.0200 0.240  0.0608 0.102 0.0120
mss
Swt%  306.80 37.34 37.68 37.59 38.39 38.20 38.39
Fe 59.21 56.50 53.30 46.88 47.35 46.09 46.34
Cu 1.82 2.60 3.46 4.33 4.13 4.24 3.67
Ni 1.82 3.11 3.35 4.93 4.94 5.08 493
Pd 0.049  0.0010 0.187 0.0028  0.536 0.0065 1.28 0.0156 1.42 0.0179 133 0.0144 1.61 0.0181
Pt 0.003 0.0010  0.017 0.0034  0.327 0.0270 1.17 0.0992  1.46 0.1220 1.29 0.1090 1.36 0.1160
Rh 0.54 0.0071 1.47 0.0174  1.00 0.0110 1.48 0.0172 153 0.0168 2.22 0.0260 2.33 0.0274
Ir 0.012 0.0057  0.309 0.0249 1.22 0.1120 1.65 0.1520 1.89 0.1750 2.31 0.2130 1.74 0.1620
Nernst partition coefficients
Pd 0.012 0.0029  0.034 0.0008  0.082 0.0015 0.190 0.0283 0.172 0.0033 0.205 0.003 0.236  0.004
Pt 0.013 0.0099  0.016 0.0036  0.050 0.0074 0.127 0.0233  0.209 0.0240 0.231 0.027 0.237 0.027
Rh 0.386  0.0447 0.766 0.0135  1.16 0.0182 3.02 1.2332 10.93 2.7349 8.35 0.140  5.68 0.107
Ir 0.077  0.0540 1.37 0.1885  3.49 0.6439  11.00 5.2324 14.32 2.5424  9.63 2.595 17.06 2.559

The error on the analyses is based on one standard deviation for 4 determinations of the PGE.

The error on the partition coefficients = oqrt [standard deviation mss/conconcentration mss)2 + (standard deviation liquid/concentration
liquid)2]*partition coefficent (Potts, 1987 equation 1.22)

* No PMP results available for the liquids, therefore the EMP results were used.
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Figure 3. Plot of pmss/liq versus vacancies in mss for a) Rh; b) Ir; ¢) Pd; d) Pt. o = results for 1000°C; e =

results for 1100°C. For

comparison results from other studies are shown; s= Fleet and Stone (1991), f= Fleet et al. (1993), b=Barnes et al. (1994).

PMP at the Heavy Ion Analytical Facility of the CSIRO,
North Ryde, Australia. Protons at energy of 3 MeV were
focused to produce a beam of 20 microns in diameter.
The beam has a penetration depth of 30 microns. The
X-ray spectra are collected by a Si(Li) energy dispersive
detector. The data were processed using the GeoPIXE
analysis software correcting for the effects of matrix
absorption and secondary fluorescence. Particular care
was taken to correct for the matrix effects of Cu. The
99% confidence detection limit for Pd and Rh is about
10ppm, and 30 to 50ppm for Ir and Pt. For more details
on the method see Ryan et al. (1990).

Results

Comparison of PGE concentrations determined by
PMP and EMP.

For each phase 4 points were determined and the
averages are presented in Table 2. The relative standard
deviations (standard deviation/average) for Pd and Rh
are generally 2% or less and those for Ir and Pt, 10% or
less. Comparisons of the PMP results with the EMP
results are shown in Figure 1. For Pd and Rh they are in
good agreement. In phases where Ir and Pt are present
at greater than one weight per cent the PMP and EMP
results are in agreement. However, below one weight
percent PMP results consistently tend to be higher
than the EMP results. The reason for this is not clear.
The beam size used in both methods was similar. The
penetration depth for the PMP beam is much deeper and

it could be argued that the PMP data is more
representative. However, the PMP data are the average
of only 4 points while the EMP data represent 20 points.
Further, the Pd and Rh show good agreement between
PMP and EMP results, thus both methods appear to be
producing representative averages for these elements.

Table 3. Regression coefficients and equations relating; Nerst
partition coefficients and S-content of the run, vacancies in mss

and S-content of the liquid

Element n r Equation

S-content of the run
(0.373*51-18.2)

Rh 10 0.961 D=e

Ir 10 0.918 D= 0623'8r-3D

Pd 9 0.924 D= 0385°5r:192)

Pt 8 0.939 D= 035575520
Vacancies in mss

Rh 22 0.941 D = 0.169% 248V
Ir 25 0.887 D = 0.6re 181V
Pd 24 0.913 D= 0.0106*6(225‘\'21(:)
bt 19 0.831 D = 00147207V
S-content of liquid

Rh 22 0.854 D = 0545527

Ir 25 0.789 D = 03675117

Pd 24 0.858 D = 04681255

Pt 19 0.911 D = (04371242)

n = number of samples; r = correlation coefficient
Sr = S molar content of the run; vac = vacancies in mss;
Sl= S molar content of the liquid
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Figure 4. Shape of the hybridized orbitals. From Evans (1966).

It is possible that some matrix effect is not being
adequately corrected for Ir and Pt in one or both of the
methods.

Partition coefficients between monosulphide solid
solution and sulphide liquid

Rbodium and Iridium

The D™¥ changes by over two orders of magnitude
from 0.3 to 11 for Rh and 0.06 to 17 for Ir (Table 2). The
S-oversaturated rtuns have the highest D™ and
S-undersaturated runs the lowest D™ In s-
undersaturated and S-saturated runs there appears to be
a strong positive correlation (Table 3) between S content
of the run and D™, These relationships may be
described by exponential equations (Table 3). The
difference in temperature of the runs does not appear to
have a strong influence on D™ (Figure 2a and b).

In contrast to the S-undersaturated and S-saturated
runs, D™ of the S-oversaturated runs appear to be
influenced by temperature and the D™ for both Rh
and Ir are higher at 1000°C than at 1100°C (Figures 2a
and b). Another difference between D™ of the
S-oversaturated runs and those of the S-undersaturated
or saturated runs is that D™ does not appear to be
affected by the S content of the run and is fairly constant
at any particular temperature.

Palladium and Platinum

The D™ of Pd and Pt are similar and vary by an order
of magnitude from 0.01 to 0.4. Broadly speaking D™
for both Pd and Pt show the same trends as those of Ir
and Rh (Figure 2 c,d ); i.e. strong positive correlations
(Table 3) between D™ and S content of the runs are
present for S-saturated and undersaturated runs. The
relationships may be described by exponential equations
(Table 3). The D™ for Pd and Pt from run B11-2 and
D™ for Pt from run B11-1 are exceptions to this.

The D™ for run B11-2 are higher than the values
derived from the other eight runs. Interestingly, the
D™ for Pd determined by EMP (0.19, Li et al., 1996)
does fall on the trend line. The concentrations of Pt and
Pd determined by EMP and by PMP for the liquid are
similar suggesting that these results are correct.
However, the EMP results for Pd in the mss were half
those of the PMP results. As the D™ for EMP results
fall on the trend line it seems reasonable to suggest that
it is the PMP results for the mss that are incorrect.
It should also be noted that the PMP results for Ir and
Rh are slightly lower than those obtained by EMP.
A possible explanation for this is that the proton beam
penetrates to a greater depth than the electron beam and
thus the PMP results for this run included some
subsurface liquid in the mss analysis.
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Figure 5. Plot of S content of the run versus S content of the mss.
Note the similarities between figures 3 and 5.

The D™ for Pt in one other run (B11-1) appears to
also be higher than would be predicted from the curve
calculated from the other eight runs. The Pt content
obtained by PMP for the liquid is similar to that obtained
by EMP (0.16 versus 0.17). The Pt content of the mss
obtained by PMP is low, 150 ppm, and less than the
detection limits of the EMP so direct comparison is not
possible. The fact that D™ is higher than predicted
and the fact the EMP and PMP analyses of the liquid
agree suggests that the mss Pt values are too high by a
factor of 3. Makovicky et al. (1990) have found that in
alloy-bearing runs the Pt from the alloy can be smeared
out during polishing of the epoxy mount. Possibly, some
Pt from the alloy present in this run contaminated the
mss results for this run.

As is observed for Ir and Rh the D™ for the 1000°C
and 1100°C runs are similar. In contrast, for the S-
oversaturated runs D™ are higher at 1000°C than at
1100°C.

Table 4. Compositions of the alloys and alloy sulphide Nernst
partition coefficients.

Run # B11-1-C L11-1-C B10-1-C L10-1-C
T°C 1100 1100 1000 1000
Fe wt%  13.83 9.08 21.15 16.25
Cu 0.91 0.47 0.68 1.07
Ni 0.33 0.57 1.51 1.23
pd 0.23 0.61 0.2
Pt 1.73 20.06 34.47
Rh 1.93 1.83 8.97 3.6
Ir 82.18 87.09 43.18 42.92
Alloy-sulphide liquid Nernst partition coefficients

error error error error
pd 0.11  0.07 0.15 0.04 0.04 0.03
Pt 11 2 130 13 32 3.2
Rh 1.1 033 1.1 036 0.4 042 19 0.30
Ir 323 32 135 13 288 28 191 19

Error on partition coefficients defined as in Table 2

Nickel and Copper

The results for Ni and Cu were reported in Li et al.
(1996) and Barnes et al. (1997b, Figure 2). In these
papers it was shown that D™ in the S-Fe-Ni-Cu-PGE
system are similar to the values reported by Fleet and
Pan (1994) and Ebel and Naldrett (1997) for the S-Fe-Ni-
Cu system. The D™ of Cu covers a narrow range from
0.1 to 0.3 and shows a positive correlation with the
S-content of the run. Nickel covers a wider range from
0.1 to 2 and appears to be dependent on the S-content
of the run and upon temperature. Equations for these
relationships are derived in Barnes et al. (1997b).

Comparison with other publisbed results

Fleet et al. (1993) have determined D™ for PGE at
1000 to 1040°C and a run composition of 53% molar S.
Fleet and Stone (1991) have determined D™ for Ir,
Rh, Pd and Pt for the Fe-Ni-S system in S-undersaturated
conditions at 1000°C . Values of D™ for Pd have been
determined in a number of systems; e.g. Fe-Pd-S at
900°C (Makovicky and Karup-Moller, 1993) and the Fe-
Cu-Pd-S system at 900 and 1000°C (Barnes et al., 1994).
In our experiments we have shown that for most of the
metals D™ varies by one to two orders of
magnitude and that this variation appears to be
dependent on the S-content of the system. Therefore,
our results should be compared with other results in
terms of D versus molar S-content of the run. However,
not all the other published results give the composition
of their runs so we cannot make this comparison. As will
be discussed below we assume that the tendency of the
PGE to enter mss is influenced by the number of
vacancies in the mss. (Vacancies are the x in the MaS
formula and x = [S]-IM] , the form of the graph is exactly

the same if we plot molar S in mss). preylia

versus
vacancies in mss for all the available data are shown in
Figure 3. The experimental work of Kullerud et al.
(1969) indicates that up to 0.25 vacancies are possible in
mss at 1100°C. More recent work by Ebel and Naldrett
(1997) indicates a lower number of vacancies but still up
to 0.18 for the system Fe-Ni-Cu-S. For the experiments,
which include PGE, we calculate the vacancies present
in mss to be between 0 and 0.17, i.e. within the normal
range for mss.

In most cases the literature values are in broad
agreement with our data and fall on the same trends
(Figure 3 and Table 3). An exception to the good
coherence of the data is the results for Pt from Fleet and
Stone (1991). Their Pt data are higher than ours (0.2
versus 0.013) and , if correct, suggest a difference in
behavior between Pd and Pt. However, for the runs in
our study and for runs in Fleet ef al. (1993) D™ are
similar for both Pt and Pd. Therefore, we believe our
results are the correct results in this case.

Osmium, Rutbenium and Gold

Osmium, Ru and Au were not investigated in this study.
However, they have been investigated by Fleet et al.
(1993) for the S-saturated system between 1000 and 1040
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C® Osmium and Ru were found to be compatible with
regard to mss, with partition coefficients similar to Ir.
We are currently investigating Os and Ru partition coef-
ficients over a range of S-contents and preliminary
results suggest that these elements behave similarly to Ir
(Peregoedova et al., in prep). Fleet et al. (1993) found
that Au had a low partition coefficient into mss (0.09).

Partition coefficients between sulphide liquid and
alloy.

An Ir-Pt-Fe alloy formed in the low-S runs. Iridium has
very high partition coefficients into this alloy of 130 to
320 (Table 4), while the partition coefficients for Pt are
slightly lower (10 to 130). Rhodium is moderately
compatible with regard to alloy, with a partition
coefficient of 1 to 6. Palladium is not compatible with
regard to the alloy and has low partition coefficients
(0.04 to 0.1D).

These observations are consistent with the work of
Fleet and Stone (1991), Jana and Walker (1997) and
Brenan and Andrews (2001). All of these studies found
Fe-Ir-Pt alloys in their low-S runs and partition
coefficients covering similar ranges for Pt, Rh and Pd to
our study. The Ir partition coefficients cover a wider
range in their experiments (50 to 2000). The com-
position of the runs and hence composition of the alloys
in various experiments reported in the literature varied a

versus molar S in the liquid a) Rh; b) Ir; ¢) Pd; d) Pt

great deal and thus more detailed comparison of the
type used for the mss partition coefficients is not
justified. The salient point to note is that in low-S liquids,
alloys tend to form and these alloys generally accept Os,
Ir, Ru and in some cases Pt. Pd is generally excluded
from the alloys and Rh shows neutral behavior.

Discussion

Structure of the mss, and temperature as controls
on Dmss/liq

The substitution of trace elements into a solid
normally considered to be controlled by three factors: 1)
the nature of the bonding; 2) the size of the lattice site;
and 3) the charge balance, (Burns, 1970). For Ni, Cu and
the noble metals the character of the bonding between
S and metal may be calculated using the formula
100 to 16*(electronegativity S-electronegativity M)+3.5*
(electronegativity S-electronegitivity M)* (Evans, 19606).
This formula suggests that the bonding in sulphides
between metals and S should be largely covalent
(Table 5). Covalent bonds are formed by hybridization
of the outer electron orbitals. Thus an important feature
controlling which metal may substitute for another
should be whether the substituting metal can form the
same hybridized orbitals as the metal it is replacing. The
electron configuration of Fe, Os, Ir, Ru and Rh leads
them to adopt a d’sp’ configuration (Evans, 1966)

is
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Table 5. Properties of the Chalcophile Elements

Element Electrone- Covalent  Preferred Co- Covalent
gativity  character  hybridization ordination Radius
% A

Fell 1.8 91 d2sp3 VI 1.23
Nill 1.8 91 dsp2 IVsq 1.39
Nill 1.8 91 d2sp3 VI 1.39
Cul 1.9 92 sp3 IV tet 1.35
Cull 1.9 92 dsp2 IV sq 1.35
Osll 2.2 96 d2sp3 VI 1.33
IrIII 2.2 96 d2sp3 VI 1.32
Rull 2.2 96 d2sp3 VI 1.33
RhIT 2.2 96 d2sp3 VI 1.32
PtIT 2.2 96 dsp2 IV sq 1.31
PdII 2.2 96 dsp2 IVsq 1.31
Aul 2.4 98 sp3 IV tet 1.5
Aulll 2.4 98 dsp2 IV sq 1.4

S 2.5 100 spd4 VI tri 1.04

sp3 IV tet

Source Evans (1966)

suitable for octahedral sites (VI fold coordination,
Figure 4), but Pd and Pt prefer dsp’ configurations
(Evans, 1966) suitable for square planar sites (IV fold
coordination, Figure 4). Further, Cu, Ag, and Au adopt
either dsp” or sp’ hybridizations (Evans, 1966) suitable
for either tetrahedral or square planer sites (IV fold
coordination, Figure 4). Nickel may adopt either a d’sp’
or dsp’ configuration, i.e. either an octahedral or a
tetrahedral site. In mss the metals substitute for Fe,
which has a d’sp” hybridization i.e. VI fold coordination,
thus it may be predicted that Pd, Pt, Cu, and Au would
be excluded from the structure on the basis of their
preference for IV-fold sites. All of the other metals
readily adopt an octahedral configuration and
should partition into mss. Thus, based on the
nature of the hybridized orbitals present we would
predict the order of substitution into mss to be
Os~Ir~Ru~Rh~Ni>Pt~Pd~Au~Cu. Nickel has a covalent
radius, which is considerably larger than the other
metals and would have a lower partition coefficient into
mss. Based on the large radius of Au, this metal
should be the most incompatible. Combining the
order based on radii with the order based on
hybridization orbitals predicts a substitution in the order
Os~Ir~Ru~Rh>Ni>>Pt~Pd~Cu>Au (Table 5). This
matches the increase in the value partition coefficients.

In S-saturated and S-undersaturated runs it appears
that the greater the S-content of the mss the larger the
partition coefficients for the metals into mss are. In
contrast, the partition coefficients change very little in
S-oversatureated runs (Figure 2 and Barnes et al,
1997b). The S content of mss shows the same
relationship to the S content of the run as D™ namely
for S-undersaturated and saturated runs there is a strong
positive correlation with S content of the run, but the
trend flattens out in S-oversaturated runs (Figure 5).

Simply put, in S-undersaturated and S-saturated runs the
amount of S in the mss is controlled by the amount of
S in the run, but at some point no more S can be
accommodated in the mss and free S forms, therefore in
S-oversaturated runs there is no correlation between
S content of the run and S content of the mss. The
greater the S content of the mss the greater the number
of cation vacancies in the mss. It has been suggested that
the D™ of Ni, Cu and the PGE is controlled by the
number of vacancies in the mss structure (Li ef al., 1996).
This theory can be tested by plotting vacancies in mss
versus D™ (Figure 3). All of the results (ours plus the
literature results) show strong positive correlations
(Table 3) indicating that vacancies could indeed control
the Dmss/liq

The reason for this could be that, because all of the
PGE are larger than Fe (Table 5), their substitution into
mss require distortion of the lattice. The greater the
S content of the mss the more metal vacancies there are
in the mss (MaxS). The more vacancies there are the
easier it is to distort the lattice and thus the higher the
metal partition coefficient into mss. In the case of Pd,
Pt, Au and Cu their preference for IV fold coordination
would lead to an additional tendency to distort the
lattice and hence another reason for there to be a
relationship between vacancies and partition coefficient.
Ballhaus and Ulmer (1995) made a similar point for the
partitioning of Pt and Pd into pyrrhotite. We would,
therefore, predict a positive correlation between D™
and number of vacancies in mss. This correlation is
observed for Ir, Rh, Pd, Ni, and Cu. For Pt the trend is
less clear. As was mentioned above, the results from
Fleet and Stone (1991) are somewhat higher than ours,
and if these two points are ignored, then the trend is as
predicted.

The results from the S-oversaturated runs make it
clear that D™ for the PGE are higher at 1000°C than
at 1100°C (Figure 2). Yet, in the S-undersaturated and
S-saturated runs the results for both temperatures are
very close, with slightly higher results at 1100°C. Li et al.
(1996) noticed this trend in D™ for Ni, Pd and Rh.
The reason for the similarity of the 1000 and 1100°C
results may be that the mss that forms at 1100°C contains
more S and thus more vacancies than the mss that
formed at 1000°C (Figure 5). Therefore, for a particular
S content of the run there are two competing forces.
The effect of lowering the temperature is to raise D™
for the PGE, but at the same time lowering the
temperature decreases the S content of the mss and
consequently the number of vacancies. At 1100
and 1000°C the net result is, that for S-undersaturated
™9 are almost equal.

Our model for the partitioning of the metals into mss
suggests that the main factor controlling the D™ is the
structure of mss (the solid). In contrast, for the system
sulphide liquid-metal alloy Jones and Malvin (1990)
noted that the partition coefficients into the metals
increase with S-content of the liquid. They have
proposed a model whereby the partition coefficient into

and S-saturated runs D
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the alloy is controlled by the metal tendency to avoid
S in the liquid, rather than the structure of the alloy. We
have applied their model to the system mss-sulphide
liquid by plotting D™ versus molar S of the liquid.
A positive correlation is observed for all four of the
elements, as their model predicts (Figure 6). However,
two points lead us to prefer the model based on the
structure of the mss. Firstly, their model does not explain
why Ir and Rh should be more compatible than Pd and
Pt and secondly, there is a stronger correlation between
D™ and vacancies than between D™ and S-content
of the liquid (Table 3).

Application to natural examples

Formation of compositionally zoned massive
sulpbides.

It has been suggested that pyrrohite-rich portions of
massive sulphide bodies represent mss cumulates and
the chalcopyrite-rich portions represent the fractionated
sulphide liquid. Empirical D™ have been calculated
based on compositionally zoned sulphides for Sudbury
(Li et al., 1993) Noril'sk (Naldrett et al., 1994; Zientek
et al., 1994); Cape Smith, Duluth, Alexo and Noril'sk
(Barnes et al., 1997a and b) and Duluth (Theriault and
Barnes, 1998). The empirical D™ (Ir 2 to 5; Rh 2 to 4;
Pt 0.05 to 0.1; Pd 0.075 to 0.2) are similar to the
experimental D™ obtained for S-saturated runs. Thus
the experimental D™ help define the conditions
under which the ore bodies formed. Barnes et al.
(1997b) compiled all of the partition data for Ni, Cu and
PGE available at the time to derive equations relating
D™ to S content of the liquid, and modeled a
sulphide ore associated with a komatiite and one
associated with a flood basalt. In this modeling it was
found necessary to use D™ of the S-saturated runs. It
was also necessary to allow for a temperature difference
in the formation of the two ores (900°C versus 1100°C)
to accommodate the change in the behavior of Ni, which
is commonly found to be compatible in tholeiitic-related
ores and incompatible in komatiitic-related ores. It is
quite probable that the effects of temperature should
also be considered on D™ for the noble metals and
that D™ will change during crystallization of the
sulphide liquid but we have insufficient data at present
to evaluate this.

Bebaviour of sulpbides during partial melting of
the mantle

Bulanova er al. (1996) found mss enriched in Os, Ir and
Ru in diamonds from kimberlites. This mss could be
residual formed by the partial melting of mantle
sulphide to form an Fe-mss and a Cu-rich liquid, or it
could have crystallized from trapped sulphide melt,
which has subsequently migrated away (Bulanova et al.,
1996). Recent detailed work on mantle samples indicate
that two types of sulphide are present in some mantle
nodules (Alard er al., 2000); an Os-Ir rich mss enclosed
in silicates (interpreted as residual) and an Cu-Pd rich
pentlandite, which is interstitial to the silicates and is

interpreted to have been added by basalt melts. The
presence of residual mss (enriched in Os, Ir, Ru and Rh)
would help to explain the low levels of these elements
in picrites and basalts.

Bebaviour of sulpbides during ascent of the
magma

Following the work of Wendtland (1982), Mavrogenes
and O'Neill (1999) have shown that S solubility is
critically dependent on pressure. According to their
experimental work most basalts must be saturated in
sulphides when they leave their residuum and some
sulphides should normally remain in the mantle. The
partition coefficients between sulphide liquid and
silicate liquid are very high, therefore if sulphides
remained in the mantle, then one would not expect any
PGE in basalts. The fact that many types of basalt
contain some PGE suggests that the basalt must entrain
some sulphide droplets. If these sulphide droplets are
the product of partial melting of the mantle sulphides
they will be enriched in Pd and Pt relative to the other
PGE. As the basalts rise and pressure decreases, these
sulphide droplets would start to dissolve and the f'Sz in
entrained sulphide droplets would fall. If the basalt were
transferred directly to the surface, then the sulphides
would be resorbed and a non-sulphide bearing, but
moderately PGE-rich basalt would erupt. If, on the other
hand, the magma moved more slowly PGM could
crystallize from the sulphide liquid before the sulphide
droplets were completely resorbed. Experimental work
indicates that Pt-Ir alloys and RuOs sulphides form in
sulphide liquids at low-S concentrations (Peregoedova
and Ohnenstetter (sub); Brenan and Andrews, 2001;
Fleet and Stone, 1998; Jana and Walker, 1997; Li et al.,
1996). Eventually, the sulphide liquid could be
completely resorbed, but the PGM consisting largely of
Pt-Ir alloys and laurite might continue to survive long
enough for them to be incorporated in the early
crystallizing phases such as olivine and chromite, much
in the manner originally outlined by Hiemstra (1979).
This appears to us to be an elegant mechanism for
reconciling the observation that Os, Ir and Ru and on
occasion Pt occur as alloy and laurite inclusions in
silicates and oxides cumulates and the fact that the
silicate magmas from which they apparently crystallized
contain only ppb concentrations of PGE.

The idea that alloys could exist in the presence of a
sulphide liquid has been challenged by Peach and
Mathez (1996) who found that a sulphide liquid in the
presence of Ir alloy contains 4 weight % Ir. The recent
experimental work of Brenan and Andrews (2001)
suggests that at least 1 weight % Ru is required to
saturate a sulphide liquid in laurite or alloys. Both
publications suggest that PGM will not crystallize from
natural sulphide liquids since no natural liquid contains
PGE at the percent level. This argument ignores the
sensitivity of the system to the S content of the liquid
(Jana and Walker, 1997). In our runs we found Pt-Ir
alloys were present in equilibrium with sulphide liquids
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that contained as little as 0.15 weight % Ir (Table 2).
Fleet and Stone (1991) and Jana and Walker (1997)
report results showing Ir concentrations as low as 0.01
% and less in equilibrium with alloys. Because the
different experiments were run under very different
conditions and different alloys were produced a more
detailed analysis of the problem is not warranted at this
time. Suffice to say that we are not aware of any
experiments performed at sufficiently low concen-
trations of PGE to mimic natural systems. Further, apart
from Makovicky et al. (1990) the experiments to date
have not incorporated elements such as As, Te and Sb
which would greatly effect the solubility of the PGE in
the sulphide liquid. Thus, whether the sulphide liquid
could become saturated in alloys and other PGM at low
S-contents remains an open question.

Bebaviour of sulpbides during formation of
silicate or oxide cumulate

Monosulphide solid solution accumulation in silicate or
oxide dominated rocks has not been considered until
recently. Maier and Barnes (1999) modeled much of the
Os, Ir, Ru and Rh enrichment found in the Lower and
Critical Zones of the Bushveld Complex as the product
of mss accumulation. Peck et al. (2001) use a similar
model for the East Bull Lake anorthosite. Andersen et al.
(1998) and Arnason and Bird (2000) have carried the
model one step further and suggested that zonation of
noble metals found in the Skaergaard and Kap Edvard
Holm intrusions are the product of alloy crystallization
from the sulphide liquid at low-f S2. Barnes and Maier
(2002) have suggested that the strong enrichment of Pt,
Os, Ir, Ru and Rh in the chromitite of the Merensky reef
is the result of PGM crystallization from the sulphide
liquid. The PGM crystallization was initiated by the
interaction between the chromite and the sulphide
liquid, which lowered the f'Sz of the sulphide liquid to
allow the crystallization of the PGM.

Conclusions

The D™ for Ir and Rh vary by over two orders of
magnitude from 0.06 to 17. The D™ for Pt and Pd
vary by one order of magnitude from 0.01 to 0.4. In
S-undersaturated and saturated systems there is a strong
positive correlation between D™ and the S content of
the runs. In S-oversaturated systems D™ is not
strongly influenced by the S content of the runs. The
relationship between D™ and S content of the run
and composition of the mss and S content of the run is
similar. This suggests that it is the number of metal

mss/liq in the

vacancies in the mss, which controls D
The more
vacancies there are the more the structure can be
deformed to allow the entry of the PGE, which are larger
than Fe and need to distort the structure. In the
S-oversaturated runs it is clear that D™ is higher in the
1000°C runs than in the 1100°C runs. In the
S-undersaturated and saturated runs, the increase in

D™ that one would expect to observe in the 1000°C

S-undersaturated and saturated runs.

compared with the 1100°C runs is offset by a change in
the mss structure.

The preference of Ir, Rh, Os and Ru for mss over
sulphide liquid can be used to model the compositional
zonation commonly found in massive sulphides.
Incongruent melting of sulphides in the mantle may lead
to the formation of an mss rich in Os, Ir, Ru and Rh in
the residuum and a sulphide liquid rich in Cu and Pd,
which is transported from the site of melting by the
silicate, melt. As pressure falls the sulphide melt may be
resorbed and Os-Ir alloys, laurite and possibly Pt-Ir
alloys may crystallize from the S-poor sulphide liquid.
These PGM could be incorporated in the first silicates
and oxides that form from the basaltic melt and would
explain the tendency for Os, Ir and Ru to show
compatible behavior during the crystallization of olivine
and chromite.
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