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account completely for the effects of temperature and sulphide composition on the partitioning of Ag,
Cd, Co, Cr, Cu, Ga, Ge, In, Mn, Ni, Pb, Sb, Ti, Tl, V and Zn. The model was developed from partitioning
experiments performed in a piston-cylinder apparatus at 1.5 GPa and 1300 to 1700°C with sulphide
compositions covering the quaternary FeS-NiS-CuSg5-FeO.

Keywords: Partitioning of most elements is a strong function of the oxygen (or FeO) content of the sulphide. This
chalcophile element partitioning increases linearly with the FeO content of the silicate melt and decreases with Ni content of the sulphide.
thermodynamic modelling As expected, lithophile elements partition more strongly into sulphide as its oxygen content increases,
MORB generation while chalcophile elements enter sulphide less readily with increasing oxygen. We parameterised the

effects by using the ¢-model of non-ideal interactions in metallic liquids. The resulting equation for
partition coefficient of an element M between sulphide and silicate liquids can be expressed as

Iph/sil B n 1673
log D3PSt — 4 4 T = 5 loglFeOlcor + T[e{g@m log(1 — Xreo)

+ &N, , 108(1 = Xnis) + eys s log(1 — Xeusos)]

where A is a constant related to the entropy change of the partitioning reaction, B is a constant related to
its enthalpy and n is the valency of the element of interest. Interaction parameters £C, gNiS and gCuSos
refer to non-ideal interactions between trace element and matrix, Xreo, Xnis, XcuSys and Xpes are mole
fractions of FeO, NiS, and CuSps in sulphide and FeOc, is FeO content of silicate liquid (wt%) corrected
for the ideal activity of FeS in the sulphide as follows:

[FeOlsilicate
[Fe/(Fe + Ni + Cu)Isuipn

[FeOlcorrected =

We find, for most elements, that the effect of Ni and Cu on partitioning is significantly smaller than the
effect of oxygen. The effects of temperature are greatest for Ni, Cu and Ag.

We used our model to calculate the amount of sulphide liquid precipitated along the liquid line of
descent of MORB melts and find that 70% of silicate crystallisation is accompanied by ~0.23% of
sulphide precipitation. The latter is sufficient to control the melt concentrations of chalcophile elements
such as Cu, Ag and Pb. Our partition coefficients and observed chalcophile element concentrations
in MORB glasses were used to estimate sulphur solubility in MORB liquids. We obtained between
~800 ppm (for primitive MORB) and ~2000 ppm (for evolved MORB), values in reasonable agreement
with experimentally-derived models. The experimental data also enable us to reconsider Ce/Pb and Nd/Pb
ratios in MORB. We find that constant Ce/Pb and Nd/Pb ratios of 25 and 20, respectively, can be achieved
during fractional crystallisation of magmas generated by 10% melting of depleted mantle provided the
latter contains >100 ppm S and about 650 ppm Ce, 550 ppm Nd and 27.5 ppb Pb.

Finally, we investigated the hypothesis that the pattern of chalcophile element abundances in the mantle
was established by segregation of a late sulphide matte. Taking the elements Cu, Ag, Pb and Zn as
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examples we find that the Pb/Zn and Cu/Ag ratios of the mantle can, in principle, be explained by
segregation of ~0.4% sulphide matte to the core.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Sulphides, despite their low modal abundances in most rocks,
have a propensity to concentrate a number of elements which are
of geochemical and economic importance. These include Pt-group
elements, Cd, In, Cu, Ag and Pb which means that they are major
carriers of these elements in mantle and crust. The decreasing sol-
ubility of S in silicate melts with decreasing temperature (Holzheid
and Grove, 2002) and the common presence of immiscible sul-
phide globules in basaltic magmas imply that MORB are generally
at sulphide saturation throughout their path of ascent to the sur-
face. This has profound effects on the Ce/Pb and Nd/Pb ratios of
N-MORB which appear to be approximately constant at ~25 and
~20 respectively (Hart and Gaetani, 2006). Since Pb is much more
incompatible in mantle silicates than Ce and Nd, the only way of
keeping these ratios constant is to remove a small fraction of chal-
cophile Pb in precipitating sulphide. We show below how this and
related observations can be used to constrain the extent of sul-
phide precipitation and sulphide composition during fractionation
of MORB melts. The ability of sulphides to concentrate chalcophile
elements is economically important in the context of, for example,
Ni and PGE-rich magmatic sulphide deposits, and high tempera-
ture copper porphyry deposits. Many other chalcophile elements
(Cd and In for example) are also of economic importance, which
makes the interpretation and understanding of their geochemical
behaviour of considerable value.

Sulphide and chalcophile elements have played important roles
in the accretion and differentiation of the Earth. S is, for an ele-
ment of its volatility, of very low abundance in the silicate Earth
(Dreibus and Palme, 1996). Dreibus and Palme (1996) compared
the abundance of S with that of Zn, an element of similar volatil-
ity and estimated that about 99% of Earth’s sulphur resides in the
core. This probably arose from a combination of dissolution in the
segregating Fe-rich core and addition to the core of a late sul-
phide matte (O’Neill, 1991; Wood and Halliday, 2005). The effects
of such a matte would be to remove large fractions of chalcophile
elements to the Earth’s core with corresponding increase in ratios
such as U/Pb in the silicate Earth (Hart and Gaetani, 2006). Hart
and Gaetani (2006) also suggested that the “lead paradox”, the
observation that silicate Earth lies to the right of the “geochron”
on a 207pb204ph vs 206ph/204pp diagram could be due to ongoing
Pb dissolution, as sulphide, into the core. Quantitative interpreta-
tion of this possibility requires an accurate model of Pb sulphide-
silicate partition coefficients, however.

A plot of elemental abundance in the silicate Earth versus tem-
perature of 50% condensation from a gas of solar nebula compo-
sition (Lodders, 2003) shows that the silicate Earth is strongly de-
pleted in chalcophile elements such as Ag, Se, Ge, Bi, Tl, Cd and Sb
relative to lithophile elements of similar volatility. Segregation of
the putative “Hadean matte” to the core late in accretion is a plau-
sible explanation but cannot be quantitatively explored without a
reliable model for sulphide-silicate partitioning of the chalcophile
elements.

Experimental liquid sulphide-liquid silicate partitioning stud-
ies reported in the literature have explored the behaviour of a
range of chalcophile elements (Cu, Co, Pb, Bi, Ag, V, Ni, Zn, As,
Mo, Sn, Sb, W, Au) under different oxygen and sulphur fugacity
conditions (Gaetani and Grove, 1997; Holzheid and Lodders, 2001;
Li and Audétat, 2012; Li, 2014; Mungall and Brenan, 2014; Ripley
et al., 2002; Wood et al., 2008). This is because the partitioning

of a given element is controlled by the ratio of oxygen to sulphur
fugacities as can be seen from the equilibrium:

MOp/2 + §S2= MSp2  + 502
silicate sulphide

(1)

In Eq. (1) n is the valence of element M. Although a perfectly
valid experimental approach, the utility of data at known oxygen
to sulphur fugacity ratio is questionable, because it is impossible to
determine the ratio of oxygen to sulphur fugacities very accurately
for natural samples. This makes extrapolation from experiment to
nature rather uncertain.

Our approach (Kiseeva and Wood, 2013) is to circumvent the
need to define oxygen and sulphur fugacities by treating chal-
cophile element partitioning in terms of an exchange reaction be-
tween element M in the silicate melt and Fe in the sulphide liquid:

MOp2 + %FES = MSp,2
silicate  sulphide sulphide

+ SFeO
silicate

(2)

Using this approach we were able to parameterise the sulphide-
silicate partition coefficients of a number of chalcophile elements
as a function of the FeO content of the silicate liquid in equilibrium
with the liquid sulphide (Kiseeva and Wood, 2013).

Partition coefficients may be defined as

Iph
Dsulph/sil _ Cf\t;p (3)
M - CSil
M

where D is the partition coefficient of the element M between sul-
phide and silicate and C is concentration of this element measured
in ppm in each phase.

The relationship between partition coefficient and FeO content
of the silicate liquid could, we showed, be represented as follows:

log Df&lph/s"l ~ A+ g log[FeO] (4)

where A is a constant related to the free energy of Fe-M exchange,
n depends on the valency of element M and [FeO] is the concen-
tration of FeO in the silicate liquid in wt%.

Kiseeva and Wood (2013) demonstrated the validity of the ap-
proach embodied by Eq. (4) for a number of chalcophile and mod-
erately chalcophile elements at constant temperature (1400 °C),
pressure (1.5 GPa) and essentially constant sulphide and silicate
liquid compositions. Although there were sufficient thermody-
namic data for us to calculate the theoretical effect of temperature
for some elements, our initial approach was to test Eq. (4) under
isothermal and isobaric conditions. Demonstration that it is valid
provides a framework for extensions to determine the influences
of pressure, temperature and liquid composition.

We consider, initially, that the effects of pressure in the region
of magma genesis and fractionation on Earth (0-3 GPa approxi-
mately) are subordinate to those of temperature. Literature data
on sulphide-silicate melt partitioning of Ni and Co (Li and Agee,
1996) show that the change in partition coefficients on increas-
ing pressure from 2 to 10 GPa is very small. Undetectable pressure
effects between 0 and 24 GPa were also obtained by Wood (unpub-
lished data) for sulphide-silicate partitioning of Pb, V, Sb and TL
Thermodynamic data by Barin et al. (1989), on the other hand im-
ply strong temperature effects on sulphide-silicate partitioning of
Cu, Ni and Pb which requires that the temperature effects be thor-
oughly explored. Furthermore, given that most natural sulphides
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Table 1
Experimental results.
Run No. Starting composition Duration Temperature
(h) (°0)
Cul-1 MORB + FeS + 5.4%Cu;0 + 0.3%NiO 2 1400
Cu2-1 MORB + FeS + 7.4%Cu;0 + 0.4%NiO 2 1400
Cu3-1 MORB + FeS + 9.9%Cu;0 + 0.2%NiO 2 1400
Cu4-1 MORB + FeS + 2.5%Cu;0 + 0.2%NiO 3 1400
Cu5-1 MORB + FeS + 5%Cu,S 2 1400
Cu6-1 MORB + FeS + 7.2%Cu;,S + 0.5%NiS 2 1400
Cu7-1 MORB + FeS + 9.9%Cu;S + 0.6%NiS 2 1400
Cu8-1 MORB + FeS + 2.7%CuzS + 1.2%NiS 2 1400
Cu8-2 MORB + FeS + 2.7%Cu;S + 1.2%NiS 2 1400
Cu9-1 MORB + FeS + 4.9%Cu;S + 5.4%NiS 2 1400
Cul0-1 MORB + FeS + 2.1%Cu,S + 0.7%NiS + 20%FeO 1.5 1400
Cull-1 CMAS + FeS + 2.2%Cu,S + 0.5%NiS 2 1400
Cul2-1 MORB + FeS + CuyO(tr) + 11.5%NiS + 25%FeO 2 1400
KK12-2 MORB + FeS + NiS(tr) + 33%FeO 1.5 1400
Ni3-1 CMAS + FeS + CupO(tr) + 23%Ni3S; + 3.4%FeO 2 1400
Ni5-2 MORB + FeS + 23%Cu,S + 27%Ni3S; 0.25 1400
Ni6-2 MORB + FeS + 24%Ni3S; 0.5 1400
Ni7-1 MORB + FeS + 24.8%Ni3S; + 6.3%FeO 0.17 1400
KK4-6 MORB + FeS + 0.5%NiS 0.5 1650
KK4-7 MORB + FeS + 0.5%NiS 0.5 1650
KK4-8 MORB + FeS + 0.5%NiS 2 1300
KK4-9 MORB + FeS + 0.5%NiS 1 1500
KK4-10 MORB + FeS + 0.5%NiS 3 1300
KK15-6 MORB + FeS + NiS(tr) + 20%FeO 0.5 1650
KK16-3 CMAS + FeS + 0.5%NiS 0.5 1650
Cul0-2 MORB + FeS + 2.1%Cu;,S + 0.7%NiS + 20%FeO 0.5 1650
Cull-2 CMAS + FeS + 2.2%Cu,S + 0.5%NiS 0.65 1600
Cull-3 CMAS + FeS + 2.2%Cu,S + 0.5%NiS 0.2 1700
Cull-5 CMAS + FeS + 2.2%Cu,S + 0.5%NiS 1 1500

Graphite capsules were used for all runs. NiS(tr) - less than 0.5% added in the bulk starting mixture.
MORB - taken from Falloon and Green, 1987 (Table 1, column 2). CMAS - Foy;DizgAnsg.
All runs were doped with trace element mixture TR (see Kiseeva and Wood, 2013).

are solid solutions between FeS, NiS and Cu,S, it is also impor-
tant to test compositional effects on trace element partitioning, by
varying Cu and Ni contents of sulphide liquids. The principal aims
of this study were, therefore, to establish the effects of temperature
and sulphide melt composition on sulphide-silicate melt partition-
ing of 16 elements: Ag, Cd, Co, Cr, Cu, Ga, Ge, In, Mn, Ni, Pb, Sb,
Ti, T, V and Zn. In the course of our experimental program, how-
ever, we established that the oxygen content of the sulphide has a
profound effect on the partitioning of many of these elements. We
therefore also established and parameterised the “oxygen effect”
for these 16 elements partitioning between sulphide and silicate
melts.

2. Experimental methods

We used, as starting materials, ~50:50 mixtures of synthetic
sulphide and synthetic silicate, by weight. Sulphide components
were principally mixtures of analytical grade CuyS, NiS (or Ni3S;)
and FeS. For some of the experimental compositions (see Ta-
ble 1) Cuy0 and NiO were used as sources of Cu and Ni in-
stead of CuS and NiS. No textural differences were observed
between experiments employing oxides of these 2 elements and
those in which sulphides were used. The silicate constituents
were the same as those used in our previous study (Kiseeva
and Wood, 2013) with silicate being added either as fused (at
IW + 2 log units) synthetic MORB (Falloon and Green, 1987) or
as a fused CaO-MgO-Al,03-Si0> composition close to the 1.5 GPa
eutectic composition in the system anorthite-diopside—forsterite
(AnsgDigFoz2) (Presnall et al., 1978).

Mixtures were prepared in the same way as reported by Kiseeva
and Wood (2013). After drying in the oven at ~110°C overnight,
they were loaded into 3 mm 0.D., 1 mm LD. graphite capsules
and run for 1.5-3 h at 1400°C and 1.5 GPa in an end-loaded Boyd-
England-type piston cylinder apparatus at the University of Oxford.

The previous set of experiments (Kiseeva and Wood, 2013) demon-
strated that 0.5 h were sufficient for the equilibrium to be achieved
at 1400°C and earlier work established metal-silicate equilibrium
in ~3 min at 1650°C (Tuff et al, 2011). The duration of high-
temperature runs (between 1500 and 1700°C) was therefore be-
tween 1 h and 12 min with shortest run duration at 1700 °C.

We did not observe any significant loss of Cu in our experi-
ments, although up to 50% of Ni was lost when Ni was added as
NiO or NiS. Ni-loss from graphite capsules was previously reported
by Matzen et al. (2013) and may have occurred, possibly due
to formation of volatile Ni-carbonyl (Ni(CO)s4) during the experi-
ment. To minimise Ni-loss, experiments with high concentrations
of Ni (denoted Nil-], in Table 1) generally had shorter durations
(10-30 min). No Ni-loss was encountered for the experiments with
Ni added as Ni3S; including Ni3-1, which was of 2 h duration.

All the experiments quenched to homogeneous silicate and sul-
phide liquids (in the case of Fe- and Ni-rich sulphides). Cu-rich
sulphides tend to quench to heterogeneous intergrowths (Supple-
mentary Fig. 5). We minimised the analytical standard error on
these by performing more than 40 microprobe analyses of sul-
phide blobs from each experiment. The average value for WDS and
LA-ICPMS measurements on Cu and Ni was generally within 10%
relative except as noted below.

The experimental products were analysed using a JEOL JXA8600
electron microprobe at the Department of Archaeology at the Uni-
versity of Oxford. WDS analyses were conducted using a 15 kV ac-
celerating voltage and 20 to 40 nA beam current with a defocused
10 micron spot to improve averaging of both silicate and sulphide
phases. The detailed description of analytical procedure and stan-
dards can be found in Kiseeva and Wood (2013). Trace-element
concentrations of the co-existing silicate glasses and sulphides
were determined on experimental products using LA-ICPMS. The
following masses were counted: 29Si, 44Ca, 47Ti, 1V, 23Cr, >>Mn,
57Fe, 59CO, GONi, GSCU, 662[1, 71Ga, 74Ge, 107Ag, chd, ”511'1, 12]Sb,
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2057], 208ph with yields calibrated on NIST 610 glass standard as
the primary standard. We used Fe as the internal standard for
the sulphide analyses and Si for the silicates. Measurements were
made using a Perkin Elmer Nexion quadrupole mass spectrometer
coupled to a New Wave Research UP213 Nd:YAG laser at the Uni-
versity of Oxford. Beam diameters of 50 pm were used for both
silicate and sulphide phases (see Supplementary Information).

In our previous study (Kiseeva and Wood, 2013), we reported
no systematic deviations between Ni and Cu measurements made
by LA-ICPMS and WDS for sulphides with Cu and Ni contents
up to 0.5 wt% and 14 wt%, respectively. Additional experiments
with significantly higher concentrations of Cu in the sulphide lig-
uid (4-15 wt%) show some deviation between the 2 techniques
when there is more than 7 wt% Cu in sulphide (Supplementary
Fig. 1). At concentrations above 7 wt% Cu in sulphide the system-
atic offset means that the LA-ICPMS method yields approximately
0.8 times the microprobe concentration. Because the quenched
sulphides are heterogeneous, however, the microprobe analyses al-
ways have much higher standard deviations. Therefore in order to
compute Cu partition coefficients at high Cu content we used the
LA-ICPMS data for sulphides and applied an empirical correction
factor of 1.25. This accounts for any systematic error accumulat-
ing from the differences in concentrations and matrices between
standards and unknowns. No other corrections were applied and
LA-ICPMS values were used for all of the trace elements.

3. Results

Major element compositions of experimental products are pre-
sented in Tables 2 and 3 and partition coefficient values in Table 4.
Trace element compositions are presented in Supplementary Ta-
bles 1 and 2. All of the trace elements were above detection limit,
including Ti, which was not deliberately added into the CMAS com-
position, but was present as a contaminant.

3.1. Oxygen solubility in sulphide and its effect on sulphide-silicate
partitioning

Oxygen is a significant component of immiscible sulphides in
MORB and has important impacts on partitioning in magmatic sul-
phide deposits (Czamanske and Moore, 1977; Fonseca et al., 2008;
Roy-Barman et al., 1998). Sulphide blobs recovered from MORB
glasses contain on average about 2 wt% oxygen (Roy-Barman et
al.,, 1998). At equilibrium, the activity of FeO (arep) in silicate and
sulphide liquids must be identical which means that the oxygen
content of the sulphide melt must increase with increasing FeO
content of the silicate liquid. Empirically we find:

O (wt%-sulphide) = 0.24 FeO (wt%-silicate) (5)

The slope of 0.24 is close to the value of 0.223 calculated for
the case where the ratio of activity coefficients for FeO in silicate
and sulphide is 1. Since FeO activity coefficients in silicate melts
are close to 1 (O'Neill and Eggins, 2002) and FeS-FeO melts ex-
hibit only small negative deviations from ideality (Nagamori and
Yazawa, 2001) this agreement between observed and “ideal” slopes
is as expected.

In sulphides with high Ni-contents, we observe significantly
lower oxygen contents than would be calculated from Eq. (5)
(Fig. 1a). For example, sulphide melt from experiment Ni3-1 with
35 wt% Ni in sulphide contains only 0.5 wt% oxygen instead of the
expected 2 wt%. This can be explained by the known decrease in
oxygen solubility in sulphide with increasing Ni-content (Fonseca
et al., 2008; Kress, 2007; Yoshiki-Gravelsins and Toguri, 1993). Our
limited dataset is not sufficient to parameterise this dependence
accurately, but according to Yoshiki-Gravelsins and Togure (1993),

12,0
@ Ni-poor a

100{ O Nirich *
X
E_ 8.0
o
-
=
=
2 60
£
c O (Wt%) = 0.24 FeO (wt%)
2 40
X
o

2.0

O (Wt%) ~ 0.09 FeO (wt%)
0.0
0.0 5.0 10.0 15.0 20.0 25.0 300 35.0 40.0 45.0

FeO in silicate liquid, wt%

>

Increasing oxygen content in sulphide

Strongly chalcophile

/element, e.g.Cu

LogDi ——p»

Strongly lithophile
element, e.g. Mn

Log[FeQO] ————

Fig. 1. (a) Oxygen content of sulphide melt as a function of the FeO content of the
silicate liquid. Error bars refer to +1 standard deviation (on 25-94 analyses, see
Table 3). Additional data from Kiseeva and Wood (2013). (b) Expected behaviour of
lithophile and chalcophile elements partitioning into sulphide as a function of the
FeO content of the silicate liquid (and hence the O content of sulphide).

the relationship is close to parabolic. We therefore apply a correc-
tion based on the concentration of Ni in sulphide as follows:

. 2
Ni ) ()

0 wt%) =0.24FeO(1 — ———
cale (WEE) ( Ni + Cu + Fe

Eq. (6) accurately reproduces the oxygen contents of our experi-
mentally-produced sulphides (Supplementary Fig. 3). Fonseca et al.
(2008) suggested that, in addition to the dramatic effect of Ni con-
tent of the sulphide on its oxygen content there is also a slight
effect of Cu content. We do not, however, observe any change in O
solubility with Cu contents up to 16 wt% so we have chosen, for
simplicity, to ignore any possible effect.

The need to parameterise the oxygen content of sulphide melt
comes from its effect on sulphide-silicate partitioning. In the-
ory, the slope of logDy vs log[FeO], should reflect the valency
of M - Eq. (4) - with a slope of —0.5 for monovalent, —1 for
divalent, —1.5 for trivalent elements and so on. With increasing
oxygen contents of sulphide however, the partition coefficients
of strongly chalcophile elements such as Cu, Ni and Ag, deviate
to lower than expected values and generate a downward curva-
ture in the trend (Fig. 1b). The oxygen effect on partitioning of
more lithophile elements such as Mn and Ti is opposite. As the
oxygen content of the sulphide increases, the slope flattens due
to a decrease in the MSy/, activity coefficient in the sulphide
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Table 2

Major element compositions of the silicate glass.
Run No. Cul-1 Cu2-1 Cu3-1 Cu4-1 Cu5-1 Cu6-1
n 20 o 34 o 65 o 20 o 57 o 20 o
Si0y 4716 0.14 45.44 0.22 45.44 0.15 49.39 0.13 50.01 0.46 48.84 0.23
TiO; 0.74 0.02 0.73 0.02 0.72 0.02 0.77 0.02 0.81 0.02 0.79 0.03
Aly03 13.86 0.07 14.02 0.07 14.03 0.09 14.57 0.07 1512 0.28 14.47 0.08
FeO 12.55 0.10 13.80 0.10 13.90 0.11 9.24 0.09 7.62 0.10 8.82 0.14
MgO 9.65 0.05 9.06 0.07 9.04 0.12 10.11 0.05 1018 0.17 10.40 0.05
Ca0 1147 0.07 10.97 0.06 10.90 0.08 11.81 0.06 1211 0.24 12.07 0.07
MnO 0.15 0.02 0.15 0.02 0.15 0.02 0.14 0.02 0.13 0.02 0.14 0.01
Na, 0 1.78 0.03 1.70 0.03 1.67 0.03 2.05 0.03 1.96 0.05 2.06 0.03
K>,0 n.m. - n.m. - n.m. - n.m. - n.m. - n.m. -
P20s5 0.12 0.01 0.11 0.01 0.11 0.01 0.12 0.01 0.12 0.01 0.13 0.01
SOs3 0.57 0.05 0.51 0.09 0.49 0.04 0.45 0.03 0.39 0.03 0.44 0.16
Totals 98.04 96.48 96.45 98.64 98.45 98.15
Run No. Cu7-1 Cu8-1 Cu8-2 Cu9-1 Cu10-1 Cull-1
n 66 o 17 o 37 o 37 o 26 o 23 o
Si0y 49.61 0.42 49.34 0.36 48.58 0.45 49.28 0.13 37.60 0.17 45.83 0.12
TiO; 0.80 0.02 0.79 0.02 0.77 0.02 0.80 0.02 0.59 0.02 b.d.l -
Aly03 14.99 0.29 14.75 0.14 14.41 0.27 14.61 0.06 10.77 0.07 1733 0.05
FeO 7.85 0.16 8.39 0.24 7.45 0.08 7.20 0.09 27.24 0.17 3.21 0.05
MgO 10.23 0.24 10.09 0.07 10.04 0.05 10.21 0.05 7.60 0.05 14.92 0.08
Ca0 12.12 0.24 12.12 0.07 12.69 0.23 12.31 0.06 9.45 0.06 17.56 0.10
MnO 0.13 0.02 0.12 0.01 0.12 0.02 0.13 0.02 0.13 0.02 b.d.l -
Na,0 1.93 0.05 1.94 0.03 2.51 0.05 1.88 0.03 1.36 0.03 b.d.l -
K>0 n.m. - n.m. - n.m. - n.m. - n.m. - n.m. -
P20s5 0.12 0.01 0.13 0.01 0.13 0.01 0.14 0.01 0.05 0.01 b.d.l. -
SOs3 0.40 0.17 0.49 0.34 0.53 0.04 0.41 0.06 1.47 0.14 0.47 0.04
Totals 98.17 98.16 97.25 96.97 96.27 99.32
Run No. Cul2-1 KK12-2 Ni3-1 Ni5-2 Ni6-2 Ni7-1
n 42 o 45 o 33 o 30 o 16 o 31 o
Si0y 28.33 0.64 29.54 1.59 44.69 0.50 51.94 0.10 50.94 0.06 46.82 0.09
TiO; 0.47 0.02 0.44 0.03 n.m. - 0.84 0.02 0.84 0.02 0.78 0.02
Aly03 9.12 0.21 8.78 0.50 15.46 0.52 15.68 0.04 15.29 0.04 14.05 0.05
FeO 29.88 0.63 37.88 1.57 4.16 0.49 233 0.04 5.11 0.06 11.68 0.09
MgO 7.40 0.14 716 0.32 15.77 0.64 10.81 0.06 10.56 0.04 9.64 0.06
Ca0 16.08 0.40 10.21 0.48 17.52 0.53 1312 0.06 12.52 0.06 11.53 0.05
MnO 0.12 0.02 0.11 0.02 b.d.l. - 0.16 0.01 0.15 0.02 0.16 0.02
Na, 0 114 0.06 1.25 0.09 b.d.l - 1.90 0.04 1.89 0.03 1.70 0.03
K;0 0.10 0.01 0.10 0.01 n.m. - 0.15 0.01 0.15 0.01 0.13 0.01
P20s5 0.14 0.02 0.16 0.02 n.m. - b.d.L - b.d.L - b.d.l. -
SOs3 1.99 0.78 2.83 0.80 0.20 0.12 0.04 0.05 0.20 0.02 0.25 0.02
Totals 94.75 98.45 97.80 96.97 97.65 96.74
Run No. KK4-6 KK4-7 KK4-8 KK4-9 KK4-10 KK15-6
n 21 o 27 o 34 o 35 o 22 o 33 o
Si0y 51.27 0.12 48.72 0.22 48.50 0.21 49.16 0.40 48.07 0.30 38.54 0.28
TiO; 0.79 0.02 0.77 0.01 0.80 0.02 0.81 0.02 0.93 0.03 0.61 0.02
Aly03 15.80 0.09 14.66 0.06 14.81 0.07 15.09 0.14 16.55 0.33 11.80 0.08
FeO 713 0.16 8.36 017 9.24 0.08 8.74 0.26 9.73 0.11 27.02 0.38
MgO 10.61 0.05 10.60 0.06 10.05 0.08 10.16 0.08 8.09 0.38 7.98 0.07
Ca0 12.45 0.05 12.20 0.06 12.06 0.06 12.28 0.11 11.08 0.23 9.63 0.07
MnO 0.11 0.02 0.12 0.02 0.15 0.02 0.14 0.01 0.15 0.02 0.13 0.02
Na,0 1.99 0.03 1.96 0.03 1.81 0.04 1.92 0.04 2.26 0.14 143 0.02
K>0 n.m. - n.m. - n.m. - n.m. - 0.21 0.02 n.m. 0.00
P20s5 0.13 0.01 0.13 0.01 0.14 0.01 0.13 0.01 0.00 0.00 0.12 0.01
SOs3 0.58 0.15 0.84 0.22 0.42 0.03 0.71 0.25 0.35 0.04 2.03 0.58
Totals 100.85 98.36 97.98 99.14 97.43 99.29
Run No. KK16-3 Cul0-2 Cull-2 Cull-3 Cull-5
n 22 o 37 o 29 o 27 o 40 o
Si0Oy 45.64 0.22 38.50 0.23 44.65 0.21 44.90 0.27 44.73 0.16
TiO; b.d.L - 0.62 0.02 b.d.l - b.d.L - b.d.L -
Aly03 17.78 0.10 11.28 0.08 17.67 0.08 17.60 0.11 17.54 0.07
FeO 3.01 0.30 26.40 0.40 3.12 0.23 2.83 0.38 3.49 0.08
MgO 16.77 0.09 7.80 0.12 16.75 0.08 17.61 0.10 16.57 0.12
Ca0 16.77 0.13 9.14 0.11 16.71 0.09 16.49 0.10 16.67 0.07
MnO b.d.L - 0.12 0.02 0.02 0.01 0.02 0.01 0.03 0.01
Nay0 0.12 0.01 1.38 0.12 0.14 0.01 0.09 0.01 0.07 0.01
K>,0 n.m. - n.m. - n.m. - n.m. - n.m. -
P20s5 b.d.L - b.d.l. - b.d.l. - b.d.L - b.d.L -
SOs3 117 0.33 1.52 0.36 117 0.27 1.48 043 0.79 0.10
Totals 101.27 96.75 100.23 101.02 99.89

n.m. - not measured.

b.d.l. - below detection limit.
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Table 3

Major element compositions of the sulphide.
Run No. Cul-1 Cu2-1 Cu3-1 Cu4-1 Cu5-1 Cub-1
n 94 o 66 o 74 o 36 o 44 o 39 o
(o] 2.63 0.71 2.87 0.66 2.87 0.57 1.66 0.56 1.80 0.63 1.55 0.42
S 31.50 1.25 31.22 1.26 30.67 1.39 32.55 0.72 31.87 0.71 31.39 0.86
Fe 53.77 2.62 50.82 3.32 49.10 3.24 58.03 174 54.63 1.90 51.86 2.71
Ni 0.60 0.07 1.04 0.08 0.38 0.05 0.46 0.05 0.02 0.01 0.36 0.03
Cu 10.81 2.96 13.34 3.93 16.56 3.91 6.35 2.01 9.95 221 13.24 313
Total 99.30 99.29 99.58 99.05 98.27 98.40
Run No. Cu7-1 Cu8-1 Cu8-2 Cu9-1 Cul0-1 Cull-1
n 48 o 55 o 24 o 30 o 51 o 39 o
(o] 142 0.29 1.56 0.58 1.60 0.46 1.59 0.70 6.01 0.63 0.65 0.27
S 31.11 0.57 35.01 0.68 34.85 0.82 3241 0.62 29.43 0.77 36.46 0.41
Fe 49.25 2.06 56.30 1.30 56.60 197 51.92 1.61 60.50 175 57.97 0.69
Ni 0.24 0.02 0.89 0.05 0.90 0.05 3.38 0.13 0.51 0.12 0.26 0.02
Cu 16.88 2.47 543 131 5.15 1.86 7.75 1.81 3.75 1.58 3.65 0.65
Total 98.89 99.20 99.10 97.05 100.20 99.00
Run No. Cul2-1 KK12-2 Ni3-1 Ni5-2 Ni6-2 Ni7-1
n 54 o 50 o 46 o 41 o 36 o 37 o
0 6.22 0.95 9.94 0.42 0.52 0.21 0.04 0.07 0.35 0.20 0.60 0.45
S 27.88 1.10 23.18 0.41 3315 1.62 24.72 0.78 32.25 0.54 30.91 0.85
Fe 59.41 1.64 67.07 0.60 30.68 5.67 439 0.32 32.01 248 31.16 3.34
Ni 6.45 1.90 0.23 0.03 3533 7.00 3175 7.90 33.98 3.05 36.16 4.06
Cu 0.56 0.11 0.24 0.04 0.66 0.37 38.06 8.97 0.25 0.03 0.36 0.06
Total 100.52 100.66 100.33 98.96 98.84 99.19
Run No. KK4-6 KK4-7 KK4-8 KK4-9 KK4-10 KK15-6
n 9 o 55 o 35 o 60 o 33 o 38 o
(o] 1.29 0.39 1.67 0.54 211 0.40 2.07 0.63 222 0.74 6.11 0.90
S 35.71 0.52 35.59 0.63 35.57 0.46 35.19 0.69 36.03 0.85 30.33 1.03
Fe 61.20 0.48 61.29 0.45 61.25 0.35 61.51 0.53 59.71 0.47 64.17 0.58
Ni 0.34 0.03 0.34 0.02 0.33 0.02 0.35 0.02 0.33 0.03 0.32 0.08
Cu 0.38 0.04 0.36 0.06 0.34 0.03 0.34 0.04 0.32 0.03 0.27 0.04
Total 98.92 99.24 99.59 99.46 98.61 101.21
Run No. KK16-3 Cul0-2 Cull-2 Cull-3 Cull-5
n 32 o 31 o 54 o 38 o 25 o
(o] 0.49 0.21 6.32 1.06 0.53 0.30 0.50 0.33 1.09 0.34
S 36.37 0.42 29.77 1.20 36.31 0.54 36.61 0.49 36.44 0.48
Fe 61.22 0.44 60.76 238 58.29 1.20 57.21 0.91 57.48 0.80
Ni 0.18 0.03 0.55 0.22 0.29 0.02 0.31 0.02 0.25 0.02
Cu 0.28 0.03 3.59 2.03 4.09 115 4.51 0.79 418 0.74
Total 98.54 100.99 99.51 99.14 99.43

n.m. - not measured.
b.d.l. - below detection limit.

(Fig. 1b). Shimazaki and Maclean (1976) observed similar effects
on the sulphide-silicate partitioning of Zn and Pb. They report a
strong effect of oxygen content of sulphide on Dz, and a similar,
but weaker effect on Dpy. Fonseca et al. (2011) have also observed
a decrease in solubility of PGE in sulphide matte with increasing
oxygen content of sulphide.

We considered possible ways to parameterise the dependence
of Di\;]ph/g” on the oxygen content of sulphide. We sought a sim-
ple model with the minimum number of adjustable parameters
in which each of these parameters has some chemical meaning.
Although mainly used for metal-silicate partitioning (Wade and
Wood, 2005; Corgne et al., 2008; Tuff et al., 2011; Wood et al.,
2014) and not developed for sulphides, we found that the e-model
of non-ideal interactions in metallic liquids (Wagner, 1962) meets
these requirements and can, in most cases, reproduce trace ele-
ment partitioning with a single “oxygen” parameter.

Taking the epsilon model (Ma, 2001) and simplifying for the
case of highly dilute trace element M yields, for MSy/, dissolved
in an FeS-FeO-NiS-CuSg 5 matrix:

log s, > = 108 Wis, , + 108 Vres — xs,, 108(1 — Xreo)

i CuS
— ens, , 108(1 — xnis) — ey 10g(1 = Xeusys)  (7)

In Eq. (7) yres and pws, o are, respectively the activity coefficients
of FeS and MS,,> components in the sulphide, 71315,,/2 is the activity
coefficient of MS; > component at infinite dilution in FeS, x; is the
mole fraction of component i and 8;- is the interaction parameter
between components i and j.

Although there are no data for the activity of FeS in the
FeS-FeO-NiS-CuSg5 quaternary, a few simplifications and infer-
ences may be made from considering the binary joins. The FeS-FeO
binary exhibits a small negative deviation from ideality (Nagamori
and Yazawa, 2001), while the FeS-NiS join shows small positive
deviations from ideal behaviour (Fleet, 1989). Although the liquid
join CupS-FeS shows appreciable negative deviations from ideality
(Eric and Timucin, 1981), we find that when the data of Eric and
Timucin are recast as compositions on the join CuSgs-FeS the ac-
tivity coefficients are much closer to 1. Given these observations
we made the initial assumption that the activity coefficient of FeS
in our experiments is approximately 1.0.

Assuming that FeS-FeO-NiS-CuSp 5 solutions are in the Raoult’s
law region for FeS, the FeO content of the silicate melt employed
in Eq. (4) is corrected for the mole fraction of FeS in the sulphide
as follows (Kiseeva and Wood, 2013):

[FeOlsilicate
FeO = 8
[FeOlcorrected [Fe/(Fe + Ni + CU)]sulph (8)
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Table 4
Partition coefficients between sulphide and silicate liquids.
Cul-1 Cu2-1 Cu3-1 Cu4-1 Cu5-1 Cub-1 Cu7-1 Cu8-1
Cu 399(24) 398(24) 454(54) 569(27) 620(58) 519(111) 653(145) 608(57)
Ga 0.07(1) 0.05(1) 0.05(1) 0.09(1) 0.10(1) 0.08(1) 0.09(2) 0.08(1)
Ge 1.25(12) 0.69(12) 0.77(7) 1.61(13) 1.93(11) 1.34(18) 1.62(16) 0.95(11)
Ag 364(63) 357(63) 395(41) 465(38) 507(67) 438(116) 507(106) 470(65)
Sb 21.6(1.2) 13.9(1.2) 15.0(1.3) 31.4(2.5) 36.9(3.6) 28.3(3.1) 30.2(34) 21.4(1.4)
Ti 0.0163(12) 0.0147(12) 0.0119(9) 0.0158(28) 0.0155(12) 0.0136(22) 0.0094(16) 0.0145(25)
\Y 0.34(2) 0.26(2) 0.25(1) 0.48(2) 0.52(3) 0.42(4) 0.44(8) 0.45(3)
Mn 0.59(3) 0.52(3) 0.46(2) 0.73(4) 0.86(4) 0.72(7) 0.89(14) 0.71(4)
Co 34(2) 30(2) 29(1) 56(3) 65(4) 43(4) 52(6) 55(4)
Zn 2.1(2) 1.6(2) 1.7(1) 2.7(2) 3.4(3) 3.0(4) 3.3(3) 2.5(2)
cd 45(4) 37(4) 43(3) 70(7) 88(12) 67(10) 88(10) 61(6)
In 13.8(8) 9.6(8) 9.2(5) 17.9(9) 21.6(1.4) 18.1(2.1) 20.5(3.0) 14.8(1.0)
Tl 7.2(5) 6.8(5) 6.9(6) 8.2(8) 9.3(7) 9.0(1.1) 9.3(9) 8.1(7)
Pb 24(2) 21(2) 21(1) 34(2) 42(3) 35(4) 38(5) 33(3)
Cr 1.48(6) 1.17(6) 1.15(5) 2.31(13) 2.68(20) 2.12(22) 2.54(21) 2.36(13)
Ni 533(42) 433(42) 470(74) 843(108) 348(118) 549(156) 549(177) 833(140)
Cu8-2 Cu9-1 Cul0-1 Cull-1 Cul2-1 KK12-2 Ni3-1 Ni5-2
Cu 710(68) 724(45) 153(9) 729(145) 119(33) 61(19) 452(74) 316(28)
Ga 0.13(2) 0.09(1) 0.05(1) 0.25(3) 0.049(2) 0.10(1) 0.029(4) 0.02(1)
Ge 2.38(25) 1.08(8) 0.49(7) 3.94(41) 0.24(2) 0.41(4) 1.04(8) 1.24(7)
Ag 537(59) 557(35) 186(15) 843(155) 167(50) 88(29) 660(153) 369(83)
Sb 37.1(4.4) 23.9(1.7) 7.0(5) 95.2(8.8) 8.1(6) 4.0(4) 84.3(12.1) 70.8(4.9)
Ti 0.0124(24) 0.0099(17) 0.0443(62) 0.0539(96) 0.0408(27) 0.1505(61) 0.0354(44) 0.0019(16)
\ 0.58(4) 0.44(1) 0.35(5) 1.04(9) 0.29(1) 0.63(2) 0.17(2) 0.04(1)
Mn 0.90(6) 0.89(4) 0.38(3) 1.94(11) 0.34(1) 0.47(1) 0.41(2) 0.12(1)
Co 65(4) 59(4) 16(1) 164(20) 16(1) 9(1) 71(3) 16(1)
Zn 3.8(2) 3.1(3) 11(1) 7.4(6) 0.7(1) 0.8(1) 1.5(1) 0.7(1)
cd 85(9) 73(8) 25(2) 201(26) 15(2) 12(3) 51(8) 24(3)
In 23.5(1.7) 17.0(1.2) 4.9(3) 56.5(2.8) 3.7(2) 2.7(4) 16.7(1.8) 9.3(7)
Tl 10.1(8) 8.7(7) 5.8(3) 33.3(2.2) 5.1(4) 4.3(9) 13.2(2) 3.6(2)
Pb 43(3) 36(2) 11(1) 145(10) 9(1) 7(1) 51(8) 13(1)
Cr 2.88(25) 2.70(14) 0.87(10) 6.04(75) 0.78(4) 1.00(4) 1.33(23) 0.37(9)
Ni 1034(135) 931(81) 269(25) 1336(582) 292(84) 127(31) 1078(184) 305(20)
Ni6-2 Ni7-1 KK4-6 KK4-7 KK4-8 KK4-9 KK4-10 KK15-6
Cu 494(121) 267(41) 224(21) 200(17) 566(58) 278(24) 592(60) 88(9)
Ga 0.05(1) 0.02(1) 0.25(6) 0.32(5) 0.053(4) 0.13(2) 0.043(2) 0.08(2)
Ge 1.43(25) 0.81(10) 4.16(78) 4.69(62) 0.73(6) 2.30(16) 0.53(4) 0.84(10)
Ag 436(54) 273(46) 234(21) 238(29) 633(34) 358(39) 649(49) 121(19)
Sb 54.1(5.7) 44.6(6.9) 50.2(6.1) 49.5(4.3) 18.6(8) 30.9(2.3) 15.4(9) 11.7(8)
Ti 0.0035(11) 0.0068(33) 0.0279(71) 0.0354(68) 0.0136(36) 0.0153(14) 0.0111(11) 0.0537(78)
\ 0.32(4) 0.09(5) 0.98(7) 1.06(7) 0.33(2) 0.59(3) 0.36(2) 0.43(5)
Mn 0.37(2) 0.13(1) 1.01(4) 1.10(5) 0.53(1) 0.70(2) 0.53(1) 0.40(2)
Co 67(3) 32(1) 55(2) 52(3) 54(2) 46(1) 55(1) 13.8(4)
Zn 1.5(1) 0.6(1) 3.3(3) 3.4(2) 1.9(1) 2.7(2) 1.8(1) 1.1(1)
cd 39(4) 20(5) 53(9) 49(4) 55(3) 56(5) 54(5) 19(2)
In 12.8(1.4) 6.9(1) 20.8(1.2) 22.0(1.6) 11.5(6) 17.6(1.8) 11.2(6) 5.8(4)
Tl 4.4(5) 3.2(6) 7.7(7) 9.6(1.0) 6.8(3) 8.9(1.2) 6.3(6) 4.7(5)
Pb 25(3) 13(3) 28(2) 31(3) 32(1) 32(4) 31(2) 10(1)
Cr 2.13(21) 0.64(44) 3.65(20) 3.86(22) 1.22(18) 2.59(10) 1.84(7) 1.03(10)
Ni 1162(65) 631(66) 567(84) 506(52) 1252(168) 633(63) 1264(167) 207(33)
KK16-3 Cul0-2 Cull-2 Cull-3 Cull-5
Cu 292(42) 150(42) 374(66) 343(38) 523(82)
Ga 0.95(12) 0.09(1) 0.58(14) 0.96(12) 0.23(3)
Ge 12.2(1.5) 0.90(10) 9.1(1.3) 11.4(1.8) 3.80(64)
Ag 388(51) 173(49) 467(82) 370(43) 616(121)
Sb 195(12) 9.3(1.1) 157(18) 146(16) 81(9)
Ti 0.0601(149) 0.0594(86) 0.0164(43) 0.0556(229) 0.0217(28)
\Y 2.27(19) 0.43(7) 1.89(13) 213(11) 1.02(6)
Mn 2.41(17) 0.40(2) 2.45(15) 2.64(8) 1.71(4)
Co 129(11) 15(1) 131(11) 114(6) 116(6)
Zn 7.9(7) 1.1(1) 8.1(1.3) 9.5(8) 6.3(4)
cd 125(22) 22(3) 143(32) 146(22) 141(19)
In 54.2(3.2) 5.5(6) 66(11) 57(5) 43(4)
Tl 23.2(1.5) 5.0(6) 32.3(5.3) 32(4) 30(4)
Pb 94(7) 9(1) 122(21) 105(12) 104(12)
Cr 8.31(68) 1.08(18) 7.96(60) 8.77(54) 5.67(27)
Ni 909(173) 281(80) 911(185) 962(207) 1002(267)
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Strictly speaking, we should also correct the FeO content by divid-
ing by the sulphur content of the sulphide as S/(S+0) i.e. make an
entropic correction for S-O mixing in sulphide. However, this cor-
rection makes the algebra more complex, so we omit it here, but
give an extended description including this term in Supplementary
Information. Adding the activity coefficient for MS;, dissolved in
the sulphide (Eq. (7)) and assuming that all terms are adequately
accounted for, we obtain:

sulph/sil _
M =

n
log D A— 3 log[FeO]lcorr + 811\:;5?1/2 log(1 — Xge0)

NiS

CuSp 5
+ &g,

12 108(1 — xis) + eys 108 (1 — Xcusy ) (9)

We fitted our data to Eq. (9) on an element by element basis
using the stepwise linear regression model of the SPSS statisti-
cal package. This generated the fitted lines shown in Figs. 2 and
3 and fit parameters given in Table 5. To test the sensitivity of
the regression model, we broke the procedure into two indepen-
dent steps. We first calculated £F© incorporating only the ex-
periments with low Ni and Cu contents (below 10 wt% (Ni +
Cu) in sulphide liquid). Then, we corrected the entire dataset for
the oxygen-term and used a stepwise linear regression model to
generate ¢V and ¢USos, For both approaches the epsilon-values
were within uncertainty (Table 5). Note that by omitting the en-
tropy of S-O mixing we have “buried” this term in the gF©
term.

To show how the model can be applied to our partitioning data,
we selected one element (Ga) and applied the corrections sequen-
tially in order to illustrate the effect of each parameter. The results
are shown in Supplementary Fig. 4. The same procedure was then
applied to every element plotted in Figs. 2 and 3.

3.2. Effect of temperature

Having obtained Eq. (9) which relates the partition coefficient
of element M to the FeO content of the silicate melt and the NiS,
CuSg5 and FeO contents of the sulphide melt, the next question is
that of temperature. We constrained temperature effects on par-
titioning of our 16 elements by performing experiments over a
temperature range of 1300 to 1700 °C (Table 1). These experiments
together with 1400°C data from the experiments with the same
silicate compositions in our previous and current studies were
used to determine the temperature-effects on element partition-
ing.

We model the effect of temperature by adding an enthalpy term
to Eq. (9) and taking account of the temperature dependence of
epsilon by scaling with temperature:

sulph/sil
log Dy,
B n 1673
= A+ — - log[FeOleor + ——[enig, , 108(1 = Xre0)
+ 8,1\“,};/2 log(1 — xnis) + 8,51”55;;25 log(1 — xcusys) ] (10)

We fitted for B by linear regression with the results given in Ta-
ble 5 and illustrated in Fig. 4. In our previous study, we used
the thermodynamic data of Barin et al. (1989) to decompose
the constant term into temperature-dependent and temperature-
independent terms for Cu, Zn, Pb and Mn (Kiseeva and Wood,
2013). The measured temperature effects for Mn and Pb are almost
identical to those predicted, while for Cu and Zn the temperature
effects are more negative than those derived from thermodynamic
data. The results (Table 5) indicate small or zero temperature ef-
fects on partitioning of Co, Cd, In, Mn, Pb, Tl and Zn. Strong

negative T-dependences are observed for the more chalcophile el-
ements Ag, Ni and Cu. Lithophile elements Ga, Ge, Cr, V and Ti
have positive dependences of D on temperature.

To simplify usage of Eq. (10) we have created an Excel spread-
sheet “D calculator” which is attached as Supplementary Material
to this paper.

4. Discussion
4.1. Sulphide precipitation and sulphur solubility

It has been widely acknowledged in the literature that sulphur
solubility in silicate magmas plays an important role in controlling
concentrations of highly chalcophile elements, such as the PGEs,
Cu and Ag (e.g. Lee et al., 2012; Li, 2014) during magma genesis
and differentiation. Recognition of this importance has led to de-
velopment of a number of models of S solubility in silicate melts
(Holzheid and Grove, 2002; Li and Ripley, 2009; Liu et al., 2007;
Mavrogenes and O’Neill, 1999; O’Neill and Mavrogenes, 2002). Al-
though the models generally agree that the FeO contents of sili-
cate liquids, pressure and temperature are dominant controls on
SCSS (sulphur content at sulphide saturation), they diverge widely
in their predictions of S solubility in, for example, differentiating
basaltic magmas. For instance, according to Mavrogenes and O’'Neill
(1999), at low pressures about 60% crystallisation is required for
basaltic liquids to achieve sulphur saturation, while Li and Ripley
(2005) estimate about 10% fractional crystallisation for a MORB-
liquid to reach sulphide saturation.

We are able to test these different solubility models using our
sulphide-silicate partitioning data, which we have applied to a set
of MORB glasses (Jenner and O’Neill, 2012). Cu and Ag are incom-
patible in silicate phases but they have high and virtually identical
partition coefficients into sulphides. Their similar geochemical be-
haviour during mantle melting is manifested by a nearly constant
Cu/Ag ratio of 3500 £ 500 along the liquid line of MORB descent
(Jenner and O'Neill, 2012).

If we begin with an initial concentration Sg of sulphur in a melt
and allow Xgypnige (fraction of sulphide) to precipitate at saturation
then we have:

0 — Xsulphide Ssulphide
Xmelt

S
SCSS =

(11)

where X is fraction of silicate melt left and Ssyppige is the con-
centration of sulphur in sulphide. According to Jenner and O’Neill
(2012), the initial amount of sulphur (Sp) in MORB magmas at
>9 wt% MgO is around 900-1000 ppm. The fraction of residual
silicate melt, X0, remaining during fractional crystallisation of
MORB was parameterised as a function of the MgO content of the
liquid using Petrolog3 (Danyushevsky and Plechov, 2011). We be-
gan with a MORB liquid containing 9.3% MgO (from Jenner and
O’Neill, 2012) and fractionally crystallised it. The input parame-
ters were constant pressure at 3 kbar and temperature on the
olivine liquidus. The Petrolog3 software generated the following
crystallisation sequence: olivine, plagioclase, clinopyroxene, spinel
and orthopyroxene. The modelling was stopped at 5.8 wt% MgO
at which point 33% melt remained. Xgphige Was calculated us-
ing the equilibrium crystallisation equation to estimate the amount
of sulphide precipitated along the liquid line of descent from our
values of D¢y and Jenner and O'Neill’s (2012) analyses of MORB
glasses.

Cu
S _

ceY

Xsulplu'de = T (12)
u
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Fig. 2. Corrected Log DSulphide=silicate) yajyes plotted versus corrected log[FeO] content (wt%) of the silicate melt. Partitioning data from Tables 2 and 5, and from Kiseeva and
Wood (2013). Error bars (shown where larger than symbols) were calculated, using error propagation, from the standard deviations in Supplementary Tables 1 and 2. All
the experiments were performed with either MORB or CMAS silicate melt composition (see Table 1). All of the experimental data were used for the fit to Eq. (9). The fit
parameters and uncertainties are presented in Table 5.
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parameters and uncertainties are presented in Table 5. Symbols as in Fig. 2.
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Table 5

Equation parameters for the partition coefficients between sulphide and silicate liquids.
Element EFeO o ENis o ECuSos o A o B o
Cu 2.20 0.29 insign - -1.03 0.36 0.700 0328 4200 570
Ni insign - —0.90 0.30 insign - 1.869 0.483 3300 840
Pb 0.45 0.18 insign - insign - 1.834 0.278 1260 480
Ag 1.90 0.23 insign - insign - 0.724 0.311 4300 540
Zn —0.67 0.13 0.69 0.10 —1.02 0.16 1915 0.129 —990 230
cd insign - 0.48 0.12 —1.06 0.20 1.919 0.214 1420 370
Tl 0.99 0.40 0.95 0.30 0.98 0.47 1.678 0.045 insign -
Mn —1.90 0.10 0.76 0.08 —0.41 0.12 1.629 0.147 —1520 260
In —1.61 0.22 —0.54 0.16 —2.36 0.26 2.502 0.024 insign -
Ti —12.91 0.59 —2.22 0.44 —2.04 0.70 1.027 0.663 —2740 1150
Ga —5.09 0.21 insign - —1.89 0.26 3.347 0.288 —5470 500
Sb —1.52 0.30 —2.32 0.23 —2.95 0.35 4303 0.250 —2670 440
Co 0.60 013 —0.28 0.10 insign - 1.964 0.127 1280 220
\% —534 0.21 insign - insign - 2.524 0.239 —2840 420
Ge —4.94 0.43 —1.65 032 —4.07 0.51 4.635 0.450 —5000 780
Cr —0.76 0.14 0.44 0.11 insign - 2.356 0.190 —1810 330
Element teo o ENis o s,’:usm o
Cu 2.37 0.34 insign - —-1.72 0.63
Ni insign - —0.83 0.30 insign -
Pb 0.54 0.20 insign - insign -
Ag 1.99 0.29 insign - insign -
Zn —0.70 0.16 0.68 0.09 —1.03 0.15
cd insign - 0.53 0.12 -1.03 0.19
Tl 1.02 0.43 0.95 0.28 0.99 0.46
Mn —1.98 0.11 0.74 0.07 —0.42 0.12
In —1.39 0.21 —0.49 0.15 —2.33 0.25
Ti —12.64 0.58 —215 0.41 —2.00 0.68
Ga —5.04 0.20 insign - —1.88 0.25
Sb —-112 0.26 —2.22 0.21 —2.89 0.35
Co 0.66 0.12 —0.27 0.09 insign -
\ —5.40 0.20 insign - insign -
Ge —4.47 0.34 —1.53 031 —3.99 0.51
Cr —0.82 0.12 0.42 0.10 insign -

Insign - insignificant.

g, A and B are the regression parameters for the linear equation:

LogD = A+ & — 1 log(FeO)cor + 172 70 log(1 — Xjut") + 1872 eNS log(1 — X3i") 4 1673 0505 Jog(1 — XZE! ).

e(Fe0), €(NiS) and &(CuSp5) are calculated using multiple regression for all three independent parameters (FeO, CuSps and NiS) simultaneously with all the experimental

dataset included into calculations.

&’ (Fe0) is calculated based only on Ni- and Cu-poor experiments (below 10% admixture of Ni and Cu together). Then, the correction for FeO in sulphide is applied and the
entire set of experimental data is regressed to determine interaction parameters for NiS and CuSgs.

T-term was introduced after the epsilon-correction was done.
FeO is corrected according to Eq. (8).

where F is Xperr, C-* is the concentration of Cu in the liquid, C"
is initial concentration of Cu in the liquid and D¢y is the sulphide-
silicate partition coefficient of Cu. Given that

F=1- Xsulphide - Xcrystals (13)

where Xcystais is fraction of crystals and that Xgyphige is very small,
we can approximate:

F=1- Xcrystals (14)

and solve Eq. (12) directly for Xgypnige. The initial Cu content Cg“
of about 100 ppm was taken from Jenner and O’Neill (2012) at
>9 wt% MgO. D¢y was calculated using Eq. (10), but since the
amount of Cu and FeO in MORB magmas along the liquid line
of descent is not constant, we also needed to estimate the evolu-
tion of sulphide composition. According to our model the sulphide
composition varies between almost 25 wt% Ni and 8 wt% Cu for
primitive MORB (9.3 wt% MgO) and 6 wt% Ni, 5.5 wt% Cu for
evolved MORB (6 wt% MgO). Temperatures were taken from our
modelling using Petrolog3 and varied from 1230 to 1175°C dur-
ing crystallisation. Average D¢y in this interval is about 850. The
concentration of sulphur in sulphide, Sgpnige averages 33 wt%.
We used the equilibrium crystallisation model rather than Rayleigh
fractionation because Rehkdamper et al. (1999) showed that the for-
mer describes the behaviour of platinum group elements, which
partition strongly into sulphide, better than Rayleigh fractiona-
tion.

The calculated fraction of precipitated sulphide along the liq-
uid line of descent, assuming equilibrium segregation, reaches only
0.23% at about 6 wt% MgO in silicate melt (Fig. 5a). If we had
used the Rayleigh fractionation equation the amount of precipi-
tated sulphide would be less, about 0.14%. According to either set
of assumptions however, most of the silicate melt compositions
reported by Jenner and O’Neill (2012) should have precipitated sul-
phide.

Calculated values of SCSS for the entire Jenner and O’Neill
(2012) glass dataset are plotted in Fig. 5b. For comparison, we
added SCSS calculated for the same P-T conditions by other mod-
els in the literature. As can be seen the trend and scatter of our
calculated SCSS values are in very good agreement with Jenner
and O’Neill’s S-content measurements. Of the experimentally-based
models in the literature our values are in best agreement with the
SCSS models of Liu et al. (2007) and Li and Ripley (2009) (Fig. 5b).

4.2. Pb content of depleted mantle

Because Ce and Nd are more compatible in mantle silicates
(principally clinopyroxene) than Pb (Hart and Dunn, 1993; Wood
and Blundy, 1997; Klemme et al.,, 2002), nearly constant Ce/Pb
~25 and Nd/Pb ~20 ratios observed in MORB and OIB mag-
mas have been attributed to retention of Pb by residual sulphide
(Hart and Gaetani, 2006). The observed near-constancy of these
ratios enable us to estimate the Pb content of depleted mantle.
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Fig. 4. The effect of temperature on sulphide-silicate partitioning as modelled using Eq. (10). Fit parameters are presented in Table 5.

Workman and Hart (2005) and Salters and Stracke (2004) made
similar estimates of the Ce and Nd contents of depleted mantle
of 550 and 772 ppb and 581 and 713 ppb, respectively. Values
in these ranges reproduce the ~5.9 ppm Ce and ~5.2 ppm Nd
observed in primitive MORB glasses (>9% Mg0O) by Jenner and
O'Neill (2012) given 10% mantle melting at 1.5 GPa (Robinson et
al.,, 1998) and Dce and Dyg into clinopyroxene of 0.12 and 0.25,
respectively (Wood and Blundy, 1997). We calculated the major el-
ement composition of mantle sulphide in equilibrium with such
MORB liquids from the ~200 ppm Ni and ~100 ppm Cu reported
by Jenner and O’Neill (2012) in primitive MORB glasses (with >9
wt% MgO). Assuming T = 1230°C and FeO = 9 wt% in silicate lig-
uid, we obtain sulphide that contains 22 wt% Ni, 8 wt% Cu, 1 wt%
0 and 36.5 wt% Fe to be in equilibrium with the most primitive
MORB liquids and a Dpy, value of 29.

In order to achieve Ce/Pb of about 25 and Nd/Pb of about 20
at 10% melting of a depleted mantle containing 100 ppm S, ini-
tial concentrations are Ce ~650 ppm, Nd ~550 ppm and Pb ~25
ppb. These are consistent with estimates by Salters and Stracke
(2004), who reported 772 ppm of Ce, 713 ppm of Nd and 23.2
ppb of Pb in the depleted mantle. If we increase the S content
of the mantle to 300 ppm we only increase the Pb value to 30
ppb. For these calculations we assumed constant S-solubility of
about 900 ppm. An increase in S-solubility from 900 to 1200 ppm
(estimated by Fortin et al.,, 2015, for primitive MORB) decreases
the estimated Pb content of the depleted mantle by less than
0.5 ppb.

4.3. Hadean matte

It is instructive to consider partitioning of the elements of in-
terest into the putative sulphide matte, which has been proposed
(O'Neill, 1991) as having established the concentrations of chal-
cophile elements in the silicate Earth in the later stages of ac-
cretion. Conventionally, abundances are plotted as a function of
temperature at which 50% of the element would condense from
a gas of solar composition (Tsg) in order to emphasise the trend of
decreasing abundance with increasing volatility. This type of plot
(Wood et al., 2010) shows some anomalies, which are difficult to
explain. Indium, for example, appears to be overabundant for an
element of its volatility, while Cu and Ag are remarkably differ-
ent in abundance despite being of almost identical condensation
temperature and very similar partitioning behaviour into both sul-
phides and metals (Wood et al., 2014). One of the problems, of
course, is that some of the data required to make the calculations
are sparse and approximations need to be made. We therefore re-
peated the condensation calculations for the elements Cu, Ag, Pb
and Zn to investigate the nature of the approximations and sources
of uncertainties. Our calculations are based on solar system abun-
dances from Lodders (2003) and a major element condensation se-
quence at 10~* bar computed using previously published software
(Wood and Hashimoto, 1993). Condensation of 50% of the element
of interest into the appropriate phase was then calculated from
thermodynamic data (Barin et al., 1989) for gas and solid species
which, since the solids used are simple metals and sulphides, was
performed in a spreadsheet. Supplementary Table 4 shows a com-
parison of 50% condensation temperatures from different sources,
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Fig. 5. (a) Calculated fraction of sulphide precipitated from MORB liquids along
the liquid line of descent. Cu contents of MORB glasses (Jenner and O’Neill, 2012)
were used as the basis of the calculation (see text). (b) Sulphur contents of MORB
glasses at sulphide saturation [SCSS] derived from data of (a). (c) Abundances of el-
ements in the bulk silicate earth relative to CI chondrites plotted as a function of
50% condensation temperature from a gas of solar composition. Note the revised
condensation temperature of Ag (see text) and the effects of “adding-back” 0.4%
sulphide matte to the mantle.

together with our calculations. The calculated 50% condensation
temperature of Cu is 1178 K at a total pressure of 10~ bar if ideal
solution in solid Fe metal is assumed. An earlier study (Wai and
Wasson, 1977) obtained 1170 K making the same assumption. In
contrast, Lodders (2003) gives a 50% condensation temperature of
1037 K into Fe metal without giving detailed information on the
nature of the Fe-Cu solid solution. However, we find that we are
able to closely reproduce the author’s result obtaining 1047 K if
we take account of the very low solubility of Cu in alpha-Fe at
1133 K (Chen and Jin, 1995) and extrapolate the derived activity
coefficient of 52 down temperature by assuming that RTlogy is
a constant. For Ag, Lodders (2003) obtained a 50% condensation
temperature at 10~4 bar of 996 K with this element entering Fe
metal in the condensation sequence. Calculations by ourselves and

Wai and Wasson (1977) give virtually identical values to those of
Lodders provided Ag is assumed to dissolve ideally in alpha-Fe. In
fact, Ag is much less soluble than Cu in iron which means that the
activity coefficients are even higher than those for Cu. The mea-
sured solubility of Ag in gamma-Fe at 1366 K leads to a maximum
Xag of 3.7 x 107> (Wriedt et al., 1973) which means that the ac-
tivity coefficient is about 27 000. Using this value and applying the
same form of temperature dependence as for Cu, results in a con-
densation temperature into Fe of <600 K. However, the strongly
chalcophile nature of Ag means that it would actually condense
into FeS almost as soon as sulphide appears in the sequence at
just over 700 K i.e. nearly 300 K below the tabulated condensation
temperature. Assuming, by analogy with the FeS-CuSps system
discussed earlier, ideal solution between FeS and AgSps leads to
a 50% condensation temperature of 730 K (Fig. 5¢). This result is,
because of the highly chalcophile nature of Ag, relatively insensi-
tive to nonideality in the sulphide.

A comparison between Pb and Zn, which are both 2+ ions
of different degrees of chalcophile behaviour is also instructive.
Lodders (2003) calculates a 50% condensation temperature of
727 K for Pb entering metallic Fe. We generate an almost identical
value of 740 K if we assume that Pb dissolves ideally in Fe. How-
ever, the activity coefficient of Pb dissolved in solid Fe at 1000 K
is about 5 x 10* (Vaajamo and Taskinen, 2011) and this leads
to a condensation temperature for Pb into iron of <500 K. We
find, instead that Pb should condense into sulphide soon after FeS
appears. Assuming that FeS-PbS solid solutions are, like FeS-PbS
liquids, close to ideal (Eric and Timucin, 1981) the 50% conden-
sation temperature of Pb into sulphide is calculated to be 675 K.
This result, about 50 K lower than Lodders’ tabulated temperature,
is likely to be an overestimate because of the ideality assumption.
In contrast to Ag and Pb we find good agreement with previous
results for Zn, obtaining a condensation temperature of 730 K, in
good agreement with Lodders’ 727 K.

Fig. 5c shows abundances of these chalcophile elements and
some lithophile elements of similar volatility in silicate Earth as
a function of 50% condensation temperature from a gas of so-
lar composition at 10~ bar. This figure shows the well-known
correlation for lithophile elements between abundance and con-
densation temperature and demonstrates that the correlation for
chalcophile elements Pb, Ag and Cu is improved by the revised
temperatures discussed above. Then, to simulate the effects of re-
moval of Hadean matte we have calculated the composition of
sulphide in equilibrium with a silicate melt of mantle composi-
tion and added back different amounts of sulphide to see if the
correlation between abundance and condensation temperature can
be improved. The example shown, which is illustrative rather than
definitive, is for addition of 0.4% sulphide to a mantle which is
98% crystals and 2% silicate melt. This shows that removal of a
small amount of sulphide from a crystal-rich mush would disturb
a “smooth” temperature-abundance pattern and create the pattern
observed. The conclusion is that removal of a small amount of
Hadean matte is a plausible explanation for the pattern of chal-
cophile element abundances in the mantle.

5. Conclusions

The partitioning of chalcophile elements between sulphide liq-
uid and silicate melt can be represented either in terms of an
equilibrium involving oxygen and sulphur or as an exchange re-
action involving FeO in the silicate melt and FeS in the sulphide.
The latter approach has, as shown in an earlier paper (Kiseeva and
Wood, 2013), much greater geological utility in that partition coef-
ficients D; are proportional to the FeO content of the silicate melt
to a negative power related to the valency of i, (FeO)™™.
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Our detailed study of the partitioning of Ag, Cd, Co, Cr, Cu,
Ga, Ge, In, Mn, Ni, Pb, Sb, Ti, Tl, V and Zn between sulphide and
silicate shows that the power of D; dependence on FeO concentra-
tion in silicate deviates from the ideal value of —0.5 times valency
because of increasing oxygen content of sulphide with increasing
FeO in silicate. Oxyphile elements such as Mn follow O into sul-
phide, increasing this power while chalcophile elements such as
Cu are repelled by oxygen which decreases the power of FeO de-
pendence. This effect has been parameterised using the e-model of
non-ideal interactions in metallic liquids. For completeness, we ap-
plied this approach to sulphides in the system FeS-FeO-NiS-CuSg 5
i.e. to sulphides containing substantial Ni and/or Cu in addition to
0. We find that €0, which parameterises the effect of oxygen,
represents the principal non-ideal effect for most elements while
eNiS and ¢S5 are usually much smaller.

After taking account of the effect of temperature on partition
coefficients we have a partitioning model for the 16 elements of
interest calibrated for the temperature range 1300-1700°C and
potentially applicable to temperatures several hundred degrees
outside this range. When applied to the Cu and Ag contents of
MORB’s we are able to show that, during silicate crystallisation the
glasses analysed by Jenner and O’Neill (2012) were saturated in
sulphide, but that the total amount precipitated during 70% sili-
cate crystallisation was only about 0.23%. The computed extents of
sulphide precipitation enable us to calculate the sulphur concen-
trations at sulphide saturation (SCSS) for these melts with results
which are in best agreement with the recently developed model
of Fortin et al. (2015). We are also able to use the canonical Ce/Pb
and Nd/Pb ratios of MORB of ~25 and ~20 respectively to calcu-
late the Pb content of the depleted mantle. Given estimates of the
Ce (650 ppb) and Nd (550 ppb) contents of the MORB source we
obtain a Pb content of ~27.5 ppb assuming sulphide saturation.

We made an illustrative calculation of the properties of the pu-
tative Hadean matte which, it has been suggested (e.g. O'Neill,
1991), was extracted from the mantle to the core thereby es-
tablishing the chalcophile element concentrations in bulk sili-
cate earth. Treating Cu, Ag, Pb and Zn as examples, we added-
back equilibrium sulphide to silicate Earth in order to establish
a smooth pattern of elemental abundance as a function of 50%
condensation temperature. We find that addition of 0.4% sulphide
liquid to a mantle which was 98% crystals, 2% silicate melt would
produce the anticipated pattern (Fig. 5c).

An MS Excel Spreadsheet, provided in Supplementary Informa-
tion, enables use of our model to calculate the composition of
sulphide in equilibrium with silicate liquid and the D-values for
the 16 elements of interest given FeO, Ni and Cu contents of the
silicate melt.
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