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Abstract
We experimentally investigated the eﬀects of pressure and S content on partition coeﬃcients (D) between crystalline cohenite and liquid in the Fe–Ni–S–C system. Compositions with S contents of 0, 4.72, and 14.15 wt.%, in an Fe-rich mix containing a constant C (4.72 wt.%), Ni (5.23 wt.%), and W, Re, Os, Pt, and Co (totaling 0.43 wt.%) were equilibrated at 1150 °C
and 3 and 6 GPa. Our cohenite–melt D data are compared to literature Fe–Ni–S and Fe–Ni–C experiments involving a crystalline phase of Fe. There is a change in D when the solid is cohenite rather than crystalline iron. Compared to solid-Fe/melt
Ds, cohenite/melt Ds are lower for all elements except W.
The light element (S + C) content of the liquid inﬂuences partitioning between cohenite and liquid as it also does between
crystalline Fe and liquid. The controls are similar but not identical. In the cohenite-bearing experiments, DNi decreases as
S + C increases. Ni is excluded from the crystallizing solid if the solid is cohenite. And yet, in the Fe–Ni–S–C system, cohenite
is stable to higher P than in the Fe–S–C system. As in the Fe-metallic liquid systems the non-metal avoidance principle of
Jones and Malvin (1990) is applicable to the Fe3C-metallic liquid system studied here.
Carbon in the mantle is expected to combine with neutral Fe to replace metal with cohenite. In which case, the budget of
highly siderophile elements is likely to be accommodated by Fe–Ni–S–C liquids once they form upon incipient melting
because most Ds for cohenite/liquid are <1 in this system. The crystallization of cohenite from such liquids in Earth’s core
is unlikely to improve the case for core–mantle interaction based on Pt–Re–Os systematics.
Ó 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
During planetary formation, metals and silicates separate. This separation leads to planetary stratiﬁcation into
the core and mantle. As the planet cools, the core (a metallic-rich liquid) begins to solidify. This solidiﬁcation changes
the composition of the liquid as the crystals grow. Fractionation of light and siderophile elements is key to track such
inner core crystallization process for evolution of outer core
⇑ Corresponding author. Address: 505 Del Norte Street, Houston, TX 77018, USA. Tel.: +1 812 360 3361.
E-mail address: antonio.buono@gmail.com (A.S. Buono).

0016-7037/$ - see front matter Ó 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.gca.2013.06.024

and possible core–mantle interaction (e.g., Walker, 2000;
Buﬀett et al., 2000; Buﬀett, 2003; Brandon et al., 1998;
Brandon and Walker, 2005; Van Orman et al., 2008). Similarly, the presence of a small amount of Fe-rich metallic
phase in the silicate mantle is also thought to be important
for siderophile element inventory of the bulk mantle (e.g.,
Newsom and Sims, 1991; Frost et al., 2004; Rohrbach
et al., 2007). The impact of carbon and sulfur upon siderophile element storage and distribution in Fe-rich mantle
metal has yet to be emphasized and constrained.
The core of the Earth, and probably other planetary
bodies, needs to contain one or more light elements to fulﬁll
density requirements (Birch, 1952; Labrosse, 2003). The
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Earth requires that 5–10% of its core be composed of
elements lighter than Fe–Ni (Birch, 1952; Poirier, 1994;
Anderson and Isaak, 2002; McDonough, 2003). For an element to be a major core component it must have high cosmic abundances and be compatible with Fe. There are ﬁve
plausible elements that can ﬁll this role: H, O, C, S, and Si.
The only planetary cores that we can study in hand specimen are those of remnant planets, in the form of iron meteorites. The most abundant light elements in these cores are
S and C. Carbon occurs in abundances up to 2 wt.% and
(Fe,Ni)3C (cohenite) is an accessory phase in iron meteorites (Buchwald, 1975). C is 8 times more abundant in the solar system than Fe but is often ignored as a core component
because of its volatility and the diﬃculty of measuring it in
samples. If the core of a planet forms at an elevated pressure then the volatility driven loss of C can be avoided owing to higher solubility of C in deep Earth phases, especially
in metallic systems.
Addition of C to an Fe-rich core can stabilize an Fe-carbide. This carbide is likely either cohenite or Fe7C3. Recent
work (Lord et al., 2009), has argued that there is an invariant point along the Fe-saturated solidus terminating cohenite to Fe7C3 + liquid at 120 GPa. If this is the case,
cohenite’s importance as an inner core material may be restricted to smaller planetary bodies, such as Earth’s Moon
and Mercury where the inner pressures are as low as 4–
8 GPa, but for Earth the carbide phase of interest is
Fe7C3. However, the solidus boundary between cohenite
and Fe + Fe7C3 (Lord et al., 2009) is not well constrained,
indicating that cohenite could still be a stable phase at
CMB pressures. Even though there is the possibility of cohenite being a stable phase, there are several reasons that the
inner core of the Earth is primarily Fe metal and not cohenite. First, the density of cohenite at Earth’s core pressures
is too low (Ono and Mibe, 2010). Second, Pb isotopic age of
the Earth supports the conclusion reached through mass
balance that the Earth’s core C content is probably no more
than 0.25 wt.% (Dasgupta and Walker, 2008; Wood and
Halliday, 2010). Finally, recent experiments, which constrained carbon partitioning between core-forming metallic
liquid and silicate liquid also suggest that equilibrium core
formation likely resulted in a bulk core with 0.20–0.25 wt.%
carbon (Dasgupta et al., 2013). Currently the amount of C
which can be incorporated into metallic Fe at core conditions is unconstrained. Using 0.25 wt.% as the most likely
C content of the Earth’s core would result in a maximum
of only 4 wt.% cohenite if C was fully excluded from Fe metal. While the presence of cohenite in the Earth’s core remains an open question, its presence in the Earth’s
mantle may be unavoidable.
Gradual disproportionation of the mantle assemblage
with depth in Earth’s high pressure environment to give
Fe metal and Fe3+-bearing phases suggests that Earth’s
mantle might be metal saturated at depths in excess of
250 km and as much as 0.1–1.0 wt.% metallic Fe (or Fe–
Ni alloy) could be present (Frost et al., 2004; Rohrbach
et al., 2007, 2011). This, in addition to the equilibrium presence of reduced carbon such as diamond and graphite, may
lead to the formation of Fe-rich carbides, cohenite and

Fe7C3 at mantle depths (Dasgupta and Hirschmann,
2010; Dasgupta, 2013). Moreover, as sulfur in the mantle
is present almost entirely as sulﬁde, equilibrium phase relations and siderophile element geochemistry of the Fe–
(±Ni)–C±S system become relevant. The ﬁnding of cohenite, troilite, and metallic-Fe as inclusions in mantle-derived
garnet (Jacob et al., 2004) validates such a hypothesis.
Comparison of average sub-ridge mantle adiabats with
the extrapolation of near-liquidus phase diagram of Fe–
(±Ni)–C±S system (Dasgupta et al., 2009) suggests that
Fe-rich carbide and Fe–Ni–C–S liquid may coexist in the
Earth’s mantle over a large depth range. Hence the knowledge of siderophile element partitioning between cohenite
and Fe–C–S liquid is important for knowing the contribution of various phases in siderophile element budget of
the mantle.
For phase relations and siderophile element partitioning
in light element bearing metallic systems, previous studies
have focused on a Fe-rich binary systems with Fe-alloy
being the solid phase of interest (Wood, 1993; Chabot
et al., 2006, 2007, 2008; Van Orman et al., 2008; Lord
et al., 2009; Stewart et al., 2009; Walker et al., 2009; Buono
and Walker, 2011), but the eﬀects of the crystallization of
carbide on partitioning in a multi-component system have
yet to be looked at in detail.
In this paper, we examine partitioning of some key siderophile elements in the Fe–Ni–S–C system, with variable S
content, at 3 and 6 GPa at 1150 °C. Cohenite is a stable
phase in the Fe–Ni–C–S system at this temperature at both
3 and 6 GPa, removing the complexity that a variety of carbide solids could add. The Fe–Ni–S–C chemical system was
chosen because S is known to readily alloy with Fe, though
its solubility decreases with increasing pressure. S also has a
large impact on the melting point of Fe (Brett and Bell,
1969; Usselman, 1975; Fei et al., 1997; Morard et al.,
2007; Chen et al., 2008; Buono and Walker, 2011) which decreases the required core temperatures to sustain a dynamo.
Large changes in P and T must be taken into account when
talking about planetary cores. Partition coeﬃcients are often assumed to be independent of intensive variables such
as temperature, pressure, oxygen fugacity, and phase compositions (Bild and Drake, 1978). However, there is a growing recognition that it is important to constrain the control
of these intensive variables on a given partition coeﬃcient.
In this paper, we look at 3 of these variables that might affect partition coeﬃcients in metallic crystal–liquid assemblages; the eﬀect of S on partitioning in the Fe–Ni–C
system; the eﬀect of P on partitioning in the Fe–Ni–C
and Fe–Ni–C–S systems; and how changing the solid from
metallic-Fe to Fe-carbide aﬀects D. Our choice of siderophile trace elements Ni, Co, W, Re, Os, and Pt for study
was conditioned by the relatively large data base for the
ﬁrst 3 elements that exists for metal/liquid partitioning.
The second 3 elements chosen are the key siderophile elements for understanding Os isotope evolution in the Earth’s
core (Brandon and Walker, 2005; Walker et al., 2005). We
wished to revisit the issue of Pt–Re–Os behavior in a Cbearing liquid metal system for evidence of behavior change
introduced by carbon.
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2. EXPERIMENTAL AND ANALYTICAL METHODS
2.1. Starting materials
Experimental starting materials were prepared by mixing Fe, synthetic FeS, and diamond powder with metallic
powders that comprised the trace component. Sources for
these materials were: Fe (99.9% Fe powder from Alfa-Aesar), synthesized FeS (mixture of 99.9% Fe powder (AlfaAesar) with S (Fisher Scientiﬁc)), and diamond powder
(1–5 lm, Warren Diamond Powder Co.). The FeS was synthesized by mixing sulfur and iron powder in equimolar
proportions and then by sealing the mix in an evacuated silica tube. The silica tube was then heated to 1000 °C for 1 h
to aid reaction in the mixture. The resulting powder was
then ground and mixed with the desired proportion of iron,
diamond, and trace component powder in an agate mortar,
under acetone.
Because we wanted to see the eﬀect of varying S, we created three starting materials with diﬀerent proportions.
These blends are reported in Table 1. In all materials, the
trace component consists of 0.09–0.08 wt.% of each of W,
Co, Re, Os, and Pt. These mixes were incompletely homogenized so there is some variability in the initial trace element
content of the starting material. Throughout this paper, the
composition of the starting material will be referred to by
wt.% S. After mixing and drying, all the starting mixes were
stored in stoppered vials in a glass desiccator.
2.2. Experimental design and procedure
Experiments were performed using a Walker-style multianvil apparatus at the Lamont Doherty Earth Observatory.
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Initial, reconnaissance experiments were performed over a
pressure and temperature range of 3–6 GPa and 1150–
1450 °C (Appendix 1). To isolate the eﬀect of pressure on
siderophile element partitioning, all the experiments, for
which trace elements were measured, were carried out at
1150 °C. Experiments used castable MgO–Al2O3–SiO2
octahedral assemblies, LaCrO3 furnaces, crushable MgO
spacers and capsules, and 8 mm truncation edge length
(TEL) WC cubes as anvils to exert pressure onto the sample
assembly. A force of 300 tons was used to achieve 6 GPa of
sample pressure and 150 tons for 3 GPa. Type-D W/Re
thermocouples were used to monitor and control temperature during the experiments and were inserted laterally
through the gasket ﬁns of the castable octahedra.
All experiments were pressurized cold and held at a temperature of 800 °C for 16–24 h (Table 1). This minimized
porosity in the capsules, to prevent seepage when the temperature was raised and the metals melted. After sintering,
experiments were heated at an average rate of 200 °C/min
to 1400 °C, and held for at least 30 min to homogenize
the C. The temperature for all cohenite–liquid experiments
was then lowered to 1150 °C in about a minute and held for
18–26 h (Table 1), a signiﬁcantly longer duration than previous studies in similar systems (Chabot et al., 2008), to
help ensure equilibration. Experiments were quenched by
terminating power to the heater. At the end of the experiment, the assembly was gradually decompressed and the
recovered assemblies were mounted in epoxy for sample
preparation and analysis. The assemblies were ground longitudinally to expose the medial section of the samples.
Coarse sample grinding was done using a silicon carbide
strip grinder and ﬁne polishing with 0.3 lm Al2O3 powder
on a lapidary wheel. Water was used as lubricant during

Table 1
Experimental conditions, phase assemblage, and phase proportions in run product.
P

r2a

Run no.

P
(GPa)

T
Duration Homogenization Homogenization Bulk composition of
(°C) (h)
T (°C)
time (min)
the starting material

Phase assemblage
and proportion

TT-731

3

1150 23.38

1400

60

72% Liquid + 28%
Cohenite

0.1

TT-716

6

1150 18.87

1400

188

53% Liquid + 47%
Cohenite

5.7

TT-733

3

1150 20.58

1400

60

TT-726

6

1150 26.07

1400

62

TT-728

3

1150 21.72

1400

65

BB-965

6

1150 22.22

1400

30

89.62 wt.% Fe; 4.72 wt.%
C; 5.23 wt.% Ni; 0.43 wt.%
Trace; 0% S
89.62 wt.% Fe; 4.72 wt.%
C; 5.23 wt.% Ni; 0.43 wt.%
Trace; 0% S
84.9 wt.% Fe; 4.72 wt.% C;
4.72 wt.% S; 5.23 wt.% Ni;
0.43 wt.% Trace

22% S-rich Liquid + 31%
Cohenite + 47%
Unreacted, disequilibrium
phase
84.9 wt.% Fe; 4.72 wt.% C; 28% Liquid + 72%
4.72 wt.% S; 5.23 wt.% Ni; Cohenite
0.43 wt.% Trace
75.47 wt.% Fe; 4.72 wt.% 60% Liquid + 40%
C; 14.15 wt.% S; 5.23 wt.% Cohenite
Ni; 0.43 wt.% Trace
75.47 wt.% Fe; 4.72 wt.% 65% Liquid + 35%
C; 14.15 wt.% S; 5.23 wt.% Cohenite + Trace Graphite
Ni; 0.43 wt.% Trace

0

6.9

1.4

2.6

All the experiments were conducted in MgO capsules. Phase assemblage and proportion was calculated based on the bulk and ﬁnal
compositions, assuming no loss during the runs. The no loss assumption is based on the use of an MgO capsule and no apparent leakage
observed in microprobe imaging.
Average uncertainty in temperature is ±25 °C. All experiments are arranged according to increasing S content of the starting mixes.
a P 2
‘ r ’ is the sum of the squares of the residuals from the phase assemblage calculation.
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polishing. After a polished surface was achieved, samples
and standards were cleaned in an ultrasonic bath and
coated with Al for characterization of C content with an
electron microprobe. Samples were then re-polished and
coated with C for further characterization with an electron
microprobe. After chemical analyses using electron microprobe were completed, carbon-coating was removed and
samples were analyzed using LA-ICP-MS.
2.3. Analysis of the run products
2.3.1. EPMA analysis with Al coating
Samples were imaged and analyzed for Fe, Ni, S, and C
using a Cameca SX100 electron probe microanalyzer
(EPMA) at the American Museum of Natural History.
Fe-wire, Ni-wire, natural troilite, and experimentally synthesized stoichiometric cohenite were used as primary analytical standards. The samples and the standards were Al
coated simultaneously for each run to keep X-ray absorptions uniform. For Wavelength Dispersive Spectrometry
(WDS) analysis of C, a Ni/C multilayer crystal (LPC2:
large PC2 with 2d spacing = 9.5 nm) was used, following
the analytical protocol of Dasgupta and Walker (2008).
An accelerating voltage of 10 kV and a probe current of
70–100 nA was used for all the analyses. For the bulk of
the analyses, fully focused beam with a 30  30 lm raster
was used for quenched melt and crystalline domains.
Quenched melt pools in a limited number of experiments
were analyzed using a fully focused beam with a
15  15 lm raster. Counting time was 20 s on peak and
10 s on each background for Fe, Ni, and S. To avoid contamination-induced gain, C was measured for 10 s on peak
and 5 s on each background.
2.3.2. EPMA analysis with C coating
Samples were imaged and analyzed for Fe, Ni, and S
using a Cameca SX100 EPMA at the American Museum
of Natural History. Natural troilite, Fe-wire, and Ni-wire
were used as primary analytical standards for the major elements. S, Fe, and Ni were analyzed using the LPET and
LLIF crystals with an accelerating voltage of 15 keV and
a probe current of 20 nA with a peak time of 20 s.
For the bulk of the analyses, fully focused beam with a
30  30 lm raster was used for quenched melt and crystalline domains. Quenched melt pools in a limited number of
experiments were analyzed using a fully focused beam with
a 15  15 lm raster.
2.3.3. LA-ICP-MS analysis
Analyses of Fe, Ni, and trace elements (Fe, Ni, Co, W,
Re, Os, and Pt) were done by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) at Rice
University using a ThermoFinnigan Element 2 ICP-MS
coupled to a New Wave 213 nm laser ablation system
(Agranier and Lee, 2007). Analyses were performed in
medium mass resolution (m/Dm = 3500) in order to resolve all major molecular interferences (which aﬀect in
particular Fe, Co, and Ni). The following isotopes were
measured during analysis: 57Fe, 59Co, 61Ni, 182W, 183W,
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Re, 190Os, 192Os, 194Pt, and 195Pt. The laser was set at
10 Hz pulse frequency and an energy density of 9–11 J/
cm2. Measurements consisted of about 10 analyses of
gas ﬂow background followed by 40–50 measurements of
the ablation signal. Gas background was averaged and
then subtracted from the ablation signal. Background-corrected signals were converted to concentrations using a
combination of internal and external standards. 57Fe was
used as an internal standard for both metal carbide crystals and quenched metallic liquids. Hoba iron meteorite
was used as a primary external standard while iron meteorite Filomena was used as secondary external standard
(Campbell and Humayun, 2005). For each experiment,
the locations to be analyzed were selected from a BSE
or optical images of the sample and typically laser spot
size of 40 lm was used for crystals and 110 lm for
quenched melt pools. Reported errors in Table 2 were calculated as twice the standard error of the mean of the replicate analyses of each phase. The measured isotopic
compositions of W, Os, and Pt were identical to natural
isotopic compositions to within error, indicating that
interferences were not an issue. For a given element, concentrations determined using each isotope was also identical, so the average of the two is reported in Table 2.
3. RESULTS
The experimental conditions, resulting phase assemblages, and compositions are documented in Tables 1 and
2. The textures of the experimental charges are shown in
Fig. 1. All discussions about Ds for Co, Os, Pt, Re, and
W (Table 3) refer to the LA-ICP-MS data where Fe was
used as the internal standard. The phases present and phase
proportions for each experiment are given in Table 1.
3.1. Melt compositions
Bulk composition 0 wt.% S: there was one melt in equilibrium with cohenite at 1150 °C at each pressure (3 and
6 GPa) of the experiments; the melt compositions are diﬀerent at 3 and 6 GPa. There was no graphite produced in
either sample (Fig. 1). The liquid in equilibrium with cohenite was rich in Fe–C–Ni with the Ni and C content increasing as pressure increased at the expense of Fe.
Bulk composition 4.7 wt.% S: At 3 GPa and 1150 °C this
composition shows an S-rich liquid, cohenite, and an enigmatic intergrowth of cohenite and Fe-alloy (TT-733, Fig 1).
This intergrowth at the cold end of the charge is S-free, presumably therefore not in equilibrium with the rest of the
charge, and is not considered further. The hot-end liquid
was sulfur-rich and in major element content quite similar
to the sulfur-rich liquids from our other experiments. At
6 GPa and 1150 °C, besides cohenite, only S-rich liquid
phase was present. The Fe-bearing solid in all experiments
at this bulk composition was cohenite (Fig. 1).
Bulk composition 14 wt.% S: at 3 GPa this composition
showed one liquid phase and one crystal phase (cohenite).
At 6 GPa there were two crystalline phases (cohenite,
graphite) and one liquid phase (Fig. 1) (Table 1).
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Table 2
Composition of the experimental phases
Run No.

B.C. 89.62 wt.% Fe–4.72 wt.%
C–5.23 wt.% Ni–0.43 wt.%
trace

B.C. 84.9 wt.% Fe–4.72 wt.%
S–4.72 wt.% C–5.23 wt.% Ni–0.43 wt.%
trace

TT-731 TT-731 TT-716 TT-716 TT-733
P (GPa)
3
na EPMA C/Al coat 19/29
nb LA-ICP-MS
4
Phase
Fe3C
Fe (wt.%)
91.8
1r
1.2
Ni (wt.%)
2.3
1r
0.5
C (wt.%)
5.5
1r
0.8
S (wt.%)
0
1r
0
Co (ppm)
350
1r
240
Os (ppm)
360
1r
69
Pt (ppm)
20
1r
16
Re (ppm)
550
1r
63
W (ppm)
420
1r
69
Total
99.8

3
6/50
7
Liquid
89.1
0.7
6.4
0.8
4
0.7
0
0
690
66
710
60
260
30
690
98
660
96
99.9

6
19/39
2
Fe3C
88.9
1.3
3
0.8
7
0.7
0
0
370
210
340
2
28
2
470
2
540
2
99.0

6
21/39
6
Liquid
86.8
0.8
7.2
0.7
5.6
0.9
0
0
1340
88
820
110
400
43
780
120
710
34
100.0

3
18/40
5
Fe3C
90.1
0.5
2.4
0
7
0.6
0
0.1
670
13
480
15
29
5
520
81
520
58
99.7

B.C. 75.47 wt.% Fe–14.15 wt.%
S–4.72 wt.% C–5.23 wt.% Ni–0.43 wt.%
trace

TT-733

TT-726

TT-726

TT-728

TT-728

BB-965

BB-965

3
23/65
3
Liquid S
67.9
1
8.2
0.5
1.9
0.7
21.8
1.1
530
51
32
5
110
10
17
3
22
3
99.9

6
21/48
3
Fe3C
89.9
1.6
2
0.2
7.6
2.1
0
0
630
33
410
48
20
2
370
37
310
69
99.8

6
21/45
4
Liquid
70.1
0.9
8.2
0.3
4.6
1.6
17.1
0.6
840
110
160
22
340
45
52
7
61
5
99.7

3
20/30
5
Fe3C
90.3
2.2
2.3
0.1
6.1
0.5
0.1
0.2
1830
48
1010
25
250
18
800
35
640
26
100.2

3
21/52
5
Liquid
65.8
1.7
8.5
0.5
2.6
1.2
22.7
0.6
1710
130
70
6
1330
160
20
3
23
2
99.3

6
24/18
3
Fe3C
90.1
1.3
2.4
0
6.5
1.6
0
0
950
26
960
200
10
1
940
210
230
14
99.9

6
53/34
7
Liquid
67.5
1
9.2
0.5
3.2
0.8
21.8
0.8
1470
51
100
12
160
15
29
3
75
9
99.4

Fe, C, Ni, and S (reported in wt.%) were measured by electron microprobe. Trace elements (reported in ppm) were measured by LA-ICP-MS.
1r Uncertainties are based on replicate analyses.
a
Number of electron probe spots analyses used to obtain the reported major element concentrations the ﬁrst number is the number of spots
conducted while the samples were carbon coated the second number is the number of spots conducted while the samples were Al coated.
b
Number of LA-ICP-MS spot analyses used to obtain the reported trace element concentrations.

4. DISCUSSION
This study explored the eﬀect of light element content (S
speciﬁcally) of carbon-bearing liquid in controlling the partitioning when the solid is cohenite instead of crystalline Fe.
Ni partitioning into cohenite exhibits some curious behavior compared to its partitioning into Fe metal as do some
of the other siderophile elements. In Figs. 2–4 the elements
are ordered by increasing D in the Fe–S system, based upon
literature data (Chabot et al., 2007; Van Orman et al., 2008;
Stewart et al., 2009) at 32 mol.% S in the liquid. This value
of S was chosen because it is the lowest value with data
available for W and it is a midpoint for most of the other
elements in in the Fe–S data sets (Fig. 3). Any dip in the
pattern reﬂects a departure from D behavior in the Fe–S
system. In this section we compare our results with those
of previous studies on the Fe–S (Chabot et al., 2007; Van
Orman et al., 2008; Stewart et al., 2009) and Fe–C (Chabot
et al., 2006, 2008) systems (Fig. 3).
4.1. Phases present
Cohenite is the crystalline phase in all the experiments
we report here at 1150 °C in Fe–Ni–S–C at 6 GPa. However, previous work (Dasgupta et al., 2009) showed that

Fe7C3 is the stable phase in the Fe–S–C system at
1150 °C and 15 wt.% S in the starting bulk composition.
These conditions are the same as those of BB-965 (Table 1),
except the current experiments contain Ni. The addition of
Ni increases the stability of cohenite over Fe7C3 and destabilizes the solvus to lower temperatures for higher bulk S
content. By staying in the ﬁeld of cohenite phase stability
at variable P we were able to avoid the added complication
of a phase substitution of a diﬀerent carbide.
4.2. Eﬀect of sulfur on partitioning at a ﬁxed P
At 3 GPa the liquids at both 4.7 wt.% S and 14 wt.% S
starting compositions are close to 31 mol.% S. Their Ds
are also indistinguishable. At 3 GPa a variation of
10 wt.% S in the starting composition has no noticeable effect on the liquid composition or the measured Ds. DOs,
DRe, and DW for cohenite–S-rich metallic melt are at least
an order of magnitude greater than the cohenite/C-rich,
S-free melt Ds. This indicates that the presence of S has a
large eﬀect on some of the Ds in the Fe–Ni–S–C system
at 3 GPa (Fig. 2, Table 3).
At 6 GPa, variability in Ds can be characterized by the S
content of the liquid. Unlike at 3 GPa, the S content of the
liquid composition changes from 24 mol.% to 29 mol.%
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Fig. 1. Representative back-scattered electron images of the experimental products in MgO capsules. All experiments were homogenized at
1400 °C before being dropped to run temperature of 1150 °C. (A) TT-716: The lower portion of this experiment is a C-rich liquid while the
upper portion is cohenite. This charge is representative of the textures seen in both the 3 GPa (TT-731) and 6 GPa (TT-716) experiments
where S was absent. The clean separation of the phases that facilitates their well-diﬀerentiated, separate analysis is caused by thermal
compaction in the small temperature gradient within the charge. The direction of thermal migration separation, putting cohenite in the cold
region of the charge, indicates that the cohenite becomes less soluble in the liquid as temperature falls. (B) TT-733: This experiment presents
three zones of product. Moving from the bottom up from hotter to colder in the charge: the S-rich liquid; cohenite; and an occluded region in
which sprays of essentially S-free metal and carbide coexist. The compositions reported for this study are those of the cohenite from the middle
zone and the quenched liquid from the lower zone. The region of occluded cohenite–metal sprays does not appear to participate in the liquid–
cohenite thermal compaction equilibrium which is the subject of this study. (C and D) TT-728: Shows the sulﬁde-rich quenched metallic melt
at the bottom of the image, composed of sulﬁde matte with dendrites of metallic iron, coexisting with cohenite, at the top of the image. This
charge, like BB-965, is graphite-saturated in both the liquid and solid phase. (D) is a close-up of the crystal–liquid interface.

Table 3
Partition coeﬃcients
Run

Phase

P (GPa)

S+C

DNi

1r

DCo

1r

DOs

1r

DPt

1r

DRe

1r

DW

1r

TT-731
TT-716
TT-733
TT-726
TT-728
BB-965

Fe3C/liquid
Fe3C/liquid
Fe3C/liquid
Fe3C/liquid
Fe3C/liquid
Fe3C/liquid

3
6
3
6
3
6

17
22
38
40
41
41

0.36
0.41
0.29
0.24
0.28
0.27

0.15
0.17
0.02
0.03
0.03
0.02

0.51
0.28
1.3
0.74
1.1
0.65

0.44
0.19
0.16
0.15
0.12
0.04

0.51
0.41
15
2.6
14
9.2

0.15
0.06
3.2
0.76
1.6
3.4

0.08
0.07
0.26
0.06
0.18
0.07

0.08
0.01
0.07
0.02
0.04
0.01

0.79
0.60
31
7.0
41
33

0.24
0.12
11
2.0
8.3
13

0.64
0.76
24
5.1
28
3.0

0.23
0.04
6.1
1.7
3.6
0.61

(S + C) is in mol.%. D’s are calculated by weight. 1r for DNi, for instance, calculated from {XNi(Fe3C) + stdev[XNi(Fe3C)]}/{XNi(liq)  stdev[XNi(liq)]}  D. The values of stdev[XNi(Fe3C)] and stdev[XNi(liq)] are taken from the 1r values in Table 2 for individual phase
analyses.

as the bulk composition increases from 4.7 wt.% S to
14 wt.% S. DCo, DRe, and DOs increase as S content in the
liquid increases. DNi decreases when transitioning from Crich to S-rich liquid, then remains roughly constant. DPt
and DW remain roughly constant (Fig. 2, Table 3).

4.3. Eﬀect of pressure on partitioning
In the nominally sulfur-free composition there is no
noticeable pressure eﬀect on any of the Ds (Fig. 2, Table 3).
In the composition with 4.7 wt.% S, increasing pressure
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causes a variation in the S content of the liquid. As the S
content of the liquid increases, DPt, DW, DRe and DOs all increase. DNi decreases slightly and DCo shows a slight increase, but a lot of the variation for DCo is within error.
At this composition there is no P dependence which can
be separated from the variation of S in the liquid (Fig. 2,
Table 3).
In the 14 wt.% S-bearing composition, graphite is stabilized at 6 GPa but not at 3 GPa. BB-965 and TT-728 have
identical S + C values (within error). Since TT-728 is at
3 GPa and BB-965 is at 6 GPa but the S + C values are
identical any variation in Ds can be attributed to a P eﬀect.
The only Ds which vary between these 2 experiments are
DW and DPt. At 3 GPa DW is 28.6 and at 6 GPa DW is
3.1. The change in DPt is less but still outside of the analytical error (Fig. 2, Table 3).
4.4. Cohenite vs. Fe-metal
Previously, partitioning behavior in metal-rich systems
has been successfully characterized by the fraction of nonmetals such as S and P in liquid compositions. It has been
suggested that the addition of C could also be accounted for
with these models (Jones and Malvin, 1990; Chabot and
Jones, 2003; Stewart et al., 2009). In this study we explore
the extreme case of C inclusion, when the liquid is no longer
in equilibrium with Fe metal but with cohenite. When the
light element content of the liquid is the same are the Ds
for cohenite and Fe the same? Even if the Ds are diﬀerent,
can the previous models capture the cohenite system behavior or is a new formulation required? To answer these questions we have compiled literature data and plotted it as D
vs. light element content of the liquid (Fig. 3). These ﬁgures
have experimental data over a wide P and T range (Chabot
et al., 2006, 2007, 2008; Van Orman et al., 2008; Stewart
et al., 2009). P and T appear to have little eﬀect on D as
shown in the review of P eﬀects above and previously for
crystalline Fe (Jones and Walker, 1991). The behaviors of
the log Ds in the Fe–S, Fe–C, and cohenite systems may
be characterized by exponential ﬁts to the nonmetal content
of the liquid (Fig. 3).
4.4.1. Metallic Fe/S-bearing metallic liquid partitioning vs.
cohenite/metallic alloy liquid partitioning
For any given light element concentration in the liquid,
going from Fe solid to cohenite solid causes Ds to decrease
(Fig. 3) for all elements except W. This diﬀerence becomes
more pronounced as the light element concentration, i.e.,
total S + C of the liquid is increased. In the system without
C, D increases with increasing light element content (Fleet
et al., 1999; Chabot et al., 2003, 2006, 2007, 2008, 2011; Lazar et al., 2004; Van Orman et al., 2008; Walker and Li,
2008; Hayashi et al., 2009; Stewart et al., 2009; Hayden
et al., 2011); (Fig. 3). This relationship is also seen when
cohenite is the crystalline phase for all elements except
Ni. DNi changes from a positive slope in the D (Fe-metal/
C-rich liquid) and D (Fe-metal/S-rich liquid) to a negative
slope in the D (cohenite/liquid) plot (Fig. 3). The presence
of S in liquid drives Ni into the crystalline metal. It appears
that the nonmetal content of cohenite overcomes the eﬀect
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of S in the liquid and returns Ni behavior to incompatible
(Romig and Goldstein, 1980; Cacciamani et al., 2010). This
change in behavior must relate to the presence of cohenite,
not just the inclusion of C in the liquid, since we do not see
a negative slope in the “(S + C) in the liquid vs. D (Fe-metal/C-rich liquid)” data (Chabot et al., 2006; Chen et al.,
2008) (Fig. 3).
4.4.2. Metallic Fe–C-bearing metallic liquid partitioning vs.
cohenite-metallic alloy liquid partitioning
In the Fe–S vs. cohenite–S-bearing melt system, Ds for
most elements decrease when the transition from Fe metal
to cohenite is made. This does not appear to be true for
W. In the small area of S + C space where experiments have
been done in both the Fe-metal–C-bearing liquid and cohenite–liquid systems, DW are about equal, and if the lower
S + C trend in the ‘metallic Fe–C-bearing liquid’ data set
were to continue, DW would be smaller than in the cohenite–C-bearing liquid system (Fig. 3). Another interesting
thing is that DRe and DW both appear to have a negative
slope in the Fe metal–C-bearing liquid system when plotted
“(S + C) liquid vs. D”. In contrast, they have positive
slopes in the cohenite–liquid system, and where DNi in the
cohenite–liquid system has a negative slope it has a positive
slope in the Fe-metal–C-bearing liquid system (Fig. 3). The
changes in D and the changes of slope in Fig. 3 are not only
functions of liquid composition but also depend on the
identity of the crystalline phase.
4.5. Models
Fig. 3 demonstrates that D is a function of the non-metal content of the liquid phase (with somewhat diﬀerent
dependencies for diﬀerent crystalline phases). The successful formulations of D for crystalline Fe metal based on liquid phase composition (Jones and Malvin, 1990; Chabot
and Jones, 2003) may have analogs that apply to the Ds
for cohenite. The model of Jones and Malvin (1990) supposes that trace elements either avoid or seek the non-metals in the liquid, with the balance being accommodated in
the crystal. The site availability in the liquid, not occupied
by the non-metals and their associated Fe in whatever species they exist, conditions the extent to which trace elements
reside in either liquid or crystal. The strength of the nonmetal avoidance is characterized by the interaction parameter between the trace element and the non-metals. It is expected that the interaction parameter for some trace
element could be diﬀerent for Fe and liquid than it is for
cohenite and liquid. The following form was suggested by
Jones and Malvin (1990) as a possible way to treat more
than one non-metal in the liquid, in this case non-metals
S and C for the partitioning of Ni.
ln ðDNi Þ ¼ Ni bsc  ln½1  As  as  X s  Ac  ac  X c  þ Const
ð1Þ
Ni

bsc is the interaction parameter for Ni with both S and
C in the cohenite–liquid equilibrium. As and Ac are the stoichiometric factors for the speciation of the non-metal with
Fe in the liquid. For example FeS has As = 2 because two
sites are not available for a trace element if they are
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Fig. 2. This ﬁgure shows the eﬀect of S variation in the bulk composition as well as the eﬀect of P on D at 3 and 6 GPa. Dashed lines and
circles indicate 3 GPa experimental data. Solid lines and squares represent 6 GPa experimental data. Red points contain no S, green are
4.7 wt.% S and blue contained 14 wt.% S in the starting composition. The purple triangles are literature data (Chabot et al., 2008). The
sequence of elements along the X-axis is in the order of increasing D for the Fe-metal/alloy melt pairs in the Fe–S system. Every dip in the
sequence represents a change in the overall behavior of D between the Fe–S and Fe–Ni–S–C systems, reﬂecting the change in crystalline phase
from iron to cohenite. Cohenite generally accepts less of the siderophile elements than does iron. Pt partitions much less readily into cohenite
than into iron than any of the other elements investigated, except Ni in some cases. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

occupied by an Fe and its associated S. as and ac are factors
not very diﬀerent from one that scale the compositional
range until eutectic saturation is reached. Thus the argument of the natural log in [ ] is the fraction of sites in the
liquid that are not available to hold the element of interest,
here Ni. If this form applies to cohenite–liquid partitioning,
one should expect that the argument of the natural log in [ ]
plotted against the ln(DNi) should give a line. Taking as and
ac as 1 and As and Ac as 2, Fig. 4 recasts the data of Fig. 3
into this tentative Jones and Malvin form. (For Ac greater
than 2, the argument of the ln[ ] becomes negative, providing a rough cap on the extent of allowed Fe–C associations
in the liquid.) It can be seen in Fig. 4 that there is reasonable conformance to linear plots, of variable quality,
encouraging the view that cohenite–liquid partitioning
behavior pays some attention to non-metal avoidance principles. Linear plots are approximately found also for Co,
Pt, W, Re, and Os. The negative slope of the plot for Ni
in Fig. 4, in contrast to all the other elements, suggests that
the interactions with S and C have some aﬃnity rather than
being only ones of avoidance. A more detailed treatment is
unwarranted at present, however future investigations may
ﬁnd this framework useful.
4.6. Eﬀect on planetary cores
Cohenite is a possible solid core component in small
planets such as Mercury and moons such as Earth’s Moon.
If cohenite is a major core component, we can expect less
severe depletions in all of the elements studied in the liquid
outer core relative to the Fe–Ni–S system and less severe
depletions in all elements except for W in the Fe–C system
where the inner core is Fe. This is especially true for Ni
where D changes from greater than 1 when partitioned be-

tween an Fe-metal and a metallic liquid to less than one
when partitioned between cohenite and a metallic liquid.
Given a large amount of cohenite formation, this would
lead to Ni enrichment in the liquid outer-core instead of
the less severe depletion expected from the Fe–C system
when Fe is the crystallizing solid.
4.7. Eﬀect on siderophile element distribution in the Earth’s
mantle
The partition coeﬃcients between cohenite and Fe–Ni–
C±S melts (this study) are signiﬁcantly lower than those
between Fe-metal and S-rich liquid for all of the elements
studied here. This is also true for Fe-metal and C-rich liquid (Chabot et al., 2006, 2008), except in the case of Chabot et al. (2008) showed that the Ds for cohenite/liquid
were <1 for S-free liquids. We conﬁrm their result and
show that it also applies to a wide range of S + C-bearing
liquids. The D < 1 indicates that in the presence of cohenite
and Fe–Ni–C–S liquid in the mantle, the siderophile element budget of the mantle may be preferentially accommodated by Fe–C±S liquid rather than solid Fe-carbide. This
is especially true for Ni, Co, and Pt, all of which become
moderate to highly incompatible in the solid if cohenite
is stable instead of Fe-metal. W, Re, and Os also become
slightly enriched in the C-rich Fe–Ni liquid over cohenite
if the system is S-free. The depth of transition from cohenite, (Fe,Ni)3C, to (Fe,Ni)7C3 is not well constrained at
present, however, unless the siderophile element partitioning behavior is signiﬁcantly diﬀerent between (Fe,Ni)7C3
and metallic liquid compared to cohenite and liquid, our
prediction of siderophile element budget of the mantle
being dominated by C±S-bearing metallic liquid will likely
hold.

A.S. Buono et al. / Geochimica et Cosmochimica Acta 120 (2013) 239–250

247

Fig. 3. Plots of crystal/liquid D vs. mol.% of sulfur + carbon in the metallic liquid. These ﬁgures have experimental data over a wide P and T
range. Despite this large P–T range it is possible to ﬁt each data set with an exponential function with liquid composition alone as the
independent variable, indicating the importance of liquid composition (more than T or P) in determining cohenite–liquid siderophile element
partitioning. Unﬁlled shapes and dashes represent data from literature studies on both the Fe–Ni–S and Fe–S systems (Fleet et al., 1999;
Chabot et al., 2003, 2007, 2011; Lazar et al., 2004; Van Orman et al., 2008; Walker and Li, 2008; Hayashi et al., 2009; Stewart et al., 2009; D
written as ‘FeS(D)’). The thick walled squares and triangles with grey interiors represent data from the Fe–C–S and Fe–Ni–C–S systems where
cohenite is the crystalline phase (This study; Chabot et al., 2008; D written as ‘Coh(D)’). The ﬁlled circles and triangles represent data from the
Fe–C and Fe–Ni–C systems where Fe is the crystalline phase (Chabot et al., 2006, 2008; Hayden et al., 2011; D written as ‘FeC(D)’). Hayden
et al. (2011) values are plotted but not included in calculating the trend lines since these experiments contain C in the crystalline Fe but not in
the liquid.

4.8. The eﬀect of cohenite on the coupled enrichment in Pt,
Re, and Os in outer core liquid
Previous work has suggested that material transfer from
the Earth’s outer core to the base of the mantle has led to a
coupled enrichment in the 186Os/188Os (Pt/Os) and
187
Os/188Os (Re/Os) system in some ocean island basalts

(Brandon and Walker, 2005; Walker et al., 2005). Later
work on siderophile element partitioning between metallic-Fe and melt in the Fe–FeS system indicated that it is
not possible to recreate these anomalies at reasonable S
contents of the metallic melt (Van Orman et al., 2008). Even
though it is unlikely that the core of Earth is pure cohenite,
our study provides a useful opportunity to look at the eﬀect
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Fig. 4. The data of Fig. 3 are recast into Jones and Malvin (1990) form. The symbols for data sources are the same as in Fig. 3. The As and Ac
stoichiometric factors for sulfur and carbon species are set to 2, whereas the a factors are set to 1. The bSC values are the slopes of the cohenite
partitioning data arrays.

that moving from Fe crystallization to cohenite crystallization has on DPt, DOs, and DRe. Thus we can evaluate
whether cohenite crystallization in the inner core helps explain the coupled enrichment of Pt–Os and Re–Os system
in the outer core liquid. Using the most favorable case,
where the inner core attained its present mass (5.5% of
the entire core) just after formation, i.e., between 4.4 and
4.3 Ga and by pure fractional crystallization process, the
Pt/Os and Re/Os ratio of the outer core liquid are given by

ðPt=OsÞouter core ¼ F ðD Pt  D OsÞ
D

D

ðRe=OsÞouter core ¼ F ð Re  OsÞ

ð2Þ
ð3Þ

where F is the mass fraction of outer core liquid. Eqs. (2)
and (3) above give the maximum possible isotopic ratios
of 187Re/188Os and 190Pt/188Os in the outer core liquid, set
early in the Earth’s history and thus provide the best case
scenario for coupled enrichment of 186Os/188Os and
187
Os/188Os. To match the observed enrichment in OIB la-
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vas, (DPt–DOs) and (DRe–DOs) values are required to be
25 and 10, respectively (Van Orman et al., 2008).
By using the exponential ﬁts for the cohenite–liquid metal system shown in Fig. 3, and for the metallic liquid composition ranging from 15 to 50 mol.% S + C, we obtain the
(DPt–DOs) and (DRe–DOs) values of 0.1 to 26.8 and
0.14–65.1. Hence, we conclude that although it is possible
to match the requirement of (DPt–DOs) of 25, cohenite
crystallization produces an opposite eﬀect to what is required to obtain the (DRe–DOs) value. Furthermore, even
to match the (DPt–DOs) of 25, a metallic liquid with
S + C content of 49.5 mol.% is required, which is unrealistically high. Thus our analysis suggests that crystallization
of pure cohenite inner core does not result in the coupled
enrichment seen in some ocean island lavas. Hence our data
do not support cohenite as a possible remediant to the difﬁculties in the evidence for core–mantle interaction.
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tle or the core of smaller planets there would be a less severe
depletion in the coexisting liquid for all of the elements
studied, relative to the Fe-metal-sulﬁde liquid and Fe-metal
(dissolved C)-carbon-bearing metallic liquid systems. The
enrichment of the coexisting liquid over cohenite is especially true for Ni, Co, and Pt, all of which become moderate
to highly incompatible if the solid of interest is cohenite
rather than Fe-metal.
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