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     Introduction: Current compositional models for 
the Martian core contain up to 14.2 wt% sulfur (S) in 
addition to iron (Fe) and nickel (Ni) [e.g., 1]. Recent 
high-pressure experiments in the system Fe-FeS 
revealed at least three new iron-sulfur compounds, 
Fe3S2, Fe2S, and Fe3S, stable at high pressures [2, 3]. 
The most iron-rich iron-sulfur compound Fe3S, 
containing 16.1 wt.% sulfur, is stable at Martian core 
pressures. 88% of the Martian core, if solid, would be 
made of the high-pressure Fe3S phase [3]. Substantial 
amount of Ni is expected to be present in the Martian 
core (e.g., 7.6 wt% Ni [1]). However, our knowledge 
about the role of Ni in these possible core phases and 
their physical properties at high pressure is still 
limited. Because the chemistry of Ni is different from 
that of Fe, one would expect that adding Ni into Fe-
FeS system could change phase relations and melting 
behavior, and therefore affect the composition and 
properties of planetary cores. The effect of Ni on 
eutectic temperature and composition in the Fe-Ni-S 
system has been determined in the pressure range of 
18-25 GPa [4]. In this study, we report experimental 
results of the effect of Ni on the Fe-FeS relations at 
high pressure and high temperatures. In particular, we 
examine the solubility of Ni in the high-pressure Fe3S 
phase and the stability field of the Ni-bearing Fe3S 
phase.  
       Experimental procedure: A series of phase 
equilibrium experiments in the system Fe-Ni-S were 
performed using an 8/3 cell assembly in a multi-anvil 
apparatus. Experimental procedure including high-
pressure techniques and assembly preparation is 
similar to that described by Bertka and Fei (1997) [5]. 
Starting materials were mixtures of Fe, FeS, and Ni, 
with compositions (Fex, Ni1-x)3S (x=1, 0.95, 0.9, 0.8, 
0.7, 0.6, 0.5) and Fe3.2Ni 0.3S. The mixture was loaded 
into a MgO capsule and heated with a rhenium heater. 
Sample temperatures were measured with a W5%Re – 
W26%Re thermocouple. A typical run time of the 
experiments is 24 hours. Experimental details are 
similar to those described by Fei et al. (1997, 2000) 
[2,3]. The quenched samples were examined with a 
JEOL-SUPERPROBE JXA-8900 electron microprobe, 
using FeS2 and NiS as standards. X-ray diffraction data 
of the quenched samples were collected using a Rigaku 
microdiffraction system with an imaging plate area 
detector (D/MAX-RAPID).  
       Results: The experiments were performed at 21 
GPa and 900-1050°C. Quench textures are used to 
identify melting, whereas phase identification is based 

on chemical composition and X-ray diffraction data. 
The results are summarized in Table 1. The quenched 
samples from runs at 1000°C revealed a single 
homogeneous phase, using starting materials  
(Fex, Ni1-x)3S (x=0.95, 0.9, 0.8, 0.7), and the phase 
compositions are close to (Fey, Ni1-y)2.6S (y=0.94, 0.89, 
0.78, 0.67), respectively. These samples showed the 
same X-ray diffraction pattern that is different from 
that of the high-pressure phase Fe3S described by Fei 
et al. (2000) [3]. The Ni-free control experiment  
(run# PL-83) produced the Fe3S phase that has a 
tetragonal unit cell [3]. In the experiments, Ni and Fe 
form complete solid solutions up to (Fe0.67, Ni0.33)2.6S. 
Similar experiments using starting materials with 
higher Ni content (c.f., runs #PL-100 and #PL-82) 
failed to produce a single homogeneous phase. Instead, 
melting was observed in these runs, indicating 
significant change of phase relations with increasing 
the Ni content.  
      The lower metal to sulfur ratio in the run products 
than in the starting materials indicates some iron lost 
because of reaction with the MgO capsule to form 
(Mg, Fe)O. It is also due to non-stoichiometric FeS in 
the starting materials. To synthesize the stoichiometric 
(Fex, Ni1-x)3S phase, excess amount of iron was added 
into the starting material. The experiment was run at 
the same condition (1000°C and 21 GPa) and produced 
a homogeneous (Fex, Ni1-x)3S phase with small amount 
of excess metallic Fe-Ni alloy (run #PL-98). The X-ray 
diffraction data revealed that the (Fex, Ni1-x)3S and 
(Fex, Ni1-x)2.6S phases have the same diffraction 
pattern, indicating the non-stoichiometric nature of the 
(Fex, Ni1-x)3S phase. 
       We also conducted an experiment at slightly 
higher temperature (1050°C), using a starting 
composition of (Fe0.9, Ni0.1)3S. The quenched sample 
showed melting texture. The result is consistent with 
that of Pike et al. (1999) [4], lowering the melting 
temperature by approximately 75°C by adding Ni to 
the system. The experiments with high Ni contents 
(Ni/[Fe+Ni] > 0.4) showed much lower melting 
temperature, indicating change of melting relations in 
the Ni-rich region. 
      Discussion and implications: We have determined 
the solubility of Ni in the Fe3S phase, a possible phase 
in the solid Martian core. Ni may replace up to 1/3 of 
the iron atoms in the structure. The X-ray diffraction 
data reveal that the Ni-bearing phase has a different 
structure. The (Fex, Ni1-x)3-yS phase is of non-
stoichiometric nature, with the y values from 0 to 0.4. 
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In a composition close to a model composition of the 
Martian core, we produced a phase assemblage of 
(Fe0.91, Ni0.09)3S and Fe-Ni alloy. The compression 
behavior of this assemblage will be further investigated 
to better constrain the density profile of the Martian 
core. We also examined the effect of Ni on the melting 
relations over a wide composition range. In addition to 
the confirmation of lowering melting temperature by 
adding Ni into the system, we are determining the 
melting relations up to liquidus temperatures that will 
be used to understand the distribution of Ni and S in 

the Martian core if the core solidifies through the 
history. 
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Table 1. Experiments in the system Fe-Ni-S at 21GPa, 900~1050°C 

 
Run#  Materials(x) T (°C) Duration (h) Phases Fe(wt/at)% Ni(wt/at)% S(wt/at)% Total(wt)%

 (Fex,Ni1-x)3S        

PL-83 1 1000 24 Fe3S 84.34 /75.35  15.84 / 24.65 100.18 

    Fe3+xS2 72.71 / 61.59  26.03 / 38.41 98.75 

PL-90 0.95 1000 24 (Fe,Ni)2.6S 77.40 / 68.44 4.89 / 4.11 17.82 / 27.45 100.11 

PL-99 0.9 1050 24 melt     

PL-76 0.9 1000 24 (Fe,Ni)2.6S 72.98 / 64.16 9.35 / 7.82 18.30 / 28.02 100.62 

PL-97 0.9 900 24 (Fe,Ni)3S 75.36 / 67.25 9.57 / 8.13 15.84 / 24.62 100.77 

    (Fe,Ni)3+xS2 66.91 / 56.52 7.50 / 6.03 25.45 / 37.45 99.86 

PL-78 0.8 1000 24 (Fe,Ni)2.6S 62.75 / 55.79 19.13 / 16.18 18.09 / 28.02 99.98 

PL-88 0.7 1000 24 (Fe,Ni)2.6S 53.80 / 48.33 28.39 / 24.26 17.51 / 27.41 99.71 

PL-100 0.6 1000 24 melt     

PL-82 0.5 1000 24 melt     

PL-98 Fe3.2Ni0.3S 1000 24 (Fe,Ni)3S 75.78 / 67.99 8.51 / 7.26 15.83 / 24.74 100.13 
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