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Introduction: Unlike the Earth’s core, the 
physical state (liquid or solid) of the Martian core is 
uncertain. Knowledge of the physical state of the core 
is critical for placing bounds on core temperatures. 
Several independent observations have provided 
some constraints on the physical state of the core. 
These observations include the discovery of strongly 
magnetized ancient crust by the Mars Global 
Surveyor (1, 2) and thermal evolution models of the 
Martian core (3), the measurements of the solar tidal 
deformation of Mars obtained by analyzing Mars 
Global Surveyor radio tracking data (4), and the high-
pressure experimental melting data for Martian core 
materials at Martian core pressures (5-10). In this 
study, we present new melting data in the system Fe-
Ni-S at Martian core pressures, using multi-anvil 
apparatus and laser-heated diamond-anvil cell. The 
data provide fundamental understanding of the 
relationships among the temperature, composition, 
and physical state of the Martian core. 

Experimental Procedure: Meting experiments at 
pressures below 25 GPa were conducted in a multi-
anvil high-pressure apparatus using an 8/3 high-
pressure cell assembly described by Bertka and Fei 
[11]. In order to determine the effect of Ni on Fe-FeS 
melting relations, we performed a series of phase 
equilibrium experiments in the system Fe-Ni-S using 
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) as starting 
materials. 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. The quenched samples were 
examined with a JEOL-SUPERPROBE JXA-8900 
electron microprobe, using FeS2 and NiS as 
standards. Melting of the samples was determined on 
the basis of quenched textures and composition maps. 
X-ray diffraction data of the quenched samples were 
collected using a Rigaku microdiffraction system 
with an imaging plate area detector (D/MAX-
RAPID). Structures of high-pressure (Fe,Ni)-S 
phases were confirmed using the diffraction data. 

Melting experiments at pressures beyond the 
multi-anvil capability (> 25 GPa) were conducted in 

a laser-heated diamond-anvil cell, combined with 
synchrotron X-ray diffraction at SPring-8 
synchrotron facility. Fe+FeS powder mixtures with 
compositions of 5 wt% S and 10 wt% S were loaded 
into sample chambers (125 µm in diameter and 25 
µm thickness) in pre-indented Re gaskets, using 350-
µm culet diamond anvils. The samples were 
sandwiched between MgO powders that serve as 
thermal insulator and internal pressure standard. High 
temperatures were achieved by double-sided laser 
heating with a uniformly heated spot of about 50 µm 
in diameter. Monochromatic X-ray beam with beam 
size of 20 µm combined with CCD detector was used 
to collect X-ray diffraction data at different pressure 
and temperature conditions. To detect melting at the 
eutectic point, we monitored the change of diffraction 
patterns as temperature increases.  

Results: Using the multi-anvil apparatus, we have 
determined the melting relations in the Fe-FeS 
system and the effect of Ni on eutectic melting of the 
system up to 25 GPa. The eutectic temperature in the 
Fe-FeS system increases linearly from 1275K at 18 
GPa to 1475K at 25 GPa, with a eutectic composition 
of 15.5 wt% S at 24 GPa. The eutectic temperature 
decreases with increasing the Ni content, lowering 
the temperature by approximately 75 K by adding 7.6 
wt% Ni to the system, comparable to that in a model 
Martian core composition (12). While the eutectic 
temperatures are taken as the minimum required for a 
partially molten Martian core, the liquidus 
temperature for the model core composition defines 
the minimum temperature required for a completely 
molten liquid core. In the Fe-rich region (<15 wt%S) 
where metallic Fe coexists with melt above eutectic 
temperature, we have determined the liquidus 
temperatures of the system at 21 GPa by direct 
observation of melting and probing the composition 
of the liquid phase coexisting with metallic iron. The 
liquidus temperature is 2300 K for pure Fe, sharply 
decreasing to 1900 K at 10 wt%S, and to 1450 K at 
15 wt%S. 

We have also investigated the melting relations in 
the Fe-FeS system up to 52 GPa, well into the center 
pressure of the Martian core, using laser-heated 
diamond anvil cell. The eutectic temperatures were 
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directly detected by monitoring the disappearing of 
the diffraction peaks from the iron sulfide phases as 
temperature increases. Several samples were 
quenched at temperatures above the eutectic 
temperature and probed chemical compositions of the 
liquid phases to determine the liquidus temperatures. 
The experimental data provided additional constraints 
on the melting temperatures at the pressure 
corresponding to the center of the Martian core. 

Discussions and Implications: The high-
pressure experimental melting data for Martian core 
materials, at Martian core pressures, provide 
important constraints on the physical state of the 
Martian core. The eutectic temperatures in the Fe-Ni-
S system at core pressures are so low (~1400 K) that 
any amount of S in the core would lead to at least a 
liquid outer core for any reasonable thermal models 
(8). Given an estimate of present-day core 
temperature of 2000 K (3) and a model core 
composition containing14.2 wt% S, the Martian core 
is most certainly liquid. This conclusion is consistent 
with the inference from the measurements of the 
solar tidal deformation of Mars obtained by analyzing 
Mars Global Surveyor radio tracking data. The 
measurements indicate that at least the outer part of 
the core is liquid (4). Additional evidence for arguing 
a liquid Martian core comes from the discovery of 
strongly magnetized ancient crust by the Mars Global 
Surveyor (1, 2). The magnetization was acquired 
prior to 4 billion years (Gyr) ago, implying a short-
lived (~0.5 Gyr) early Martian dynamo. A core 
dynamo on Mars has to be driven by either 
compositional convection in a liquid outer core due 
to solidification of an inner core or thermal 
convection in a liquid core due to high heat flux out 
of the core (13). According to thermal evolution 

models of the Martian core, core solidification is 
unlikely to have occurred because this process would 
have generated a long-lived (>1 Gyr) dynamo (3) 
which is not consistent with the observed Martian 
magnetic field history. The short-lived early Martian 
dynamo is likely due to an initially superheated core 
after rapid core formation (3) or due to mantle 
processes such as overturn of a chemically or 
mineralogically distinct layer (14), resulting in an 
increase in heat flux out of the core. These models 
require a liquid core to initiate a dynamo. Evidence 
for a subsequent Martian dynamo around 3.75 Gyr 
ago (15) would further strengthen the case for a 
liquid core, because it is difficult to produce a short-
lived dynamo with multiple episodes if the core starts 
to solidify. 
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