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Abstract A compositional variety of planetary cores provides insight into their core/mantle evolution
and chemistry in the early solar system. To infer core composition from geophysical data, a precise
knowledge of elastic properties of core‐forming materials is of prime importance. Here, we measure the
sound velocity and density of liquid Fe‐Ni‐S (17 and 30 at% S) and Fe‐Ni‐Si (29 and 38 at% Si) at high
pressures and report the effects of pressure and composition on these properties. Our data show that the
addition of sulfur to iron substantially reduces the sound velocity of the alloy and the bulk modulus in the
conditions of this study, while adding silicon to iron increases its sound velocity but has almost no effect
on the bulk modulus. Based on the obtained elastic properties combined with geodesy data, S or Si content in
the core is estimated to 4.6 wt% S or 10.5 wt% Si for Mercury, 9.8 wt% S or 18.3 wt% Si for the Moon, and
32.4 wt% S or 30.3 wt% Si for Mars. In these core compositions, differences in sound velocity profiles between
an Fe‐Ni‐S and Fe‐Ni‐Si core in Mercury are small, whereas for Mars and the Moon, the differences are
substantially larger and could be detected by upcoming seismic sounding missions to those bodies.

Plain Language Summary To estimate core compositions of terrestrial planets using geophysical
data with high‐pressure physical property of core‐forming materials, we measure the sound velocity and
density of liquid Fe‐Ni‐S and Fe‐Ni‐Si at high pressures. The effect of S and Si on elastic properties are quite
different in the present conditions. Based on the obtained physical properties combined with geodesy data, S
or Si content in the core of Mercury, Moon, and Mercury are estimated. In these core compositions,
differences in sound velocity profiles between an Fe‐Ni‐S and Fe‐Ni‐Si core in Mars and the Moon are
substantially large and could be detected by upcoming seismic sounding mission to Mars.

1. Introduction

Mercury, Mars, and Earth's moon (the Moon) are reported, from geophysical observations, to have a liquid
core (Margot et al., 2007; Williams et al., 2001; Yoder et al., 2003). These planetary bodies are thought to have
a core that mainly consists of Fe‐5 ~ 10 wt% Ni and of some fractions of light elements (LEs; S, Si, O, C, and
H; Dreibus &Wänke, 1985; Smith et al., 2012; Steenstra et al., 2016). Thus, the core is one of the major reser-
voirs of LEs in planetary body. Knowledge of the composition of the core of terrestrial planets is important
not only for inferring the internal structure and thermal state of a planet, which strongly influence the
core/mantle dynamics and their evolution, but also for understanding the distribution of LE in the solar neb-
ula of the inner solar system (e.g., Rubie et al., 2015). To obtain constraints on the core composition, sound
velocity and density of liquid Fe‐alloys measured under planetary core conditions are indispensable infor-
mation together with geodesy and geophysical data, such as mean density, moment of inertia, tidal Love
number, and seismic wave velocity.
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Key Points:
• The sound velocity and density of

liquid Fe‐Ni‐S (17 and 30 at% S) and
Fe‐Ni‐Si (29 and 38 at% Si) were
measured up to 14 GPa

• Based on the obtained elastic
properties, estimated S contents in
the core are 4.6 wt% S for Mercury
and 32.4 wt% S for Mars

• Difference in sound velocity
between the Fe‐Ni‐S and Fe‐Ni‐Si
core is large enough to be detected in
the core compositions of Mars and
Moon
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• based on measured densities (up to 5 GPa) and acoustic sound velocities (up to 14 GPa) 
of liquid (Fe73Ni10S17, Fe60Ni10S30), liquid Fe eos (Komabayashi 2014), and density 
(Morard 2018) and acoustic sound velocity of FeS (Nishida 2016)


• predicted low and high pressure elastic properties are in good agreement with 
previously measured low pressure and high pressure density and acoustic sound 
velocity data (Morard 2013, Kawaguchi 2017)


• is in good agreement with thermodynamic model based on density data of Xu & 
Antonangeli and other low and high pressure thermoelastic data (Morard 2013 & 2018, 
Nishida 2016, Kawaguchi 2017) if sulfur concentration is ≲16wt%  


• but denser for larger sulfur concentration  >16wt% 
⇒ requires about 10% more sulfur for a given core radius if core radius is large


• both thermodynamic models require core sulfur concentrations that are significantly 
above concentrations deduced from cosomochemical and formation models 


• Fortran code implementing thermodynamic l-Fe-S model of Terasaki 2020 available on 
UCLA server

Terasaki 2019

Xu & Antonangeli
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New bulk composition model of Mars: Yoshizaki 2020

Effect on Mars interior structure

Terasaki 2019

Xu & Antonangeli
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Na2O CaO FeO MgO Al2O3 SiO2

Taylor 0.53 2.43 18.10 30.50 3.04 43.70
Yoshizaki 0.59 2.88 14.70 31.00 3.59 45.50

Yoshizaki 2020

Taylor 2013
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• based on data from Martian meteorites and spacecraft observations

• does not assume that refractory lithophile elements in BSM occur in CI 

chondritic abundance (unlike D. W. family of models)

• has less FeO than D. W. models and therefore a less denser mantle 

(affects moment of inertia and core light element concentration)

• BSM HPE composition similar to D.W. models

• core sulfur concentration ≲7wt% (requires O and H to match core mass)

The composition of Mars
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Abstract

Comparing compositional models of the terrestrial planets provides insights into physicochemical processes that produced
planet-scale similarities and differences. The widely accepted compositional model for Mars assumes Mn and more refractory
elements are in CI chondrite proportions in the planet, including Fe, Mg, and Si, which along with O make up >90% of the
mass of Mars. However, recent improvements in our understandings on the composition of the solar photosphere and mete-
orites challenge the use of CI chondrite as an analog of Mars. Here we present an alternative model composition for Mars that
avoids such an assumption and is based on data from Martian meteorites and spacecraft observations. Our modeling method
was previously applied to predict the Earth’s composition. The model establishes the absolute abundances of refractory litho-
phile elements in the bulk silicate Mars (BSM) at 2.26 times higher than that in CI carbonaceous chondrites. Relative to this
chondritic composition, Mars has a systematic depletion in moderately volatile lithophile elements as a function of their con-
densation temperatures. Given this finding, we constrain the abundances of siderophile and chalcophile elements in the bulk
Mars and its core. The Martian volatility trend is consistent with 67 wt% S in its core, which is significantly lower than that
assumed in most core models (i.e., >10 wt% S). Furthermore, the occurrence of ringwoodite at the Martian core-mantle
boundary might have contributed to the partitioning of O and H into the Martian core.
! 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Mars is the second best-explored planet in our Solar Sys-
tem, given multiple space missions and cosmochemical
studies on Martian meteorites (McSween and McLennan,
2014). Therefore comparison of physical and chemical
properties of Mars with those of the Earth can provide
important insights into the origin and evolution of the
rocky planets, especially conditions for habitable planet
formation. Radioisotope dating of Martian meteorites
demonstrates that its accretion and evolution occurred ear-
lier than that of the Earth (Dauphas and Pourmand, 2011;
Kruijer et al., 2017; Bouvier et al., 2018). The rapid forma-

tion of Mars is consistent with a pebble accretion and/or
runaway and oligarchic growth model, depending upon
model assumptions (Dauphas and Pourmand, 2011;
Johansen et al., 2015; Levison et al., 2015). Thus, a compar-
ison of the composition of Mars and the Earth
(McDonough and Sun, 1995; McDonough, 2014) will pro-
vide insights into processes of planetary formation and
evolution.

Compositional modeling of terrestrial planets requires
determining the abundances and distribution of elements,
given limited chemical data from their silicate shell, knowl-
edge of the behavior of elements in different P-T-
composition-fO2 conditions (Table 1), and constraints from
their geodetic properties. A compositional model for the
bulk planet and its core and mantle can be used to under-
stand the many and markedly different processes involved

https://doi.org/10.1016/j.gca.2020.01.011
0016-7037/! 2020 Elsevier Ltd. All rights reserved.
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Yoshizaki-Terasaki
Yoshizaki-Xu
Taylor-Terasaki
Taylor-Xu
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• large uncertainties about thermoelastic properties of liquid Fe alloys and thermodynamic modeling induce a large uncertainty on the core 
composition


• the addition of a few wt% of O and H brings the required amount of S in the core in line with Mars bulk composition models

• models with S concentration close to that of FeS can have a solid FeS layer below the core-mantle boundary of several hundredth’s of km 

Fe-S
Fe-S-5wt%O
Fe-S-5wt%O-1wt%H

Yoshizaki 2020

Taylor 2013
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