
1. Introduction
Seismic measurements made as part of the InSight mission (Banerdt et al., 2020) indicate that Mars’ core is 
large and light with radius and mean density ranging between 1,790 and 1,870 km and 5.7–6.3 g/cm 3, respec-
tively (Drilleau et al., 2022; Durán et al., 2022; Khan et al., 2022; Stähler et al., 2021). Relative to pure liquid Fe 
(Kuwayama et al., 2020), this implies a density deficit far in excess of that observed in Earth’s core (Birch, 1964). 
Taken at face value, it requires the incorporation of substantial amounts of light elements (LEs) into the martian 
core during the early stages of planetary formation (e.g., Khan et al., 2022; Steenstra & van Westrenen, 2018). 
Previous work that relied mostly on analyses of martian meteorites and cosmochemical arguments (e.g., Lodders 
& Fegley,  1997; Sanloup et  al.,  1999; Taylor,  2013; Wänke et  al.,  1994; Yoshizaki & McDonough,  2020), 
including geophysical data (Khan et al., 2022), and metal-silicate partitioning results (e.g., Brennan et al., 2020; 
Gendre et al., 2022; Rubie et al., 2004; Steenstra & van Westrenen, 2018; Wang & Becker, 2017), have suggested 
that Mars’ core is rich in S, along with C, O and/or H. Silicon is considered negligible in the martian core, 
because of the relatively oxidized nature of the martian mantle (∼ΔIW − 1) as inferred from the compositions 
of SNC meteorites (Shergottites, Nahklites, and Chassignites) and the correspondingly high mantle FeO content 
(Wadhwa, 2008; Yoshizaki & McDonough, 2020).

On the other hand, how the individual LE influences the seismic properties, such as density (ρ) and P-wave veloc-
ity (Vp) under relevant P-T conditions, is poorly explored. Relative to studies on Earth’s liquid outer core (∼100s 
GPa) (e.g., H. Huang et al., 2013; Morard et al., 2017) and small planetary cores (typically less than 10 GPa, 
see (Pommier et al., 2022) for a recent review), density or compressional sound velocity measurements on liquid 
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Fe-X mixtures, where X is either of the cosmochemically-relevant elements S, C, O, or H, are scarce and poorly 
agreed upon in the pressure range of Mars’ core (∼20–40 GPa). For example, there are five experimental stud-
ies to date on the liquid Fe(Ni)-S system that reported either ρ or Vp data in the aforementioned pressure range 
without extrapolation (Balog et al., 2003; Kawaguchi et al., 2017, 2022; Morard et al., 2013; Nishida et al., 2020). 
However, these studies report that S has opposing effects on Vp (Kawaguchi et al., 2017; Nishida et al., 2020), in 
which adding S to the Fe(Ni)-S binary causes both an increase and a decrease in Vp. In the liquid Fe-C system, 
only one study reports measurements of Vp in the pressure region of Mars’ core (Nakajima et al., 2015). On the 
other hand, experiments at martian core pressures are presently unavailable in the liquid Fe-O and Fe-H systems. 
Despite the limited availability of experimental data, thermodynamic models that synthesize this information for 
the prediction of elastic properties (Rivoldini et al., 2011) have been widely used to infer the physical states and 
compositions of planetary cores (Khan et al., 2022; Terasaki et al., 2019). Inherent to these models, however, 
is the necessity to combine experimental measurements from a range of methodologies and approaches, each 
with their own uncertainty on the desired property (temperature, density, Vp) (e.g., Morard et al., 2007; Nishida 
et al., 2020; Stewart et al., 2007). It is therefore challenging to evaluate the random errors introduced by construct-
ing such models from disparate measurements.

Ab initio calculations provide an alternative and complementary approach to obtaining the elastic properties of 
liquid Fe or Fe-X mixtures. They have the advantage of being performed within a single computational frame-
work that thereby eliminates random errors associated with combining distinct experimental determinations of 
individual binary- or ternary systems. Yet, most ab initio calculations have focused on higher pressures than those 
relevant for the Martian core, with studies focusing on applying their results to the cores of the Earth (Badro 
et al., 2014; D. Huang et al., 2019; Ichikawa & Tsuchiya, 2020; Umemoto & Hirose, 2020) and super-Earths (Li 
et al., 2022; Wagle & Steinle-Neumann, 2019). Relatively few ab initio studies have focused on smaller planetary 
cores, partly because of the complex spin transitions that occur in d-orbital electrons in liquid Fe at lower pres-
sures (Edgington et al., 2019; Morard et al., 2022).

In order to aid in resolving uncertainties among experimental datasets (Kawaguchi et  al.,  2017; Nishida 
et  al.,  2020; Poirier,  1994), as well as to provide a reference mineral physics database for studying the elas-
tic properties of liquid metal cores of Mars- and Mercury-sized planets (∼20–40 GPa), here we perform both 
non-spin- and spin-polarised ab initio calculations on liquid Fe-X mixtures, where X comprises Ni and the 
cosmochemically-favoured LEs S, C, O and H (Khan et al., 2022; Yoshizaki & McDonough, 2020).

2. Methods
2.1. Ab Initio Molecular Dynamics (AIMD) Simulations

AIMD simulations based on density functional theory (DFT) were performed using the Vienna Ab initio Simu-
lation Package (Kresse & Hafner,  1993). A Perdew–Burke–Ernzerhof-type (Perdew et  al.,  1996) generalized 
gradient approximation (GGA) was used to treat the exchange-correlation functionals. Core radii and valence 
electronic configurations of candidate elements in the martian core (Fe, Ni, S, C, O and H) are reported in Table 
S1 in Supporting Information S1. The Brillouin zone was sampled with the Γ point, with a cutoff energy of 
500 eV (or 600 eV for H-bearing supercells) for the plane-wave basis set. Pulay stress was evaluated to be less 
than 1 GPa with a higher cutoff energy of 700 eV and a 2 × 2 × 2 k-point grid. A Nosé-Poincaré thermostat was 
used to control the temperature in the canonical ensemble (NVT).

A cubic box containing 108 atoms was first heated to 6000 K to obtain a liquid structure, then cooled down to 
two P-T conditions relevant to the martian core (19 GPa/2100 K and 35 GPa/2400 K), which correspond to the 
martian core-mantle-boundary (CMB) and ∼1,200 km below it (∼2,800 km depth from the surface), respectively 
(Khan et al., 2022). A number of different volumes, that is, densities, were carefully selected to encompass each 
of the above two anchored P-T conditions in a small range of ∼5 GPa, to better resolve the influence of LEs at 
a given P and T. Simulations were run for 18–27 ps with a time step of 1 ps (0.5 ps for Fe-H binaries). A liquid 
structure was confirmed by the partial radial distribution function (RDF) and mean square displacement (MSD) 
(D. Huang et al., 2019). P and T were calculated from the time average discarding the first 1 ps. Using the block-
ing method (Flyvbjerg & Petersen, 1989), statistical uncertainties in pressure were evaluated to be between 0.1 
and 0.2 GPa (Figure S1 in Supporting Information S1). Small statistical errors in pressure (<0.5 GPa) are achiev-
able by increasing the precision of the ab initio calculations, as commonly seen in recent DFT work (Bajgain 
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et al., 2021; D. Huang et al., 2019). In order to investigate the influence of the size of the supercell on the results, 
we ran separate simulations in a larger supercell containing 216 Fe atoms for 8 ps using identical settings. As 
shown in Figure S2 and Table S2 in Supporting Information S1, the structure and elasticity of liquid Fe obtained 
with different supercell sizes are indistinguishable from each other.

2.2. Benchmark Calculations of Liquid Iron and Reproducibility of Experimental Data

It is known that AIMD simulations of the properties of Fe tend to underestimate pressure (i.e., overestimate density) 
(e.g., Alfè et al., 2002). The mismatch in pressure is due to the intrinsic assumptions of Perdew-Burke-Ernzerhof 
functionals and the common practice of non-spin-polarised treatment, whereas liquid Fe is in fact paramagnetic at 
low pressure (Waseda & Suzuki, 1970). To characterize the effect of the latter on the AIMD-derived equation of 
state (equations of state (EoS)) of pure Fe, we ran parallel simulations on both non-spin-polarised (non-magnetic) 
and unconstrained collinear spin-polarised (magnetic) Fe over a range of pressures, and compare the resulting 
densities with experimental data in Figure 1. We find (a) that the local magnetic moment in spin-polarised liquid 
Fe decreases with pressure, but persists in the pressure range of Mars’s core (Figure 1a), and (b) negative correla-
tion between the local magnetic moment and pressure underestimation (Figure 1b). Although more detailed treat-
ment of the magnetic properties of iron does improve the agreement with experimentally determined densities, a 
considerable gulf remains between them. For instance, at 20 GPa and 3000 K, the inclusion of a magnetic entropy 
term in energy predicts a liquid Fe density of ∼8.1 g/cm 3 (Edgington et al., 2019), which is 2% lower than our 
value of ∼8.3 g/cm 3, yet higher by 5% than the experimental value of 7.7 g/cm 3 (Figure 1b); meanwhile, incor-
porating the magnetic entropy consistently overestimates the magnetic moment of pure Fe at 1 bar (Edgington 
et al., 2019). It is the unbalanced approximation of the exchange-correlation functional that accounts for such a 
mismatch.

In comparison with experiments, our simulations with both magnetic and non-magnetic configurations are seen 
to underestimate pressure, according to varying degrees of magnetic moment underestimation (Figure 1b). As 
a result, the magnetic calculations with higher magnetic moments provide an EoS closer to experimental data, 
consistent with the results of Edgington et al. (2019) and Morard et al. (2022). However, insofar as compressibil-
ity (in other words the curvature of the ρ-P curve, Figure 1b) is concerned, the magnetic EoS fails to reproduce the 
experimental data, necessitating a ρ-dependent correction to pressure to achieve agreement. The compressibility 
of Fe in non-magnetic simulations, in contrast, is seen to provide a good match to the experimentally-determined 
EoS of liquid iron (Kuwayama et al., 2020), indicating that the underestimated pressure is independent of ρ, 
allowing for the application of a constant pressure correction. We estimate the pressure correction to be 16.6 GPa 

Figure 1. Benchmark calculations of liquid Fe at 3000 K. (a) Local magnetic moments calculated from unconstrained 
spin-polarised ab initio molecular dynamics simulations are shown using the Bohr magneton (μB) per Fe atom, along with 
experimental data at 1 bar and ∼1900 K (Waseda & Suzuki, 1970; Weber et al., 1978). (b) Isothermal P-ρ equations of 
state (EoS) of liquid Fe at 3000 K. At similar densities, both magnetic (yellow diamonds) and non-magnetic (green dots) 
calculations underestimate pressure, relative to the EoS (blue line) based on recent density measurements (blue squares) 
(Kuwayama et al., 2020). After applying a constant pressure correction of 16.6 GPa to the non-magnetic calculations (green 
dots), the corrected EoS (red dots) agrees well with the diamond anvil cell experiments by Kuwayama et al. (2020). See main 
text for details.
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over the pressure regime of Mars’ core (19–37 GPa, Figure 1b). This is in line with (a) the observation that the 
difference between simulated and observed pressure becomes larger at lower pressures, for example, 8 GPa at 
Earth’s inner-outer core boundary (330 GPa) and 10 GPa at its CMB (136 GPa) (Badro et al., 2014; Bajgain 
et al., 2021), and (b) a recent evaluation of a ρ-dependent pressure shift determined by comparing calculations to 
the density of hcp Fe and by benchmarking against that of liquid Fe at ambient pressure (Li et al., 2022), in the 
form of a sigmoid function ΔP = 17.38/(1 + exp((ρ − 11.395) · 1.341)), which corresponds to a pressure correc-
tion of 17 ± 0.4 GPa in the density range of 6–9 g/cm 3.

The same pressure correction is applied to all the Fe-X systems studied here, because (a) LEs are generally 
thought to be present in Mars’ core in low concentrations (except for S) and hence only marginally affect the bulk 
properties of Fe, and (b) direct comparison with experiments on liquid Fe-X alloys is rendered difficult by the 
lack of density data for a wide range of mixtures (see discussions in Section 1).

The robustness of our pressure-corrected non-spin-polarised calculations are supported by the fact that (a) the 
calculated densities of liquid Fe-S, and (b) the calculated sound velocities of liquid Fe and Fe-C reproduce 
available experimental data within uncertainties (Balog et al., 2003; Kawaguchi et al., 2017, 2022; Kuwayama 
et al., 2020; Morard et al., 2013; Nakajima et al., 2015; Nishida et al., 2020) as summarized in Figure 2. However, 
as regards Vp of liquid Fe-S binaries (Figure 2b), our results do not fully agree with experiments, where the 
effect of S on Vp of liquid Fe is either negligible or slightly negative at 19 GPa (Kawaguchi et al., 2017; Nishida 
et al., 2020). The mismatch may be due to the applied pressure correction (∼17 GPa), which is the same as the 
value used for liquid Fe. Meanwhile, in the case of Fe-C binaries, our Vp agrees well with experiments (Nakajima 
et al., 2015) as discussed above. This necessitates a species-dependent pressure correction, which is however 
currently unavailable because of the scarcity of experimental data (see Introduction for details).

The potential influence of element-dependent magnetism on liquid properties is obtained by comparing magnetic 
and non-magnetic simulations. The radial distribution functions for the spin- and non-spin-polarised simula-
tions are shown in Figure 3 and illustrate structural similarities across all of the binary systems studied here. 
In general, at the same density, the spin-polarised treatment increases bond length, that is, the position of the 
first peak for each species in the partial radial distribution functions, and therefore yields higher pressures rela-
tive to the non-spin-polarised simulations. Bond length changes between non-magnetic to magnetic systems are 
summarized in Table S3 in Supporting Information S1. The biggest difference is seen to occur in the case of Fe-O 
system, where bond length change in the Fe-Fe bond between the two simulations is most noticeable. This gener-
ally agrees with the simulations of the Fe-O system conducted by Morard et al. (2022), with the exception that 
the larger absolute differences between their spin- and non-spin-polarised bond lengths relative to ours potentially 
relate to Morard et al. (2022) considering an Fe-O system with 50 mol% O. The shortest bond length among all 
bond pairs (Fe-Fe, Fe-X, X-X) is that of Fe-X, which barely changes for Fe-C and Fe-H, but increases by 0.05 Å 
for both Fe-O and Fe-S from non-spin-polarised to spin-polarised systems (Figure 3 and Table S3 in Supporting 
Information S1). Furthermore, except for slight decreases in peak intensity (and peak-shape-sharpening of the 
O-O pair), the S-S, C-C and H-H bonds (Table S3 in Supporting Information S1) are barely affected in going 
from non-spin- to spin-polarised simulations and amount to density differences (Table S4 in Supporting Informa-
tion S1) that are consistently small for all considered systems (within 2%).

3. Results
3.1. Elastic Properties of Liquid Fe-X Under Mars’ Core Conditions

3.1.1. Density and Incompressibility

The results from our AIMD simulations in the form of density and bulk sound velocity are shown in Figure 2, 
while volume and isothermal bulk modulus are shown in Figure S3 in Supporting Information S1. At the condi-
tions of Mars’ core, the addition of LEs invariably decreases the density of liquid Fe (Figures 2a and 2c), with 
S and O affecting density more than C and H on a molar basis; whereas the influence of Ni is negligible. This 
is consistent with previous simulations at the conditions of Earth’s core in which the magnitude of the density 
reduction of iron diminishes following the sequence Si, S, O, C and H (Badro et al., 2014; D. Huang et al., 2019; 
Ichikawa & Tsuchiya, 2020; Umemoto & Hirose, 2020). This can be explained by the relative mass-to-volume 
(Δm/ΔV) change introduced by the incorporation of a LE. For example, interstitial H significantly reduces both 
volume (Figure S3a and S3c in Supporting Information S1) and mass, while C causes smaller Δm and ΔV than 
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H, such that C and H have a near-identical effect (on a molar basis) on density reduction of liquid Fe (Figures 2a 
and 2c). Sulfur, on the other hand, expands the volume of liquid Fe, indicating substitutional occupancy with 
slightly larger atomic radius at these pressures (Ichikawa & Tsuchiya, 2020).

As indicated by the linear trends in Figure 2 and Figure S3 in Supporting Information S1, density and volume of 
the Fe-X binary system can be approximated from linear mixtures in the case of Ni, C, H and O, which agrees 
with results obtained at higher pressures (D. Huang et al., 2019). One of our Fe-O binaries, with 14.8 mol% O, is 
close to the immiscibility gap predicted in the liquid Fe-O system at 20 GPa and ∼2,400 K (which closes at pres-
sures higher than 25 GPa) (Frost et al., 2010), it is therefore expected to exhibit non-ideal mixing behavior in our 
simulations at 19 GPa, which apparently does not occur as discussed above. We conclude that in the investigated 
P-T-X range, that is, 19–35 GPa, 2100–2400 K with 0–14.8 mol% O, liquid Fe-O alloys mix ideally regarding 
volume and density. In agreement with observations at 1 bar (Komabayashi, 2021) and melting experiments at 

Figure 2. Density and bulk sound velocity of liquid Fe-X (X = Ni, S, O, C and H) as a function of X’s concentration 
at conditions of the martian core-mantle-boundary (19 GPa / 2100 K) and within Mars’ liquid core (35 GPa / 2400 K). 
Results from our ab inito molecular dynamics simulations are shown as solid circles. Experimental data for liquid Fe 
(K20 (Kuwayama et al., 2020) and N20 (Nishida et al., 2020)), Fe-S (B03 (Balog et al., 2003), M13 (Morard et al., 2013), 
K17 (Kawaguchi et al., 2017), N20 (Nishida et al., 2020) and K22 (Kawaguchi et al., 2022)) and Fe-C (N15 (Nakajima 
et al., 2015)) are shown as solid or open angular markers. Shaded gray areas are density values from literature (Khan 
et al., 2018; Rivoldini et al., 2011). Error bars are reported using 2σ for both calculations and experiments, and are visible 
when exceeding symbol size. Note that only experiments performed at high pressures encompassing Mars’ core conditions 
(19–35 GPa) are compared here through interpolation; extrapolations from lower pressure are not considered due to the 
uncertainties associated with the extrapolation.
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higher pressures (Chen et al., 2008; Pease & Li, 2022; Pommier et al., 2018) that suggest non-ideality for the Fe-S 
system, we find that volume, density and compressibility cannot be accurately described by linear mixtures of 
liquid Fe and S (Figure 2 and Figure S3 in Supporting Information S1). The excess molar volume of mixing for 
Fe-S is taken into account in our mixing model and will be discussed below.

Based on the simulations performed around the two P-T conditions, we obtain the isothermal bulk modulus KT by 
fitting the P-V data to a second-order Birch-Murnaghan (BM) EoS

𝑃𝑃 =
3
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, (1)

Figure 3. Partial radial distribution functions of Fe-S, Fe-C, Fe-O and Fe-H liquids based on spin- and non-spin-polarised ab initio molecular dynamics simulations 
at similar densities and a temperature of 2100 K. Densities are respectively 6.7, 7.7, 7.3 and 7.7 g/cm 3 for (a), (b), (c) and (d), which all correspond to 19 GPa after 
applying a pressure correction to the non-magnetic calculations (cf. Figure 2a). Bond length changes between non-magnetic and magnetic systems are summarized in 
Table S3 in Supporting Information S1.
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where K0 is the isothermal bulk modulus, V0 the reference volume at the pressures considered here (19 or 35 GPa), 
and 𝐴𝐴 𝐴𝐴 ′

0
 is the derivative of the bulk modulus with respect to pressure, which, in the case of a second-order BM 

EoS, equals 4. Similar to density, S and O are seen in Figure S3 in Supporting Information S1 to have the strong-
est effect on decreasing the compressibility (KT) of liquid Fe, whereas the effects of Ni and H are comparable, 
particularly at 19 GPa. Carbon is the only element that appears to make liquid Fe stiffer (higher KT) at both pres-
sures. Again, like density, the effect of X on KT of Fe-X binaries is, within uncertainties, quasi-linear for Ni, C, H 
and O, but can be described more accurately by a polynomial fit for S (Figure S3 in Supporting Information S1).

3.1.2. Bulk Sound Velocity

In addition to the aforementioned simulations, we conducted calculations on liquid Fe at varying temperatures 
but constant volume at two reference conditions of Mars’ core to obtain the thermal expansion coefficient (α), the 
specific heat capacity at constant volume (CV) and the Grüneisen parameter (γ) through the relations

𝛼𝛼 =
1

𝐾𝐾𝑇𝑇

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝑇𝑇

)

𝑉𝑉

, (2)

𝐶𝐶𝑉𝑉 =
1

𝑀𝑀

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)

𝑉𝑉

, (3)

𝛾𝛾 =
𝛼𝛼𝛼𝛼𝑇𝑇

𝐶𝐶𝑉𝑉 𝜌𝜌
, (4)

where M is the mass, U the internal energy of the system, and the subscript V denotes constant volume. The 
computed values for the thermodynamic parameters are listed in Table 1. From these, we can obtain the isentropic 
bulk modulus (KS) and bulk sound velocity (VΦ, which equals Vp in liquids) according to

𝐾𝐾𝑆𝑆 = (1 + 𝛼𝛼𝛼𝛼𝛼𝛼 ) ⋅𝐾𝐾𝛼𝛼 , (5)

𝑉𝑉Φ =

√

𝐾𝐾𝑆𝑆

𝜌𝜌
. (6)

The calculated velocities for the Fe-X mixtures considered here are shown and compared to available experiments 
in the 20–40 GPa pressure range for liquid Fe (Kuwayama et al., 2020; Nishida et al., 2020), Fe-C (Nakajima 
et al., 2015) and Fe-S (Kawaguchi et al., 2017; Nishida et al., 2020) in Figure 2b. By comparing with recent ab 
initio results obtained at conditions of Earth’s outer core (Badro et al., 2014; D. Huang et al., 2019; Ichikawa & 
Tsuchiya, 2020; Umemoto & Hirose, 2020), we are able to identify a low-P versus high-P dichotomy in the elastic 
properties of liquid Fe-X alloys. The addition of LEs is in general expected to decrease the density more than it 
is the bulk modulus, and thus the liquid Fe-X mixtures should have higher velocities (Brodholt & Badro, 2017). 
This is the case at high pressures relevant to Earth’s core (D. Huang et al., 2019; Bajgain et al., 2021); however 

Table 1 
Thermal Expansion Coefficient (α), Specific Heat Capacity (CV), Grüneisen Parameter (γ), Isothermal Bulk Modulus (KT), 
dKT/dT, Isentropic Bulk Modulus (KS), Density (ρ) and Bulk Sound Velocity (VΦ) of Liquid Fe at the Two Locations in 
Mars’ Core

Liquid Fe CMB (19 GPa/2100 K) 1σ 2,789 km (35 GPa/2400 K) 1σ

α (K −1) 6.99E−05 2.9E−06 5.31E−05 3.3E−06

CV (J/kg/K) 494 16 496 24

γ 2.74 0.14 2.66 0.20

KT (GPa) 156 2 215 4

dKT/dT (GPa/K) −0.026 0.006 – –

KS (GPa) 218 3 288 5

ρ (kg/m 3) a 8,083 1 8,640 1

VΦ (m/s) a 5,196 33 5,769 51

 aUncertainties in density and velocity are obtained by equation of state fitting (Equation 1) and subsequent error prorogation, 
which are smaller than their uncertainties in the mixing model (see below).
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at the pressure-temperature conditions in cores of Mars- and Mercury-sized planets, the negative effect of LEs 
in Fe-X alloys holds for density, but not for elastic properties (bulk modulus and velocity). The latter depend 
on composition and pressure: (a) at the martian CMB (19 GPa), the addition of S, O or H, decreases velocity, 
because it changes (decreases) KT more than it does density, for example, the incorporation of 22 mol% S in 
liquid Fe decreases KT by 50%, and density by only 20% (Figures 2a and 2b and Figure S3b in Supporting Infor-
mation S1); and (b) at 19 GPa, O strongly reduces bulk sound velocity (Figure 2b), whereas at 35 GPa, its influ-
ence on density and KT becomes comparable (Figure 2c and Figure S3d in Supporting Information S1), hence 
the velocity change induced by O is no longer as pronounced (Figure 2d). At the two P-T conditions, where our 
simulations are anchored, C remains the only LE that can raise bulk sound velocity above that of pure liquid Fe, 
because it simultaneously decreases the density and increases the bulk modulus of the binary mixture.

3.2. Non-Ideality of Liquid Fe-S Alloy and Validation of Mixing Model

Because of the challenging nature of high-pressure experiments, on the one hand, and the ensuing scarcity of avail-
able data under extreme P-T conditions relevant to the interior of Earth-sized planets, on the other, ideal mixing 
of binary liquid Fe-X alloys has been widely assumed (e.g., Badro et al., 2014; Komabayashi, 2021; Morard 
et al., 2018; Poirier, 1994) as a means of evaluating elastic properties of multi-component Fe-rich liquids. While 
ideal mixing has been confirmed at conditions of Earth’s core (D. Huang et al., 2019; Umemoto & Hirose, 2020), 
our low-pressure simulations show non-ideal (i.e., non-linear) behavior of density and compressibility upon the 
mixing of Fe and S (Figure 2 and Figure S3 in Supporting Information S1), which, when combined with the 
non-ideal liquidus curve found for the Fe-S system (Chen et al., 2008), clearly shows that the Fe-S non-ideality 
(in the Fe-rich portion of the Fe-S binary) persists across the pressure range covering Mars’ core. Analogous to 
the Earth, Mars’ liquid core is likely a mixture of Fe and multiple LEs (Khan et al., 2022) and we therefore design 
a mixing model to utilize our calculated binary properties as follows.

At a given depth, that is, fixed P and T, the seismic properties of an Fe-X mixture, determined solely by its 
composition, are calculated from

𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚(𝑚𝑚𝑚𝑚) = 𝜌𝜌𝐹𝐹𝐹𝐹 +

𝑛𝑛
∑

𝑚𝑚
∫

𝑚𝑚𝑚𝑚

0

𝜕𝜕𝜌𝜌

𝜕𝜕𝑚𝑚𝑚𝑚

𝑑𝑑𝑚𝑚𝑚𝑚, (7)

and

𝐾𝐾𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
(𝑚𝑚𝑚𝑚) = 𝐾𝐾𝑇𝑇𝐹𝐹𝐹𝐹

+

𝑛𝑛
∑

𝑚𝑚
∫

𝑚𝑚𝑚𝑚

0

𝜕𝜕𝐾𝐾𝑇𝑇

𝜕𝜕𝑚𝑚𝑚𝑚

𝑑𝑑𝑚𝑚𝑚𝑚, (8)

where xi is the concentration (in molar fraction) of the impurity elements (n = 5, viz. Ni, S, O, C and H). Partial 
derivatives of ρ and KT with respect to xi (𝐴𝐴

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑖𝑖

 and 𝐴𝐴
𝜕𝜕𝜕𝜕𝑇𝑇

𝜕𝜕𝜕𝜕𝑖𝑖

 ) are constants for Ni, O, C and H, except for S because of its 
non-linear behavior (Table S5 in Supporting Information S1). The P-wave velocity of the mixture is then calcu-
lated from Equations 5 and 6 using the parameter values reported in Table 1. Here, we assume that the thermal 
expansion coefficient (α) and the Grüneisen parameter (γ) are independent of xi (species and concentration of 
the impurity element). This is supported by the negligible change (within uncertainties) of α and γ when LEs are 
added to liquid Fe (D. Huang, 2019).

To validate our mixing model that takes account of the non-ideality of the Fe-S binary, we ran additional calcula-
tions on two Fe-S-C ternaries (Fe100S4C4 and Fe92S8C8). The calculated ρ, KT and VΦ at martian CMB conditions 
(19 GPa and 2100 K) are identical to the values obtained from our non-ideal mixing model within 2σ (Figure 4). 
This confirms the effectiveness of the non-ideal mixing model for Mars’ core properties within the non-magnetic 
framework of the ab-initio calculations.

3.3. Implications for the Light-Element Content of the Martian Core

For the purpose of illustration, we consider an end-member scenario, wherein Mars’ core is comprised of a binary 
mixture, that is, iron and one of the four cosmochemically-favored light-element candidates (S, C, O and H). Note 
that because the Fe-Ni system remains ideal in the case of density over the investigated pressure range (Figures 2a 
and 2c), it is reasonable to discuss the density of an Fe-X binary core without incorporating Ni. From the relation
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𝑋𝑋𝑖𝑖 =

[

𝑀𝑀𝐹𝐹𝐹𝐹

𝑀𝑀𝑖𝑖

⋅

1

𝑥𝑥𝑖𝑖

+ 1

]−1

 (9)

where Mi and MFe are molar masses of element i and Fe, respectively, and Xi and xi are weight and mole fraction 
of element i, respectively, we are able to obtain a lower bound on the concentration of light components needed 
to match the seismically-inferred mean core density (Drilleau et al., 2022; Durán et al., 2022; Khan et al., 2022; 
Stähler et  al.,  2021). Depending on mantle temperature, the estimated densities at 19  GPa (core side of the 
martian CMB) and 35 GPa (∼1,200 km below the CMB) are in the ranges 5.8–6.2 g/cm 3 and 6.3–6.8 g/cm 3, 
respectively (Bagheri et al., 2019; Khan et al., 2018). To reach the density deficit (∼2 g/cm 3) needed to fit the 
observed mean core density, a binary core would require at least 30 mol% (∼20 wt%) S estimated from the data 
at 19 GPa, or 40 mol% (∼30 wt%) S estimated from those at 35 GPa (Figure 2).

If our simulated temperature (2,100 K) at 19 GPa overestimates core temperature, this would imply that an even 
larger amount of S is needed to match density since the deficit would increase. Given that S, among all consid-
ered elements most efficiently reduces density of liquid Fe, 40 mol% serves as the lower bound for the amount 
of any LE needed to match Mars’ mean core density. This is in contrast to Earth’s core, where a maximum of 
∼35 mol% LE (upper bound set by H (Umemoto & Hirose, 2020)) is required to match the preliminary reference 
Earth model density profile (Dziewonski & Anderson, 1981). Relative to the Earth, this points to a volatile-rich 
Mars, because S alone would make up 7.5 wt% of the whole planet (30 wt% S in a core which is 25% of Mars’s 
total mass (Stähler et al., 2021)), assuming S to be the primary LE. However, such a high abundance of S alone 
in bulk Mars is forbidden by the volatile content inferred from moderately volatile lithophile elements (Khan 
et al., 2022). This indicates that Mars’ core is enriched also in C, O or H, in addition to S.

4. Conclusions
We performed DFT-based molecular dynamics simulations on liquid Fe-X binaries, where X = Ni, S, C, O or 
H, to investigate how composition influences the thermoelastic properties of liquid iron under P-T conditions 
relevant to Mars’ core. Relative to non-magnetic simulations, magnetic calculations bring the equation of state for 
liquid Fe slightly closer to the experiments, but predict a less accurate compressibility for liquid Fe. As concerns 
volume, density, and isothermal bulk modulus, Ni, C, O and H are found to mix ideally with liquid Fe, while the 
Fe-S binary system shows well-defined non-ideality. All the investigated LEs act to reduce the density of iron. Of 
these, S and O are most effective (on a molar basis) at reducing the density of pure liquid Fe. Unlike in the core 
of the Earth, the addition of LEs in small planetary cores (e.g., Mars or Mercury), does not necessarily result in 
a decrease of the bulk modulus of liquid Fe, but depends on the identity of the LE. We further validated a mixing 
model that incorporates the non-ideality of the Fe-S system, which may be used in the future to explore core 
compositions/properties containing multiple LEs. By comparing with the seismically-determined mean martian 
core density, we conclude that Mars’ core is enriched in LEs, which readily makes the core a large reservoir for 
S, C, O or H.

Figure 4. Comparison of calculated and mixed properties of liquid Fe-S-C alloys at martian core-mantle-boundary 
conditions (19 GPa and 2100 K). Shaded gray area is the target density range as in Figure 2. Ternary calculations for 
Fe100S4C4 and Fe92S8C8 are shown as solid green circles and are seen to be in agreement with our mixing model (solid lines, 
Equations 6–8) within 2σ (dashed lines).
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Data Availability Statement
Ab initio molecular dynamics data are available in the repository Mendeley Data (https://data.mendeley.com/
datasets/z68hmwvs8z) with https://doi.org/10.17632/z68hmwvs8z.1.
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