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We present a comprehensive investigation into the composition of the Martian core. We use new density functional 
theory (DFT) calculations, which consider in detail the magnetic properties of the Fe alloys, essential for obtaining 
the correct density and velocities. We then fit our results to a new Gaussian Process Regression (GPR) equation 
of state (EOS). Using this GPR-EOS we search for all compositions of the Martian core in the system Fe-S-O-C

H that match both the density and compressional wave speeds of a liquid Martian core throughout its entire 
depth range. We consider different models for the interior of Mars -- in particular, those with and without a deep 
melt layer at the base of the Martian mantle (Irving et al., 2023; Samuel et al., 2023; Khan et al., 2023). The 
existence of a deep melt layer is important as it revises previous estimates for the core’s size and density. We 
consider a range of core-mantle boundary temperatures from 1900 K to 2850 K, although we find that temperature 
has a relatively small effect on the possible compositions. As with previous studies, and also for the Earth, we 
find many different compositions that are able to match the geophysical observations of Mars’ core density (𝜌) 
and velocity (𝑉𝜙), regardless of which set of geophysical observations are used. All models require very high 
concentrations of light-elements of ≈ 50 mol% in line with previous work. The compositional variation can be 
reduced considerably by considering cosmochemical constraints on the maximum amount of sulphur, together 
with geochemical constraints on the partitioning. In this case, all solutions require very high hydrogen content 
of at least 0.5 wt% (27 mol%) and practically no oxygen.

1. Introduction

The recent InSight mission has significantly advanced our under

standing of the Martian core, such as size, density, and seismic wave 
velocities. Initial analysis suggested a low-density liquid metal core with 
an estimated radius of 1830 ± 40 km and a density ranging from 5.7 to 
6.3 g∕cm3 (Stahler et al., 2021). Subsequent refinements of the InSight 
seismic data adjusted this model and proposed slightly higher core den

sities between 6.2 and 6.3 g∕cm3 and a P-wave velocity at the top of a 
liquid core of between 4.9 and 5 km/s (Irving et al., 2023; Le Maistre et 
al., 2023; Khan et al., 2022). The evolving narrative around the charac

teristics of the Martian core has further been shaped by the proposal of a 
liquid silicate layer (LSL) at the base of the Martian mantle, as indicated 
by two recent studies (Samuel et al., 2023; Khan et al., 2023). These 
studies, leveraging differential travel times and global geophysical ob

servations, advocate for an LSL approximately 150-170 km thick, and 
revise the Martian core’s size down to 1,650 ± 20 km or 1,675 ± 30 
km and density estimates increase to 6.5 g∕cm3 or 6.65 g∕cm3 depend

ing on the particular study (Samuel et al., 2023; Khan et al., 2023). The 
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presence of an LSL may bear significant consequences for the thermal 
properties at the core-mantle boundary, potentially elevating tempera

tures due to the accumulation of heat-producing elements, and indeed 
it has been argued that a deep melt layer may increase the temperature 
of the Martian CMB by up to 800 K (Samuel et al., 2021). The revised 
size of the core and potential increase in CMB temperature demands a 
reevaluation of the core’s compositional models of the liquid iron core 
to align with observed densities and compressional wave speeds.

In this study, we combine density functional theory (DFT) and a 
Gaussian process regression (GPR) equation of state (EOS) to obtain 
the thermodynamic data for Fe-alloys across the full range of possible 
compositions and P-T conditions. In contrast to previous studies com

putational studies, (e.g. Huang et al. (2023)), we better incorporate the 
effect of magnetism in these alloys using a thermodynamic integration 
technique to obtain the correct magnetic moment for any composition 
and P-T condition. This is not a straightforward procedure, but we find 
it essential as it significantly improves the fit to experimental data. We 
use this to calculate the magnetic moments, densities, and internal ener

gies of over 60 iron alloys within the Fe-S-C-O-H system from 2000 K to 
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6000 K and 0 to 100 GPa. Complementing this, a GPR equation of state 
is fit to the DFT results. This allows us to achieve a simple but precise 
interpolation of a wide range of thermodynamic parameters, including 
seismic velocities, density, Grüneisen parameters, heat capacities, and 
thermal expansivities, as well as establishing rigorous confidence inter

vals. This GPR-based equation of state allows us to search for all possible 
compositions of the Martian core over different CMB temperatures and 
evaluate which are consistent with the geophysical models for the Mar

tian core along self-consistent adiabatic geotherms.

Beyond geophysical data, experimental insights into elemental 
partitioning—particularly the interactions between sulfur, oxygen, and 
carbon within Fe-alloys under Martian core conditions—offer additional 
constraints. These findings highlight the tradeoffs when investigating 
the feasibility of multi-component iron alloys (Tsuno et al., 2018; Gen

dre et al., 2022). Indeed, when combined with cosmochemical estimates 
of the maximum S content on the Martian core (Steenstra and van 
Westrenen, 2018), such studies afford a more nuanced understanding 
of the core and potentially discriminate between proposed geophysical 
models of the Martian core.

2. Methods

The objective of this work is to obtain the range of liquid compo

sitions that agree with the observed 𝜌 and 𝑉𝜙 of the Martian core as 
inferred from InSight data (Stahler et al., 2021; Irving et al., 2023; Le 
Maistre et al., 2023; Khan et al., 2022). The methods can be divided into 
three fundamental steps.

First, density functional theory (DFT) simulations are used to cal

culate the pressure and internal energy of 60 distinct compositions at 
pressures between 0-100 GPa and temperatures from 2000-6000 K. This 
results in a dataset of 716 unique data points.

Second, we obtain a more accurate depiction of the magnetic state 
of the Fe-S-O-C-H system and thus reduce discrepancies in pressure be

tween calculations and experiments (Huang et al., 2023; Kawaguchi et 
al., 2022; Kuwayama et al., 2020; Assael et al., 2006; Morard et al., 
2013, 2018; Nishida et al., 2020, 2016; Shimoyama et al., 2016; Naka

jima et al., 2015; Xu et al., 2021; Terasaki et al., 2019; Zhao et al., 
2023; Shimoyama et al., 2013; Chen et al., 2014; Kawaguchi et al., 2017; 
Terasaki et al., 2010). This process involves determining the difference 
in Helmholtz free energy between finite magnetic states as described in 
Holmstrom and Stixrude (2015) and Edgington et al. (2019). Follow

ing the identification of the lowest free energy magnetic state, a simple 
compositional dependent pressure correction is developed which is then 
applied to the entire dataset of non-magnetic simulations. This correc

tion can also be applied to other studies.

Finally, we develop a Gaussian process equation of state (GPR-EOS) 
to interpolate density and internal energy across pressure, temperature, 
and compositional space. The strength of the Gaussian process equation 
of state is that it can interpolate density and internal energy, and all 
their derivative thermodynamic properties for multi-component compo

sitions self-consistently. It also does not require a predefined functional 
form for either the end-members or for the mixing. Additionally, our 
approach allows for the derivation of self-consistent, compositionally 
dependent adiabats, providing an additional constraint on the core’s 
properties. A detailed outline of each of these steps is defined below.

2.1. Non-magnetic calculations

All calculations were performed using the Vienna Ab initio Sim

ulation Package (VASP), a widely used package for performing ab 
initio molecular dynamics (AIMD) calculations (Kresse and Hafner, 
1993, 1994; Kresse and Furthmuller, 1996b,a). We employed the PBE 
exchange-correlation function and the Fepv , S, O, C and H projector 
augmented wave (PAW) pseudopotentials (Blochl, 1994; Perdew et al., 
1997; Kresse and Joubert, 1999), in which the pseudopotential for iron 
contains fourteen valence electrons.

A single k-point at the gamma point was used to sample the Brillouin 
zone. We set an energy cutoff of 400 eV and ensured that energies con

verged to within 6.4 meV/atom. All molecular dynamics calculations 
were conducted using the Nose-Hoover thermostat with the canonical 
ensemble (NVT) and a one picosecond (ps) timestep. Pulay corrections 
to pressure and energy were made by single-point calculations of at least 
ten snapshots from every simulation to a 3×3×3 k-point mesh centred 
on the gamma point and 1000 eV plane-wave cutoff.

Initial simulation structures start as random amorphous structures 
generated using ab-initio random structure searching (AIRSS), with the 
first two ps of the simulation designated for equilibration (Pickard and 
Needs, 2011). Depending on composition, pressure, and temperature, 
the subsequent time steps, ranging from 8-15 ps are used for analysis. 
The uncertainty in pressure, temperature and internal energy of a sim

ulation were obtained using the blocking method, which accounts for 
autocorrelation within the simulation (Flyvbjerg and Petersen, 1989).

2.2. Magnetic calculations

Accurately accounting for magnetism when studying iron alloys at 
low pressures is crucial (Holmstrom and Stixrude, 2015; Edgington et 
al., 2019). Specifically, iron atoms within liquid iron alloys typically 
exhibit elevated spin states at pressures below 50 GPa, which can sig

nificantly alter the volume of a system under a given 𝑃 -𝑇 condition 
(Edgington et al., 2019). Unfortunately, VASP and other DFT codes do 
not routinely include the entropy of magnetic moment within the inner 
energy minimisation loop, and so this has to be corrected afterwards. 
The correct magnetic moment of a given atom can be determined by 
thermodynamic integration (Holmstrom and Stixrude, 2015; Edgington 
et al., 2019). This method establishes the difference in Helmholtz free 
energy between various magnetic states, incorporating the entropic con

tribution.

For a specific composition, the difference in free energy between a 
magnetic state, 𝐹𝜇𝐵

(𝑉 ,𝑇 ), and the corresponding non-magnetic refer

ence state, 𝐹0(𝑉 ,𝑇 ), is defined as

𝐹𝜇𝐵
(𝑉 ,𝑇 ) − 𝐹0(𝑉 ,𝑇 ) = Δ𝐹 (𝑉 ,𝑇 ) − 𝑇𝑆mag(𝑉 ,𝑇 , 𝑛), (1)

where Δ𝐹 (𝑉 ,𝑇 ) is the free-energy change (excluding magnetic entropy) 
when switching from non-magnetic to magnetic configurations, and 
𝑆mag(𝑉 ,𝑇 , 𝑛) is the magnetic contribution to the entropy:

𝑆mag(𝑉 ,𝑇 , 𝑛) = 𝑘𝐵
𝑛 ∑
𝑖=1 

ln
(|𝜇𝑖|+ 1

)
. (2)

Here 𝜇𝑖 is the spin state of the 𝑖th atom, 𝑛 is the number of Fe atoms, 
and 𝑘𝐵 is the Boltzmann constant. The free-energy difference Δ𝐹 (𝑉 ,𝑇 )
is obtained via thermodynamic integration:

Δ𝐹 (𝑉 ,𝑇 ) = 
1 

∫
0 

⟨𝑈𝜇𝐵
(𝜆) −𝑈0(𝜆)⟩𝜆 𝑑𝜆. (3)

In practice, for each composition, we compute the potential energy 
difference between the non-magnetic and magnetic systems at three dif

ferent values for 𝜆, (0,0.5,1).

Once Δ𝐹 (𝑉 ,𝑇 ) is obtained, we fit the Helmholtz free-energy differ

ence for that specific composition, volume, and temperature to

𝐹𝜇𝐵
− 𝐹0 = 𝐴 exp

(
𝐵⟨𝜇𝐵⟩) − 𝐶 ⟨𝜇𝐵⟩ − 𝐷, (4)

where 𝐴, 𝐵, 𝐶 , and 𝐷 are constants for each composition. These pa

rameters do not carry a direct physical meaning, but minimising this 
expression allows us to obtain the correct moment ⟨𝜇𝐵⟩ for that com

position, 𝑉 and 𝑇 . All fits for each composition are provided in the 
supplementary information, along with the 2𝜎 uncertainty in ⟨𝜇𝐵⟩. This 
uncertainty is propagated to the pressure by evaluating the pressure at 
the upper and lower bounds of ⟨𝜇𝐵⟩. Typical corrections to the pres

sures are not large and are of the order of a few GPa, but are particularly 
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Table 1
Magnetic Corrections.

Parameter Value Units 
𝐴 14.48 GPa 
𝐵 11.10 g∕cm3

𝐶 0.50 cm3∕g
𝐷𝑆 -10.00 g∕cm3

𝐷𝑂 -0.10 g∕cm3

𝐷𝐻 -0.10 g∕cm3

𝐷𝐶 -8.94 g∕cm3

𝐸 0.12 [unitless] 

important for fitting to the low pressure data. Unfortunately, the uncer

tainty on the pressure correction can be quite large because the local 
minimum in 𝐹𝜇𝐵

is relatively flat (see supplementary information).

After the magnetic state is refined for a subset of compositions and 
𝑃 -𝑇 conditions, we perform new fixed-spin calculations to capture the 
effect of the correct magnetism. To extend these results to all other com

positions and conditions—without incurring prohibitive computational 
costs—we construct a compositionally dependent pressure correction, 
𝑃𝐶 , based on the functional form as suggested by Li et al. (2022), to fit 
difference in pressure between the zero-moment and refined-moment 
systems:

𝑃C =𝐴 ⋅ X𝐹𝑒 ⋅ F ⋅
1 

1 + exp
[
(𝜌− 𝜌eff) ⋅𝐶

] (5)

where:

𝜌eff = 𝐵 +𝐷𝑆 ⋅ X𝑆 +𝐷𝑂 ⋅ X𝑂 +𝐷𝐻 ⋅ X𝐻 +𝐷𝐶 ⋅ X𝐶 (6)

and

F = 1 +𝐸 ⋅ (X𝑆 + X𝑂 + X𝐻 + X𝐶 ). (7)

Were, 𝜌 is the density in g∕cm3, and X𝐹𝑒,𝑆,𝑂,𝐻,𝐶 are the mole fractions. 
The interaction factor F scales the correction based on the total non-Fe 
content. The parameters for the magnetic corrections are in Table 1. 
The pressure correction is then applied to all the other simulations run 
without magnetism.

Following Li et al. (2022), a correction is also added to the internal 
energy, 𝑈𝐶

Δ𝑈𝐶 = −

𝑉𝐶

∫
𝑉0

Δ𝑃𝐶𝑑𝑉 (8)

where 𝑉0 is the volume of uncorrected calculation at pressure 𝑃0 , and 
𝑉𝐶 is the volume at the corrected pressure, 𝑃𝐶 . 𝑉𝐶 are obtained from 
the GPR-EOS fit. The entire corrected dataset can be found in Table 1 of 
the supplementary information.

2.3. Gaussian process equation of state

The final step in our methodology involves using a Gaussian process 
equation of state to interpolate pressure and internal energy across den

sity, temperature, and compositional space (Rasmussen and Williams, 
2006; Gardner et al., 2018a,b). Two separate multidimensional surfaces 
for pressure Φ and internal energy Ψ, were formulated as a function of 
composition (𝐹𝑒,𝑆,𝑂,𝐻,𝐶), the density (𝜌), and the temperature (𝑇 ), 
such that pressure, P, and internal energy, U, can be expressed as:

𝑃 =Φ(𝐹𝑒,𝑆,𝑂,𝐻,𝐶, 𝜌, 𝑇 ) (9)

𝑈 =Ψ(𝐹𝑒,𝑆,𝑂,𝐻,𝐶, 𝜌, 𝑇 ) (10)

Partial derivatives are then obtained using automatic differentiation to 
compute the other thermodynamic properties. For example, the rate of 
change of pressure with respect to density is represented as 𝜕Φ

𝜕𝜌 , and 
similar expressions hold for the other variables. Thus, we can define 

the following thermodynamic relations below. The thermal expansion 
coefficient, 𝛼 is defined as:

𝛼 = − 1 
𝐾𝑇

(
𝜕Φ
𝜕𝑇 

)
𝜌

(11)

where,

𝐾𝑇 = 𝜌

(
𝜕Φ
𝜕𝜌 

)
𝑇

(12)

The heat capacity at constant volume, 𝐶𝑉 , represents the heat required 
to induce a unit temperature change in the material and is derived from 
the internal energy-temperature relationship:

𝐶𝑉 = 1 
𝑀

(
𝜕Ψ
𝜕𝑇 

)
𝜌

(13)

The Gruneisen parameter 𝛾 is a dimensionless quantity that offers a re

lationship between a material’s volume, thermal expansion, and heat 
capacity. It is given by:

𝛾 =
(
𝜕Φ
𝜕𝑇 

)
𝜌

(
𝜕𝑇 
𝜕Ψ

)
𝜌

(
𝑀

𝜌 

)
(14)

The isentropic bulk modulus 𝐾𝑆 measures the compressibility of a ma

terial under adiabatic (or isentropic) conditions. It is expressed as:

𝐾𝑆 =𝐾𝑇 (1 + 𝛼𝛾𝑇 ) (15)

Lastly, the bulk sound velocity 𝑉Φ is a crucial parameter in seismol

ogy and material science, indicating the speed at which pressure waves 
propagate through a medium. It is derived from the bulk modulus and 
density as:

𝑉Φ =

√
𝐾𝑆

𝜌 
(16)

A critical component of our methodology is validating the accuracy 
of the GPR model with datasets not encountered used in training the 
GPR-EOS. We do this in two ways: first, we exclude the results of a 
number of randomly selected simulations from the whole database, en

compassing a wide range of pressures and temperatures; second, the 
removal of a specific composition from the training dataset. Such a strat

egy tests how well the model works for conditions not used in training. 
The results of these tests are shown in Fig. 1.

The left hand side of Fig. 1 compares the expected pressure or 
internal energy with the GPR-EOS predictions. These are shown for 
the training data, validation set, and for an unseen composition of 
Fe76.6S15.6O7.8. Most results fall very close to the 1:1 line for a perfect 
prediction. The right side of Fig. 1 shows the predicted properties with 
their uncertainties for the unseen composition not included in the train

ing set. In this particular case, the 2-sigma uncertainties are quite large, 
which is due to the fact that this composition is far from those used in 
the training set. Other unseen compositions nearer to those used in the 
training set will have significantly smaller uncertainties.

Some simulations in our dataset are at conditions and compositions 
where thermodynamic equilibrium may result in additional phases or 
phase separation (e.g., diamond precipitation, Fe3C formation, or liquid 
immiscibility in Fe–O--S--H systems). In practice, our ab initio molecu

lar dynamics simulations are relatively short and with finite cell sizes, 
and so phase separation or solidification is unlikely to have occurred. 
Nevertheless, we have checked the simulations for this (RMS, radial dis

tribution functions and visually) and exclude any suspect simulations. 
Nevertheless, some simulations will represent metastable single-phase 
states rather than true equilibrium states, but we have included these 
data to ensure the broadest coverage of composition, pressure, and tem

perature space for the Gaussian Process Regression (GPR). As well as 
providing data for the metastable phases, this also adds to the accuracy 
of the GPR-EOS and reduces uncertainty for the stable liquid phase near 
to phase boundaries.
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Fig. 1. GPR-EOS fitting quality for density and internal energy. The left hand side shows the expected and predicted pressure or internal energy for the training 
set and validation set (top and bottom respectively), and the right hand side shows the fit to an entirely unseen composition (Fe76.6S15.6O7.8). The validation set is 
randomly sampled across pressure, temperature, and composition, while the unseen composition is not included in the training set. Fits are shown with their 2-sigma 
confidence interval.

3. Results

The role of magnetism in the properties of materials, especially in 
low-pressure iron alloys, is significant (Holmstrom and Stixrude, 2015; 
Edgington et al., 2019). Given the relatively low pressure and temper

ature range for small planets, we pay close attention to magnetism and 
its associated effects as discussed in the Methods section. The magnetic 
moment and its effect on pressure from thermodynamic integration are 
shown in Fig. 2 for a wide range of compositions and temperatures. Our 
results agree with those presented by Edgington et al. (2019), which 
demonstrated that the magnetic moment of iron atoms within iron al

loys decreases approximately logarithmically from ∼2 Bohr Magnetons 
per atom under ambient conditions to around ∼1 Bohr Magneton per 
atom at approximately 100 GPa (Waseda and Suzuki, 1970; Weber et 
al., 1978; Edgington et al., 2019). Our results also show that iron atoms 
in liquid FeO have the highest magnetic moments of an individual iron 
atom, surpassing those in FeS, FeC, FeH, and even pure iron. Addition

ally, the results show a direct correlation between elevated temperatures 
and an increased magnetic moment, consistent with the influence of 
magnetic entropy.

The effect of the correct magnetic moment on pressure is also shown 
in Fig. 2 and highlights the need for a different correction for different 
compositions and not a simple constant correction as applied in other 

studies (Huang et al., 2023). Although FeO has the highest magnetic mo

ment per iron atom, it still contains half the total number of iron atoms 
compared to pure iron, and so the effect of the correct magnetic moment 
on pressure is lower than pure iron. Explicitly pure iron requires a mag

netic correction of ∼12.5 GPa at ambient conditions, decreasing to ∼8 
GPa at 100 GPa. On the other hand, FeO requires a pressure correction 
of about 8 GPa at ambient conditions, also decreasing with pressure. 
The effect of magnetism on pressure for the other compositions are also 
shown. We have also plotted the fit of the parametrised equation for 
the magnetic pressure correction (Eqn. (5)) for different compositions. 
This compositionally dependent treatment of magnetism and its asso

ciated pressure difference is important as it improves the fit between 
computational and experimental results (shown in Fig. 3). 

Fig. 3 compares our GPR-EOS predictions for density and compres

sional wave speed (𝑉𝜙) with various experimental datasets. In all cases, 
the experimental data plotted differ by no more than ±600 K from the 
isotherm and by no more than ±2 mol% from the composition used 
in our GPR-EOS calculations. This grouping ensures that multiple pub

lished data points can be collectively compared with our models on a 
single curve, even if the exact composition or temperature reported in 
the experiments is slightly shifted from our nominal isotherm. A table 
of our predictions to the experimental data in the Supplementary Infor

mation is provided for an exact comparison.
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Fig. 2. (A) Magnetic moments from thermodynamic integration as a function of pressure for various compositions. Data points with the same composition and 
temperature are connected by lines. The magnetic moments display a similar trend to that reported by Edgington et al. (2019), with values decreasing from approx

imately 2.3 𝜇𝐵/atom at ambient conditions to around 1.5 𝜇𝐵/atom at 50 GPa. The iron atoms in Fe50O50 exhibit the highest magnetic moments across the pressure 
range, while Fe50C50 consistently has the lowest values. (B) Pressure correction (difference between magnetic and non-magnetic pressure) as a function of density 
for the same compositions. Coloured lines represent the empirical pressure correction model (Eqn. (5)), while the dashed black line shows the literature model for 
pure iron from Li et al. (2022). Pure iron (Fe100) demonstrates the most significant pressure correction, reaching ∼13.5 GPa at low densities. All compositions show 
a systematic reduction in pressure correction with increasing density, following a sigmoidal pattern that approaches zero at high densities. The pressure correction 
is relatively temperature-insensitive within the measurement uncertainties shown by the error bars.

In general there is a good fit for both pure iron and various Fe-S and 
Fe-C alloys with most experiments falling within error of our predic

tions. Although not all experimental data agree with our results, this is 
not surprising as there are inconsistencies between and even within ex

perimental data sets. For instance, the densities of Chen et al. (2014) 
for FeS up to about 5 GPa are considerably higher than ours, but on 
the other hand, these do not agree with the more recent experiments of 
Morard et al. (2018). For pure Fe, our predictions are in excellent agree

ment with experiments at 3200 K and higher pressure by Kuwayama et 
al. (2020).

The higher pressure experiments of Morard et al. (2013) at around 
2000 K for the 20 mol% S systems are somewhat lower than we pre

dict. However, we argue that they are not consistent with the measured 
p-wave velocities for the Fe-S system. This is shown in Fig. 3B, where we 
fit their volumes to obtain a bulk modulus, which together with an adi

abatic correction to the bulk modulus, provides the wave speed. As can 
be seen this is much higher than the experimentally measured velocities 
on similar systems.

At higher temperatures of around 3400 K the Fe75S25 densities of 
Kawaguchi et al. (2022) are a little lower than ours, as are those of 
Morard et al. (2013). However, the two datasets seem to show ap

proximately the same density despite quite different temperatures and 
compositions.

Our predicted densities for the Fe-C and the Fe-C-S system are in 
excellent agreement with all available experiments.

For compressional wave speed, our model demonstrates good agree

ment with experiments for both Fe-C and Fe-S systems, especially at 
higher pressures appropriate for the Martian core. At lower pressures we 
also have good agreement with the experiments for pure iron and the 
Fe-S end-member of Nishida et al. (2020), albeit with some discrepan

cies for intermediate Fe-S compositions at lower pressures. However, it 
is important to note that as pressure increases the velocities for all com

positions tend towards each other. For instance, at 20 GPa and 2000 K, 
both our model and the experiments predict a compressional wave speed 
of 5 km/s for pure iron compared to 4.8 km/s for FeS.

Overall, our equation of state provides a good fit to much of the 
data, especially when considering that experimental studies on similar 
systems are not always in good agreement with each other, even at low 

pressure. Also, obtaining densities of melts in high-pressure experiments 
is extremely challenging and involves many steps.

Our study differs significantly from the recent study of Huang et al. 
(2023) which also used ab initio simulations to obtain the thermody

namic properties of the Fe-alloys. In particular, we predict a smaller 
effect of light elements on densities, and so we need a greater concen

tration of light elements within the Martian core than Huang et al.’s 
model would predict (see results below). The difference in velocities is 
also large and varies strongly depending on the particular composition. 
For instance, Huang et al. (2023) predict a greater dependence of veloc

ity on S composition, with a predicted 𝑉𝜙 of just 4.2 km/s for Fe78S22; 
this low value is however, far lower than the values of 4.8 km/s found 
experimentally and predicted by us. A comparison between our results 
and Huang et al. (2023) is shown Figure 7 and 8 in the SI.

Despite nominally using the same methods (DFT simulations), there 
are two main differences between the results of our study and those 
of Huang et al. (2023). First is the treatment of the pressure correc

tion due to magnetism, in which the pressure correction used in our 
research is derived from minimising the magnetic free energy of the 
system (see above). As such the correction is less important at higher 
pressures as magnetism decreases and also depends on composition. In 
contrast Huang et al. (2023) used a simple density-dependent correction 
with no dependence on composition. Second, is the treatment of the in

ternal energy correction. Unlike the study by Huang et al. (2023), we 
add a correction to the internal energy, which is defined by the integral 
of pressure and volume (Eq (8)). This correction of the internal energy 
and the correct handling of magnetism is crucial to obtain the correct 
thermodynamic properties of the system, in particular density and com

pressional wave speed, and ultimately the inferred composition of the 
Martian core.

Fig. 4 shows an example of our predicted thermodynamic proper

ties. In this particular case, we highlight binary FeX compositions with 
a concentration of 25 mol% light element. They are all plotted along 
their own self-consistent adiabat starting at 2000 K. As expected, the 
density of Fe is much higher than that of the alloys, and above 25 GPa 
the greatest effect on density goes from S to O and then to C and H. This 
order is in agreement with that found by Badro et al. (2014) for the 
Earth’s core. However, the behaviour of 𝑉𝜙 is very different under Mar
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Fig. 3. A comparison of our thermodynamic model for density and compressional wave speed with various experimental studies. (A) displays the density of the FeS 
system along a 2200 K isotherm. (B) displays 𝑉𝜙 of FeS system along a 2100 K isotherm. (C) displays density of FeSC system along a 1800 K isotherm. (D) displays 
density of the FeS system along a 3000 K isotherm. (E) displays density of FeC system along a 1800 K isotherm. (F) displays 𝑉𝜙 of the FeC system along a 2200 K 
isotherm. The experimental data shown lies within ±600 K and ±2 mol% from the modelled isotherms to accommodate the slight differences of temperatures and 
compositions in the experiments. See text for more discussion.

tian conditions than the Earth’s. Under Earth’s core-conditions all light 
elements increase 𝑉𝜙 (Badro et al., 2014; Umemoto and Hirose, 2020) 
as the effect of the light element on density outweighs their effect on 
the bulk modulus. But under the lower P&T conditions of Mars, Fe-S 
and Fe-O both have lower velocities than pure Fe, with Fe-C and Fe-H 
having higher velocities. Above ≈50 GPa the velocity of all alloys starts 
to become higher than pure Fe as happens in the Earth. As we show 
later, carbon may be an important light element in the Martian core as 
it reduces the density of FeX alloys, while simultaneously offsetting the 
effect the other light elements have on reducing the compressional wave 
speed.

Fig. 5 illustrates the comparative effects that light element concen

tration and temperature of the CMB have on density and 𝑉𝜙 . To do this, 
we have chosen an arbitrary composition, although any other composi

tion could have been used for this example. These are plotted along an 
appropriate compositionally dependent adiabatic geotherm, but start

ing at different CMB temperatures. As can be seen, a difference of 800 K 
in the CMB temperature (which encompasses the largest variation sug

gested in the literature) changes the density by about 5%. This is similar 
to that produced by a change in total light element concentration of 
only about 3 mol%, a relatively modest amount considering Mars’ core 
should have about 50 mol% light element concentration. Large varia

tions in CMB temperature have an even smaller effect on 𝑉𝜙 of only 1%. 
In other words, any inversions for the composition of Mars’ core will be 
relatively insensitive to the chosen CMB temperature.

It is also worth noting that not only is seismic velocity insensitive to 
CMB temperature, it appears to be relatively insensitive to Mars’ core 
composition in comparison with density. For instance, an 8% increase 
in light element decreases density by about 8%, but 𝑉𝜙 changes by only 
2%. Nevertheless, as shown below, density and 𝑉𝜙 have to be fit together 
to constrain core composition.

It is worth mentioning that we have omitted nickel in our compo

sitions. However, compared to the light elements, the effect of nickel 
on density is minimal; for example, Huang et al. showed that the den

sity decreases from 8083 kg∕m3 to 8057 kg∕m3 between pure Fe and 
Fe85Ni15 at 19 GPa and 2100 K, and the density decreases from 8640 
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Fig. 4. Thermodynamic properties of liquid iron (Fe100) and the binary alloys at 25 mol% light element, all computed along a self-consistent adiabat starting at 2000 
K. Shaded bands are 2𝜎 uncertainties. The top row displays density and compressional wave velocity (𝑉𝜙) as functions of pressure, as well as the corresponding 
thermal profiles along the self-consistent adiabats. Dashed black lines are three published geophysical models for the Martian core (Irving et al., 2023; Samuel et al., 
2023; Khan et al., 2023) for comparison between our binary-alloy results and inversion-based compositions. The middle row shows the isentropic and isothermal 
bulk moduli, 𝐾𝑆 𝐾𝑇 . The bottom row is the thermal expansion coefficient 𝛼, Grüneisen parameter 𝛾 , and heat capacity at constant volume (𝐶𝑉 ). Notably, Fe–C and 
Fe–H have higher (𝑉𝜙) than pure Fe under these conditions, whereas other light elements reduce (𝑉𝜙). This contrasts with Earth’s core conditions, where all light 
elements tend to increase compressional velocity.

kg∕m3 to 8639 kg∕m3 between pure Fe and Fe85Ni15 at 35 GPa and 
2400 K (Huang et al., 2023). As such we assume moderate amounts of 
Ni will not change our conclusions.

4. Martian core composition

Fig. 6, shows our predicted velocities and densities for suggested 
core compositions from recent studies (Irving et al., 2023; Samuel et 
al., 2023; Khan et al., 2023). Our model suggests the compositions 
of Irving et al. (2023); Samuel et al. (2023) somewhat overestimates 
density relative to their seismic inversions for Vp and density, and 
would therefore require a greater concentration of light elements. De

spite these discrepancies in density, both of these compositions success

fully match the observed seismic velocity 𝑉𝜙. Conversely, the composi

tion suggested by Khan et al. (2023) fails to both match their density 
and 𝑉𝜙 inversion. An additional composition from Khan et al. (2023) 

was not plotted because its high light-element concentration, namely 
Fe35.2S6O6.4H18.6C33.8, which places it outside the training data; how

ever, based on its composition, it would likely significantly underesti

mate density. This failure to match the compressional wave speed can 
be attributed to the underlying thermodynamic model of Huang et al. 
(2023) used by Khan et al. (2023). As discussed earlier, the thermo

dynamic model of Huang et al. (2023) only made a simple constant 
correction for magnetism and did not incorporate an internal energy 
corrections to the individual calculations. It is not surprising then that 
we predict different compositions for the Martian core.

Using our GPR-based equation of state, we now search for possible 
Martian core compositions that do fit the seismic data. We first start by 
examining binary and ternary compositions as these are convenient to 
display graphically. A successful composition is one where the predicted 
density and 𝑉𝜙 along a self consistent adiabat agrees within error (2𝜎) 
with the seismic model across the whole pressure range of the core. 



Earth and Planetary Science Letters 668 (2025) 119540

8

J. van Driel, L. Vočadlo and J. Brodholt 

Fig. 5. A comparison of the effect of varying CMB temperatures and light element concentration on both density and 𝑉𝜙. The compositions are completely arbitrary 
and we could have used any other composition for this comparison. All profiles are calculated along a self-consistent adiabat. The boxes represent the range in density 
and velocity for Mars’ core from three recent studies and are shown as guide to the variation between different studies. In the case of Samuel et al. (2023), we take 
their inversion but use a 2-sigma uncertainty taken from Khan et al. (2023) See text for a discussion.

Fig. 6. Green, red and blue lines and their confidence limits are the density and 𝑉𝜙 for the three core compositions of Irving et al. (2023), Samuel et al. (2023) and 
Khan et al. (2023) respectively as predicted by our GPR-EOS. The temperatures are along the self-consistent adiabat using the proposed CMB temperatures from the 
three studies. Also shown are the proposed density and velocity profiles for the Martian core inverted from the geophysical observations from the same three studies. 
According to our work, none of these compositions are able to fit any of the proposed density and velocity profiles.

For each seismic model at least 2,000 compositions are tested. Detailed 
results can be found in the supplementary information.

4.1. No melt-layer model

First we concentrate on the model of Irving et al. (2023), which does 
not include a deep mantle liquid silicate layer and proposes a somewhat 
larger and lower-density Martian core of about 1830 km radius, a CMB 
temperature of 1900 K, a density of about 6.2 to 6.3 g∕cm3 and a 𝑉𝜙
of about 4.9 to 5 km/s at the top of the core. The results for ternary 
systems are shown in Fig. 7.

If we start by considering density alone, then S, O and C are all able 
to match the density of the Martian core given by Irving et al. (2023). 
However, the concentrations are very high and depending on the par

ticular light element, can range from 50 mol% for S to over 60 mol% 
in the case of C. Of course, as also shown, there are then many ternary 
compositions which will work, as well as higher order concentrations 
discussed later.

The compositional space is reduced somewhat by including 𝑉𝜙 in 
the fit (as shown by the green dots in Fig. 7), and we find that none of 
the light elements are able to match the geophysical constraints alone. 
Moreover, all pairs of light elements (i.e. ternary compositions) require 
the inclusion of C to match both density and 𝑉𝜙 . Most matching ternary 
compositions, either Fe-S-C or Fe-O-C, however, show roughly horizon

tal bands across the ternaries. This means that the total concentration 
of light elements is approximately similar in all cases, and total concen

trations of light elements of between 45 mol% to 60 mol% are required.
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Fig. 7. Ternary plots showing compositions which match either the density (red) or both the density and 𝑉𝜙 (green) for the model of Irving et al. (2023). We define 
a successful match as when the 2-sigma confidence limits of the GPR prediction overlaps the 2-sigma confidence limits in the geophysical model at all core depths. 
We assume that the geophysical confidence limits are similar to those in Khan et al. (2023). The inversion assumes a starting temperature of the Martian CMB of 
1900 K as suggested by the work of Irving et al. (2023).

These concentrations of light element are higher than those sug

gested from cosmochemical and other constraints, (e.g. Steenstra and 
van Westrenen (2018); Brennan et al. (2020); Khan et al. (2022); Gen

dre et al. (2022)). For instance, Steenstra and van Westrenen (2018) 
limits the maximum amount of S to about 17 wt% (about 26 mol%) 
and so S cannot be the sole light element and has to be combined with 
equally large concentrations of O, C or H to match density. Applying 
these additional constraints is addressed below.

4.2. Melt-layer model

There are two similar models for the Martian interior which find 
evidence for a deep mantle layer just above the core, and both inversions 
result in a smaller and denser core (Samuel et al., 2023; Khan et al., 
2023). As such, the concentration of light elements is reduced in both 
models (Figs. 8 and 9). The primary difference between the two models 
is that Samuel et al. (2023) suggest that the melt layer should produce a 
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Fig. 8. This figure is similar to Fig. 7 but this time shows chemical compositions for the Martian core which fit the geophysical model of Khan et al. (2023). Red 
points are where just density is matched, while green points are where both density and 𝑉𝜙 are matched within 2 sigma of both the geophysical inversions and our 
GPR equation of state. The inversion assumes a starting temperature of the Martian CMB of 2050 K as suggest by the work of Khan et al. (2023).

much hotter core, 2850 K rather than 2050 K from Khan. Additionally, 
the model of Samuel et al. (2023) has a higher density liquid silicate 
layer and thus a somewhat lower density core. Nevertheless, differences 
in temperature and density of the core negate each other, resulting in 
fairly similar patterns of light element concentrations that fit both the 
models of Samuel et al. (2023) and Khan et al. (2023).

As with compositions which fit the model of Irving et al. (2023), us

ing 𝑉𝜙 as well as density significantly reduces the compositional space. 
And again, appropriate binaries generally produce sub-horizontal bands 
across the ternaries, indicating that the light element composition is 
approximately constant in terms of mol%, and the particular element 

plays a secondary role. These differences are of course greatly amplified 
when considering wt% due to their different molar masses, especially 
H.

For both of the models with a melt layer we find that two purely 
binary mixtures can match both 𝑉𝜙 and density. These are Fe-H and Fe

C, at molar concentrations of 60 and 55 mole% respectively. We also 
find solutions within all ternaries, with the exclusion of Fe-S-O.

Of course, as with the models of Irving et al. (2023), many of the 
compositions which match the models of Khan et al. (2023) and Samuel 
et al. (2023) would be excluded by considering partitioning and cosmo

chemical constraints (see below).
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Fig. 9. This figure is similar to Figs. 7 and 8, but for the model proposed by Samuel et al. (2023). Red points show compositions which match just density and green 
points match both density and 𝑉𝜙. The inversion assumes a starting temperature of the Martian CMB of 2850 K (see text).

4.3. Best fits

We now search for the ‘best’ Martian core composition across the full 
chemical range. We first consider solutions without any geochemical or 
partitioning constraints whatsoever. These results, therefore, encompass 
the fullest compositional space possible. We also consider possible CMB 
temperatures of 2050 K, 2450 K and 2850 K, which span the range sug

gested in the literature. The results are shown in the Supplementary 
Information. Not surprisingly, all three geophysical models for density, 
Vp and core size, can be matched by some sort of composition. More

over, in agreement with previous studies, the core is very volatile rich, 
and contains between 45-55 mol% light elements (the exact wt% de

pends on the H content). Moreover, the best compositions all have high 
carbon contents of between 18 to 34 mol%. This large carbon content 
seems to be required as it decreases density and yet increases compres

sional wave speed relative to pure iron under Martian core conditions.

Finally we limit our search for solutions which are constrained to 
strictly incorporate geochemical and cosmochemical constraints. These 
constraints are 1) to explicitly limit sulphur to less than 17 wt% (Steen

stra and van Westrenen, 2018), 2) to incorporate the positive correlation 
between S and O using the equation provided from Gendre et al. (2022), 
and 3) the simultaneous negative correlation between S and C content 
using the equation provided from Tsuno et al. (2018). As such, hy

drogen is the only completely independent parameter allowed to vary 
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Fig. 10. Shows the density and compressional wave speeds of our best fit composition for the three geophysical models for the Martian core, with results constrained 
by geochemical considerations (see text). Results without geochemical considerations are shown in Fig. 9 of the Supplementary Information. The CMB temperatures 
used are 2050 K, 2450 K and 2850 K. All unconstrained searches contain between 45-55 mol% light element and require high concentrations of hydrogen and 
relatively low concentrations of oxygen.

freely in all cases. The results are shown in Fig. 10. Again, we find that 
the Martian core requires a high concentration of light elements (45-50 
mol%), however, due to the geochemical limits on carbon, specifically 
its reduced a�inity to partition into iron alloys with increasing sulphur 
concentration, the amount of carbon is significantly restricted. In ad

dition oxygen concentrations are very low. Consequently, the Martian 
core in these models requires a higher concentration of hydrogen (>0.5 
wt%) to match the density models.

5. Conclusions

In this work, we have modelled the Martian core composition 
through the development of a Gaussian process equation of state based 
on DFT simulations. Accurate treatment of the magnetic entropy via 
thermodynamic integration proved essential in matching our model 
with experimental observations of compressional wave speed and den

sity. The development of the Gaussian process equation of state allows 
us to use thermodynamically consistent densities, velocities and compo

sitionally dependent adiabats, enabling a more nuanced understanding 
of the Martian core’s thermal and physical properties.

As with previous studies, we find there are a multitude of compo

sitions which are able to fit the different density and velocity models 
proposed in the literature for the Martian core (Irving et al., 2023; 
Samuel et al., 2023; Khan et al., 2023). As with previous studies we 
require very high concentrations of light elements of 45 to 55 mol%.

Compositions that match the geophysical models with no geochem

ical or cosmochemical constraints are best matched with large amounts 
of C of between about 20 to 30 mol% (5 to 15 wt%). Although the liq

uidus temperatures of such alloys are still quite uncertain, these large 
concentrations may make an inner-core unlikely, although we accept 
that this requires more study.

Applying constraints from partitioning experiments and constraints 
on the maximum S content in the core very strongly shrinks the compo

sitional space for the Martian core, and all compositions require a high 
concentration of hydrogen of > 27 mol% (>0.5 wt%) and very little oxy

gen.
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Finally we note that while the temperature of the CMB could be an 
important constraint on the composition of the martian core, the range 
of temperatures tested here (between 1900 and 2850 K) are not so ex

treme as to excluded by any of the proposed geophysical models (density 
and 𝑉𝜙) for the Martian core.
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