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Henri Samuel, Mélanie Drilleau, Attilio Rivoldini, Zongbo Xu, Quancheng Huang, Raphaël F. Garcia,
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in the 0.4-1 Hz frequency range. (d) Estimates of the incidence angles using two different
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vertically-polarized rectilinear motion, computed from panels d and e integrated across fre-
quencies. (c) Amplitude spectrogram of vertical ground velocity. (d) Vertically-polarized and
(e) horizontally-polarized rectilinear motion – defined in supplement of Stähler et al. [2021] –
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1 Seismic travel time data set

We used the body waves arrival times estimated in Drilleau et al. [2022] for seventeen low-frequency
marsquakes. In addition to the direct P and S phases, we included phases reflecting from the surface
(PP, PPP, SS, SSS) and reflections from a deep mantle solid/liquid boundary (which was assumed to be the
CMB in Stähler et al. [2021] and follow-up studies, hence the label ScS but will be at the bottom of the
partially melted layer for BML models). Depth phases resulting from a reflection at the surface of Mars close
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to the epicenter of the seismic event (pP, sP, sS) were also included. Body waves arrival times of the three
largest seismic events detected so far were added to the pre-existing database of Drilleau et al. [2022]: Two
meteorite impacts (S1000a, S1094b, [Posiolova et al., 2022; Kim et al., 2022]) and one marsquake (S1222a,
[Kawamura et al., 2022]). We also used core-transiting seismic phase (SKS) recently measured in Irving
et al. [2023] from two farside seismic events detected on Mars: A marsquake (S0976a) and impact S1000a.
For the latter event, we re-evaluated the differential time between the arrivals of the PP and the Pdiff (or
PbdiffPcP in the case of BML models) phases to be 180.7±10 s. Supplementary Table 1 lists the complete
travel-time data set we used for our inversions.

In addition to the purely seismic data, we considered geodetic data in the form of the degree-two Love
number (with both its real and imaginary parts), the moment of inertia factor and constraints on the mass
of Mars [Konopliv et al., 2016, 2020]. Finally, models were required to have crustal thicknesses and density
that satisfy constraints from both receiver functions and gravity and topography data [Knapmeyer-Endrun
et al., 2021; Wieczorek et al., 2022].

The body wave arrival time data set and the locations of the seismic events deduced from our inversions
are summarized in Table 1. The locations of the two meteorite impacts S1000a and S1094b are fixed
[Posiolova et al., 2022].

The picking of PP and Pdiff (or PbdiffPcP) arrivals for event S1000a is described in detail in Section 1.1.
The Pdiff (or PbdiffPcP) phase appears in the 0.4-1 Hz range as a low energy signal, but significantly above
the noise, with a low incidence angle [Posiolova et al., 2022]. The arrival time is picked at phase start when
the energy passes above the noise. This results in PP-Pdiff (or PP-PbdiffPcP) differential time of 180 s
consistent with tPP -tPdiff =170 s in Posiolova et al. [2022] and close to the value tPP - tPdiff=177 s listed in
Duran et al. [2022].
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1.1 Picking of PP and P-diffracted phases for event S1000a

The pick analysis is performed on the seismic record from the InSight mission [InSight Mars SEIS Data
Service, 2019]. The P-diffracted and PP phases of event S1000a event have been described in Fig. S1 in
Posiolova et al. [2022] and in Duran et al. [2022]. As shown in Fig 1, the Pdiff (or PbdiffPcP) phase appears
in the 0.4-1 Hz range as a low energy signal, yet significantly above the noise, with a low incidence angle,
and presents an increase of phase coherence between vertical and horizontal components. The arrival time
is picked at phase start when the energy is passing above the noise. A similar analysis is performed on PP
arrival for which the pick is more difficult due to signal-generated noise prior the main PP-arrival. Arrival
times are estimated to be at 11.35±5 s and 192±5 s respectively for Pdiff and PP after the “EVENT START”
time defined by MQS (Mars Quake Service) [InSight Marsquake Service, 2023] to be 2021-09-18T17:58:51.68
UTC. Consequently, the differential time PP-Pdiff is estimated to be 180.65±10s, in close agreement with
the estimate in Duran et al. [2022] (177±10s).

Figure 1: Analysis of Pdiff (or PbdiffPcP) and PP arrivals of event S1000a. (a) Vertical ground velocity band
pass filtered in the 0.4-0.9 Hz range. (b) Spectrogram of vertical ground velocity. (c) Instantaneous phase
coherence between different ground velocity components (E=East, N=North and Z=vertical) multiplied by
the envelope of vertical or horizontal components in the 0.4-1 Hz frequency range. (d) Estimates of the
incidence angles using two different methods relying on coherence and correlations between components.

Additional confidence in the pick of P-diffracted and PP phases of event S1000a comes from a frequency-
dependent polarization analysis (FDPA) of the three-component waveforms, which is shown in Fig 2. This
analysis closely follows that of Method A in Irving et al. [2023], and has successfully been used to identify
body waves [e.g. Stähler et al., 2021; Irving et al., 2023] as arrivals with a high degree of linear polarization
either in the vertical or horizontal directions. In Fig. 2 we modify the approach to weight the polarization
attributes in each time-frequency tile by the square root of the amplitude in order to minimize sensitivity
to noise. The PbdiffPcP arrival can be seen at 176±10s before the PP arrival and corresponds to a peak
in the velocity waveforms (panel a), and excess of vertically-polarized rectilinear motion (σELV P , defined
as the Z score of the difference between vertically- and horizontally-polarized rectilinear motion, see panel
b), a peak in the amplitude spectrum in the 0.55-0.8 Hz frequency range (panel c), and a prominent pulse
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of vertically-polarized rectilinear motion in the 0.6-0.8 Hz frequency range (VRM, panel d) without an
associated increase in horizontally-polarized rectilinear motion (HRM, panel e). The arrival identified as
PbdiffPcP by the FDPA is in agreement with the complementary coherence and incidence angle analysis
shown in Fig. 1.
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Figure 2: Frequency-dependent polarization analysis of S1000a waveforms. (a) Vertical ground velocity band
pass filtered in the 0.3-0.8 Hz range, with the second panel’s vertical limits revealing the smaller amplitude
arrivals before the main PP arrival. (b) Z score of the excess vertically-polarized rectilinear motion, computed
from panels d and e integrated across frequencies. (c) Amplitude spectrogram of vertical ground velocity.
(d) Vertically-polarized and (e) horizontally-polarized rectilinear motion – defined in supplement of Stähler
et al. [2021] – scaled by the square root of the spectral amplitude in each time-frequency tile. The time axis
is with respect to the PP pick from Irving et al. [2023], which is, like the PbdiffPcP arrival, marked with a
dashed green line.

1.2 ScS picking for event S1222a

We picked the ScS arrival of S1222a using waveform matching [e.g., Stähler et al., 2021] and polarization
analysis [e.g., Haney et al., 2020]). In waveform matching, we utilize a 22.5 s-long time window, starting at
the S arrival time from the InSight Mars Quake Service (MQS), as the template, and then in the S-coda, we
search for arrivals sharing a similar shape of the template. We apply waveform matching to both the radial-
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and transverse-component recordings of event S1222a, and we identify a ScS candidate at 258˜s after the S
arrival (i.e., from 473 s to 495.5 s after the P in Fig. 3). We then check the polarization of this candidate.
The polarization analysis indicates this candidate possessing an almost horizontal particle motion (485-490 s
in the fourth row in Fig. 3), which means this candidate propagates vertically to InSight, a characteristic
property of ScS. Thus, we determine that this candidate is the ScS. Meanwhile, the azimuth estimate of this
candidate is about 90 degrees at 0.4 Hz (480-490 s in the fourth row in Fig. 3), the energy peak frequency
(the second row in Fig. 3). Since this azimuth estimate is close to the S1222a azimuth estimate (101 degrees),
we adopt the radial component (i.e. Sv) of event S1222a S and ScS in the Q estimation.

Figure 3: Waveform matching (first row) and polarization analysis (third and fourth rows) of event S1222a.
In the first row, the radial component data (black) is bandpass filtered between 0.3 and 0.9 Hz, and the red
dotted wiggle is the S waveform template. The second row is the spectrum of the radial component data
bandpass filtered between 0.01 and 1 Hz.
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2 Identification of the PbdiffPcP phase

Figure 4: Raypaths through Mars for diffracted phases in a representative BML model (displayed in panels
(g) to (n) of Fig. 1). Background colours indicate compressional-wave velocities throughout Mars. The
white dashed line indicates the path of a wave diffracted at the base of the solid mantle (Pdiff, which on
Earth diffracts along the core-mantle boundary). The grey lines highlight a selection of possible paths for
PbdiffPcP, whose paths are described in detail below, and which exactly follow the Pdiff path in the mantle.

The complex velocity structure of the BML requires that we consider where compressional-wave phases are
most likely to diffract as they reach the base of the mantle. We investigate physically-possible raypaths by
solving the Eikonal equation using the fast marching method [Sethian and Popovici, 1999; Peyre, 2009]. To
compute the raypath of the directly arriving diffracted wave, we place a source at the surface a distance
of 126 degrees from the receiver (i.e., at the location of S1000a), and find that the first-arriving diffracted
phase for a source at an appropriate distance is Pdiff - a phase which in the BML models diffracts along
the base of the completely solid (highest velocity) region at the base of the mantle (Fig. 4). We identify
the diffracted phase observed in the seismic data as phase as PbdiffPcP; the ‘b’ indicates diffraction at the
BML. We use the label ‘PbdiffPcP’ to refer to a compressional wave which travels through the mantle to the
base of the solid layer, and then diffracts along the interface between solid and partially molten material.
While diffracting, the wave radiates energy along its path; some of this energy travels down through the
mushy and molten silicate layers, before being reflected back up to the diffraction path. This raypath is
calculated by setting off a source at the core-mantle boundary, and follows that of Pdiff exactly. Figure 4
shows a number of such possible paths; the energy identified on the seismogram results from constructive
interference of energy traveling along all such paths, which have equal travel times. Thus, some parts of the
PbdiffPcP wave-packet will have taken a path which could be labelled as PbdiffPcPbdiff if they diffract both
before and after travelling down to the silicate-iron interface, while others could be termed PcPbdiff if they
diffract only after travelling to the silicate-iron interface. The different paths all contribute to the observed
wavepacket, and we use the label PbdiffPcP to refer to them collectively.
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3 Inversion approach

Our inversion method follows the approach described in [Drilleau et al., 2020, 2021] and recently applied in
Stähler et al. [2021]; Drilleau et al. [2022]; Irving et al. [2023]. It relies on a geodynamic parameterization in
terms of quantities that influence the thermo-chemical evolution of the planet. The latter is composed of a
liquid iron core, a silicate mantle (with or without a BML) with a viscosity η follows an Arrhenius law with
dependence on temperature T and pressure P (e.g., Ranalli [1995]; Karato and Wu [1993]):

η = η0 exp

(
E∗ + PV ∗

R T
− E∗ + PrefV

∗

R Tref

)
, (1)

where the effective activation energy E∗ expresses the temperature sensitivity, the effective activation volume
V ∗ controls the pressure dependence, R is the gas constant, and η0 is the reference viscosity corresponding to
the reference temperature Tref = 1600 K and reference pressure Pref = 3 GPa. The silicate envelope includes
an evolving lithosphere and crust. The thermo-chemical evolution is computed following the approach
described in Samuel et al. [2019] and Samuel et al. [2021] for cases with a BML. The regular silicate mantle
has the composition EH45 [Sanloup et al., 1999], which yields a good match to MoI estimates and constraints
on crustal thickness from receiver function analysis and gravity and topography data [Knapmeyer-Endrun
et al., 2021; Wieczorek et al., 2022]. Following Irving et al. [2023], we assume that the core is well mixed,
hence we model its elastic properties using a third-order isentropic Birch-Murnaghan Equation of State
(EoS). With this EoS the density and acoustic velocity within the core can be computed from its density
(ρCMB), its isentropic bulk modulus (KS), and its derivative with respect to pressure K ′

S given at CMB
pressure and temperature, regardless of the composition of the core.

As in Samuel et al. [2019, 2021] and reference therein, at each given mantle depth, the degree of melting
(ϕ) corresponds to the ratio of super-solidus temperature divided by the temperature difference between the
liquidus and the solidus. When the melt fraction exceeds a critical value, assumed to be 65% [Costa et al.,
2009], the rheology is dominated by the liquid phase and therefore we assume that the shear modulusG=0 Pa,
leading to VS=0 m/s. Below the critical melt fraction the mushy material has G and VS that decrease with
the melt fraction but remain > 0. In the mushy material (ϕ ≤ 0.65), we adopt a linear decrease of P and S
velocities with melt fraction. In the essentially molten material (ϕ > 0.65), VP corresponds to the minimum
bound for the bulk modulus of silicate Kliq = 24 GPa liquids with a pressure dependence K ′

liq = 6 from
Matsui [1996] .

Fixing the values of Kliq and K ′
liq = 6 strongly determines VP in the BML, which has a strong impact

on the propagation seismic phases in the vicinity of the CMB, particularly for the P-diffracted phase. For
example, these aforementioned quantities can determine the sign of the velocity jump across the CMB that
may directly influence the raypaths of seismic phases. With the values chosen above, the seismic velocity
jump going from the mantle to the core is almost systematically negative. Yet, the equation of state of silicate
liquids (hence in VP in the fully molten silicate layer) are not well constrained [Jing and ichiro Karato, 2008]
and could also result in positive seismic velocity jumps across the CMB. To account for that, we considered
a supplementary set of BML inversions where the bulk modulus and its pressure derivatives are have smaller
values [Jing and ichiro Karato, 2008]: Kliq = 20 GPa K ′

liq = 4.5. This leads to smaller VP values in the fully
molten silicate part and therefore allows for cases where VP increases when entering the core.

Along the inversion process these parameters are inferred by seismic data and by constraints on the mass
of Mars Konopliv et al. [2020], which must be satisfied for each model. The present-day thermal profile of
the planet is used to compute the density and velocity profiles, relying on a Gibbs-free energy minimization
approach for the mantle [Connolly, 2009] (see Drilleau et al. [2021] for further details). In addition to the
temperature profile, the geodynamic parameterization yields the present-day lithospheric (Dl) and crustal
(Dcr) thicknesses. Since the origin time of the seismic events remains unknown, we used differential seismic
travel times to compute the cost function [Drilleau et al., 2022]. The moment of inertia factor and the
degree-two Love number estimates were computed for each model and included in the cost function, and are
compared to the estimates of Konopliv et al. [2020]. In total, 21 seismic events were considered (Table 1).
For each sampled model, the body wave arrival times were computed using the TauP toolkit [Crotwell et al.,
1999]. As in Drilleau et al. [2022] the epicentral distances and the depths of the seismic events were randomly
sampled using Gaussian distributions, except for the two meteorite impacts (S1000a and S1094b) that were
located precisely by orbital imaging Posiolova et al. [2022].
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The parameters we invert for are those listed in Drilleau et al. [2022]. The BML inversion set requires
two additional parameters to invert for: the thickness (Dd) of the BML, and its thermal conductivity, kd.
The former was randomly sampled between 100 km and 600 km while the latter was sampled between 4 and
16 W m−1 K−1 using Gaussian distributions. However, the resulting posterior 1-σ range for kd was similar
to the regular mantle value that we fixed to 4 W m−1 K−1.

3.1 Note on seismic datafit and inversion results

PP and SS phases are most sensitive to the velocity structure in the vicinity of the ray turning points, which
correspond to depths of ∼ 800 km and ∼ 400 km for event S1000a, respectively. The presence of a BML
reduces the present-day mantle temperature, leading to faster seismic wave speeds (Fig. 3a-d). Therefore,
the PP phases that are sensitive to the mantle structure have shorter travel times when a BML is present.
Moreover, the lithosphere is thinner in presence of a BML (Fig. 1), leading to larger (absolute) temperature
at shallow depths , and larger velocity gradients. Consequently, at shallow depths, VS is smaller when a
BML is present, implying longer SS travel times. Altogether, the presence of the BML shifts the differential
travel time tSS-tPP towards larger values that are more compatible with the data, as seen in Fig. 3. These
two mechanisms described above yield an overall good datafit when a BML is present, while this pair of
differential travel times cannot be explained by a compositionally homogeneous mantle. The influences
described above also explain the larger increase in mantle viscosity with pressure (larger V ∗ values) for BML
models. Indeed, if V ∗ was smaller for BML models, the lithosphere thickness would be even thinner. This
would result in further seismic velocity reduction at shallow depth that would increase the PP travel time
(tPP). Consequently, this would shift the differential travel times of tPP − tPdiff , tPP − tSKS, and tSS − tPP

away from the observational ranges (Fig. 3d,f).
Despite the hotter core in BML models, the associated P-wave velocities remain similar to the non-BML

models (Fig. 1e,k). This is due to the core-traversing phases Irving et al. [2023] considered in our seismic
dataset, which constrain the velocity in the core. To reach similar VP values the core for BML models is
more compressible (i.e., its bulk modulus is ∼15% smaller) than that of the non-BML cases (Table 1) in
addition to be more dense (Fig. 1d,j).

4 Synthetic seismograms

Using the spectral element code AxiSEM [Nissen-Meyer et al., 2014], we computed synthetic seismograms for
three models representative of the non-BML, main BML, and supplementary BML inversion sets described
in Table 1 (Fig. 5a,b,c). We superimposed the predicted body arrival times on the synthetics seismograms,
estimated using the TauP toolkit [Crotwell et al., 1999].

To simulate the waveform of event S1000a, we first considered an explosive seismic source located at
the surface near 126° epicentral distance. The vertical component synthetics (in velocity) are displayed in
Fig. 5d,e,f for epicental distances between 123° and 129°. For the three sets of models, the seismograms show
the P-wave diffracted at the mantle/BML interface (Pdiff, dashed blue lines). The core bouncing diffracted
P-wave (PbdiffPcP, red lines) is only observed for the two models with BML (Fig. 5e,f). Assuming a positive
velocity jump at the CMB like in the supplementary BML inversion set (Fig. 5f) allows to slightly increase
the amplitude of the PbdiffPcP. It is worth noting that the ray parameters of the Pdiff and the PbdiffPcP are
similar on the synthetic seismograms, indicating that both seismic phases are diffracted at the mantle/BML
interface.

To compute ScS waveforms displayed in panels (g), (h) and (i) of Fig. 5, we considered a marsquake
located at 5 km depth generated by a normal fault, as suggested in Brinkman et al. [2021] and in Jacob et al.
[2022] for events located near Cerberus Fossae. To reduce the amplitude of surface waves, the bulk and shear
dissipation parameters are set to 100 in the crust. The predicted ScS arrivals are shown in magenta. Note
that in the case of BML models (Fig. 5b,c), the ScS phases are reflected at the top of the liquid part of the
BML, and not at the CMB, whereas they are reflected at the CMB for the non-BML model (Fig. 5a). For
the three sets of BML models, P, S, and ScS arrivals are clearly visible on the radial component waveforms.

Overall, the synthetics displayed show that BML models can reproduce signals that are consistent with
the arrival times picked on InSight’s seismic record for deep reflected S-wave and deep and diffracted P-waves,
including PbdiffPcP (see Section S 2).
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Figure 5: Examples of velocity models of the non-BML (a), main BML (b) and supplementary BML (c)
inversion sets described in Table 1. (d,e,f) are synthetic seismograms showing the vertical velocity for the
three sets of models between 123° and 129° of epicentral distances (close to the epicentral distance of S1000a),
considering an explosion located at the surface. (g,h,i) are synthetic seismograms showing the radial velocity
for the three sets of models between and epicentral distance ranging between 52° and 58°, considering a
marsquake located at 5 km depth generated by a normal fault. The predicted body wave arrival times are
displayed with coloured lines. The dashed lines correspond to seismic phases, which are not yet observed in
the InSight recordings. The synthetic seismograms are filtered between 0.5 and 1 Hz.

5 Q estimation from direct arrivals

To estimate the apparent shear attenuation along direct S-wave raypath we selected impact S1094b (of
epicentral distance 58.5 degrees) located relatively close to the source of event S1222a. We fit the observed
spectra S(ω) for S1094b with a source time function and attenuation:
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S(ω) = Ω0

[
1 +

(
ω

ω0

)2
]−3/2

exp

(
− ωt

2QS

)
, (2)

where Ω0 is corresponds to the flat (‘DC’) value of the spectrum, QS is the apparent S-wave quality factor,
t is the propagation time. The source time function is the omega-3 model proposed in Garcia et al. [2022].
The corner frequency ω0 was fixed to 3 Hz for the P-wave [Posiolova et al., 2022]. Under the assumption of
a Poisson elastic medium we fixed the S-wave corner frequency to 1/

√
3 for that of the P-wave.

Figure 6: S-wave spectra for impact event S1094b. The red lines is observed spectra computed with 30-
second time window and green crosses are the data used for the fit. The blue curve corresponds to the fit.
A peak at 2.4 Hz was masked since this is likely a local effect, which is not taken into account in the model
above. In addition to the final spectral shape, contribution from the source time function (orange curve)
and the attenuation (yellow curve) are displayed.

The fit, displayed in Fig. 6 yields an apparent QS value of 3900 and a range for QS between 3333 and
5000.

6 Nutation of BML models

The well-known tidal forcing of the Sun and other planets, as well as the Martian Moons, induce a periodic
nutation of the rotation axis of Mars. The nutation can be affected by the presence of the liquid core inside the
planet since the fluid core can have a relative rotation with respect to the solid mantle. This misalignment,
characterized by the Free Core Nutation (FCN) rotation normal mode, depends on the main moments of
inertia of the core and on its capacity to deform due to tidal forcing and rotational rate variations. Because
of the FCN the nutation can be resonantly amplified by the tidal forcing. The amplification strength is
characterized by the core amplification factor F , which is related to the moment of inertia of the core, and
the period of the FCN [e.g. Dehant and Mathews, 2015].

Recent measurements by the RISE experiment [Folkner et al., 2018] on InSight have shown that both
the FCN period and F can be reliably estimated estimated by tracking the position of the InSight lander
on the surface of Mars. The obtained results not only confirm previous estimates about the core structure
obtained from measuring tides [Yoder et al., 2003] and reflected shear waves at the core-mantle boundary
[Stähler et al., 2021], but also provide unique information about the principal moments of inertia of the core,
the density jump at the core-mantle boundary, and the presence of mass anomalies related to thermal and
compositional anomalies buried deep within the interior [Le Maistre et al., 2023]. In that study, it has been
shown that models with a BML layer can also agree with the RISE observation. However, these models
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were not constrained by the more recent seismic data used in the present study. Here we compare the FCN
period and F factor of a subset of models from this present study to the estimates obtained by RISE.

To model the nutation and relative rotation of the core, two end-member scenarios are conceivable: the
metallic core rotates with respect to the mantle that includes the whole BML or the metallic core rotates
together with the fluid part of the BML with respect of the solid mantle and BML mushy layer. The first
scenario implies that the rotating core, which has a radius smaller than 1690 km, has an F factor or core
moment of inertia that is significantly lower than that determined by RISE (results not shown), and is
therefore rather unlikely. For the second scenario, the models agree with both the FCN and F estimate of
RISE (see Fig. 7), where the subset of models with the largest effective (Rl) core radius provide the best
match. As discussed in Le Maistre et al. [2023], the depth of internal mass anomalies affect the core moment
of inertia and the period of the FCN. Placing a mass anomaly at Moho depth or at the bottom of a very
thick lithosphere (> 550 km) has a substantial effect on the FCN. The models used in this study have a
lithosphere that is not much thicker than 300 km and placing a mass anomaly at that depth has only a small
effect compared to a load at the Moho depth [Le Maistre et al., 2023]. For this reason Fig. 7 only shows the
results for the latter case.
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Figure 7: (a) Apparent (i.e., liquid) core radius (Rl) as a function of FCN period, (b) apparent core radius
as a function of core amplification factor F , and (c) FCN period-core amplification correlation. The gray
shaded areas represent 1 σ, 2 σ, and 3 σ uncertainty regions.

Our results displayed in Fig. 7 show that not all models fit the RISE data equally well. This indicates
that the results presented in this study could be further refined if both seismic data and RISE data were use
together in a joint inversion.

7 Core formation modelling

We calculated Martian core compositions using multi-stage core formation modeling [Wade and Wood,
2005] based on the numerical code described in Badro et al. [2015]. This is the standard model of core
formation on terrrestrial planets where accretionary material (could be differentiated or undifferentiated) is
added successively to form Mars. At each accretional step, the added material fully melts in the primordial
Martian magma ocean; and the immiscible metal and silicate separate, the metal sinks to the bottom of the
magma ocean while equilibrating chemically (see Section 7.1) with the surrounding silicate, and then reaches
the core, leaving behind its chemical imprint on the magma ocean, and inheriting its own composition from
that chemical interaction.

7.1 Thermodynamic model of element partitioning between metal and silicate

To determine the composition of the core, we need to know how elements partition between metal and silicate
during core formation. Chemical equilibrium between metal and silicate fixes the partitioning of elements
between the two phases. The metal-silicate partition coefficient for an element i is:
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Di =
Xmetal

i

Xsilicate
i

, (3)

where and Xi are molar concentrations of element i in the metal or silicate.
Carbon and sulphur are very siderophile, and since we are only interested in their abundance in the core,

we simply assume that the bulk content on the planet is in the core. Nickel and cobalt are also siderophile,
but we are especially interested in their mantle abundances (trace levels) because these will be used to
eliminate core formation models that do not match their observed mantle abundances; in this case we will
use the full thermodynamic calculation of their partitioning and abundance. We shall proceed similarly for
oxygen and silicon, since their concentration in the core depends strongly on their partitioning behaviour
during core formation. For the sake of our thermodynamic calculations, the elements of interest here (namely
Ni, Co, Si and O) partition between core and mantle according to the following chemical reactions:

Nimetal + FeOsilicate ⇐⇒ NiOsilicate + Femetal

Cometal + FeOsilicate ⇐⇒ CoOsilicate + Femetal

Simetal + 2FeOsilicate ⇐⇒ SiO2
silicate + 2Femetal

Ometal + Femetal ⇐⇒ FeOsilicate

(4)

At thermodynamic equilibrium, the partition coefficient associated with these reactions can be parame-
terised (for the full thermodynamic formalism, see [Gendre et al., 2022]) as:

log(Di) = a+
b

T
+ c

P

T
− n

2
log

Xsilicate
FeO

Xmetal
Fe

− log γi +
n

2
log γFe, (5)

where i is the element of interest (Ni, Co, Si, O), a, b, and c are the entropy, enthalpy, and volume changes
due to the partition of element i between metal and silicate (reported in Table 3). Xsilicate

FeO and Xmetal
Fe are

the FeO concentration in the silicate and Fe concentration in the metal. n is the valence of element i in the
silicate melt; γFe and γi are the activity coefficients of iron and element i in the metal.

The activity coefficients are calculated via an approach that relies on interaction parameters, ε, which
are used to calculate the activity of multicomponent metallic solutions. In a metallic solution consisting of
N components, the activity coefficients of Fe and the remaining N -1 solutes (i) are given by:

ln γFe =

N−1∑
i=1

εii(Xi + ln(1−Xi))

−
N−2∑
j=1

N−1∑
k=j+1

εkjXjXk

(
1 +

ln(1−Xj)

Xj
+

ln(1−Xk)

Xk

)

+

N−1∑
i=1

N−1∑
k=1
k ̸=i

εkiXiXk

(
1 +

ln(1−Xk)

Xk
− 1

1−Xi

)

+
1

2

N−2∑
j=1

N−1∑
k=j+1

εkjX
2
jX

2
k

(
1

1−Xj
+

1

1−Xk
− 1

)

−
N−1∑
i=1

N−1∑
k=1
k ̸=i

εkiX
2
i X

2
k

(
1 +

1

1−Xi
+

1

1−Xk
+

Xi

2(1−Xi)2
− 1

)

(6)

and,
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ln γi = ln γFe + ln γ0
i

− εii ln(1−Xi)

+

N−1∑
j=1(j ̸=i)

εjiXj

(
1 +

ln(1−Xj)

Xj
− 1

(1−Xi)

)

+

N−1∑
j=1(j ̸=i)

εjiX
2
jXi

(
1

(1−Xi)
+

1

(1−Xj)
+

Xi

2(1−Xi)2
− 1

)
.

(7)

Values of the interaction parameters ε(T0) are reported at a reference temperature of T0 =1873 K (Table 2),
and scale with T as:

ε(T ) = ε(T0)
T0

T
. (8)

ε O Si S Ni Co
O -4.5 -5.0 -6.1 1.4 1.9
Si -5.0 12.4 9.0 1.2 0.0
S -6.1 9.0 -5.7 0.0 0.6
Ni 1.4 1.2 0.0 0.1 0.0
Co 1.9 0.0 0.6 0.0 1.2

Table 2: Interaction parameters from [Badro et al., 2015; Gendre et al., 2022] used in the thermodynamic
modelling of metal-silicate partitioning, reported at a reference temperature of 1873 K.

Element a b (K) c (K/GPa) n ln γ0
i (T )

Ni 0.304 (0.162) 2916 (344) -60 (5) +2 −0.42 · 1873/T
Co 0.287 (0.141) 1360 (286) -35 (5) +2 −0.60 · 1873/T
Si 0.364 (0.28) -16520 (716) 0 +4 −6.65 · 1873/T
O 2.736 (0.14) 11439 (387) 0 -2 4.29–16500/T

Table 3: Thermodynamic parameters of Equation 5 for Ni ,Co, O, and Si from [Badro et al., 2015; Gendre
et al., 2022], values in parenthesis are 1-sigma uncertainties.

7.2 Melting of bulk silicate Mars

The solidus of bulk silicate Mars are taken from [Duncan et al., 2018], and the liquidus is from [Ruedas and
Breuer, 2017] (see Fig. 1c). Both equations are given below, where T is temperature in Kelvin and P is
pressure in GPa.

Tsolidus = 1361 + 120.2P − 4.877P 2 if P < 10 GPa,

Tsolidus = 2075 + 38.18(P − 10)− 1.323(P − 10)2 if P > 10 GPa,

Tliquidus = 2160.6 + 64.7109P − 3.97463P 2 + 0.0957894P 3 .

(9)
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7.3 Core composition

The evolutionary process of multi-stage core formation was implemented here and discretised in 100 accre-
tional steps. At each step i, the pressure Pi at the bottom of the magma ocean is calculated as a function of
the fraction of Mars’ accreted mass Mi/Mfinal, and final magma ocean depth Pfinal [Badro et al., 2015; Piet
et al., 2017] according to:

Pi = Pfinal

(
Mi

Mfinal

)2/3

, (10)

where Pfinal is a free parameter, but obviously comprised between 0 (the surface) and 19 GPa, the pressure
at the core-mantle boundary (maximum depth, global magma ocean).
The temperature in the magma ocean is calculated using the melting curves (solidus, liquidus) [Duncan
et al., 2018; Ruedas and Breuer, 2017] for a bulk silicate Mars composition as a function of pressure (see
details in 7.2) all the way down to the CMB. The choice of this temperature profile (solidus vs. liquidus) is
another free parameter.
The composition of bulk silicate Mars is fixed to values in [Samuel et al., 2022] of 41 mol.% SiO2 and 15.3
mol.% FeO, respectively. This value incorporates the BML and the Martian mantle. Finally, the sulphur,
carbon, and hydrogen content of Mars are the last free parameters of the model.

We carried out 1200 simulations where we systematically varied the free parameters along the full extent
of plausibility:

• the depth of Mars’ magma ocean was varied from the surface to the core-mantle boundary;

• the geotherm in the Martian magma ocean was varied from the solidus to the liquidus of bulk silicate
Mars;

• the sulphur content in the Martian core varied from 0 to 50 mol% (FeS);

• the carbon content was varied from 0 to the saturation limit in an Fe-S alloy [Tsuno et al., 2018].
Thus, while being a free parameter, the maximum carbon concentration is directly linked to that of S
according to:

lnCcore
max = −33.59− 2726

T
− 38.7

P

T
+ 7.51 ln(1− Score), (11)

where P and T are pressure and temperature, Score is the sulphur concentration in the core (in wt.%),
and Ccore

max the resulting maximum possible amount of carbon (in wt.%) in the core under those condi-
tions (Fig. 7.3).

• The hydrogen content in the core is unconstrained, and can vary from 0 to an absolute upper bound
of 0.15 wt% based on a recent experimental metal-silicate hydrogen partitioning study [Tagawa et al.,
2022a], which we scaled from terrestrial to Martian conditions (Mars has higher FeO content and lower
H2O content in its mantle, and much lower pressure than on Earth, and all of these contribute to
reducing the H content in the core). That bound is even lower, with basically no hydrogen in Mars’
core, on the basis of magma ocean–primordial atmosphere equilibrium models [Young et al., 2023].

At each step of accretion and core formation, the output of the model is the composition of the metal and
the silicate magma ocean resulting from this differentiation process at a given P and T . All uncertainties on
the thermodynamic variables were propagated using Monte Carlo sampling (10,000 samples per point). The
process is repeated until Mars is fully accreted, and the mantle and core have reached their final composition
for the aforementioned tracked elements.

This approach produces 1200 models of core composition, which now need to be trimmed down. Because
each model is composed of a core and a mantle, we retain only the models that produce mantle compositions
consistent with Martian mantle geochemistry. Therefore, we kept only the models where Ni and Co abun-
dances fall within the observable range; the Ni and Co depletion in the Martian mantle can be expressed
conveniently by a bulk core-mantle partition coefficient of DNi=180–300 and DCo=21–57 [Yoshizaki and
McDonough, 2020]. We call this subset of the models the “geochemically consistent set”.
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Interestingly, and as previously observed [Gendre et al., 2022; Brennan et al., 2020], all core models are
essentially devoid of silicon (< 0.03 wt%). We plotted the remaining core compositional space (O,C,S) in
Fig. 7.3. Possible O and C concentrations are plotted vs. S concentration (free parameter), and show an
increase of O and a decrease of C concentration with increasing S.
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Figure 8: Composition of Mars’ core from core formation modelling. (left) Oxygen, (right) carbon con-
centrations are plotted as a function of sulphur content, which then remains the only free compositional
parameter of the problem. Silicon in always below 0.1 wt% and negligible, and hydrogen is unconstrained,
but is significantly below 0.15 wt %. The Oxygen composition range is bound by the two following
polynomials: Omin = −3.11676103 10−4S3 + 1.98176935 10−2S2 − 7.18932170 10−2S + 1.28917783 and
Omax = −3.(90147450 10−4S3+2.58013870 10−2S2−2.27374258 10−2S+3.06338724, and the Carbon com-
position range is bound by the saturation value (which depends on S and O concentration, Eq. 11) as an
upper bound and 0 as a lower bound.

In terrestrial core formation modelling [Wade and Wood, 2005; Badro et al., 2015], FeO concentration
in the magma ocean is another important free parameter. Here, we fixed that value to that in bulk silicate
Mars of 15.9 mol%, and assumed it to be constant during accretion, which is justified by the fact that Mars
formed very early during the first two million years of the Solar System [Dauphas and Pourmand, 2011].
In addition, with the relatively low pressures involved here (pressure in Mars’ magma ocean is significantly
lower than on Earth), a variation of FeO during accretion has negligible impact on final core composition
in terms of O, S and C contents. However, it could have a larger impact of silicon, that is significantly
more siderophile under more reducing conditions. Therefore, we tested a scenario where FeO concentration
in the Martian mantle starts at 0 (extremely reducing) and increases as accretion proceeds to reach the
final value of 15.9 mol%, akin to what was proposed for the Earth in [Wade and Wood, 2005]. In this case,
the maximum silicon concentration in the core reaches a maximum value of 0.09 wt%. While this is three
times the amount of the constant FeO model we have used, it still has no practical implication on the major
element composition of Mars’ core.

Our final range of core compositions obtained here (Fig. 7.3) is geochemically consistent, but its span can
be further reduced by discriminating on the basis of the geophysical properties of the Martian core. For this,
we need to model the seismologically relevant (density and bulk modulus) properties of iron alloys based on
existing experimental data, apply these properties to all core compositions shown in Fig. 7.3, and only keep
the ones that match the properties of the Martian core. This is developed in the next section.

8 Seismologically constrained core composition

To infer core composition from seismic data, we rely exclusively on an EoS for the liquid core built with
experimental data. This is currently the only reliable approach because even the most recent alternative ab
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initio methods fail to reproduce experimental data at conditions prevailing for Mars’ core and/or rely on ad
hoc corrections that are not physical. We describe below our EoS for the liquid core.

8.1 Equation of state for the liquid core

We model core properties (density and sound velocity) under the assumption that it is an iron alloy con-
taining sulfur (S), oxygen (O), carbon (C), and hydrogen (H) as light elements (given in decreasing order of
occurrence). All four light elements are soluble in iron at core forming conditions ([e.g. Steenstra and van
Westrenen, 2018]) and abundant enough to significantly affect the density and sound velocity of the core.

We describe the EoS of the liquid Fe-S-O-C-H following Irving et al. [2023] (which we recall here for
completeness). It assumes an asymmetric Margules mixing model that uses Fe, FeS, FeO, Fe3C, and FeH as
end-members. The volume of the solution writes:

V ({χi}, P, T ) = Videal({χi}, P, T ) + Vex({χi}, p) , (12)

where
Videal({χi}, P, T ) =

∑
i={Fe,FeS,FeO,Fe3C,FeH}

χiVi(P, T ) ,

is the ideal contribution to the volume, and

Vex({χi}, P ) =χFeχFeO (χFeOWFe−FeO + χFeWFeO−Fe)+

χFeχFeS (χFeSWFe−FeS(P ) + χFeWFeS−Fe(P ))

is the excessive contribution. In the above expressions χi and Vi are the molar fractions and molar volumes
of Fe, FeS, FeO, Fe3C, and FeH in their liquid state, and the Wij are the Margules coefficients for Fe− FeO
[Komabayashi, 2014] and Fe− FeS [Xu et al., 2021].

The molar volumes of the end-members were computed using their EoS. We use Dorogokupets et al.
[2017] for liquid Fe, Morard et al. [2022], liquid FeO and Tagawa et al. [2022b] for liquid FeH. The EoS for
liquid FeS and Margules coefficients for Fe− FeS were deduced from the elastic data used in [Xu et al., 2021]
and high pressure density (up to 43 GPa) [Morard et al., 2013] and acoustic velocity data (up to 50 GPa)
[Kawaguchi et al., 2017; Nishida et al., 2020]. Finally, the EoS for liquid Fe3C was based on density and
acoustic data [Terasaki et al., 2010; Morard et al., 2017; Shimoyama et al., 2016] acquired at pressures up to
53 GPa. The EoS parameters and Margules parameters for FeS and Fe3C are given in Table 4. From the EoS
of the end-members and Eq. 12 all relevant thermodynamic quantities required to compute the adiabatic
gradient and the acoustic velocity in the core are obtained by applying classical thermodynamic relations.

Parameter FeS Fe3C
T0 [K] 1650 1723
V0 [cm3/mol] 24.4±0.3 26.5±0.1
Cp [J/K/mol] 62.5 215.
α [105/K] 11.8 14.8±5
KT [GPa] 12.0±-0.8 57.5±13
K ′

T 6.9±0.3 15.±3
γ 0.62±0.04 1.34±0.4
δT 0.4±-0.5 9.1±4.0
WFe−X [ cm3/mol] -9.9±-1.4 -
WX−Fe [ cm3/mol] -3.54±-0.4 -
B0 [GPa] 3.02±-0.3 -
B′

0 2.6±-0.4 -

Table 4: EoS parameters for the Anderson-Grüneisen equation (e.g., [Komabayashi, 2014] and Margules
coefficients. κ=1.4 and X stands for FeS or Fe3C.

The addition of light elements to Fe decreases its density (see Fig. 8.1), with different magnitudes for each
light element, as seen for Earth’s core [Badro et al., 2014; Huang et al., 2019; Umemoto and Hirose, 2020].
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While the relative effect is almost linear for density, its is far more complex for acoustic velocity. In particular,
the pressure-dependent non-ideal mixing of liquid FeS into liquid Fe results in an initial increasing velocity
that reaches a maximum and can later decreases below the velocity of liquid Fe (depending on pressure) for
large fractions of S. Conversely, adding O results in an initially decreasing velocity that reaches a minimum
at about 4 wt% and a subsequent increase with the amount of O above the velocity of liquid Fe. We note
however that at pressure and temperature conditions of the Martian core, the relative variation with respect
to pure Fe resulting from the addition of S or O are small compared to the large effect resulting from the
addition of H or C.
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Figure 9: Effect of light element concentration x on density (a) and acoustic velocity (b) compared to iron
at Mars’ CMB conditions (full lines) (P = 22 GPa, T = 2760 K) and core center conditions (dashed lines)
(P = 40 GPa, T = 3100 K)

8.2 Seismologically constrained core composition

Here we describe how we deduce the core compositions that best match the seismologically-inferred EoS
parameters (ρ0, KS , and K ′

S). Together with the core equation of state (8.1), they are representative for the
density and acoustic velocity profiles in the whole core.

We considered three different plausible core alloys: Fe-O-S, Fe-O-S-C, and Fe-O-S-C-H. For each of
these, the amount of O is related to S, and the fraction of C is below its solubility limit in Fe-S (see Sec 7.3).
The remaining free parameters are the amounts of S and H. Our upper limit for S is 25 wt%, above the
permissible upper geochemical limit [e.g Steenstra et al., 2018] and the amount of H is assumed below 0.5 wt%
(see Sec 7.3). To deduce the amount of S and H in the liquid alloy we follow a two-step procedure: First we
seek the amount of S and H such that the density of the liquid alloy at (PCMB, TCMB) matches ρ0. A large
fraction of the seismologically deduced models that match the density of the alloy are not compatible with
the elastic properties of the alloy (see Fig. 10). For this reason, in a second step, we only retain the subset of
seismic models where KS and K ′

S match those of the alloy considered here within 1%, and 15% respectively,
and use this subset of models to inform about the composition of the core.

The core composition inferred from the output models for the three alloys considered are displayed in
Fig. 11. A subset of our models (less than one percent of the best 1000 models) exhibit core elastic properties
that can be reconciled with an Fe-O-S alloy with an average fraction of S close to the geochemically acceptable
upper limit (about 17 wt%, e.g., Steenstra and van Westrenen [2018]) (Fig. 11a). This contrasts with Stähler
et al. [2021]; Irving et al. [2023] where the smaller seismically-derived core densities (0.5 g/cm3 on average)
requires a fraction of S well above the geochemical upper limit. The addition of C increases the population
of compatible models to about 5%, and decreases the amount of S by about 3.5 wt% (Fig. 11a). Including
up to 0.5 wt% of H (we allowed an upper bound for H beyond the maximum limit of 0.15 wt% (7.3) for a
better understanding of the influence of this element on the fractions of other light elements) in Fe-S-O-C
reduces the required amount of S by a further 1.5 wt%, with a comparable population of compatible models.
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Figure 10: Core density-velocity histogram for the Mars models of this study. The blue, yellow, and green
dots represent interior models that have elastic properties compatible with and Fe-O-S, Fe-O-S-H, and Fe-
O-S-C-H alloy, respectively.

The average amount of H of about 0.25 wt% (Fig. 11d) is larger than the 0.15 wt% that is thought to be the
upper bound for H in the core of Mars (see Section 7.3). About a quarter of the Fe-O-S-C-H models have a H
fraction below the upper bound. Even though these models require on average more S (about 1 wt%), their
amount of S of about 14 wt% lies within the geochemically permissible range. Note that for both Fe-O-S-C
and Fe-O-S-C-H, the amount of C in the alloy (Fig. 11c) is appreciably below its solubility limit.
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Figure 11: Core composition inferred from the output models of the BML set. Core sulfur, oxygen, carbon,
and hydrogen weight fraction assuming a liquid core alloy of Fe-O-S, Fe-O-S-H, and Fe-O-S-C-H.

A small fraction of seismically inferred models from this study have elastic properties that are well
reproduced by a Fe-O-S alloy with S below the acceptable upper limit of 17 wt%. This contrasts with Mars
models inferred from seismic data assuming a homogeneous mantle composition Irving et al. [2023] whose
core elastic properties can only be explained with an alloy that contains additionally to O and S up to
1 wt% of H if S is limited to be below 17 wt%. Larger fractions of seismically inferred models correspond to
Fe-O-S-C and Fe-O-S-H assemblages (in similar proportions).
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Irving, J., Lekić, V., Duran, C., Drilleau, M., Kim, D., Rivoldini, A., Khan, A., Samuel, H., Antonangeli,
D., Banerdt, W. B., Beghein, C., Bozdag, E., Ceylan, S., Clinton, J., Garcia, R., Giardini, D., Horleston,
A., Huang, Q., Hurst, K. J., Kawamura, T., King, S., Knapmeyer, M., Li, J., Lognonné, P., Maguire, R.,
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Posiolova, L. V., Lognonné, P., Banerdt, W. B., Clinton, J., Collins, G. S., Kawamura, T., Ceylan, S.,
Daubar, I. J., Fernando, B., Froment, M., Giardini, D., Malin, M. C., Miljković, K., Stähler, S. C., Xu,
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W. T., Plasman, M., Raǰsić, A., Rolland, L., Rougier, E., Speth, G., Spiga, A., Stott, A., Susko, D.,
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