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Seismic recordings made during the InSight mission' suggested that Mars’s liquid
core would need to be approximately 27% lighter than pure liquid iron®?, implying
aconsiderable complement of light elements. Core compositions based on seismic
and bulk geophysical constraints, however, require larger quantities of the volatile
elements hydrogen, carbon and sulfur than those that were cosmochemically
availablein the likely building blocks of Mars*. Here we show that multiply diffracted
P waves along a stratified core-mantle boundary region of Mars in combination with
first-principles computations of the thermoelastic properties of liquid iron-rich
alloys® require the presence of a fully molten silicate layer overlying a smaller, denser
liquid core. Inverting differential body wave travel time data with particular sensitivity
to the core-mantle boundary region suggests adecreased core radius of 1,675 + 30 km

associated with anincreased density of 6.65 + 0.1 g cm >, relative to previous models?* 8,
while the thickness and density of the moltenssilicate layer are 150 + 15 km and
4.05+0.05 g cm, respectively. The core properties inferred here reconcile bulk
geophysical and cosmochemical requirements, consistent with a core containing
85-91wt%iron-nickel and 9-15 wt% light elements, chiefly sulfur, carbon, oxygen and
hydrogen. The chemical characteristics of amoltensilicate layer above the core may
berevealed by products of Martian magmatism.

Nearly four years of seismic monitoring® appears to suggest that Mars
has a large (25% of its total mass) but low-density (6.0-6.3 g cm™)
core*> %, This would imply a significant admixture of light elements
of which the most likely, in order of abundance, are S, C, O and H
(refs.3,4,10-12). Because these light elements are all cosmochemically
volatile, alow-density Martian core suggests that it may have formed
before the nebular gas had dispersed*, thatis, within the first few million
years after the condensation of the first solids from the solar nebula,
the calcium-aluminium-richinclusions in chondritic meteorites (taken
ast, (ref.13)). Indeed, the rapid formation of Mars, within 9 Myr of ¢,,
is also attested to by Hf-W systematics™ .

However, estimates for the composition of the Martian core have
been previously based mainly on either geochemical grounds™*"*®
or on seismic and geophysical observations of the mean core den-
sity and tidal response of Mars*®. Moreover, the plausible candidates
likely to make up the density deficit inferred for the Martian core
are all moderately-to-highly volatile, meaning the quantities seenin
Martian precursor material are variable and poorly constrained®%,
As such, there is lack of knowledge as to the identity and abundance
of the predominant light elements in the Martian core.

In view of the recent observations of a P wave diffracted along the
core-mantle boundary (CMB)*"** and P waves traversing the core?
from two far-side events?, the causes of the low mean Martian core
density can now be addressed quantitatively from the point of view
of both P-wave velocity and density. However, our ability to translate
these measurements into composition and temperature is limited by

the lack of experimental measurements of the physical properties
(P-wave velocity and density) of liquid Fe-Ni-X alloys, where X =S, C,
O or H, at conditions relevant to Mars’s core.

To better identify core composition and, in turn, the internal struc-
ture of Mars, we combine inversions based on InSight seismic datawith
abinitio molecular dynamics (AIMD) simulations of the thermoelastic
properties of liquid Fe-Ni-X (X =S, C, O or H) mixtures at the pressure—
temperature conditions of the Martian core?. Thisis then used to show
that the region originally identified as the CMB>* ®instead more likely
represents lowermost molten mantle material that overlies a smaller
and denser liquid metallic core. In support of this, we identify seismic
phasesintheInSight data that are unique products of amoltensilicate
layer overlying a liquid metallic core.

Density deficit of the Martian core

Using the equation of state (EoS) derived by ref. 3, P-wave velocities and
densities of multicomponent Fe-X binary mixtures were computed by
varying the mole fractions of Ni, S, C, O and H for a range of pressure
and temperature conditions consistent with Mars’s core (Methods and
Extended Data Fig.1).

The first step is to compare the AIMD-predicted P-wave velocity
and density profiles for pure liquid Fe with those determined using
the InSight seismic data? (Fig. 1). The comparison shows that at Mars’s
CMB, thatis, the 1,780-1,840 km core radius determined by ref. 2, the
density of pureliquid Feis 8.1 g cm, far denser than Mars’s seismically
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Fig.1|Seismic properties ofthe core asseen with InSight and from first-
principles simulations. Comparison of seismic profiles from InSight with
results from first-principles simulations. a,b, Density (a) and P-wave velocity (b)
profiles of liquid Fe and liquid Fe-Ni-S-C-0O-H senary mixturesin Mars’s

core obtained from AIMD simulations and InSight observations. The blue
shaded profiles represent the predicted seismic core properties based on
magnetic (thatis, spin-polarized) and non-magnetic (that is, non-spin-polarized)
AIMD simulations?, including the effects of variations in temperature (+200 K),
for the core composition (comprising 67.7% Fe, 5.5% Ni, 7.2%S,15.1% C, 3.8% O
and 0.7% H by weight) that best fits the mean of the InSight seismic profiles
within+2gatthe CMB (indicated by the light orange vertical bar labelled
‘CMB’), correspondingto aradiusintherange1,790-1,840 km (ref.2). The
orange shaded profilesrepresent the predicted seismic core properties based
onmagnetic and non-magnetic AIMD simulations, including the effects of
variationsin temperature (+200 K), for the core composition (comprising
69.9%Fe,5.7%Ni,14.6%S, 4.3% C,4.7% O and 0.8% H by weight) that best fits the
mean of the InSight seismic profiles within +2oat approximately 800 kmin the
core (indicated by the light orange vertical bar labelled ‘Inside core’). The
labelled C valuesindicate the C contents of the best-fitting solutions at the
CMBandatadepthofaround 800 kminthe core, respectively. As the orange
and blue profiles do not overlap, no single composition exists that matches the
InSight observations simultaneously at the CMB and in the core (Methods and
Extended DataFig.4). Note that the width of the vertical light orange bars has
no physical significance.

determined liquid Fe-rich core (approximately 6 g cm™) (Fig.1a). This
implies a density deficit of around 27% relative to liquid Fe, which is
almost three times that inferred for Earth’s liquid outer core®** and
suggests significant light-element enrichment in Mars’s core®*>.

By contrast, the P-wave velocity of liquid Fe at Mars’s CMB is similar to
that determined from InSight observations (Fig. 1b).

The second step involves computing density and P-wave velocity pro-
files for a range of compositions by randomly creating senary Fe-Ni-
S-C-0-H mixtures. These were matched against the seismic profiles
(Methods) within 2o to account for the uncertainty associated with
both non-spin-and spin-polarized AIMD simulations® (Fig. 1). We find
that thereis no single composition capable of simultaneously satisfy-
ing the seismic observations at the CMB and at approximately 800 km
depthinside the core (orange and blue profiles do not overlap at the two
locations simultaneously; see also Extended DataFig. 4). Although our
‘best-fit’ solution matching InSight’s density and P-wave velocity inside
the core contains around 4 wt% C (orange shaded profilein Fig.1), the
same composition underestimates densities by roughly 8% and P-wave
velocities by roughly 25% at Mars’s CMB. To account for this mismatch
requires around 15 wt% C at the CMB (blue shaded profileinFig.1),as Cis
thesolelight element whose addition to Fe metalinduces anincreasein
P-wave velocity required to counteract the effects of the density-driven
addition of S and O that both decrease P-wave velocity**® (Extended
Data Fig.1). However, such elevated C contents are at odds with both
its solubility at the eutectic point in the Fe-C binary system (around
3.5 wt% C at 20 GPa)*® and its abundance in bulk Mars inferred from
the depletion trend of volatile lithophile elements (less than or equal
to 4 wt% C)*. Should P-wave velocity constraints be relaxed so as to
consider density alone, unphysical C contents in excess of 10 wt% are
required, leaving no plausible composition able to fit InSight observa-
tions of the Martian core.

On the basis of this mismatch at the CMB, we propose that the top
of what was previously identified as the liquid Fe-rich core*>® repre-
sents the bottom of the silicate mantle, which is molten, implying an
increase in CMB depth and corresponding decrease in core radius.
Both the silicate layer and underlying core are required to be fully or
almost-fully molten, based onthe observation of core-reflected Swaves
from teleseismic marsquakes®”, the large second-degree tidal Love
number®, which informs us of the rigidity of the planet, and precise
measurements of Mars’s rotation®. Geodynamic models®® suggest it
is plausible that the Martian core is overlain by a molten silicate layer.

Inthe following, we examine whether a moltensilicate layer overly-
ing asmaller liquid core of Mars is compatible with both seismic data
and bulk geophysical observations of mean planet mass and moment
ofinertia.

Body wave travel time inversion

To determine the seismic properties of a potential moltensilicate layer,
we invert the updated differential travel time dataset (Methods) pre-
sented herein (Supplementary Table 2) and stacked P-to-s waveform
(Ps RF) in combination with bulk geophysical observations of mean
planet mass and moment of inertia for the radial seismic wave velocity
structure and epicentral distance for each event (Extended Data Table1).

Theresults fromthe inversion are plotted in Fig. 2 (thermal models
are shown in Extended Data Fig. 5). Differential travel time, Ps RF
and bulk geophysical data fits are shown in Extended Data Fig. 6. In
contrast to published geophysical models (for example, ref. 5), we
find that the core-diffracted P wave arrival can be fit if a fraction of
Mars’s CMB region, previously believed to be the core?*”, is allocated
to a liquid silicate layer (LSL) with P diffracting along its lower
rather than its upper boundary (Fig. 2b) as considered previously®.
The radial seismic core profiles (Fig. 2a) are compared to the mod-
els fromref. 2 and indicate good agreement in terms of core P-wave
velocity structure, but, as expected, differences in density since
the outermost core now represents the lowermost mantle.

The LSL is characterized by P-wave speeds and densities ranging
between4.5-5.5 kms™and 4.0-4.1g cm™ (Fig. 2c), respectively, which
onlyslightly exceed our AIMD predictions for liquid silicates (Extended
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Fig.2|Summary of Mars’sinterior structure. a, Inverted S-and P-wave
velocity and density profiles. For comparison, black solid and dashed lines
represent the range of core profiles determined previously using seismic
core-transiting (SKS) data. b, Body wave ray path geometry for all events
(labelled with stars) considered in this study. Colour bar denotes ray path
density, thatis, the number of rays passing through a given area, based on the
inverted models shownina, which explains the diffuseness of the ray paths
and source locations. The horizontal column below ‘InSight’is the radial
sensitivity and computed as the integrated ray path density with epicentral
distance. Note that the SKS phase for event S0976ais only predicted and not

Data Table 3) based on a primitive Martian shergottite® and the man-
tle composition of ref. 4 for which P-wave speeds and densities range
from 4.8-5.2kms™and 3.7-3.8 g cm™, respectively. The thickness of
thelayer determined by the geophysical inversions performed hereiis
145 + 25 kmandis, as expected, correlated with mean LSL P-wave speed.
Thinner, higher-density and higher-P-wave-speed layers or thicker,
lower-density and lower-P-wave-speed layers beyond the mapped
ranges of LSL properties obtained here are incompatible with the bulk
geophysical observations and seismic data.

The LSL density derived here (approximately 4 g cm™) precludes
astably stratified Fe-Ni-light-element-enriched layer at the top of
the core as suggested for the Earth (for example, ref. 32). In turn,
the presence of the LSL implies that the radius of the liquid metal-
lic core is smaller (1,640-1,740 km) (Fig. 2d) than recently reported
(1,780-1,840 km)>2. Consequently, mean core density increases to
6.65+0.15 g cm, which is denser than earlier estimates that ranged
between 6.0-6.3 g cm™ (refs. 2,4,6).

While the LSL thus has profound implications for the nature of the
core and bulk composition of Mars, the radial seismic models (Fig. 2a)
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inverted (see Supplementary Information section1for details). c, Inverted
moltensilicate layer (LSL) properties (in blue): mean density (p, ), mean
P-wave velocity (V,L,SL) and thickness (AZ).d, Inverted core properties (in blue):
meandensity (g, ) and coreradius (R..). The probability contours shown
inorangeincandd have been obtained by downsampling the models to
additionally match the observed diffracted P-wave reverberation (Py; "LSL Pyier)
inthe LSL (see Fig. 3cand main text for details). Blue- and orange-shaded
distributions ontop and to theright of cand d indicate sampled probability
distributions for the various parameters shownin the plots.

obtained frominversion of differential travel times, mass and moment of
inertia are, however, non-unique? and therefore insufficient asameans
of unequivocally establishing the presence of the LSL. Consequently, we
query the InSight seismic data for evidence that allows for anindepend-
ent confirmation of the existence of the LSL.

Seismic evidence for amolten layer
Potential seismic phasesinteracting with the LSL and the core are shown
inFig. 3. Relative to Fig. 2b, we have modified the nomenclature of the
seismic phases to distinguish those that reflect off of, traverse or oth-
erwise interact with the LSL. To search for these phases, we consider a
near- (S1094b) and afar-side (S1000a) imaged impact event®. We first
performed synthetic waveform analyses of models with and without
LSLs (Supplementary Figs. 7 and 8) to qualitatively assess their seismic
predictions. Most notably, several LSL-interacting phases are found
thatare not presentin the published model without the LSL.

The Swavereflected fromthe top of the LSL (SdS) has beenidentified
inwaveforms from events that cluster inand around Cerberus Fossae
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Fig.3|Moltensilicatelayer and core seismicsignatures. a, Ray paths for LSL-
and core-interacting phases: Pwave and Swavereflected fromthe top of the LSL
(grey layer) (PdP and SdS), P wave diffracted around the mantle-LSL interface
(PﬁiSfo), Pwavereflected fromtheliquid core (PDcDP), P wave diffracted around
the LSL-liquid core interface (P$M") and reverberating in the LSL (P4 “LSL Pyige),
andliquid-layer and core-transiting P wave (SDKDS). b, Vertical-component
synthetic waveform section showing the diffracted P wavetrain for epicentral
distances similarto S1000a (126°, see Supplementary Fig. 7 for alarger section).
¢, Vertical-component observed polarized waveforms (filtered between
0.2-0.7 Hz) and envelopes showing the Py arrivals, marked by red, blue and
blacklines, respectively. The vertical-component template trace employed for
waveform matching (e) is showninmagentaand consists of a10-s-long window

including the observed PS¥P arrival. Red- and grey-shaded rectangles represent

the travel time predictions for P5ik and Py “LSL Pyr, respectively, based on the

(hereillustrated by event SO173a), but represents an S-wave reflection
fromthetop of the LSL, rather than acorereflection (ScS) asreported
earlier’”, and anchors the location of the top boundary of the LSL.
SDKDS corresponds to a mantle-traversing S wave that converts atand
transits the LSL (D) and liquid core (K) as aP wave (previously denoted
SKSinref.2 and Fig. 2b). Both SdS-P and SDKDS-PP differential travel
time measurements are fit within uncertainties with our new model
(Extended DataFig. 6).

As a consequence of the impedance contrasts in P-wave speed and
density at the top and bottom of the LSL, respectively, synthetic dif-
fracted P waves on both mantle-LSL (P5%) and LSL-liquid core (P4%;
denoted P in Fig. 2b after ref. 22) interfaces exist, in addition to a
reverberation within thelayer (Py*LSL Py;¢), all with similar move-out,
waveformand differential travel time relative to P§Y" (Fig. 3band Sup-
plementary Fig. 7). In line with this, inspection of the observed wave-
form from the impact event S1000a (Fig. 3c) and scalogram (Fig. 3d)
shows, inaddition to PSM®, two arrivals with waveforms that match P§M®
and similar differential travel time relative to PS}® (Fig. 3e), and
near-identical polarization (Fig. 3f). Moreover, the polarization of the
observed Py wavetrainis largely consistent with the imaged location
of the impact (indicated by the cyan line in Fig. 3f). The diffracted

Travel time relative to PP (s)

Density

-100

-200
Travel time relative to PP (s)

inverted models showninFig.2, and the yellow-shaded rectangle spans the
range satisfying the observed differential travel time (-113 + 5'5) Of Pyi¢s "LSL Py
relative to PP.d, Three-componentscalogramillustrating the temporal change
infrequency content. P4, PGNP and Py "LSLP,i arrivals are indicated by arrows
followingthe colour schemeinc. e, Similarity between event trace and template
trace. The horizontalline designates the threshold employed for the waveform
matching detections. Coloured arrows asind.f, Polarization attributes for
thethree-component seismic data, showing the temporal changein azimuth
between 0.2-0.7 Hz. The azimuth across the observed diffracted P wavetrainis
consistent with the imaged meteoriteimpactlocation of 34° (horizontal cyan
line)*. Supporting seismic waveform processinginformationis providedin
Supplementary Information section 6. S0173a, S1000a and S1094b: locations
of amarsquake and twoimaged meteoriteimpacts (Extended Data Table1).

body wave phases reported here are verified independently using
narrow-band-filtered time-domain polarized waveforms and envelopes
(Supplementary Information section 6). Another synthetically pre-
dicted phase with similar waveform but different move-out is seen to
arrive between P5% and PSHE (Fig. 3b), but is too weak to be identified
in the observed data. Diffracted S waves also could not be identified
(Supplementary Information section 6.3).

The observation of LSL-interacting seismic phases allows for
improved determination of LSL thickness by downsampling the
inverted models (Fig. 2) to fit Py LSL Py (P55 isinsensitive to LSL
properties) within the observational uncertainties (yellow-shaded
rectangle in Fig. 3¢c). As a consequence, the estimate of LSL thickness
improvesto150 + 15 km (1o, red contoursin Fig. 2c), while core density
and radius are slightly modified to 6.65+ 0.1g cm™ and 1675 + 30 km
(1o, red contoursin Fig. 2d), respectively.

Finally, Pwavesreflected fromthe top (PdP) and bottom (PDcDP) of
the LSL are small-amplitude P-wave phases that arrive in the PP-wave
coda (Supplementary Fig. 7) and are challenging to identify in the
observed waveforms (Supplementary Fig. 9d,e) from event S1094b.
Welooked at waveforms from other low-frequency events that cluster
around the seismically most-active region (Cerberus Fossae) discovered
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Fig.4 |Mars’s core composition and light-elementbudget. AIMD-predicted
coredensity profiles (AIMD models®) for senary Fe-Ni-S-C-O-H mixtures
(lightblue lines) that match the inverted seismic core density profiles obtained
here (dark bluelines). For comparison, the InSight density profiles fromref.2
based onthelarger coreradius of1,780-1,840 kmare also shown (light grey
lines). Theinset shows the senary Fe-Ni-S-C-O-H core compositions after
additional application of cosmochemical constraints (see main text for details).
For comparison, the entire range of core compositional models before
application of the cosmochemical constraints (corresponding to all the light
blue AIMD-predicted density profiles) is shownin Supplementary Fig.13. Each
corecompositionintheinsetis furtherlabelled (coloured circle) by its residual
(misfit) between observed and AIMD-computed differential core-and LSL-
transiting (SDKDS) travel time (ray pathis shownin Fig.3a). The corresponding
density profiles are colour-coded accordingly.

thus far**, but, because of the interference of S-wave coda (Supplemen-
tary Fig.11), we are unable to positively identify PdP and PDcDP phases.

Core composition

Inlight of the evidence for asmaller and denser Martian core, we return
to the question of its composition. To constrain the light-element
budget of the core, we randomly created 108 senary Fe-Ni-S-C-O-H
mixtures using our mixing model (Methods), computed density profiles
foreach, and selected those that matched our seismically determined
density models. The resultant set of AIMD-based density models are
showninFig. 4.Relying exclusively on density represents amore robust
approachthatis driven by the agreementinthe calculation of density
between AIMD simulations and experimental observations®. Asameans
of accounting for the uncertainties associated with experimental den-
sity measurements (Extended Data Fig. 1), we varied the EoS for the
density of Fe-S within the experimental errors of refs. 35-37 in our
AIMD simulations.

Cosmochemical arguments (Methods) place additional con-
straints on the Martian core composition and result in plausible total
light-element abundances in the range 9-15 wt% (see inset in Fig. 4).
The models are further colour-coded according to their ability to
match the observed SDKDS travel time (Fig. 3a). Yet, owing to the uncer-
tainty in AIMD- and experimentally derived P-wave velocity?, we use
the SDKDS residual only as an indicator, rather than afilter to select
compositions. Although models with reasonable amounts of S, Cand
O abound, Habundances exceed 1 wt%, higher than in mixtures of the
plausible chondritic precursors of Mars, which containat most 0.3 wt%
H (ref. 4). This implies that the partition coefficient between liquid
metal and silicate during core formation is at least 3, which is within
the range of theoretical predictions® but higher than experimental
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determinations®. Should the partition coefficient fall in the lower end
of this range then the high apparent H contents found here imply the
presence of additional elements (for example, N and P), which would
lower the need for Hin Mars’s core.

Implications for interior structure

Our new seismic model resolves the issue of the low mean core density
of Mars thatimplied alight-element complement in excess of 20 wt%
(refs.2,3,5-7), whichis too high relative to their cosmochemical avail-
ability in the potential building blocks that accreted to form Mars*'2,
Animportant caveat is that we assume the LSL to be global and inter-
connected, based on having imaged parts of the lowermost mantle
and CMBregion. Alocal LSLis, in any case, expected to be dynamically
unstable in the sense that it would either spread globally to cover the
core or become entrained with upwelling mantle material. While top-
ographic variations on the mantle-LSL interface are not considered
on account of the paucity of lower-mantle-sensitive seismic P-wave
phases, alocally thinner LSL cannot entirely be excluded in view of the
fact that our predictions for P4} arrive marginally late. Yet, any varia-
tions in topography on the mantle-LSL interface must be weak as the
diffracted P-wave arrivals would otherwise be obscured, contradicting
our observations. However, the fact that P52 is also affected by lower
mantle P-wave velocity structure convolutes the problem of disentan-
gling the various contributions on the basis of the present observations.
The observation that nosingle compositionis capable of simultane-
ously fitting current seismic properties in the shallow and deep parts of
the core (Fig.1) ultimately led to our revision of its density and radius.
Yet, we should emphasize that our new interior structure model of
Marsis derived on the basis of seismic observations, independently of
any AIMD-computed properties. While the AIMD simulations bridge a
gap in our current understanding of the physical properties of liquid
Fe-Ni-X alloys, they must eventually be verified by experiments. The
AIMD simulations further indicate that the densities of liquid primitive
shergottite or bulk silicate Mars compositions (Extended Data Table 2),
including solid mantle, are lower than those of the LSL. The roughly
0.2 g cm™ excess density found here relative to our AIMD predictions
for the aforementioned silicate compositions probably results from
FeO enrichmentin the LSL relative to the bulk Martian mantle.
Foramoltenlayer to remain dynamically stable, density and viscosity
contrasts of greater than or equal to 80 kg m2and approximately 100,
respectively, between liquid and solid mantle, are required®**%*, in
agreementwith our results. The temperature at which the liquid layer
remains molten as a function of its Mg number (= Mg/Mg + Fe*) dictates
its time-integrated stability. For temperatures around 2,000-2,300 K
obtainedinourinversions (Extended DataFig. 5), this corresponds to
Mg numbers of 0.2-0.3 (Supplementary Information section 9). We
speculate that low Mg numbers may reflect chemical exchange with the
underlyingliquid core, or represent a vestige of magma ocean crystalli-
zation on Mars, which, under reducing conditions, would have resulted
inincreasing FeO in the liquid as solidification proceeded*’. Moreover,
in this scenario, the layer would also be enriched in heat-producing
elements (U, Thand K) that are highly incompatible during crystallisza-
tion, providing an additional heat source to maintain a molten layer°.
We therefore propose that the chemical and isotope signature of such
alayer may have been preserved in melting products of the Martian
analogues of mantle plumes that would have risen from the thermal
boundarylayer surrounding the core and entrained fractions of the LSL
(for example, refs. 43-45). Variations in Hf-W and highly siderophile
element systematics may be detectable in plume-derived partial melts.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Mixing of multicomponent liquid Fe-Ni-X alloys

Ideal mixing of end-member liquid Fe-Ni-X (X =S, C, O or H) alloys
has been widely practised (for example, refs. 24,46,47) to evaluate
the elastic properties of multicomponent Fe-rich liquids. Ideal mixing
has been confirmed under Earth’s core conditions*; however, at lower
pressures, our simulations® show non-ideal behaviour of density and
incompressibility when mixing Fe and S (Extended Data Fig.1). As a
first step, we design amixing model by accounting for the non-ideality
ofthe Fe-Sbinary.

Density (p) and isothermal bulk modulus (K;) of the Fe-Ni-X mixture
were computed at two P-T conditions based on the model of ref. 3: at
19 GPa and 2,100 K (equivalent of the CMB as determined by ref. 2)
and at 35 GPaand 2,400 K (corresponding to around 2,800 km depth)
using the expressions:

noex g
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where x;is the concentration (in molar fraction) of the impurity ele-
ments (n =5, viz.Ni, S, O, Cand H) and p;. and K;, are the density and
isothermal bulk modulus of pure liquid Fe, respectively. As indicated
in Extended Data Fig. 1, partial derivatives of p and K with respect to
X;are constant within the modelling uncertainties of the simulations
forNi, 0, Cand H, except for S because of its nonlinear behaviour®. The
P-wave velocity (V) of the mixture is obtained from:

K
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with
Ks=(1+ayT)K;, 4)

where K;isthe adiabatic bulk modulus, a is the volumetric coefficient
ofthermal expansion, yis the thermodynamic Griineisen parameter, T
is temperature and Krand p are density and isothermal bulk modulus
of the liquid mixtures, respectively. Values for a, y and T for our mix-
ing model are taken from ref. 3. The fact that we assume @ and y to be
constant with Pand 7, that is, independent of species and concentra-
tion of theimpurity element x;, might serve as a source of uncertainty
in the mixing model, but is nevertheless supported by the negligible
change (within uncertainties) of a and y upon introduction of light
elements into liquid Fe*.

Matching density and P-wave velocity in the core

Relying on the AIMD simulations of ref. 3, the mixing model (equa-
tions (1)-(3)) allows one to fully map the compositional space onto
the density and velocity spaces at the two P-T conditions at which
our simulations are anchored. By reproducing the observed density
and P-wave velocity at these two locations, we are able to propose a
range of compositions that are consistent with the InSight observa-
tions within 20 to account for the uncertainty associated with both
non-spin- and spin-polarized AIMD simulations. In the following, we
evaluate the feasibility of these compositions in the light of geo- and
cosmochemical considerations.

Mars’s core contains a single light element: Fe-Ni-X. To demon-
strate the procedure, we begin with the simplest scenario, whichis the

Fe-Ni-X ternary system, that is, the liquid core is composed of Fe-Ni
andasinglelightelement (S, O, Cor H). Following the same cosmochem-
ical and geophysical arguments as ref. 4, and because of its negligible
influence on the elasticity of Fe, all our mixing models keep the Fe/Ni
massratioin Mars’s core constantat12.36. Whileinstructive, the ternary
case is readily refuted by the 27% density deficit and similar P-wave
velocity at Mars’s CMB, relative to pure liquid Fe (ref. 3). For instance,
and asindicated in Extended Data Fig. 1, the most efficient element in
reducing the density of liquid Fe is S, which, however, would have to
comprise at least 30 mol% of the mixture, leading to a mismatch with
P-wave velocity; the same applies to O, which affects P-wave velocity
and density similarly. C can also be excluded as a single light element
because itincreases P-wave velocity, whereas the effect of Hon P-wave
velocity is negligible.

Mars's core contains two light elements: Fe-Ni-S-X. Next, we con-
sider the Fe-Ni-S-X quaternary system, that is, a core containing
Fe-Ni-Sand another light element (C, O and H). Sis widely considered
amajor light alloying element in Mars’s core*'®°°"2, As demonstrated
inExtended DataFigs.2 and 3, itis reasonably easy to find aquaternary
Fe-Nirich mixture that matches either density or P-wave velocity within
Mars’s core; yet, it is more difficult to match both properties and is
impossible at the two considered P-T conditions. The quaternary sys-
temservestoillustrate first-order relations, as determined by seismic
constraints, between S and other light-element candidates, such as the
negative S-O correlation.

Sampling the entire compositional space: Fe-Ni-S-C-O-H. Relying
on our mixing equations (equations (1)-(3)), we randomly generate
10® Fe-Ni-S-O-C-H senary mixtures and compute their density and
P-wave velocity at the two prescribed P-T conditions. By matching the
so-computed densities and P-wave velocities to the observed values
within 20, only 1.3%. and 3.1%. of the 10® compositions are retained
(Extended DataFig.4).

Thefixed Fe/Niratioin Mars’s core defines the trend seenin the inset
inExtended DataFig. 4. Because S and O have similar effects on density
and P-wave velocity (Extended Data Fig. 1), particularly at the CMB,
their roles in reproducing the observations are almost interchange-
able, which leads to a strong negative correlation between S and O as
illustrated in Extended Data Fig. 4. While interdependence of Sand O
inliquid Fe during metal-silicate (core-mantle) equilibration remains
debated>***, our observation of S-O dependence provides an inde-
pendent constraint fromacombined geophysical and mineral-physics
perspective.

Compared with previous core composition models that were mainly
based on cosmochemical data because of lack of seismic measure-
ments'®*8 our core compositions rely fully on InSight seismic data,
in addition to geophysical observations that sense the large-scale
structure of Mars. Extended Data Fig. 4 shows that there is no unique
composition capable of simultaneously satisfying the seismic observa-
tions at both P-T conditions.

The key constraint for the composition of the Martian core is the
trade-offbetween S and C contents required tofit the observed P-wave
velocity (Fig.1and Extended DataFig. 4). Too much S results in veloci-
tiesthataretoo slow relative to observations, whichis counterbalanced
by acomplementary fraction of C that actstoincrease P-wave velocity
relative toliquid Fe metal. Theindeterminacy between Cand H, on the
other hand, reflects the fact that these elements overall affect core
properties similarly.

Thermoelastic properties of Mars’s core

Next, we interpolate and extrapolate p and K7, and thus the bulk sound
velocity V,, given acompositionx, over the entire Martian core along
the aerotherm of ref. 4. The effects of pressure and composition are
described by equation (1) and asecond-order Birch-Murnaghan EoS:
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where K, is the isothermal bulk modulus, V, the reference volume at
the CMB reference pressure (19 GPa) and K is the first derivative of
the bulk modulus with respect to pressure, whichequals 4. If not spec-
ified otherwise, subscript O always refers to CMB pressure. The thermal
effectis takeninto account through the relationship:

dp(P,x)==p(P,x)a(P)dT, (6)

wherealinear behaviour of @ with respect to pressure (P) is assumed?®.
Theinfluence of temperature and composition on the isothermal bulk
modulus are accounted for through (dK;/dT),_, =—-0.026 GPaK™
(Extended Data Table 3) and equation (2), while that of pressure is
given by:

k(T =Ky o0+, Brap %

where K7, is the isothermal bulk modulus at the reference CMB pres-
sure (19 GPa). From equation (5), we have 0K;/0P = 4, while the isen-
tropic bulk modulus Ksand the bulk sound velocity V,, of the mixture
are obtained using equations (3) and (4). As above, we assume a to
be independent of composition and y to be constant (=2.7), that s,
independent of P, Tand x, since our simulations demonstrated the
invariability of y, within errors, across the P-T conditions of Mars’s
core (Extended Data Table 3).

Body wave travel time inversion

Todetermine the seismic properties of apotential moltensilicate layer,
werely on the converted, reflected and diffracted seismic body wave
phases P, pP, PP, PPP, P-to-s, Py, S, sS, SS, SSS and ScS described in
refs. 6,22 and the core-traversing phase (SKS) initially reported in ref.
2 and updated here (Supplementary Information section 1) from 15
low-frequency marsquakes and two meteoriteimpacts® with moment
magnitudes M, in the ranges 3.0-4.0 and 4.0-4.1 (ref. 59), respec-
tively, that cover an epicentral distance (4) range from approximately
30°-145¢° (refs. 6,22,33). The updated differential travel time dataset
(all phases are relative to P or PP) presented herein (Supplementary
Table 2) comprise 82 seismic phase picks with bottoming depths to
around 2,700 km that we simultaneously invert in combination with
bulk geophysical observations of mean planet mass and moment of
inertia for the radial seismic wave velocity structure and location (4)
for each event (Extended Data Table 1).

We consider a spherically symmetric model of Mars and assume
compositional homogeneity. Mantle seismic properties are computed
using a geophysical parameterization that relies on a unified descrip-
tion of phase equilibria, seismic properties and thermochemical param-
eters>*°, The seismic properties for the moltensilicate layer and core,
both of which are assumed to be homogeneous and well-mixed liquids,
are obtained using an EoS approach? (details for computing seismic
profiles are given below).

Underpinning our work is the assumption that lateral variations in
the seismic structure of the Martianinterior are negligible, owing tothe
difficulty of resolving lateral heterogeneities from scarce single-station
data. Trials using thermochemical models of Mars’s interior® suggest
travel time differences that are commensurate with the observational
uncertainty?.

Computing seismic profiles

Tosetup and runthe parameterization, we assume a homogeneous bulk
composition for the mantle, considering anumber of different model
Martian compositions with high and low FeO contents*>>8 (similar

results are obtained for models with both high and low FeO contents;
compareFig.2and Supplementary Fig. 6), and computed P-and S-wave
velocities and density as a function of temperature, composition and
pressure using Gibbs free-energy minimization®., We further param-
eterized the Martian geotherm using variable conductive crustal and
lithospheric geotherms, whereas the underlying mantle is assumed
to be adiabatic. As we rely on a seismic parameterization of the crust,
the nature of the crustal geotherm s less significant. Mantle adiabats
(isentropes) are computed self-consistently from the entropy of the
lithology at the pressure and temperature of the bottom of the thermal
lithosphere. Uncertainties in density and elastic moduli computed
using Gibbs free-energy minimization are less than 1% and less than
2-4%, respectively®. To compute pressure, the load isintegrated from
the surface assuming hydrostatic equilibrium.

Theliquid core of Mars, including the LSL, are considered to be homo-
geneous and well-mixed, and to compute seismic properties (density
and P-wave velocity) we employ, ineachregion, anisentropic third-order
Birch-Murnaghan EoS. The latter is parameterized using adiabatic
bulk modulus (Kyy), its pressure derivative (K{) and molar density (p,)
atthe conditions of the solid mantle-LSL interface for the LSL and the
LSL-liquid coreinterfaceinthe case of the core, respectively. The tem-
perature dependence of the EoS is implicit in the reference condition
and the assumption of an adiabat, in spite of the EoS being isothermal.
The parameters defining the structure of the crust, mantle and core of
Mars areillustrated in Supplementary Fig. 5, while model parameters
and prior model parameter ranges are summarized in Supplementary
Table 1. To solve the inverse problem of jointly determining seismic
velocity profiles and epicentral distances of seismic events, we employ
the probabilisticapproach of ref. 64. Assuming that datanoiseis uncor-
related and can be described by a Laplace distribution (L,-norm), the
likelihood function takes the form

() exp[ Z g - caln} ®

J

whered,,,andd_, denote vectors of observed and synthetic differential
travel times (compiled in Supplementary Table 2), stacked P-to-s RF
waveform, mean mass (M) and mean moment of inertia (Mol), g;is the
uncertainty on either of these datasets, and Nis the total number of
observations. Finally, to sample the posterior distribution, we employ
the Metropolis sampling algorithm®* as a means of sampling solutions
to the inverse problem. This algorithm ensures that models fitting
dataand thatare consistent with prior information are sampled more
frequently. The resultant data misfitis shown in Extended Data Fig. 6.

Ab initio molecular dynamics simulations of silicate liquids

We conducted ab initio simulations using Vienna Ab initio Simulation
Package® based onthe projector augmented wave method®**”. Two end-
member compositions corresponding to a bulk Martian mantle* and
Shergottite Y980459 (ref. 31), respectively (Extended Data Table 2),
were simulated in supercells consisting of 150 atoms, equivalent of
the compositions Fe,Mg,,Si,;Ca,Al,O4; and FegMg,(Si,sCa,Al, Oy,
respectively. Atoms were initially randomly distributed and heated
t0 6,000 K for at least 10 ps to obtain silicate melt structure before
being equilibrated at 2,100 K and 19 GPa, corresponding to the P-T
conditions of the Martian CMB. The canonical ensemble (NVT) was used
with aNosé-Poincaré thermostat to control the temperature. Simula-
tions were run for 10-15 ps with a time step of 1 fs to obtain the elastic
properties (Extended Data Table 3). Pand T were calculated from the
time average. The details of the AIMD simulations and postprocessing
canbefoundinref. 68.

Cosmochemical constraints
The higher volatility of Crelative to S during cosmochemical processes
(for example, ref. 69) means that S/C ratios in any potential chondritic
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building blocks should be minimum estimates for that of Mars. The
S/C of the Martian core should reflect that in bulk Mars, owing to the
moderately-to-highly siderophile behaviour of Sand C during Martian
core formation’. The Martian budget of the moderately volatile ele-
mentZn, withvolatility comparabletoS, is derived 9:1fromordinary to
carbonaceous chondrites”, suggesting a core S/C ratio of 9 + 4, inter-
mediate between CI chondrites (roughly 2) and ordinary chondrites
(roughly 20).For12 wt%S, this resultsin at most 2 wt% C in the Martian
core.Such S-and C contentsimply 1-2 wt% O in the Martian core® (see
Supplementary Information section 8 for more details).

Data availability

TheInSight seismic event catalogue V14 (ref. 59) (comprising all events,
including phase picks) and waveform data are available from the IRIS
DMC, NASA-PDS, SEIS-InSight data portal and IPGP data centre. Interior
Martian structure models are available in digital format from https://
doi.org/10.18715/IPGP.2023.11xn7eé6d.

Code availability

Additional information related to this paper may be requested from
the corresponding authors.

46. Huang, H. et al. Evidence for an oxygen-depleted liquid outer core of the Earth. Nature
479, 513-516 (2011).

47. Badro, J., Cote, A. S. & Brodholt, J. P. A seismologically consistent compositional model
of Earth’s core. Proc. Natl Acad. Sci. USA 111, 7542-7545 (2014).

48. Huang, D., Badro, J., Brodholt, J. & Li, Y. Ab initio molecular dynamics Investigation of
Molten Fe-Si-O in Earth’s Core. Geophys. Res. Lett. 46, 6397-6405 (2019).

49. Huang, D. Experimental and Theoretical Investigation of Core-Mantle Interations. PhD
thesis, Université Paris Cité (2019); http://www.theses.fr/2019UNIP7072.

50. Dreibus, G. & Wanke, H. Mars, a volatile-rich planet. Meteoritics 20, 367 (1985).

51. Fei, Y., Prewitt, C. T., kwang Mao, H. & Bertka, C. M. Structure and density of fes at high
pressure and high temperature and the internal structure of Mars. Science 268, 1892-1894
(1995).

52. Steenstra, E. S. & van Westrenen, W. A synthesis of geochemical constraints on the
inventory of light elements in the core of Mars. Icarus 315, 69-78 (2018).

53. Bouijibar, A. et al. Metal-silicate partitioning of sulphur, new experimental and
thermodynamic constraints on planetary accretion. Earth Planet. Sci. Lett. 391, 42-54
(2014).

54. Gendre, H., Badro, J., Wehr, N. & Borensztajn, S. Martian core composition from
experimental high-pressure metal-silicate phase equilibria. Geochem. Perspect. Lett. 21,
42-46 (2022).

55. Dreibus, G. & Wanke, H. Mars, a volatile-rich planet. Meteoritics 20, 367-381(1985).

56. Lodders, K. & Fegley, B. An oxygen isotope model for the composition of Mars. Icarus 126,
373-394(1997).

57. Sanloup, C., Jambon, A. & Gillet, P. A simple chondritic model of Mars. Phys. Earth Planet.
In. N2, 43-54 (1999).

58. Taylor, G. J. The bulk composition of Mars. Chem. Erd.-Geochem. 73, 401-420 (2013).

59. InSight Marsquake Service. Mars Seismic Catalogue, InSight Mission; V14 2023-04-01
(2023); https://www.insight.ethz.ch/seismicity/catalog/v14.

60. Khan, A. et al. Upper mantle structure of Mars from Insight seismic data. Science 373,
434-438 (2021).

61. Plesa, A.-C. et al. Seismic velocity variations in a 3D martian mantle: implications for the
insight measurements. J. Geophys. Res.: Planet. 126, e2020JE006755 (2021).

62. Connolly, J. A. D. The geodynamic equation of state: what and how. Geochem. Geophys.
Geosyst. 10, Q10014 (2009).

63. Connolly, J. A. D. & Khan, A. Uncertainty of mantle geophysical properties computed from
phase equilibrium models. Geophys. Res. Lett. 43, 5026-5034 (2016).

64. Mosegaard, K. & Tarantola, A. Monte Carlo sampling of solutions to inverse problems.

J. Geophys. Res. 100, 12431-12447 (1995).

65. Kresse, G. & Hafner, J. Ab initio molecular dynamcis for liquid metals. Phys. Rev. B 47, 558
(1993).

66. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 (1994).

67. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave
method. Phys. Rev. B 59, 1758-1775 (1999).

68. Huang, D., Murakami, M., Brodholt, J., McCammon, C. & Petitgirard, S. Structural
evolution in a pyrolitic magma ocean under mantle conditions. Earth Planet. Sci. Lett.
584, 117473 (2022).

69. Lodders, K. Solar system abundances and condensation temperatures of the elements.
Astrophys. J. 591, 1220 (2003).

70. Tsuno, K., Grewal, D. S. & Dasgupta, R. Core-mantle fractionation of carbon in earth and
mars: the effects of sulfur. Geochim. Cosmochim. Ac. 238, 477-495 (2018).

71.  Paquet, M., Sossi, P. A. & Moynier, F. Origin and abundances of volatiles on Mars from the
zinc isotopic composition of Martian meteorites. Earth Planet. Sci. Lett. 611, 118126 (2023).

72. Crotwell, H. P,, Owens, T. J. & Ritsema, J. The TauP Toolkit: flexible seismic travel-time and
ray-path utilities. Seismol. Res. Lett. 70, 154-160 (1999).

73. Kuwayama, Y. et al. Equation of state of liquid iron under extreme conditions. Phys. Rev.
Lett. 124, 165701 (2020).

74. Nishida, K. et al. Effect of sulfur on sound velocity of liquid iron under Martian core
conditions. Nat. Commun. 11,1954 (2020).

75. Morard, G., Siebert, J., Andrault, D., Guignot, N. & Garbarino, G. The Earth’s core
composition from high pressure density measurements of liquid iron alloys. Earth Planet.
Sci. Lett. 373, 169-178 (2013).

76. Zenhausern, G. et al. Low-frequency marsquakes and where to find them: back azimuth
determination using a polarization analysis approach. Bull. Seismol. Soc. Am. 112,
1787-1805 (2022).

Acknowledgements We acknowledge NASA, CNES, partner agencies and institutions (UKSA,
SSO, DLR, JPL, IPGP-CNRS, ETHZ, ICL, MPS-MPG), and the operators of JPL, SISMOC, MSDS,
IRIS DMC and PDS for providing the SEIS data. This is InSight Contribution 311. We thank

S. McLennan, A. Jackson, F. Nimmo and S. Solomon for comments on an earlier version of this
manuscript. We would also like to thank P. Crotwell for extending TauP” to enable liquid-liquid
layering. Funding: Marsquake Service (MQS) operations at ETH are supported by ETH Research
grant ETH-06 17-02. AK., C.D., D.G. and M.M. acknowledge support from the ETH+ funding
scheme (ETH+02 19-1: ‘Planet Mars’). The AIMD simulations were supported by grants from the
Swiss National Supercomputing Centre (CSCS) under project ID sm65.

Author contributions The original idea was conceived by A.K., D.H. and P.A.S. The AIMD
calculations and predictions were performed by D.H. The seismic analysis and inversion was
conducted by C.D. and A.K. The cosmochemical analysis was undertaken by P.A.S. The results
were discussed by all authors. The main manuscript was written by A.K., D.H. and P.A.S., with
input from C.D., D.G. and M.M. The supplementary material was written by C.D., A.K., P.A.S.
and D.H.

Funding Open access funding provided by Swiss Federal Institute of Technology Zurich.
Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-06586-4.

Correspondence and requests for materials should be addressed to A. Khan or D. Huang.
Peer review information Nature thanks Suzan van der Lee, Renata Wentzcovitch and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.18715/IPGP.2023.llxn7e6d
https://doi.org/10.18715/IPGP.2023.llxn7e6d
http://www.theses.fr/2019UNIP7072
https://www.insight.ethz.ch/seismicity/catalog/v14
https://doi.org/10.1038/s41586-023-06586-4
http://www.nature.com/reprints

8,500 |

58,000 F
£

27,500 -

27,000}

2

8 6,500 f This work K17 1

6,000 {

Irving et al., (2023)

0 0.1 0.2
C, [mole frac]

9,000

—

3

8,500 |
28,000 i

>
7,500 |

S 7,000/

This work

Irving et al., (2023)

6,500 |

0 0.1 0.2
C, [mole frac]

Extended DataFig.1|Seismic core propertiesin the binary system. Density
(a,c) and bulk sound velocity (b,d) of liquid Fe-X, where X=Ni,S,0,CandHasa
function of alloying element (X) concentration (cy) at conditions equivalent of
the Martian core-mantle-boundary (19 GPa and 2100 K) and inside Mars’s liquid
core (35GPaand 2400K) based on the ab inito molecular dynamics simulations
(AIMD) of? (solid circles). Experimental data for liquid Fe (K207 and N207*),
Fe-S (B03%,M137,K17%¢,N207*and K22%) and Fe-C (N15%) are shown using solid

0.3

6,000 -

&
a
o
o

'S 5,000

4,500

4,000

P-wave velocity [m/s]

3,500 - ' '
0 0.1 0.2
C, [mole frac]

0.3

7,000

5,500 1

o

£6,500| C
>

5

S BN15

o 6,000 Ni
S : % 2
% K20 ! O
>

o

5,000~ ' :
0 0.1 0.2
C, [mole frac]

0.3

and openangular markers. Error bars are reported using 2o for both
calculations and experiments, and are visible when exceeding symbol size.
For purposes ofillustration, only non-spin-polarised AIMD simulations are
shown. Similar results are obtained using the spin-polarised AIMD simulations
asindicatedin Fig.1lin the main text. Only experiments performed at high
pressures (19-35 GPa) are compared throughinterpolation. Modified from?.



Article

matching rho matching Vp matching both
. A — — &
X 20 X 20 g20
2 2 2
o o <
810 810 810
£ £ £
» (%) »
0 0 0
0 5 10 0 5 10 0 8 10

C in core [wt%]

. D .
20 RN 20
s =
o o
310 810
£ £
° o
0 0
0

o

& 10
O in core [wt%]

. G —_
9\320 9\320
= 2,
o o
810 810
£ £
w w
0 0
0 0.5 1 0

H in core [wt%]

Extended DataFig.2|Matching core seismic propertiesinthe quaternary
system at the core-mantle-boundary. Range of core compositionsin the
liquid Fe-Ni-S-X (X=C, O, H) quaternary system (blue regions) that match InSight
observations (yellow regions) of core density (left column, panelsa, d, g),

core P-wave velocity (middle column, panelsb, e, h), and both properties

C in core [wt%]

5 10 0 B
O in core [wt%]

0:5 1 0
H in core [wt%]

C in core [wt%)]

N
o
M

S in core [wt%]
=

0
10

O in core [wt%]

N
o

S in core [wt%]
=

0

0.5 1
H in core [wt%]

simultaneously (right column, panelsc, f, i) atalocation just below the
core-mantle-boundary. For purposes of illustration, only non-spin polarised
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main text.
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non-spin polarised ab initio molecular dynamics (AIMD) simulations are
shown. Similar results are obtained using the spin-polarised AIMD simulations
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Extended Data Table 1| Marsquake and meteorite impact
locations

Event A [°] BAZ [°]
S0167b 70.7 £ 14 315 + 20
S0173a 31.3 £ 0.9 88 + 10
S0183a  51.22 + 8.6 85 + 17
S0185a 62.2 £ 2.6 -
S0235b 304+ 14 77 + 13
S0325a 40.8 £ 1.7 57 £ 15
S0407a 29.1 £ 1.8 57 +15 /95 + 15 / 141 +£ 15
S0409d 28.2 £ 1.8 70 £ 20
S0484b 30.6 £ 3.1 100 £ 20
S0784a 30.5 £ 1.6 115 + 21
S0802a 31.4 £+ 3.0 82 + 14
S0809a 309 £ 1.6 91 + 9
S0820a 31.4 £+ 3.1 106 + 21
S0864a 30.8 £ 1.5 90 £ 22
S0976a  144.4 + 6.3 94 + 25
S1000a 125.9 34
S1094b 58.5 51.4

Inverted epicentral distances (A) for the seismic events considered in this study. Quoted
values indicate mean and standard deviation from the sampled distributions. Events S1000a
and $1094b represent meteoroid impacts whose distances are fixed after®. Back-azimuth
(BAZ) determinations are from ref. 76 with the exception of the two impacts, which are from
ref. 33. Multiple BAZ entries indicate the presence of several maxima in the respective BAZ
distribution. Quoted values indicate mean and standard deviation.
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Extended Data Table 2 | Silicate melt supercells modelled after a bulk Martian mantle and Shergottite Y980459
composition

Elements Number wt%  Martian mantle (wt%)

0) 88 44.51 43.32
Mg 27 12.08 19.78
Al 2 3.17 1.85
Si 25 24.36 21.81
Ca 2 5.15 1.90
Fe 6 13.67 10.63

Elements Number wt%  Shergottite Y980459 (wt%)

O 90 43.23 41.97
Mg 16 11.74 11.40
Al 1 3.08 2.99
Si 28 23.66 22.97
Ca 4 5.01 4.86
Fe 8 13.28 12.90

Elemental abundances are given in number of atoms and wt%, and are compared with the Martian mantle composition of ref. 4 and the Shergottite composition of ref. 31, respectively.



Extended Data Table 3 | Calculated thermal expansion coefficient (a), specific heat capacity (C,), Griineisen parameter (y),

isothermal bulk modulus (K;), dK,/dT, isentropic bulk modulus (Ks), density (p) and bulk sound velocity (V,,) of liquid silicates
and Fe at the top of Mars’s core

Liquid silicates (19 GPa/2100 K) Matian mantle lo Shergottite lo

a (K1) 8.8E-05 1.1E-05 2.6E-05 8.4E-06
Cv (J/kg/K) 1864 88 1410 94
vy 0.92 0.10 0.49 0.16
Kt (GPa) 72 6 100 7
Ks (GPa) 84 7 103 7
p (kg/m?) 3710 7 3818 6
Vo (m/s) 4771 184 5192 173
Liquid Fe CMB (19 GPa/2100 K) lo 2789 km (35 GPa/2400 K) lo
a (K1) 6.99E-05 2.9E-06 5.31E-05 3.3E-06
Cy (J/kg/K) 494 16 496 24
ol 2.74 0.14 2.66 0.20
Kr (GPa) 156 2 215 4
dKr/dT (GPa/K) -0.026 0.006 - -
Ks (GPa) 218 3 288 5
p (kg/m?))? 8083 1 8640 1
Vo (m/s))® 5196 33 5769 51

Data for liquid iron are taken from ref. 3 for comparison. Uncertainties in density and velocity are obtained by equation-of-state fitting (Eq. (5)), followed by error propogation, which are smaller
than the corresponding uncertainties in the mixing model.
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