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Abstract

Knowledge of the interior structure and atmosphere of Mars is essential to understand how
the planet formed and evolved. A major obstacle to probe planetary interiors is that they are
not directly accessible and that most geophysical data provide global information that cannot
be uniquely related to the core, mantle, or crust separately. The NASA InSight mission
changed this situation by providing for the first time high quality seismic and lander radio
science data’’. Here we determine fundamental properties of the core, mantle, and
atmosphere of Mars by precisely measuring the planet’s rotation. We detect a resonance with
a rotational normal mode in InSight’s radio science data that allows us to characterize the
core and mantle separately. For an entirely solid mantle, we found that the liquid core has a
radius of 1835 + 55 km and a mean density of 5955-6290 kg/m’, and that the density jump at



the core-mantle boundary is 1690-2110 kg/m’. Our analysis of InSight’s radio tracking data
argues against the existence of a solid inner core and reveals the shape of the core, which
indicates that internal mass anomalies exist deep within the mantle. We also find evidence of
a secular acceleration in the Martian rotation rate, which could be the expression of a long-
term trend in the internal dynamics of Mars or in its atmosphere and ice caps.

The RISE Experiment

In order to probe the planet’s deep interior and atmosphere dynamics, the radio-science
experiment RISE (Rotation and Interior Structure Experiment) of the NASA’s InSight
mission (Interior exploration using Seismic Investigations, Geodesy, and Heat Transport)
measures the Doppler shift (or range rate) induced by tiny variations in the rotation and
orientation of Mars’? on the two-way radio links, enabled by RISE’s X-band coherent
transponder, between its two medium-gain antennas and the NASA Deep Space Network.

The RISE experiment accurately characterizes the rotation and orientation parameters of
Mars and was specifically designed to measure the Martian nutations, periodic motions of the
spin axis in space’, in order to study the core. For each forcing frequency w (w>0) expressed
in the inertial frame, the nutation can be decomposed into prograde (P') and retrograde (R")
circular motions. Their amplitudes are expressed as™*’

P'(w) = Tp(w) P(w) and R'(w) = Tr(—w) R(w), (1)

where P and R are the prograde and retrograde nutation amplitudes of a rigid Mars model,
while the transfer function Ty describes the dependence on the interior structure. For an
entirely fluid core (Supplementary Section 3), the nutation amplitudes are resonantly
amplified by the Free Core Nutation (FCN), a normal mode related to the misalignment
between the core and mantle rotation axes, according to™’

Tr(w)=1+F—° )

w_wFCN,
where F' is the core amplification factor and wgcy is the FCN frequency. These transfer
function parameters are related to the interior structure of the planet by
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Nutation amplitudes thus depend on the mean equatorial moments of inertia of the fluid core
(Af) and mantle (A — Af), the dynamical polar flattenings of the whole planet (e = (C —
A)/A with A and C the mean equatorial and polar moments of inertia of Mars) and of the core
(ef= (Cr — Ag )/Af with Cy the polar moment of inertia of the core), the deformation of the
core induced by the tidal forcing (y), and the deformation of the core due to its differential
rotation with respect to the mantle (f). Nutation analysis based on radiometric measurements
is the only technique that can provide direct estimates of these properties of the Martian core.
Nutations can also be affected by triaxiality, core-mantle boundary coupling, and other
rotation normal modes’. However, all those effects are small for Mars and are therefore
neglected here (Supplementary Section 9).



The Doppler measurements are analyzed with two different orbitography software, MONTE’
and GINS®’ (Supplementary Section 1), using a priori values for the rotation and polar
motion parameters from Konopliv ez al. (2020)"’ and for the rigid nutation parameters from
Baland et al. (2020)"' (Methods). Prior transfer function parameters are taken within a large
range of values (Supplementary Section 2). To be able to decorrelate the precession rate and
the orientation of the spin axis at epoch, we also consider Viking data in addition to 30
months of more accurate RISE tracking data (Methods).

Mars rotation and orientation estimates

The estimated rotation/orientation parameters converge after 600 days of operations (see Fig.
1) and even sooner for the precession rate, thanks to the combination of Viking and RISE
data (Supplementary Section 4).

Separate analyses of Viking and RISE data lead to incompatible estimates of the rotation
parameters. We therefore estimate separate sets of seasonal spin series for each mission,
along with a quadratic term (¢) modeling a spin acceleration. Our estimate of

¢ =411 107%+9.1 10_13deg/day2 (Fig. 1a), the first secular trend detected in the Martian
rotation rate, translates into a decrease of length of day of Mars of 7.6 10" ms/year, which
corresponds to a rotational acceleration of 4.0 + 0.9 mas/year’, three orders of magnitude
larger than that due to Phobos tides and than the expected deceleration by the Sun. This
rotational acceleration could be the expression of a long term trend in the internal dynamics
of Mars or in its atmosphere and ice caps. A secular variation of the degree-2 gravity zonal
coefficient J, = —4.4 1072 over one Martian year (an order of magnitude smaller than for
the Earth) would be consistent with the observed acceleration and could be related to
postglacial rebound. It could also result from a secular accumulation of ice at the polar caps
(<4cm per Earth year above the 80°N latitude of the permanent cap) leading to a decrease of
the atmospheric pressure of less than 0.1 Pa per Martian year, which is below the 1.5 Pa
absolute error of the InSight APSS pressure sensor'”.

We detect for the first time the small motions (<40 cm) of a lander in inertial space due to the
effect on nutations of the Martian liquid core and obtain estimates for the nutation parameters
F =0.0615 + 0.007 and tpcy = 2n/wpey = —243 + 3.3 days (Fig. lcd). Our
estimated precession rate, ¥ = —7598.1 + 2.2 mas/year (Fig. 1b), corresponds to a
normalized polar moment of inertia of 0.36419 + 0.00011 (Supplementary Section 5). New
constraints on the core of Mars can be derived from these values by using a set of interior
structure models.

Constraints on Mars interior structure

We consider two temperature profiles (hot and cold), which are representative end-members
of a set of profiles inferred from InSight seismic data (Methods). For the mantle composition,
we use the EH45 model of Sanloup et al. (1999)” and the model of Yoshizaki and
McDonough (2020)'? (denoted by YMD), which are based on analyses of Martian meteorites
and are representative of upper and lower limits in the FeO content of published mantle
compositions“*”’, which directly relates to mantle’s density. Our structure models agree with
the crustal structure inferred from seismic data (Supplementary Section 8). Mantle



anelasticity, which affects the complex compliances p and y, is parameterized with a
frequency dependent model for shear dissipation (Supplementary Section 9). Given that ¢y
and F have a relatively small dependence on the composition and thermal state of the liquid
core, they are computed under the assumption that the core is a convecting liquid iron-sulfur
alloy (Supplementary Section 12).

Since the estimated core factor F differs from zero at more than 8¢, the core beneath the solid
mantle must be liquid. This independently confirms previous inferences from tidal
measurements’'® and seismic observations’”. From F we determine A = (0.0286 +
0.0033) m,7,?> (Supplementary Section 13). F (Fig. 2b) is nearly independent of the
flattening, mantle temperature, and composition of the core, and is therefore well suited to
determine the radius R, of the fluid core. We find that R, = 1835 + 55 km, in good
agreement with previous results based on geodesy data®®’*’’ and reflected seismic waves
from the core-mantle boundary] ’. The radius of the fluid metallic core, however, could
possibly be more than 200 km smaller if the lowest part of the mantle is molten and rotates
independently from the solid mantle above (Supplementary Section 11).

Interpreting the FCN period in terms of interior structure requires identifying plausible
processes that can explain the flattening of the core (Eq.3). The simplest model matching the
surface flattening consists in assuming two mass-sheet anomalies, one associated with the
surface topography and another emplaced deeper in the lithosphere®. The latter could result
from relief along the crust-mantle interface (Moho) and from horizontal density variations
due to temperature variations. Additional effects on the core flattening can be due to density
anomalies in the convecting mantle’”*? and stable boundary layers, thermal or chemical, at
the bottom of the mantle”’. We construct models with two or three mass anomalies acting as
static loads: at the surface, at the Moho or at the bottom of the lithosphere, and possibly at the
bottom of the mantle. The depth of the second load significantly affects the shape of the core
(Supplementary Section 10).

Models that only consider a second load placed at the Moho require a core radius smaller
than about 1760 km, outside the range inferred from F at 1o (Fig.2a,c). Models with a load
placed at the bottom of the lithosphere require a relatively thick lithosphere (600 km) to agree
with both 7zcy and F, and therefore a crust highly enriched in heat producing elements
compared to the mantle (Supplementary Section 7). Temperature profiles directly inferred
from seismic data’” show that the lithosphere can be up to 200 km thinner (Supplementary
Section 7) and many models based on these profiles are not compatible with RISE data unless
a third load is emplaced at the bottom of the mantle (analogous to the Large Low Shear
Velocity Provinces on Earth®®*) (Fig. 2 a,c). Models with a thinner lithosphere can also be
reconciled with gy if a fluid dense basal layer is present at the bottom of the mantle
(Supplementary Section 11).

The FCN period indicates a density jump of 1690-2110 kg/m3 at the core-mantle boundary
(Fig. 3), and the size of the core radius implies a mean density of 5955-6290 kg/m’ (Fig. S8),
in the upper range of values proposed in Stihler et al. (2021)", requiring a significant amount
of light elements alloyed with iron (Fig. 4). The most prominent candidate for a light element
is sulfur (S), an abundant and highly siderophile element at core forming conditions, with a



concentration likely below ~20wt% according to cosmochemistry®®’*”. S alloying to Fe

during core differentiation comes with a few wt% of oxygen (0)°® making liquid Fe-O-S the
chemically simplest plausible composition. However, if the S concentration in the core lies
within the range predicted by cosmochemistry, a Fe-O-S core is possible only if its radius is
at the lower end of our estimate and its temperature is high (Fig. 4). Larger core radii require
the presence of additional light elements, such as hydrogen (H) and carbon (C)*#'#%27%
an S content equivalent to EH chondrites. Given the limited solubility of carbon in liquid Fe-
S the composition of the core favored by RISE consists of 2.5+0.5 wt%O0, 15+2 wt%S,
1.5+£0.5 wt%C, if 1wt% of H is assumed (Fig. 4). A lower amount of light elements is
possible if Mars has a fully molten lower mantle layer™.

or

The large amount of light elements, with an S fraction close to the Fe-S eutectic, results in a
liquidus significantly below the expected core temperature (Supplementary Section 12). An
inner core is therefore highly unlikely. If an inner core were nevertheless to exist, another
rotational mode named the Free Inner Core Nutation could affect the 2-annual or 5 annual
prograde nutation’’. No such signature has been detected in the RISE data (Supplementary
Section 3). The absence of an inner core is also in agreement with the early cessation of an
internally generated magnetic field**”’.
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Main figures legends

Figure 1: Main rotation parameters estimates. Converging solutions of the quadratic rotation
coefficient (a), precession rate (b), core amplification factor (¢), and FCN period (d) as a
function of time after InSight landing. Horizontal lines are the preferred solutions of this
paper (Extended Data Table 2). Shaded regions are formal uncertainties (10).

Figure 2: Interpretation of nutation parameters in terms of interior structure. (a) Core radius
Versus Tgcy, (b) core radius versus F, and (c) correlation between Tpcy and F, for models
based on YMD'? mantle composition (colored areas), and models with a stable magma layer
at the bottom of the mantle (circles). Colors differentiate models with one internal load at the
Moho (green) or at the bottom of the lithosphere (blue), or with two internal loads located at
the Moho and at the bottom of the mantle (orange). Blue and green lines are hidden behind
orange lines in (b). All models include a surface load associated with the shape of Mars. Solid
(dashed) lines represent the hot (cold) end-member mantle temperature model. Gray shaded
areas represent 1o, 20, and 30 uncertainties.

Figure 3: Density jump at the core-mantle boundary as function of FCN period for the YMD
mantle composition’’. Models that agree with F (1) are represented by thick lines. Colors
and dashing as in Fig. 2.

Figure 4: Fraction of light elements in the core of Mars. Sulfur concentration in the core as a
function of core radius for the Y MD mantle model (thick lines) and EH45 (thin line, only Fe-
O-S with T},,) mantle models, and for different core compositions. Dotted (full) curves show
models based on cold (hot) mantle temperature. The gray area represents the core radius
inferred from this study (1o). The darker purple area is the S content (core mass fraction
dependent) predicted from cosmochemical considerations® and the lighter purple area
assumes that the S content of Mars is equivalent to chondrites (1.6-5.6 wt%)”. The inset
shows the wt% of O associated with each model. YMD models based on 7., only match the
MOI if the core radius is smaller than 1865 km and EH45 models based on 7}, models match
the MOI if the core is smaller than 1840 km (Supplementary Section 8).

Methods

Radio-tracking data

The RISE data used cover the period from Nov 27, 2018 to May 31, 2021, corresponding to
915 Earth days (890 Sols). Viking lander 1 data are also used, mostly to decorrelate the rates
and angles at J2000 epoch, while Mars Pathfinder and Mars Exploration Rovers data are not
used because they are scattered and few in number compared to RISE data (see Extended
Data Table 1).



544 tracking passes of RISE are analyzed, corresponding to ~25000 Doppler observable data
points averaged over 60 seconds: with ~16150 data points for the East antenna and ~8900
data points for the West antenna. The nominal pass length of 60 minutes was reduced to 30
minutes after 600 days of mission because of the decrease in the energy available on the
InSight lander. The number of passes each week has also decreased from 5-7 to 1-3 for the
same reason. The antennas are mounted on top of the main deck with fixed East/West
pointing directions. The Earth azimuthal range covered is 77°-130° for the East and 246°-
299° for the West antenna. The Earth’s elevation at the lander is between 10° and 49°.

Besides the instrumental noise of the RISE instrumentation and the DSN station, the quality
of RISE data also depends on the Sun-Earth-Probe (SEP) angle, the line-of-sight (LOS)
geometry (especially the LOS elevation above the antennas) and the diameter of the DSN
antenna dish. The measurement's accuracy, characterized by the standard deviation of the
Doppler post-fit residuals, is four times better for RISE (~1.1 mHz noise for data integrated
over 60s) than Viking (~4.5 mHz@60s), see Extended Data Figure 1(a,b). The larger spread
of the Viking residuals is mainly due to the medium contamination on the Viking S-band
data.

Measurements preprocessing

The refraction of RISE radio waves traveling through Earth's troposphere and ionosphere,
and, to a lesser extent, the Mars troposphere imparts a phase delay on the signal. The Earth
atmosphere contribution is modeled using information provided by the DSN RadioMetric
Data Conditioning (RMDC) Subsystem, in the form of TRK-2-23 files. These files include
both seasonal and daily (second-order) calibrations, expressed as polynomials modeling the
Earth troposphere and ionosphere delay at the zenith. The troposphere delay (Ap) is modeled
as:
Ap = Mdry(do +d, + dp) + Myer(Wo +wy, + Wp)a

where d, is the zenith dry offset, d, is the zenith dry bias parameter, and d,, is a polynomial
model of the zenith dry delay. Similarly, w, is the zenith wet offset, w,, is the zenith wet bias
parameter, and w,, is a polynomial model of the zenith wet delay. d,, d,,, w,, and w,, are
models provided by the DSN media calibration system and given in the RISE archives
(https://pds-geosciences.wustl.edu/insight/urn-nasa-pds-insight rise raw/data_tro/). Mgy
and M,,,, are respectively dry and wet Niell mapping functions’ used to obtain the delay at
specific elevations. The dry troposphere accounts for ~90% of the total media delay. The
associated uncertainties are significantly smaller than for the wet part since these short-term
variations are difficult to calibrate using GNSS data. This is why d,, is set to zero and wy, 1s
estimated on a per-pass basis (details below). Daily calibrations for the ionosphere delay are
an order of magnitude lower than those for the seasonal troposphere (Extended Data Figure
2a). Calibrations for the Mars’ troposphere delay, performed following the method of Le
Maistre (2020)*, is indispensable for a reliable retrieval of the FCN parameters. At low
elevations its contribution is close to that of the daily Earth troposphere corrections
(Extended Data Figure 2a). The main source of inaccuracy in the Mars troposphere
contribution predicted by the model results from the mapping function used. We tested both



‘flat” and ‘geometric’ mapping functions presented in Le Maistre (2020)’°, which led us to
conclude that the mapping function actually has little influence on the estimation of nutation
parameters from RISE data.

Following the procedure of Buccino et al. (2022)", the raw TRK-2-34 tracking data, sampled
at 0.1 sec by the DSN Block V Closed Loop Receiver, are compressed to 60 sec and then
filtered based on the Sun-Earth-Probe (SEP) angle (or elongation) and the identification of
outliers. ~2100 data points collected at SEP<15° (blue squares on Extended Data Figure 2b)
are discarded because they are strongly affected by solar plasma noise. A wet troposphere
bias parameter (w),) is estimated for each pass with an a-priori uncertainty of 4 cm (Extended
Data Figure 2¢). The 1o variation among each pass was approximately 5 cm. 86 passes larger
than 1o are removed, reducing the number of data points used from 25000 to 20500. 2700
additional measurements, with Doppler residuals larger than 30 of the residuals (i.e. 3x1.1
mHz for RISE and 3x4.5 mHz for Viking | lander) are filtered out, leading to ~17000 points
(or ~285 hours) of RISE tracking used in our solutions and ~11000 points (or ~185 hours) of
Viking tracking. Removing outliers on a per-pass basis instead leads to ~1000 extra points for
RISE and ~500 for Viking. This approach yields consistent Mars rotation and Orientation
Parameters (MOP) estimates compared to the nominal settings, as long as these points are
adequately deweighted based on the noise of the pass. Removal and weighting of the data on
a per-mission rather than a per-pass basis was preferred due to the more conservative estimate
uncertainties provided by the former.

Data analysis procedure

The 60-s Doppler measurements are analyzed using the Jet Propulsion Laboratory (JPL)
Mission analysis, Operations and Navigation Toolkit Environment (MONTE) program’ and
the Centre National d’Etudes Spatiales (CNES) Géodésie par Intégrations Numériques
Simultanées (GINS) software®”’®. Both software packages are designed for orbital
determination and trajectory optimization and analysis using an iterative least-squares
procedure.

The Earth and Mars trajectories are obtained from the DE431 planetary ephemerides’ but
preliminary computations performed with DE440 led to MOP estimates compatible with our
nominal solution at 1lo. Phobos and Deimos states are taken from the mar097 JPL
ephemeris*’. DSN antenna positions are taken from global VLBI solutions. A model of rigid
and ocean loading is introduced, and Earth plate tectonics is modeled with constant drifts
based on GNSS, VLBI, SLR and DORIS observations. The Earth’s orientation parameters
are provided by JPL’s Time and Earth Motion Precision Observation group for MONTE and
the International Earth Rotation and Reference Systems Service (IERS) for GINS. Tidal
deformations of the surface of Mars are accounted for using the conventional solid Earth tidal
model”’* (see IERS conventions). This generates variations in the 3D position of the lander
of only a few millimeters in amplitude (10-100x smaller than displacement due to the liquid
core). Deformations due to Mars atmospheric loading have been ignored.

Rotation models for celestial bodies are implemented differently in both software. GINS uses
rotational elements with respect to the International Celestial Reference Frame (ICRF), i.e.
the right ascension, «, and declination, §, angles to position the pole of Mars with respect to



the Earth equator of epoch (J2000), and the rotation angle ¥ to locate the prime meridian®
(Extended Data Figure 3a). Five elementary rotations are needed to transform the lander
position vector 7i.,r expressed in the coordinates of the ICRF into the coordinates of a Mars

body-fixed reference frame ( 1 5):

ros = R, (=X, )Ry (Y, )R, (W)R, (g -8R, (g + @) Tigry. #(M1)

MONTE uses Euler angles to describe Mars rotation, following the formulation of Konopliv
et al. (2006)* (Extended Data Figure 3a):
o [ =1I,+I(t—ty) + Al isthe inclination (obliquity) of the Mars true equator of date
with respect to the Mars mean orbital plane at epoch,

e the longitude ¥ = Y, + Y (t — ty) + Ay locates the node C between those two planes
and is measured from the node 4.
e The spin angle ¢ = ¢po + P(t —ty) + A — AP cosl, gives the position of the
prime meridian of Mars and is measured along the true equator of date starting from
the node C.
The A quantities are series of variations at harmonics of Mars orbital period (such series also

exist for the a, 6 ,W angles). The transformation between ;. and 73,5 is performed using

seven elementary rotations:

rbf = Ry<_Xp)Rx (_Yp)Rz((ﬁ)Rx (I)Rz(lp)Rx UF)RZ(Nb)ricrf' #(MZ)

The longitude N and inclination J orientate the Mars mean orbit of epoch with respect to the
ICRF. (X,,,Y,) are the components of polar motion taken from Konopliv et al. (2020)" in our
a priori model. They are not estimated because of lacking sensitivity of the low-latitude
InSight mission to such small signals’. Adding future mission radio-science data from higher
latitudes would help to disentangle these parameters from the rest of the parameter set”.

We compute pre-fit Doppler residuals to visualize the quality of our a priori model and the
potential of the new data to improve the model. None of the a priori models of Konopliv et al.
(2020)" and Kahan et al. (2021)* flatten the residuals (Extended Data Figure 1c¢), revealing
their limitation if we assume the errors in the non-rotation parameters are much smaller than
the errors in the rotation parameters, as we think it is the case. Note that the numerical value
reported in Kahan et al. (2021)* for the rotation rate (i.e. 350.8919825°/d) is actually W. The

corresponding value for ¢ is 350.891985377°/d.

30-months dataset solution (full-arc)

Instead of determining the amplitudes of nutation (P’,R’ in Eq.l1 of the main paper), we
estimated the F and Tpcy = 2 /wpey parameters of the nutation transfer function Ty (see
Eq.2 of the main paper and Supplementary Section 4). Since the estimates of Trcy, F and 1
are not stable versus time (Extended Data Figure 4) with the “classical rotation model”*, we
extended that model and will refer to it as the “post-dust-storm model”.

With respect to the classical model, we add to the new model quadratic terms in the
parametrization of the longitude and obliquity angles, as predicted by the precession/nutation
theory’’. We also add terms at periods related to Phobos and Deimos motion for the obliquity
and longitude angles. We keep the spin periodic series A¢ of the classical model, with terms
from the annual to the quater-annual periods™ **:



4
A¢p = Z(% cos(jM) + ¢ sin(jM) ), #(M3)
j=1

where M is the mean anomaly and the sine amplitudes are corrected for relativistic effects
according to Baland et al. (2023)*. An extra set of annual amplitudes (¢',1, ¢'s1) is used to
fit the slope observed in the early part of the mission (Extended Data Figure 1d). This slope
in the residuals could be due to the decay of the global dust storm that occurred a few months
before the InSight landing. The noticeably lower InSight pressure than those of Viking at
similar solar longitudes”” in the first 100-200 days of data is evidence of a global dust storm
that perturbed the CO; cycle and resulted in a large deposition of ice at the Northern polar
cap, which lasted longer than usual after the storm®. This accumulation of CO, ice at the
polar caps temporarily sped up the planet's rotation. Our estimates for those annual
amplitudes represent a monotonically decreasing contribution to the spin angle over the first
~150 days of the RISE mission, which might actually characterize the temporary post-dust-
storm deceleration in the rotation of Mars.
Since separate analyses of Viking and RISE data lead to incompatible estimates of the
rotation rate and of the amplitudes of the periodic variations, we estimate in the global
inversion separate sets of seasonal spin series for each era, along with a quadratic term (¢)
modelling a spin acceleration. The estimated amplitudes for each era are also quite different
from previously published solutions’”***’ and from the current IAU standard model”. The
latter model is driven by Viking data. The reason for the difference between the spin angle
variations for the two eras is still under investigation but is likely related to the poor quality
of Viking data.
The final adopted rotation model is given by

Y() =P + Y(t —to) + P(t—to)* + 4,

I(t) =1+ I(t —ty) +1(t—ty)* + AI, (M4)

d(t) = po + Pt —to) + P(t —to)? +Ap — AP cos Iy + Appysr,
where Ay, Al are the nutation series and A¢ is the spin series defined in Eq.M3 with
amplitudes estimated separately for Viking and RISE eras.
Appyst = 8pe1c0s(M)+8¢s,sin(M) for the first 150 days of RISE data and 0 elsewhere,
with §¢oqy = ¢l — P and Sy = Py — sy the “dust parameters”. With the post dust-
storm rotation model (Eq.M4), our FCN solution is equal to -242.8 +/- 3.8 days for MONTE
and -243.0 +/- 2.7 days for GINS when the full set of selected data is used. The 30-months
core amplification factor solutions for both software are in very good agreement with each
other as well (see full arc solutions in Supplementary Table S1). F' is more sensitive to the
radius of the core than tzcy, which is mostly affected by its shape. The recent seismic data
provided by InSight's SEIS experiment constrained the core radius to 1830 +/- 40 km'’. This
corresponds to a core factor ranging between 0.055 and 0.065 (see Fig. 2b of the main paper),
which is in very good agreement with the RISE solution of = 0.0615 +/- 0.007.
To ensure that Viking noisy data do not pollute our estimates, a pure RISE nutation solution
has also been computed. Because it is impossible to decorrelate rates and angles at Epoch
with RISE data only, we made different runs fixing the ty angles to different values (those of
the present paper or those of Konopliv et al. (2020)"” and/or fixing the quadratic term to zero



| (¢ = 0) or to our nominal estimate). The so-obtained nutation parameter estimates remain
consistent with our nominal solution (within our lo envelope), showing the negligible
contribution of Viking to our nutation solution.

| Our estimated precession rate Y = —7,598.1 + 2.2 mas/year (Fig. 1b of the main paper) is
less than 3¢ smaller than previous estimates obtained from lander data™ and about 4¢ smaller
than the last orbiting spacecraft solution’’. The difference with Kahan et al. (2021)" results
from the longer RISE data coverage, from the change in our rotation rate estimate (now
corrected for the observed secular acceleration), and from looser a priori constraints on the
values of the angles at J2000 epoch, Y, and I, which are highly correlated with precession
(¥) and obliquity () rates (see a priori constraints in Supplementary Table S1 and correlation
matrix in Extended Data Figure 3b).

Interior structure models

The core amplification factor " and the FCN period strongly depend on the state and shape of
the core, on the principal moments of inertia of the core and mantle, and on the mantle’s
ability to deform. We construct our models in a two-step process: We first build spherical
symmetric models (detailed below) that are in a second step deformed by the effect of
rotation and internal loading (Supplementary Section 10).

We assume a spherically symmetric, three-layer interior structure model made of a crust
overlying a solid mantle and liquid core. For each considered crustal structure, mantle
composition and temperature, and core temperature profile, we compute a whole planet
model following’®. The free parameters are the core radius and the correlated values of the
crustal thickness and density (Supplementary Section 8). The amount of light elements is set
such that the models match the observed mass of Mars and only models agreeing with the
MOI (moment of inertia) are retained. Since the FCN period depends on the moment of
inertia of the core through its density, only combinations of light elements can be constrained.
We use two mantle compositions models that roughly delineate the spread in mantle densities
expected from published mantle models: the model of Yoshizaki and McDonough (2020)"*
(denoted as YMD) and the EH45 model of Sanloup et al. (1999)”. The FeO content of the
YMD model is low in comparison to that of the EH45 model and of other published
compositions®?’. We calculate the equilibrium mineralogy and phase proportions in the
mantle as well as its density and elastic properties with the Gibbs energy minimization
software Perple X’ according the thermodynamic formulation and database of Stixrude et a.
(2005)52 and considering two end-member temperature profiles (denoted as Th,, and Teo)
deduced from 3D thermal evolution studies of Mars (Supplementary Section 7).

The present thermal state of the liquid core depends mainly on the not well-known heat flow
at the core mantle-boundary and on the thermal conductivity of the core material. The core
temperature profile is likely subadiabatic, between that of an isotherm and the adiabat, in
agreement with the absence of a present-day core dynamo®*”’. We assume that the fully
liquid metallic core is either convecting or isothermal.

A large amount of light elements is required to match the core density , implying a
core liquidus significantly lower than any plausible estimate of the present-day temperature in
the Martian core. As such, the presence of an inner core is highly unlikely, although the

e.g.17,18,54



presence of remelting iron-rich snow in the core cannot be excluded (but neglected in our
modeling). Formation conditions and geochemical models indicate that sulfur (S) is the main
light element in the core together with smaller amounts of oxygen (O), carbon (C), and
hydrogen (H)**'***?7?* We model the core as an Fe-O-S-C-H alloy (Supplementary Section
6). The abundances of the different light elements are not independent from each other. The
correlation between the amount of S and O is described by a multi-stage core formation
model’. The correlation with the other light elements is not well known and neglected here.
The amount of C is set to its saturation limit**”” at core-mantle boundary conditions. The
solubility of H in liquid Fe at the conditions of formation of the Martian core is highly
controversial. It is difficult to constrain the abundance of H in the Martian core, with
published results ranging between 60 ppm and 1.8wt%°"%"77%7% Instead, we consider the H
content of the core as a free parameter and determine its amount such that the core density
agrees with the findings in this study and with cosmochemical constraints about the
permissible amounts of S in the core.

The equations of state for the liquid core used in this study (Supplementary Section 6) are
significantly improved with respect to those used in Stihler et al. (2021)"”. The Fe-S system
equation of state is based on a much larger set of experimental results, while the inclusion of
the non-ideal mixing behavior of the Fe-FeS and Fe-FeO binaries is taken into account.
Neglecting non-ideality in Fe-FeS can result in underestimating the fraction of S in the core
by almost 4wt% and overestimating the amount of O in Fe-FeO by almost 1wt%.

The non-elastic behavior of the mantle and crust is described by a frequency-dependent but
depth-independent model of shear dissipation®*®”’. The parameters of the complex shear
modulus are chosen so that the semi-diurnal tidal Love number k;, the period of the Chandler
Wobble, and the secular acceleration of Phobos agree with observations (see Tab. S6 in
Konopliv et al. (2020)"°).

The compliances required for the calculation of F and FCN period (see equations main text)
(Supplementary Section 9) are calculated from the spherical models following Dehant and
Mathews (2015)°.

Data availability

The data that support the findings of this study are available on the Planetary Data system at
https://pds-geosciences. wustl.edu/missions/insight/rise.html

ASCII versions of the Doppler data for Viking are in the REDUCED directories
at https://pds-geosciences.wustl.edu/missions/mpf/radioscience.html

DSN media calibration files are given in the RISE PDS archives: https://pds-
geosciences.wustl.edu/insight/urn-nasa-pds-insight_rise_raw/data_tro/

The full correlation matrix is available as source data for Extended Data Figure 3b.

Code availability

Distribution of the MONTE navigation code is restricted by the Export Administration
Regulations of the US Department of Commerce. Eligible readers may request a copy of
MONTE, under a license which does not permit redistribution, at
https://montepy.jpl.nasa.gov/. GINS software is the property of CNES. It can only be used for



research; any other commercial or non-commercial uses are strictly prohibited. CNES grants
to the GINS Licensee (natural person) a free non-exclusive license.
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Extended Data Figure/Table legends

Extended Data Table 1: 2-way Doppler data at 60 s of integration time considered in this
study.

Extended Data Table 2: Best solution of the main Mars rotation parameter estimates
corresponding to an average of the GINS and MONTE sets of full arc solutions reported in

. . 2 24 - )2
Supplementary Table S1. Uncertainties are o = \/UM % ;lpM PG

, where py + gy and

pc £ o; are MONTE and GINS solutions (central value plus or minus formal errors),
respectively.



Extended Data Figure 1: RISE Doppler residuals and signature of the liquid core. Post-fit
Doppler residuals and their histogram distributions for RISE (a) and Viking | lander (b) as a
function of the mission time after landing and of the DSN facilities location. (¢) Pre-fit
Doppler residuals of RISE data as a function of time computed with the latest rotation models
of Konopliv et al. (2020)"” (in blue) and Kahan et al. (2021)” (in orange). (d) Pre-fit
residuals with nominal values of the classical rotation model parameters coming from
converged RISE solution using only the first 24 months of data (blue) and only the last 24
months of data (orange). This shows that the classical model fails at matching RISE full arc
data since a clear trend is observed in the regions not covered by the corresponding nominal
solution. (e) Theoretical signature of the liquid core for the RISE timing, separated in red for
the East antenna and in green for the West antenna tracking. The FCN parameters are
F = 0.06 and FCN period of -243 days. The orange envelope shows the signature when the
FCN period is slightly different (between -238 and -248 days). The pink box is the interval
where the SEP angle is smaller than 15° (conjunction) while the grey boxes are the intervals
where the Earth declination is close to 0°. The signature of a parameter in the Doppler
observable is the difference between the observable computed using a nominal/non-zero
value for this parameter and that obtained when the parameter is set to 0.

Extended Data Figure 2: RISE data calibrations. (a) Correction for media delays as applied
to the RISE data points. On the left, the corrections due to the Earth’s atmosphere as a
function of the elevation at the DSN, on the right those due to Mars’ troposphere, as a
function of their elevation at Mars. (b) RISE Doppler residuals: only the red points are
processed, i.e. used in our analysis. Points acquired at low elevation above the DSN station
(orange diamonds) are affected by significant noise from the Earth's atmosphere. They are
still part of our analysis thanks to our accurate Earth noise calibration. The rest of the points
are eliminated due to low SEP (blue squares), or high residual value (green crosses). (¢)
Estimated wet troposphere bias parameter per pass, classified by DSN station identifier.
Shaded area is the a priori uncertainty.

Extended Data Figure 3: Mars rotation and orientation angles and their correlations. (a)
Reference frames and Mars orientation angles (orange and green) for conversion between the
Earth mean equator of J2000 (in blue) and Mars body-fixed coordinates (in red). (b)
Correlation matrix between MONTE solved parameters (GINS correlation matrix is
equivalent) using the full set of RISE data (see Supplementary Table S1 for symbol
definition). Values smaller than 0.3 are set to 0 for readability.

Extended Data Figure 4: Comparison between the classical model of rotation of Mars and
the one proposed in this study. Temporal evolution of the 30-months solutions for the FCN
period (a), the core amplification factor (b), and the precession rate (c), with the classical spin
model (orange) and with the model with corrections on the rotation rate for the post-dust-
storm period (blue). Shaded envelopes are 1o uncertainty bounds.
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Supplementary Discussion

Section 1. GINS-MONTE cross-validation

When using consistent a priori settings, the components of the rotation matrices of MONTE and GINS,
positioning the axes of the Mars body-fixed frame, differ by 10™. This corresponds to a rotation of about
0.5 mas (milliarcseconds) in an angle-axis representation. MONTE, contrary to GINS, is not able in its
present state to include the nutation terms induced by Phobos and Deimos (10 and 4 mas amplitude’”)
in the rotation model. Therefore the rotation matrices comparison between both software has been
performed without these nutation terms, which are taken into account for the inversion of RISE data
with GINS”.

The relative difference in partial derivatives computed by each software is below ~0.5% for both the F
factor and FCN frequency. The difference in theoretical Doppler measurements computed by GINS and
MONTE with consistent settings is of the order of 0.1 mHz, 10 times smaller than the noise and
significantly smaller than the signature of the liquid core (~0.4mHz, Extended Data Figure le).

Section 2. A priori value of FCN period

The FCN period parameter, Trcy, appears in a nonlinear way in the equations (see Eq.2 main paper).
This makes the Doppler derivative dependent on the a priori value of Tpcy, which therefore influences
the solution. To circumvent the possible hazard of having our Tpcy estimate falling into a local
minimum, we adopted an iterative approach where the partial derivative of the SllBlB®, and especially
those of Tpcy, are computed at each iteration using the numerical values estimated in the previous
iteration. Several runs are carried out, each time starting from a different a priori value of Tgcy for
iteration 1 taken every 5 days within the range of -275 days to -205 days. Such a range is expected to
cover all possible FCN periods for Mars as predicted by interior models®&%*.

Supplementary Figure S1 clearly shows that when the a priori value of the FCN period is smaller than
the ter-annual period (-229 days), the fitted core amplification factor and FCN period converge, while
for an FCN a priori value larger than the ter-annual period, there is no convergence.
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Supplementary Figure S1: Estimated core amplification factor (left) and FCN period (right) as a function of
the a priori value of the FCN period, for GINS and MONTE, using 24-months of RISE data (Prime mission).
The horizontal line in the graph on the right panel corresponds to the ter-annual period where there can be a
resonance. The equation of the black dotted line on the right panel is y=x. It corresponds to the starting a priori
value of Tp¢y. Shaded envelopes are 10 uncertainty bounds.

’ Note that nutations induced by Phobos and Deimos have negligible impact on the FCN estimate.
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Section 3. Inner core signature

For the present-day thermal state of Mars, the iron alloy of the core can only crystallize and form an
inner core if the sulfur weight fraction is below 3wt%. Mass conservation then implies that the core
radius must be smaller than about 1400 km, which is not in agreement with the core amplification factor
F determined in this study and with estimates deduced from tides’® and from core reflected shear
waves' . Interior structure models that agree with the findings of this study require a large fraction of
light elements (see Fig. 4 of the main paper) and consequently the core temperature must be significantly
below any plausible present-day estimate for an inner core to be possible (Supp: Core structure and
composition). The transfer function we use in the main paper (see Eq.2) therefore applies to the case of
a fully liquid core and is expressed in terms of a resonance with the Free Core Nutation. If, despite what
just preceded, Mars has a solid inner core, the transfer function would depend on an additional
nutational normal mode, the Free Inner Core Nutation (FICN)’. Similarly to the FCN mode, which
represents a relative motion of the liquid (part of the) core with respect to the mantle, the FICN describes
a relative rotation of the inner core with respect to the outer core and mantle. Contrary to the FCN,
which results in a retrograde motion of the rotation axis in space (Wrcy<0), the FICN (also referred to
as the Prograde Free Core Nutation or PFCN) has a prograde frequency (Wgjcy >0). We here show that
the inclusion of an inner core in the transfer function does not significantly affect the estimation of the
F factor and the FCN period and that the resonance strength of the FICN resonance is consistent with
Zero.

The transfer function that takes into account an inner core can be expressed as

w w
Te(w)=1+F + F* , (Ss1)
W — WpcN W — WFICcN

where Wpgjcy is the unknown FICN prograde frequency, and F* the FICN resonance strength. A
preliminary analysis with transfer function (Eq.(S1)) did not allow us to reliably estimate the four
transfer function parameters simultaneously. This is mainly because the Tr;cy = 27/ wWrjcn €stimate is
strongly driven by its a priori value and never properly converges, whatever the a priori value taken
between 200 and 575 days®’. Therefore, we only fitted wgcy, F and F* along with the other MOPs and
position parameters, for a range of chosen values for wg;cy. We get F = 0.052 + 0.022 (see solid
orange curve in Supplementary Figure S2) and Tpoy = —242.5 + 11 days. Both values are within the
1o intervals of the results for an entirely liquid core (see Supplementary Table S1 and Extended Data
Table 2), but affected by error bars ~4 times larger. The results for F and Tpcy are therefore not
significantly affected by the simultaneous estimation of F* and the value set for Wg;cy. Our F* estimate

is always consistent with zero at 10 and the average solution is F " =4.107° + 0.007. Supplementary
Figure S2 dashed curves show the temporal evolution of our F* estimate for different scenarios of fit
(see details in the caption of the figure). The uncertainty bound of F* in the joint estimation case has
been calibrated to account for the variability of the solutions as a function of the FICN period. We
conclude from this analysis that F* = 0, indicating that no signature of an inner core is observed in the
data and that the use of Eq.2 (main paper) for T is justified.
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Supplementary Figure S2: Temporal evolution of preliminary estimates of F* (dashed curves) assuming no
FCN contribution (i.e. F = 0 in Eq.(S1)) for the “rigid” case or assuming F = 0.06 and Tpcy = —243 days for
the “nominal” case. Orange solutions are obtained from a joint estimation of Tpcy, F (solid curve) and F*
(dashed curve) and with T,y = 400 days. Shaded envelopes are 1o uncertainties expect for F* uncertainty
which is up-scaled to a conservative value 0z = 0.007 that takes into account our lack of knowledge on Tg;cy.
The nutation transfer function parameters are always fitted along with the full set of MOPs.

Section 4.  Full set of estimated parameters

Our solutions using the 24-months Prime mission data and the full set of 30-months of data that have
been pre-processed so far are reported in Supplementary Table S1, along with the a priori values of the
parameters and the constraints. They have been obtained using GINS and MONTE independently.
The Prime mission solutions are obtained with the classical rotation model, while the Full-arc solutions
require the post-dust-storm model to stabilize the solutions (see Methods and Extended Data Figure 1d).
Note that the quadratic terms added in the longitude and obliquity angles of the post-dust-storm model
does not really help improving the solution stability. We expected the deficiency in the rotation model
to come from the spin angle, for which variations are hard to predict: atmospheric phenomena (e.g. dust
storms) can excite planet rotation variations in a broad frequency band, whereas the nutation frequencies
are known from celestial mechanics. Therefore, we extensively tested improvements to the modelling
of the spin angle that would help stabilize the solution. An extension of the spin series to harmonics up
to order eight and the addition of a bi-annual term did not improve our estimates. The spin angle
amplitudes at harmonics higher than order four were consistent with zero, meaning that order four is
still adequate for RISE. We obtained a significant improvement in the stabilization of the nutation
solution by fitting separately the first ~150 days of data and the remaining data as explained in Methods.
As an alternative approach to the modeling of the slope in the residuals, we fitted two other extra
parameters for the first 150d interval: a bias in the initial spin angle (6¢¢) and one in the rotation rate
(8¢). The latter is a correction to the global estimate of ¢, itself obtained from the entire set of RISE
and Viking combined. The corresponding MOP solution, not shown here, is consistent with that of the
post-dust-storm model. Moreover, the estimates of 8¢y ~ 6.3107°+7.71077 deg and ¢ ~
—6.31078 + 6.5 1079 deg/day support the hypothesis of a deceleration of the planet in the early phase
of the mission.

Full arc solutions are used to provide the preferred solutions, reported in Extended Data Table 2, which
basically consists of the average of the GINS and MONTE sets of full arc solutions (p = (py + Pg)/2),

2,52 )2
with error bars computed as follows g = \/ AL J;(pM o)
MONTE and GINS solutions (central value plus or minus formal errors), respectively. Note that the
corresponding lander positions and spin amplitudes at Viking era can also be retrieved by averaging
GINS and MONTE full arc solutions.

, where py £ oy and p; + g; are



The last column of Supplementary Table S1 provides the overlapping factor Kk = |p,, —p.|/

v (aﬁ,, + aé), by which the MONTE and GINS full-arc uncertainties need to be multiplied in order to
overlap. Note that our geophysical interpretations and conclusions, based on our preferred solution of
Extended Data Table 2, take full account of these GINS-MONTE differences. Note also that the
overlapping factors are systematically lower than one when comparing our solutions with those of
Folkner et al. (1997)°, meaning that our solutions are compliant at one sigma with the latter. It is worth
mentioning that Folkner et al. (1997)’ fitted the MOP to the combined Viking and Mars Pathfinder data,
but the very short Pathfinder life time (90 days) has a very small influence on the spin series amplitude
estimates, which involve periods greater than 171 days (quarter-annual). Also worth mentioning is that
both MONTE and GINS solutions have at least one large amplitude estimate (i.e. above 20 mas) for
either the ter- or the quarter-annual wave or for both, which is difficult to explain/believe.

The difference between GINS and MONTE in the estimates of the equatorial coordinates of the lander’s

antennas (X and Y) is mainly due to the difference in the ¢ estimates and to the shift in ¢ ) for the GINS

solutions, which is inherent in the conversion from a, §, W to I,v, (,b‘”.
Supplementary Figure S3 shows the compatibility of the Full-arc solutions of Supplementary Table S1
with the nominal solution of this paper (as reported in Extended Data Table 2) and with three recent

: : 10,62,49
solutions from the literature .
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Supplementary Figure S3: Compatibility of our Full-arc solutions with recently published solutions’* %%

Error bars are 10 uncertainties.



Parameter Symbol Unit A priori value A Value and Uncertainty Overlapping
priori factor
const GINS MONTE between

GINS and
Prime mission Full-arc Prime mission Full-arc MONTE
(1* dataset of (of 905 days) (1" dataset of (of 905 days) Full-arc
735d) 735d)
Mars orbit J deg 24.67682669 - fixed fixed fixed fixed -
inclination of 1980
Longitude of Mars N deg 3.37919183 - fixed fixed fixed fixed -
orbit ascending
node of 1980
Prime meridian at o deg 133.386373 - 133.38641351* 133.38641504* fixed fixed -
J2000 wrt Mars +0.000012 +0.0000074
orbit at 1980
Longitude of node Yo deg 81.968392 0.0028 | 81.96836305 81.96836478 81.96836513 81.96835322 0.80
at J2000 wrt Mars +0.000011 +0.0000104 +0.00001 +0.0000100
orbit at 1980
Precession rate at ) mas/yr | -7603.9 100 -7598.235+2.4 -7599.057+2.4 -7599.170 £ 1.9 -7597.195 £ 1.80 0.62
J2000 wrt Mars
orbit at 1980
Quadratic longitude P mas/yr® | -0.0144 - fixed fixed fixed fixed -
coefficient
Obliquity at J2000 Iy deg 25.189381 0.0028 | 25.18940990 25.18941255 25.18940909 25.18940603 1.00
wrt Mars orbit at + 0.0000052 + 0.0000047 +0.0000045 +0.0000044
1980
Obliquity rate at I mas/yr | -1.2 100 -8.129+1 -8.682+1 -8.080 = 0.80 -7.301 £0.79 1.08
J2000 wrt Mars
orbit at 1980
Quadratic obliquity I mas/yr> | 0.0020 - fixed fixed fixed fixed -




coefficient

Rotation rate at ¢ deg/day - 350.891985349438 | 350.891985346409 | 350.891985325764 | 350.891985331763 | 0.99

J2000 wrt Mars 350.891985314 +0.000000013 +0.000000014 +0.0000000050 +0.0000000049

orbit at 1980

Rotation quadratic ¢ deg/day” | 0 2e-10 | 2.6078e-12 3.7017e-12 3.9741e-12 4.5291e-12 0.86

coefficient + 8.9e-13 +9.1e-13 +3.1e-13 +3.1e-13

Core amplification F - 0.07 - 0.057 £ 0.009 0.061 +0.006 0.060+0.011 0.062 + 0.0068 0.14

factor

FCN period TrCN day -240 - 2439+ 5.1 -243.0+2.7 -243.1+5.5 -242.8 £ 3.8 0.05

LOD Viking ¢bci mas 488 100 549 + 14 546 + 15 525+6 526+ 6 1.26

variation era

amplitudes dc2 mas -108 100 -65+24 -71 £25 -112+8 -108 £ 8 1.41
Pc3 mas -16 100 9+21 -1+£21 -41+9 369 1.56
bca mas 3 100 -51+£19 -42 £19 34 +7 34 +7 0.38
Ps1 mas -117 100 -179 £28 -175+£28 206+ 11 219+ 11 1.48
bs> mas -99 100 -29 +£20 -35+£20 -69+9 74+ 8 1.80
Ps3 mas -9 100 -17+£24 -5+24 28+ 10 22+10 1.04
¢ss | mas 2 100 21+19 -18+20 3+7 5+6 0.61

InSight dci mas 488 100 4142 +1.5 402.6+1.3 4150+ 1.6 397.3+1.3 2.89
era

l0le) mas -108 100 -111.5+1.5 -112.0+1.3 -109.3+1.3 -106.2+1.1 3.44
bc3 mas -16 100 9.0+1.2 -10.7+0.8 93+1.0 -8.8+0.8 1.69
bca mas 3 100 -4.4+0.9 -1.0+£0.7 -3.8+1.0 1.7+0.9 2.42
Ps1 mas -117 100 -182.7+1.7 -1773+1.3 -181.6+1.3 -175.6+£1.2 0.93
sz mas -99 100 -128.8+3.3 -132.6+2.2 -132.1+1.2 -136.2+1.1 1.46




¢s3 mas -9 100 -17.7+ 1.8 -20.8+1.4 -19.1+£0.7 -23.7+0.6 1.88
Psa mas 2 100 -11.0£0.9 -11.9+0.7 -12.1+£0.9 -11.5+0.7 0.37
Dust parameter 6¢.1 | mas 0 100 - 37+49 - 28£3 1.57
d¢g; | mas 0 100 - 20+7.3 - 02+2 2.67
Insight West Xy m -2417532.54 1000 [ -2417505.9+2 -2417504.5+£2 -2417511.8£0.9 -2417508.9 £ 0.9 2.01
antenna coordinates
(body-fixed frame) Y m 2365926.6 1000 [ 2365953.1+2 2365954.5+2 2365947.0 £ 0.9 2365950.0 £ 0.9 2.05
Zy m 266330.0 20 2662489 £ 17 266266.7 £ 16 266307.3 £ 15 266338.3 £13.8 3.39
Insight East antenna Xe m -2417533.60 1000 | -2417507.0 + 2 -2417505.5+£2 -2417512.9+£0.9 -2417510.0£ 0.9 2.05
coordinates (body-
fixed frame) Ve m 2365925.8 1000 [ 2365952.2+2 2365953.8 +2 2365946.2 £ 0.9 2365949.2 £ 0.9 2.10
Z, m 266330.0 20 266248.7 £ 17 266266.3 £ 16 266307.3 £ 15 266336.7 £ 14 3.31
Viking L1 antenna Xy m 2100790.03 1000 | 2100724 +6 2100719+ 7 2100714 +2 2100716 + 2 0.41
coordinates (body-
fixed frame) Vo m -2329042.25 1000 [ -2329101+6 -2329105+ 6 -2329110+2 -2329109 + 2 0.63
Zy m 1284466.76 20 1284397 + 84 1284396 + 88 1284436 + 20 1284381 + 20 0.17

Supplementary Table S1: Parameters estimates obtained using the first 24 months (~735d) of RISE data (Prime mission results) and the full set of 30 months of data (full

arc results), systematically combined with the Viking 1 lander data. Uncertainties are 10 formal errors. *Because GINS works in &, §, W, the angle W, is fixed but q.')o varies

from one solution to another due to the difference in the &, and §, estimates. Despite their level of uncertainty (i.e. significant digits), angles (°), rates (mas/yr and °/d) and
quadratic (°/d?) estimates are given with 8, 3, 12 and 16 digits respectively in order to ensure 0.1 mas precision in the angles conversion between (a, §, W) and (1,1, ¢), even
when computed 20 years away from J2000%.




The matrix of correlations of the main parameters is shown in Extended Data Figure 3b and the full
correlation matrix provided as csv file (Source Data). From this figure, we see that F" and the FCN
period are significantly correlated with each other and with the spin angle amplitudes, especially F and
¢ 4. Despite the long data span of Viking plus RISE combination, and the high accuracy of RISE data,
we still observe high (anti) correlations between ¥, and 1) and between I, and /. These correlations are
primarily responsible for the difference in precession rate with respect to our result based on one Earth
year only”, which was obtained with stronger a priori constraints on the angles at 12000 (1,). They
also explain the difference with the orbiter estimate’’ that we retrieve exactly by fixing (,lp) to
Konopliv et al. (2020)"’, with no significant impact on the nutation estimates. Moreover, the significant
change in our ¢ estimate with respect to Kahan et al. (2021) indirectly affects the precession estimate
since correlations between ¢ and ) are rather strong. This change of ¢» of more than two times its error
bars results from the estimation of a new parameter, di, which allowed us to model the accelerating
rotation observed between Viking and RISE eras.

Following previous studies (see e.g. Fig. 18 of Konopliv et al. (2006)*), we chose to describe the
orientation of Mars with respect to the mean orbit of Mars of 1980 (see Supplementary Table S1).
Considering Mars mean orbit of epoch J2000 instead, we would have N = 3°.37321423 and ] =
24°.67706841 for the angles orienting the mean orbit with respect to ICRF. The prior values for Mars
orientation angles would be ¢ = 133°.384992 (¢ = 350.891985313422 °/day), I, =
25°.191818 (I = —1.28 mas/yr ), and 1, = 81°.975074 () = —7603.21 mas/yr). For the
preferred solution: ¢, = 133°.3850127 (¢ = 350.891985338504 °/day), I, = 25°.19184671
(I = —7.98 mas/yr), and 1, = 81°.97504061 () = —7597.41 mas/yr).

As specified before, the GINS software works with a, §, W angles, which are converted in /,, ¢ in a
post-processing phase of the analysis. The angles at epoch, rates, and periodic variations are converted
using the geometrical relations between the two sets of angles that can be derived by equating EESHINED
@R). Specifically, those relations take the following analytical form for the periodic variations in
angles orienting the spin axis in space:

cos J - sinécosl, y sinJ cos(ay — N)

& = Aa — -~ , (52)
sin“l, sin<l,
cos 8 sin J cos (g — N cos 6y cosJ + sin §, sinJ sin(ag — N
A1 = g SO 00Sin J c0s (@ = N) ) - cosdycos) + sindysinsin(@o =N) oo
sin I sin I
Replacing the non-A quantities of the above equation by their numerical values, we get
AY = 1.03258 da + 1.60964 A4, (54)
Al = 0.41341 Aa — 0.72841 AS4. (85)
The spin angle amplitudes are modeled in GINS according to the following formalism
4
AW = Z(WC]- cos(jnt) + W; sin(jnt)), (86)
j=1

where n is the mean motion of Mars and t is the time past J2000. Reminding that M = nt + M,, with
the Mars mean anomaly at J2000 M, = 19.35743065°, the above W, W; amplitudes for the spin
angle can be converted into ¢, ¢; amplitudes of Eq.(@B) according to:

bej = (Wcj + agj Sin50)cos(jM0) - (WSJ' T as;) SinéO)Sin(}.MO)’ (S7)
bsj = (Wsj + as; sindo)cos(jMo) + (Wcj + g sindo)sin(iMo) — Prj» (58)

¢ are the relativistic periodic corrections due to variations in Mars orbit radius®* that we apply to our
raw amplitude estimates to produce our ¢}, ¢s; solutions reported in Supplementary Table S1. We use
¢r1 = —166.95 mas, p,, = —7.78 mas and , ¢,3 = —0.54 mas™. The acj,asj amplitudes are the
amplitudes of nutation computed from the rigid nutation (ac;,@g;, 8¢;,05;) of Baland et al. (2020)" (see
https://doi.org/10.24414/h5pn-7n71, last columns of bottom table at
https://lara.oma.be/RigidNutations/bman20rs.dat) according to:
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The GINS raw solutions in a, §, W, equivalent to the Full-arc solution reported in Supplementary Table
S1, are shown in Supplementary Table S2 below.

Parameter Symbol Unit GINS
Right ascension at J2000 a, deg 317.681132336 + 0.0000075
Right ascension rate a mas/yr -3914.253+1.3
Quadratic right ascension coefficient a mas/yr* -0.0108 (fixed)
Declination at J2000 So deg 52.88632054 + 0.0000066
Declination rate EY mas/yr -2209.5470+ 1.2
Quadratic declination coefficient Y mas/yr* 0.0159 (fixed)
Prime meridian at J2000 W, deg 176.63198979682688 (fixed)
Rotation rate W deg/day 350.891982490642 + 0.000000014
Quadratic Rotation coefficient w deg/day® | 3.6660e-12 +9.1e-13
Core amplification factor F - 0.061 +0.006
FCN period Treny | day -243.0+2.7
LOD variations Viking era Wai mas 463 £ 15
amplitudes
We mas 413 £25
Wes mas 134 £21
Wy mas 0+19
Wsi mas -318 £ 28
Ws, | mas 483 £ 20
Wgs mas 53+24
Wg4 mas 39+20
InSight era Wey mas 3276 +1.3
We mas 3203<+1.3
Wes mas 1151+ 0.8




Wes mas 13.3+£0.7
Wsi mas 2722 +£1.3
A mas 4323 +2.2
Wgs mas 523+14
Wy mas 0.2+0.7
Dust parameters W.q mas 26+7.3
Wea mas -27+£4.9

Supplementary Table S2: Estimated parameters using GINS with the post-dust-storm model (full-arc solution).
Uncertainties are 1o formal errors.

Section 5. Principal moments of inertia

Following Baland et al. (2020)"/, the relation between the precession rate of Mars ) and the polar
moment of inertia C can be summed up as C/mare2 = —1415393 ),/ (1[1 - 1/)g) where l,b and 1[19 are
expressed in mas/year. l,[)g = 6.754 mas/year is the geodetic precession. 1 is expressed with respect to
the Mars mean orbit of epoch J2000. This relation accounts for the external torques exerted by the Sun,
Phobos and Deimos, and the other planets, on the oblate shape of Mars. The effects of triaxiality on the
precession rate of Mars averages out. Given the precession rate determined in the present study, and the
gravity field J, = 0.0019566 from Konopliv et al. (2020)"° (MROI20F solution), C/mg,r,? =
0.36419 + 0.00011, where m, = 6.41712 x1023 kg for the mass of Mars’’. The mean moment of
inertia is then obtained as MOI = (C/mg1.? — 2/3 J,) (1.2 /1,%) = 0.36428 + 0.00011. 7, = 3396
km is the reference radius of the MRO120F solution and 7, = 3389.5 km is the mean planetary radius.
The principal moments of inertia are A/mg7,%2 = 0.363499, B/mg1,% = 0.363752, C/mgr % =
0.365589, with the three of them affected by the same level of uncertainty of 0.00011. Note that there
is a typo in Konopliv et al. (2020)" for the uncertainty of C, which should be 10 times smaller than the
value reported of 0.0006.

Section 6. Equation of state for the liquid core

To model the thermoelastic properties of the liquid core we assume that the liquid Fe-O-S-C-H alloy
can be described by an asymmetric Margules mixing model that uses Fe, FeO, FeS, Fe;C, and FeH as
end-members. The volume of the thermodynamic Fe-O-S-C-H solution writes

V(p: T) = Videal(p: T) + Vex(p: T)P (513)
where
Videar (@, T) = Z xiVi(p, T)
i={Fe,FeO,Fe3C,FeH}
and

Vex (0, T) = XreXreo (XreoWre—Feo + Xre Wreo—rFe)t
XpeXFes (XresWre—res®@.T) + Xre Wres—re(®,T)). (514)

The X; and V;(p,T) are the molar fraction and molar volumes of Fe, FeO, FeS, Fe;C, and FeH, and
Xre =1 — Xreo — Xres — Xresc — Xren- The thermal expansivity and the isothermal bulk modulus of
the solution can then be calculated from Eq.(S§13) using classical thermodynamic relations. The isobaric
heat capacity €, is computed from the end-members assuming ideality. For the equation of state (EoS)
of liquid Fe and liquid FeO we use Dorogokupets et al. (2017)* and Komabayashi (2014)%. To describe
the elastic properties of FeS and Fe;C we use the Anderson-Griineisen EoS“¢?”. The EoS parameters
for both end-members have been obtained by fitting the EoS to a large set of experimental
data”> "> n IR assuming the thermodynamic model of Xu et al (2021)® for Fe-FeS and ideal
mixing for Fe-Fe;C. The EoS parameters for FeS and Fe;C are given in



Supplementary Table S3. The Margules coefficients for Fe-FeO can be obtained by deriving Eq.(10) of
Komabayashi (2014)” with respect to pressure; those for Fe-FeS are given in

Supplementary Table S3. An equation of state for liquid FeH at Mars’ core conditions is not available.
We therefore use the equation of state describing the volume of interstitial H* in solid iron together
with an equation of state of fcc Fe®. To take into account the volume difference between the solid and
liquid phase, we increase the volume of solid FeH by the relative density difference between liquid and
fcc (~2.-2.4%).

Ty 4 C, a Ky K' Y Sr Wre—x Wy _re By B'
K cm?®/mol J/K /mol 10°/K GPa cm?®/mol cm?®/mol GPa
FeS 1650 | 24.4203 62.5 11.8 120408 | 69403 | 0.62+0.04 0.4+0.5 9914 | -3.540.4 3.02403 | 2.6:04
Fe,C 1723 26.540.1 215. 148+5. | 57.5+13 1543, | 1.34x04 9.144.0
Supplementary Table S3: Equation of state parameters for liquid solution end-members and Margules
coefficients. For both k¥ = 1.4 and X stands for FeS or Fe;C.
Section 7. Thermal state of the mantle

We compute the thermal evolution in a 3D spherical geometry to determine the spatial and temporal
evolution of mantle flow throughout Mars’ thermal history. In our approach we employ a 3D crust
whose thickness variations is derived from gravity and topography data®*®. The temperature
distribution in the interior of Mars at present day is the result of 4.5 Gyr of thermal evolution. For our
study we use cases 55 and 85 from Plesa et al. (2018)”” and an additional case (Moho 2800) that has a
crustal structure that agrees with the seismic observations of InSight”’. The most important parameters
of the geodynamical models are listed in

Supplementary Table S4. For a more detailed list of parameters, we refer to the corresponding
publications indicated in the footnotes of

Supplementary Table S4. In the following, cases 55, 85, and Moho 2800 will be referred to as T,
Tss, and Tho, respectively. The average present day temperature profiles for the 3 cases are shown in
Supplementary Figure S4 together with the temperature range deduced from seismic and geodesy data’”’.
Teoia and Ty are situated close to the lower and upper limit of the seismically deduced temperature range
but have a lithosphere thickness that is in the upper range of the latter.

Case Duantie [km] Nrer E [kJ/mol] | V [em*/mol] | Deus [km] Perust HPE
[Pas] kg m”] (%]
55" (Teola) 1700 120 300 6 87.1 3200 93.5
85" (Tys) 1550 le21 325 10 62 3100 67.8
Moho_2800" (Ther) 1550 1e21.5 300 6 62.2 2800 61.4

Supplementary Table S4: Parameters of the geodynamical thermal evolution models. The mantle thickness is
given by Dypanye, the reference viscosity is indicated by 7y, Derust describes the average crustal thickness, while

(2018)”7; 2: Knapmeyer-Endrun et al. (2021)*.

Perust and HPE . indicate the crustal density and crustal amount of heat producing elements. 1: Plesa et al.
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Supplementary Figure S4: Temperature profiles from this study (7o, Tss, and 7j hm)64'77 and temperature range
deduced from geodesy and seismic data’’.

The degree 2 present-day temperature anomalies associated with cases 55, 85, and Moho 2800 are
shown in Supplementary Figure S5 (a,b,c). Horizontal temperature fluctuations lead to density
anomalies that can affect the shape of the core (Supp: Core shape of non-hydrostatic planet), which
directly affects the moments of inertia of the core. The induced degree-2 density anomalies have been
calculated from a spherical harmonic expansion of the temperature fields obtained from the 3D thermal

evolution calculation for the YMD composition (see Supplementary Figure S5 (d,e,f)) using the
software package SHtools”.
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Supplementary Figure S5: Degree 2 and order (0,1,2) cos and sin horizontal temperature anomalies (a,b,c) and
induced density anomalies (d,e,f) for the YMD mantle composition for the T4, 755, and Ty temperatures.



Section 8. Crustal structure

The crustal structure below the InSight lander inferred from seismic data can be used to constrain the
thickness and density of the global crust when combined with gravity and topography data®. The
deduced average crustal density and thickness are correlated and dependent on the density of the
uppermost mantle’”%.

The correlation between crustal thickness and density for the YMD and EH45 models have been
calculated using the ctplanet software™ and the results are shown in Supplementary Figure S6(a,b) and
Supplementary Figure S7(a,b) for the 2- and 3- layer crust models compatible with seismic
observations. The calculation of the average crustal thickness requires the knowledge of the thickness
of the crust below the Insight lander. For both considered cases we use the seismically estimated
thickness®; 20 + 5 km for the 2-layer crust and 39 + 8 km for 3-layer crust.

Only a subset of the interior structure models are found to agree with the moment of inertia of this study
(Supplementary Figure S6(c,d) and Supplementary Figure S7(c,d)). Concerning the 2-layer InSight
seismic model, only models based on the YMD composition with the hot mantle temperature agree with
the moment of inertia. Nevertheless, since those models have a Love number k, that does not agree
with observations’ 0, we do not consider them further in this study. Furthermore, we note that recent PP
receiver function analyses strongly favor the 3-layer crustal model over the 2-layer model®.
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Supplementary Figure S6: Crust thickness-density correlation for 7, (a) and 7}, (b) mantle temperatures and
relation between crust thickness and core radius for mantle temperature 7, (c) and T, (d) for the mantle
composition YMD. The black vertical line delineates the 2 layered (thickness <40km) from the 3 layered
(thickness >40km) crust models. Dots correspond to all crustal thickness models that are compatible with the
InSight seismic thickness of the crust, whereas colored symbols correspond to the subset of models that are
consistent with the moment of inertia.
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Supplementary Figure S7: Crust thickness-density correlation for 7,4 (a) and T}, (b) mantle temperatures and
relation between crust thickness and core radius for mantle temperature 7, (c) and T, (d) for the mantle
composition EH45. The black vertical line delineates the 2 layered (thickness <40km) from the 3 layered
(thickness >40km) crust models. Dots correspond to all crustal thickness models that are compatible with the
InSight seismic thickness of the crust, whereas colored symbols correspond to the subset of models that are
consistent with the moment of inertia.

Section 9. Anelasticity, triaxiality, CMB coupling, and Chandler wobble

The compliances f§ and y required to compute the core amplification factor F and FCN period (Eq.3
of the main paper) are computed following Dehant and Mathews (2015)" They are complex valued
because the mantle of Mars behaves as an anelastic body at quasi-diurnal periods (nutation periods in
the rotating frame). We use a frequency-dependent but depth-independent model of shear
dissipation®*®. The parameters of the complex shear modulus are chosen such that the semi-diurnal
tidal Love number k, the period of the Chandler Wobble, and the secular acceleration of Phobos agree
with observations (Tab. S6 of Konopliv et al. (2020)'%). The real parts of 8 = (0.35 + 0.07) 1073 and
¥y = (1.46 £ 0.15)1073, as shown in Supplementary Figure S8. Mantle anelasticity reduces the FCN



period by about 2%, which is about 2 times larger than the uncertainty, and can be neglected for F, as
its effect of less than 1% is small compared to the uncertainty.

The anelastic mantle also leads to a complex valued transfer function (Eq.2 of main paper), which
results in the damping of the FCN resonance and to nutations that are out-of-phase with respect to the
gravitational forcing. The (-3 degrees) out-of-phase contributions are smaller than 0.02 mas, which is
two orders of magnitude smaller than what can be measured by RISE and are therefore neglected in this
study.

Besides the anelastic mantle, the viscous coupling of the fluid core to the mantle and the irregular shape
of the CMB can affect the period of the FCN of Mars (see Sec. 7.3.3 of Dehant and Mathews (2015)%).
The effect of the former, which has been shown to affect the FCN frequency of the Earth by less than
0.1%""* is neglected in our study. Topographic coupling is proportional to the square of the small
topography at the core-mantle boundary®, it is thus very small and neglected too.

The triaxiality of Mars affects its rotation. Including the effect increases the period of the Chandler
Wobble (CW) by about 0.5 days’’ and it has a comparable effect on the FCN period, which decreases
by less than 0.5 days (based on Eq.38 of Chen and Shen et al. (2007)*). The effect on the FCN is
significantly smaller than biaxial non-hydrostatic contributions (>~7days) and can thus be neglected
given the 2.7 days uncertainty on the FCN period. The precise effect of triaxiality on the core
amplification factor F is currently unknown due to lacking theoretical developments. But it can be
roughly estimated by calculating the effect of using the equatorial moments of inertia A or B instead of
the average equatorial moment of inertia on F. We find, that Fchanges by about 2%, which is 5 times
smaller than its 1o uncertainty and is therefore neglected in our study.

Additional to the FCN, the CW rotational normal mode can affect nutation amplitudes (see Dehant and
Mathews (2015)° Eq.7.140 for the full expression of the transfer function). Its period in the inertial
frame is about -1.03 days'’, significantly smaller than any of the periods of the main rigid nutations’’
and as such is not expected to affect our results in a meaningful way. Using Eq.7.140 for the transfer
function instead of Eq.3, shows that the amplitude of the -1/3 annual nutation is reduced by less than
0.5%, an effect that can be neglected given the 10% uncertainty on F.
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Supplementary Figure S8:Real part of compliance ﬂ and Y for the YMD mantle compositions and the cold
(dashed lines) and hot (solid lines) mantle temperature and EH45 for the hot mantle temperature (dot-dashed
lines)

Section 10. Core shape of non-hydrostatic planet

Nutation amplitudes depend on the shape of the planet and core mainly through the linear dependence
of the FCN frequency on the dynamical flattening of the core (Eqs 2 and 3 of main text). The
determination of the core shape of a non-hydrostatic planet requires assumptions about the rheology
and about the internal processes generating non-hydrostatic deviations. In a purely static model, the
external gravity field and shape of Mars can be explained by assuming that on a long time-scale Mars
behaves like a fluid overlain by a solid shell (mechanical lithosphere) with embedded mass
anomalies”®. Compared to the fluid case, the FCN period of a non-hydrostatic planet with a 150 km
thick shell is about 4% (10 days) shorter”’, which does not agree with RISE observations. Besides static



mass anomalies in the solid shell, the shape of the core can also be affected by dynamic processes in
the fluid mantle resulting from mantle convection®.

In the static model’”®, the external shape and gravity field result from the rotational flattening, from
the surface topography, and from mass sheet anomalies embedded in the mantle. The first static model
is defined by one internal mass sheet located at the crust-mantle interface (Moho). The second static
model is defined by one internal mass sheet located just above the bottom of the solid shell. In these
two models, the FCN period will agree with the observations if the shell thickness is within a specific
range. The third static model is defined by two internal mass sheets located at the Moho and just above
the CMB in such a way that the deformation of the core is identical to the one of the hydrostatic model
and as such in agreement with the FCN period measured by RISE.

We follow the approach of Zharkov et al. (2009)* to compute the deformation of the CMB due to loads.
The procedure consists of four steps. In the first step, solving Clairaut’s equation for a given interior
model yields the reference hydrostatic shape and gravitational field*. Subtracting these from the surface
data, we obtain the non-hydrostatic shape and the non-hydrostatic gravitational perturbation at the
surface. In the second step, deformations at all depths and gravitational perturbations due to unit-value
loads are computed with the well-known load Love number formalism®*®”. We will first suppose that
there are two static loads (surface topography and one internal load either at the Moho or at the bottom
of the solid shell), and consider afterwards the case with three static loads. In the third step, the values
of the two perturbing loads are determined so that the non-hydrostatic components of the shape and
gravity field at harmonic degree 2 agree with data. In the fourth step, the moments of inertia of the core
are computed by adding the hydrostatic and non-hydrostatic contributions. The diagonalization of the
total inertia tensor yields the principal moments of inertia of the core.

If there are three static loads, the third load (located at the bottom of the mantle) is chosen so that the
combined deformation of the three static loads on the core is consistent with the non-hydrostatic
components of the core shape deduced from the RISE data. Since the non-hydrostatic components are
close to zero (see Supp: Shape and moment of inertia of the core and Supplementary Figure S16), we
choose the third load so that the effect of the two other loads is completely compensated.

In the dynamic model, the external shape and gravity field result from the perturbations of the static
model with two loads, plus a third perturbation due to mantle convection. Mantle convection affects the
core shape: its radial deformation is proportional to the discontinuity of the radial stress at the CMB®.
In practice, viscous flow equations®**’ are solved for density perturbations given by a 3D convection
model (Supp: Thermal state of the mantle). The surface perturbations (radial and gravitational) due to
convection are subtracted from both the observed gravity field and shape of the planet, along with the
rotational perturbations in step 1 above. The procedure for calculating the core shape then follows the
same course as for the static model. Finally, the deformation of the core-mantle boundary due to
convection is added to the deformation due to the static loads before computing the moment of inertia
of the core.

We illustrate the effect of the solid shell thickness on the shape of the core for the above loading schemes
using an interior model based on the YMD composition and T},,; mantle temperature (Supp: Thermal
state of the mantle). In this model, the core has a radius of 1815 km and the bottom of the thermal
lithosphere is at a depth of 600 km, which corresponds to the largest shell thickness considered in this
study. The results show that the thickness of the solid shell has only a small effect on the computed core
shape if the load is placed at the depth of the Moho, while the deformation of the core decreases with
increasing shell thickness when the load is placed at the bottom of the shell. The viscous flow in the
convective mantle reduces the deformation of the core by about 50 m and this effect is only weakly
dependent on the shell thickness. When loads are placed at the surface and Moho, the FCN period is
predicted to be more than 10 days smaller than the RISE observation irrespective of the shell thickness
(Supplementary Figure S9). When the second load is placed at the bottom of the solid shell, the FCN
period matches the RISE observation only if it is thicker than about 512 km in the static setting, and
about 426 km when dynamic convective effects are considered (viscous flow setting). The thinnest of
these two values is comparable to the present-day elastic thickness beneath the north polar cap, which
is predicted to lie between 330 and 450 km”’.

A comparison between the static and viscous flow setting for the interior structure models used in this
study is shown in Supplementary Figure S10. Including the effect of viscous flow decreases the FCN
period by about 5 days, which is comparable to the effect of changing the crust density from its highest
to its lowest allowed value.
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Section 11. Enriched basal silicate layer (BSL)

Like many terrestrial planets that differentiated into a metallic core and a silicate mantle, Mars probably
experienced an early global magma ocean stage. The crystallization and the differentiation of a magma
ocean can lead to the formation of a compositionally distinct layer at the bottom of the mantle”, strongly
enriched in heat-producing elements (HPE) and iron, leading to its long-term stability with little mixing
between the layer and the overlying mantle’****. The presence of an enriched basal silicate layer (BSL)
can strongly affect the evolution of the planet and its current state. In particular, the basal layer can give
rise to the presence of a molten silicate layer above the core that can act as a deep seismic reflector and
be interpreted as an extension of the liquid core™. The relative rotation of this effective liquid core
(metallic core + molten silicate layer) with respect to the mantle affects the nutation of Mars and as
such is responsible for the signature of the core measured by RISE.

Following Samuel et al. (2019)” we compute the thermo-chemical evolution of a set of models that
incorporate a BSL. The mantle is composed of a basal layer of thickness D, enriched in iron and in heat
producing elements that is overlain by a more depleted convecting mantle. The BSL is at least 10%
denser than the overlying mantle and its density increases with depth, making it stable against
convection. The insulating effect and the HPE enrichment of the BSL can lead to a partially or fully
molten region in its lowermost part. If the melt fraction is above the critical value of 40%'""'% the
rheological behavior of that region is effectively that of a liquid, i.e. with a zero shear modulus. For
smaller melt fractions, the partially molten region behaves as a soft, yet essentially solid (i.e., mushy)
material of thickness D,y with reduced but non-zero shear modulus. BSL models with a fully molten



lower part of thickness D;;;,;s have an apparent liquid core radius of Rjiguis = Rc+Diiquiq that is compatible
with the core radius range inferred from seismic data’’. Following Drilleau et al. (2021)"”", we
ascertained that our BSL models are also consistent with the differential arrival times (Supplementary
Figure S11) of body waves (tS-tP, tPP-tP, tPPP-tP, tSSS-tS, tSS-tS, tScS-tS) observed by the
seismometer on InSight'””® and their inferred locations’” as well as the velocity structure in the 3 layered
crust™. All models match the moment of inertia of Mars’’, have an average crustal thicknesses that is
within the bounds inferred from receiver functions and gravity data®, and are compatible with the recent
volcanism observed for Mars”**,

BSL models require a liquid lower mantle layer to agree with the RISE observations. They have a
thermal lithosphere between 260 km and about 315 km which are significantly thinner than those of the
other models considered in this study. Therefore, the effect of a load placed at the bottom of the
lithosphere on the FCN period is comparable to one placed at the Moho depth. Even with a load placed
at a shallower depth, BSL models agree with the RISE data, mainly because the large core deformation
induced by the Moho load (Supp: Core shape of non-hydrostatic planet) is strongly reduced by the
compliance f (see Eq.3) because of the mushy lower mantle. Note that for all models considered, a
lithosphere of the thickness of the thermal lithosphere has been assumed. The key governing parameters
of our models are listed in Supplementary Table S5.

The apparent core radius of models with a fluid layer at the bottom of the mantle that are compatible
with RISE agrees with the range deduced from models without a fluid basal layer from this study. RISE
data cannot differentiate between models that have a thin or thick fluid basal layer.

Model R, Dy | Tmy | Tco kq % Mo | Diiguia | Dmush| Dsolia

km] | [km] | (K] | (K] |[[W/mK]|[cm¥mol]| [Pas] | [km] |[km]| [km]
Rc1750 Dd100 1750 | 100 | 1800 | 2100 8 7 10°! 39 61 0
Rc1750 D100 kd6 1750 | 100 | 1700 | 2000 6 7 310% 0 73 27
Rc1400 Dd200 1400 | 200 | 1800 | 2100 8 7 10*! 171 29 0
Rc1650 Dd200 1650 | 200 | 1800 | 2100 8 7 10*! 122 28 50
Rc1600 Dd300 kd4 1600 | 300 | 1800 | 2000 4 4 10*! 273 27 0
Rc1600 Dd300 kd16 | 1600 [ 300 | 1800 | 2000 16 4 10*! 247 53 0

Rc1700 Dd300 kd4 1700 | 300 | 1800 | 2000 4 4 10*! 173 27 100

Supplementary Table S5: BSL models key parameters: Core radius (R.), BSL thickness (D,), initial uppermost
mantle (7m,) and core temperatures (7cy), BSL thermal conductivity (k,), effective activation volume (V*) and
reference viscosity (1) of the mantle, thicknesses of molten layer (Djyiq), mushy layer (D,,), and solid layer

(Dso1ig) within the BSL.
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Supplementary Figure S11: Arrival times of the BSL models for the nine considered quakes (colored dots).
The measured arrival times (black symbols) are shown with 10 error-bars.



Section 12. Core structure and composition

The average density of the core of the models with the YMD or EH45 mantle compositions that agree
with RISE are between about 5955-6290 kg/m® (Supplementary Figure S12a). This range is narrower
than the 5700-6300 kg/m’ range advocated by’’, and our lower bound is significantly higher. The main
reason for this difference results from the uppermost mantle density that can be appreciably higher in
models deduced from seismic data that are based on the so-called geophysical approach’’. In this
approach, a layer with constant density in the uppermost part of the mantle is modeled directly from the
inferred seismic velocities” while density should vary with depth as the case if it were related to
composition and temperature. Other less important factors that affect the density of the core result from
the wider spread of mantle temperatures (Supp: Thermal state of the mantle) and the larger set of mantle
compositions considered in Stihler et al. (2021)"” (Lodders and Fegley (1997)""”, EH45", Taylor
(2013)"”, YMD'?). We don’t use the models of Lodders and Fegley (1997)'” and Taylor (2013)'”since
the latter does not agree with the crust structure and the moment of inertia of Mars and the former leads
to results that are equivalent to those based on EH45%. Note that, given the mass conservation, the
differences in mantle density directly reflect on the density jump at the core mantle boundary
(Supplementary Figure S14). Models that agree with RISE data have a density jump of 1694-2108
kg/m’. Because of the larger average core density found in this study, the required fraction of light
elements in the core is appreciably lower than in Stihler et al. (2021) ' (see their Fig. 2 and Fig. S11-
1b) and in particular, up to 5 wt% O and 2 wt% H are not required if the amount of S is limited to the
range deduced from cosmochemical considerations®. The fraction of O in the core increases with S,
which increases with core radius (Supplementary Figure S13a), and is larger for EH45 models than
YMD models since the former have a larger fraction of FeO in the mantle’®. The amount of C that can
dissolve in the core at core-mantle boundary conditions increases with decreasing amount of S
(Supplementary Figure S13b) and is about two times larger if the core contains 1wt% of H. As a result
of the required large fraction of S, the maximal amount of C that can dissolve in the core is below
predictions based on an assumed bulk C content (e.g. 1-1.4wt%”) and its partitioning behavior between

molten metal and silicate (log (Dcmet_su)~0.5 —2.5"%1%) at core-mantle boundary conditions
(Supplementary Figure S13b). The precise temperature profile in the core is not known and is likely
between an isotherm and adiabat®®”. Using an isothermal temperature profile in the core increases the
fraction of light elements by up to about 0.5 wt% if compared to a calculation with an adiabatic
temperature profile. The effect of this difference in light elements decreases the density jump at the
CMB by less than 3% and decreases the moment of inertia of the core by less than 0.2%. Those
combined effects decrease the FCN period by up to 0.6 day (Supplementary Figure S10) and increase
F by up to 0.3%. Since those effects are small compared to the uncertainties at 1, for convenience we
assume an adiabatic temperature profile in the core for the calculation of the FCN period and F and for
the discussion related to the composition of the core.

The large fraction of light elements in the core (Figure 4 of main paper, Supplementary Figure S13)
makes the presence of an inner core highly unlikely. The melting temperature of Fe-O-S-C-H alloys at
Mars core conditions is not well known, but an upper bound can be roughly estimated by cumulating
the effect that each individual light element has on the melting temperature of Fe. As long as the
composition of the alloy is on the iron-rich side of the eutectic, the addition of light elements to Fe
results in a decrease of its melting temperature. If the core has a radius of 1835 km, as found in this
study, about 2.5 wt%O0O, 15 wt%S, 1.5 wt%C, and 1 wt%H are required to match its density. At core
center pressures (~40 GPa), adding 15 wt% of S decreases the melting temperature of Fe (2800 K'?")
by ~1000 K’ 08, whereas individually 2.5 wt%O, 1.5 wt%C, and 1 wt%H result in temperature reductions
of ~250 K%, ~255 K'” and ~220 K'"’, respectively. The cumulative effect of all those light elements
results in a melting temperature at the center of the core that is significantly below the core temperature
(1880 K - 2400 K).

The amount of light elements in the core can be lower if the mantle is less dense than assumed above,
for example by having a lower FeO content or a higher temperature. Temperatures significantly above
our hot end-member model are, however, unlikely (Supp: Thermal state of the mantle) and the effect of
decreasing the weight fraction of FeO in the mantle has only a small effect of the order of 1 wt% on the
amount of light elements (main text Fig. 4), as follows from a comparison of the EH45 and YMD
models (17.7 wt% vs. 14.7 wt% FeO in the mantle). We nevertheless note that the effect of the lower
amount of FeO in the mantle is reduced by the more massive crust of the YMD models compared with
EH45 models (Supp: Crustal structure) and the tradeoff between mantle FeO and O-S content in the

COI'626.



6600

6400 —_
X ]
"1\5 2
2 S
‘% 6200 =
5 3
° = ]
o 2
o (0]
o S
(& ]
6000
5[ — Fe-0-s-C 1
— Fe-O-S-1wt%H
o — Fe-O-S-C-1wt%H
5800E . , | . , E| Lo . . ! . . . 1
1700 1750 1800 1850 1900 5900 6000 6100 6200 6300 6400 6500 6600
Core radius [km] Core density [kg/ms]

Supplementary Figure S12: (a) Average core density as a function of core radius for the YMD mantle
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Supplementary Figure S14: Density jump at the CMB for the T}, and T,,,,. The gray area represents the core
radius of this study (10). YMD models are represented by the thick curves and the thin curve represents the
EH45 models with the T}, profile.

Section 13. Shape and moment of inertia of the core

The moment of inertia of the core can be obtained from F (Eq.3 in the main paper) but it requires to
know the compliance y. Forward modeling shows that the models of this study and models with a dense
fluid lower mantle layer (Supp: Core structure and composition) have a y between 1.4 - 1073 and 1.62 -
1073 if they agree with the k, Love number at 1o. We can take into account our lack of knowledge
about y if we assume that it is a random variate with an uniform distribution between 1.4 - 10~2 and
1.62 - 1073, The moment of inertia of the core can then be estimated by Monte Carlo error propagation
if we assume that F and the principal moments of inertia of Mars have a normal distribution around
their mean value. We find that Af/m, 7,2 = 0.0286 + 0.0033 (11%). The moment of inertia of the
core of our interior models is shown in (Supplementary Figure S15).
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Supplementary Figure S15: Normalized core moment of inertia for the YMD composition with the hot and
cold temperature and EH45 composition with the hot mantle temperature. The gray shaded area represents the
value of Af estimated from F (10).




The dynamical core flattening ey of the Mars models used in this study can be estimated from the

measured FCN period and compliance f§ using (Eq.3 of the main paper). Models that agree with the
core flattening (Supp: Core shape of non-hydrostatic planet) require either a thick lithosphere with a
mass anomaly placed at the bottom or at the Moho and bottom of the mantle (see Supplementary Figure
S16) both together with the load induced by the crust at the surface. Note that for the latter case the load
at the bottom of the mantle is set such that the combined deformation of the surface and Moho load on
the core is cancelled, i.e. the core has the shape of a hydrostatic planet.
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Supplementary Figure S16: Dynamic core flattening in agreement with RISE data as a function of core radius
(purple area) compared to models with the YMD mantle composition that have loads at the surface & Moho,
surface & lithosphere, and surface, Moho & core. Dashed curves represent models with the hot temperature
profile and dashed curves are for cold temperature. The gray shaded area represents the core radius deduced
from the core amplification factor F of this study (10). Models with loads placed at the surface, Moho & core
have the core flattening of a hydrostatic planet.
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