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Spin state and deep interior structure of 
Mars from InSight radio tracking
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Daniele Antonangeli6, James Badro7, Mélanie Drilleau8, Alex Konopliv4, Marie-Julie Péters1, 
Ana-Catalina Plesa9, Henri Samuel7, Nicola Tosi9, Mark Wieczorek10, Philippe Lognonné7, 
Mark Panning4, Suzanne Smrekar4 & W. Bruce Banerdt4

Knowledge of the interior structure and atmosphere of Mars is essential to 
understanding how the planet has formed and evolved. A major obstacle to 
investigations of planetary interiors, however, is that they are not directly accessible. 
Most of the geophysical data provide global information that cannot be separated 
into contributions from the core, the mantle and the crust. The NASA InSight  
mission changed this situation by providing high-quality seismic and lander radio 
science data1,2. Here we use the InSight’s radio science data to determine fundamental 
properties of the core, mantle and atmosphere of Mars. By precisely measuring the 
rotation of the planet, we detected a resonance with a normal mode that allowed us  
to characterize the core and mantle separately. For an entirely solid mantle, we  
found that the liquid core has a radius of 1,835 ± 55 km and a mean density of  
5,955–6,290 kg m−3, and that the increase in density at the core–mantle boundary is 
1,690–2,110 kg m−3. Our analysis of InSight’s radio tracking data argues against the 
existence of a solid inner core and reveals the shape of the core, indicating that there 
are internal mass anomalies deep within the mantle. We also find evidence of a slow 
acceleration in the Martian rotation rate, which could be the result of a long-term 
trend either in the internal dynamics of Mars or in its atmosphere and ice caps.

In an attempt to investigate the deep interior of Mars and the dynamics 
of its atmosphere, we used data from the Rotation and Interior Structure 
Experiment (RISE) of the Interior Exploration using Seismic Investiga-
tions, Geodesy and Heat Transport (InSight) NASA mission. RISE meas-
ures the Doppler shift (or range rate) induced by tiny variations in the 
rotation and orientation of Mars1,2 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 ori-
entation parameters of Mars and was specifically designed to measure 
Martian nutations (periodic motions of the spin axis in space3) as a means 
of studying the core. For each forcing frequency ω (ω > 0) expressed in 
the inertial frame, the nutation can be decomposed into prograde (P′) 
and retrograde (R′) circular motions. Their amplitudes are expressed3–5 as
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where P and R are the prograde and retrograde nutation amplitudes of 
a rigid Mars model, respectively, and the transfer function TF describes 
the dependence on the interior structure. For an entirely fluid core 
(Supplementary Information 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 to3,6
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where F is the core amplification factor and ωFCN is the FCN frequency. 
These transfer-function parameters are related to the interior structure 
of the planet by
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Nutation amplitudes therefore depend on the mean equatorial 
moments of inertia of the fluid core (Af) and mantle (A − Af), the dynami-
cal polar flattenings of the whole planet (e = (C − A)/A, where A and C 
are the mean equatorial and polar moments of inertia of Mars, respec-
tively) and of the core (ef = (Cf − Af)/Af, where Cf is the polar moment of 
inertia of the core), the deformation of the core induced by the tidal 
forcing (γ) and the deformation of the core caused by its differential 

https://doi.org/10.1038/s41586-023-06150-0

Received: 28 November 2022

Accepted: 27 April 2023

Published online: xx xx xxxx

 Check for updates

1Royal Observatory of Belgium, Brussels, Belgium. 2UC Louvain, Louvain-la-Neuve, Belgium. 3Institute of Astronomy, KU Leuven, Leuven, Belgium. 4Jet Propulsion Laboratory, California Institute 
of Technology, Pasadena, USA. 5Centre National d’Études Spatiales, Toulouse, France. 6IMPMC, Sorbonne Université, MNHN, CNRS, Paris, France. 7Université de Paris, Institut de Physique du 
Globe de Paris, CNRS, Paris, France. 8Institut Supérieur de l’Aéronautique et de l’Espace SUPAERO, Toulouse, France. 9DLR Institute of Planetary Research, Berlin, Germany. 10Laboratoire 
Lagrange, Université Côte d’Azur, Observatoire de la Côte d’Azur, CNRS, Nice, France. ✉e-mail: sebastien.lemaistre@oma.be

https://doi.org/10.1038/s41586-023-06150-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-06150-0&domain=pdf
mailto:sebastien.lemaistre@oma.be


2  |  Nature  |  www.nature.com

Article

rotation with respect to the mantle (β). Ω is the mean rotation rate of 
the planet. Nutation analysis based on radiometric measurements  
is the only technique that can provide direct estimates of these proper-
ties of the Martian core. Nutations can also be affected by triaxiality, 
core–mantle boundary coupling and other rotational normal modes3. 
However, all these effects are small for Mars and are therefore excluded 
here (Supplementary Information section 9).

The Doppler measurements are analysed by using two different 
orbitography software packages, MONTE7 and GINS8,9 (Supplementary 
Information section 1), using, as a priori, recently published values for 
the rotation and polar motion parameters10 and for the rigid nutation 
parameters11 (Methods). Priors for the transfer-function parameters are 
taken in a large range of values (Supplementary Information section 2). 
To decorrelate the precession rate and the orientation of the spin axis 
at the epoch of reference, we also consider data from Viking 1 Lander, in 
addition to 30 months of more-accurate RISE tracking data (Methods).

Martian rotation and orientation estimates
The estimated rotation and orientation parameters converge after 
600 days of operations (Fig. 1), and even sooner for the precession 
rate, on the basis of combined Viking and RISE data (Supplementary 
Information section 4).

Separate analyses of Viking and RISE data led to incompatible esti-
mates of the rotation parameters. We therefore estimated separate 
sets of seasonal spin series for each mission, along with a quadratic 
term (φ̈) modelling a spin acceleration. Our estimate of φ̈ = 4.11 × 10−12  
± 9.1  × 10−13 degrees per day2 (Fig. 1a), the first secular (extremely slow) 
trend detected in the Martian rotation rate, translates into a decrease 
in Martian day length of 7.6 × 10−4 ms per year, which corresponds to a 
rotational acceleration of 4.0 ± 0.9 mas yr−2. This is three orders of 
magnitude larger than that resulting from 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 second- 
degree gravity zonal coefficient ̇J2 = −4.4  × 10−12 over one Martian year 
(an order of magnitude smaller than for Earth) would be consistent 
with the observed acceleration and could be related to postglacial 
rebound. It could also result from an extremely slow accumulation of 
ice at the polar caps (<4 cm per Earth year above the 80º N latitude of 
the permanent cap), leading to a decrease in 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 sensor12.

We detected the small motion (≤40 cm) of a lander in inertial space, 
owing to the effect on nutations of the Martian liquid core, and obtained 
estimates for the nutation parameters F = 0.0615 ± 0.007 and 
τFCN = 2π/ωFCN = −243 ± 3.3 days (Fig. 1c,d). Our estimated precession 
rate, ψ = −7,598.1 ± 2.2̇  mas yr−1 (Fig. 1b), corresponds to a normalized 
polar moment of inertia of 0.36419 ± 0.00011 (Supplementary Infor-
mation section 5). New constraints on the core of Mars can be derived 
from these values by using a set of models of the interior structure.

Constraints on the interior structure of Mars
We consider two temperature profiles (hot and cold), which are repre-
sentative end-members of a set of profiles inferred from InSight seismic 
data (Methods). For the mantle composition, we use the EH45 model13 
and the model from ref. 14 (here denoted YMD), which are based on 
analyses of Martian meteorites. They represent upper and lower limits 
for the iron oxide (FeO) content of published mantle compositions15, 
and this relates directly to the density of the mantle. Our models of the 
structure agree with the crustal structure inferred from seismic data 
(Supplementary Information section 8). Mantle anelasticity, which 
affects the complex compliances β and γ, is parameterized with a 
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Fig. 1 | Estimates of the main rotation parameters. a–d, Converging solutions 
of the quadratic rotation coefficient φ̈ (a), precession rate ̇ψ (b), core 
amplification factor F (c) and FCN period τFCN (d) as a function of time after 

InSight landing. Dashed lines are our preferred solutions (Extended Data 
Table 2). Blue shaded regions are formal uncertainties (1σ).
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frequency-dependent model for shear dissipation (Supplementary 
Information section 9). Given that τFCN (the free core nutation period) 
and F (the core amplification factor) have a relatively small depend-
ence on the composition and thermal state of the liquid core, they are 
calculated under the assumption that the core is a convecting, liquid 
alloy of iron and sulfur (Supplementary Information section 12).

Because the estimated core factor F differs from zero at more than 
8σ, the core beneath the solid mantle must be liquid. This independently 
confirms previous inferences from tidal measurements16 and seismic 
observations17. From F we determine that Af = (0.0286 ± 0.0033)mar a

2 
(Supplementary Information section 13). F (Fig. 2b) is nearly independ-
ent of the flattening, the mantle temperature and the composition of 
the core, and is therefore well suited to determine the radius, Rc, of the 
fluid core. We find that Rc = 1,835 ± 55 km, which is in good agreement 
with previous results based on geodesy data18,19 and reflected seismic 
waves from the core–mantle boundary17. The radius of the fluid metal-
lic core might be more than 200 km smaller, however, if the lowest part 
of the mantle is molten and rotates independently of the solid mantle 
above (Supplementary Information section 11).

Interpreting the FCN period in terms of interior structure requires 
us to identify plausible processes that can explain the flattening of  
the core (equation 3). The simplest model matching both core and 
surface flattening consists of assuming two mass-sheet anomalies, one 
associated with the surface topography and the other based deeper in 
the lithosphere20. The latter could result from relief along the crust–
mantle interface (the Moho) and from horizontal density variations 
arising from temperature variations. Additional effects on the core flat-
tening can be caused by density anomalies in the convecting mantle21,22 
and stable boundary layers (thermal or chemical) at the bottom of the 
mantle23. We construct models with two or three mass anomalies that 
act as static loads: at the surface, at the Moho or at the bottom of the 
lithosphere, and possibly also at the bottom of the mantle. The depth of 
the second load notably affects the shape of the core (Supplementary 
Information section 10).

Models that consider only a second load placed at the Moho require 
a core radius of less than 1,760 km, which is outside the range inferred 
from F at 1σ (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 τFCN and F, and therefore require a crust highly enriched in 

heat-producing elements compared with the mantle (Supplementary 
Information section 7). Temperature profiles directly inferred from 
seismic data17 show that the lithosphere can be up to 200 km thinner  
(Supplementary Information section 7), and many models based on these 
profiles are not compatible with RISE data unless there is a third load 
at the bottom of the mantle (analogous to the large low-shear-velocity 
provinces on Earth24) (Fig. 2a,c). Models with a thinner lithosphere can 
also be reconciled with τFCN if a fluid dense basal layer is present at the 
bottom of the mantle (Supplementary Information section 11).

The FCN period indicates a density jump of 1,690–2,110 kg m−3 at 
the core–mantle boundary (Fig. 3). The size of the core radius implies 
a mean density of 5,955–6,290 kg m−3 (Supplementary Fig. 8), which 
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is in the upper range of values proposed previously17 and requires a 
substantial amount of light elements alloyed with iron (Fig. 4). The most 
prominent candidate for a light element is sulfur, which is an abundant 
and highly siderophile element at core-forming conditions, with a con-
centration probably below around 20% by weight (wt%), according to 
cosmochemistry14,25. Sulfur alloying to iron during core differentiation 
comes with a few wt% of oxygen26, making liquid Fe–O–S the chemi-
cally simplest plausible composition. However, if the sulfur concentra-
tion in the core lies within the range predicted by cosmochemistry, a 
core of Fe–O–S 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 and car-
bon14,25,27,28, or a sulfur content equivalent to that of high-iron enstatite 
chondrites. Given the low solubility of carbon in liquid Fe–S (ref. 29), 
the composition of the core most compatible with RISE consists of 
2.5 ± 0.5 wt% oxygen, 15 ± 2 wt% sulfur and 1.5 ± 0.5 wt% carbon, assum-
ing 1 wt% hydrogen (Fig. 4). A lower amount of light elements is possible 
if Mars has a fully molten lower-mantle layer23.

The large amount of light elements, with a sulfur fraction close to the 
Fe–S eutectic, results in a liquidus temperature substantially below the 
expected core temperature (Supplementary Information section 12). 
An inner core is therefore highly unlikely. If an inner core were nev-
ertheless to exist, another rotational mode called the free inner core 
nutation could affect the 1/2-annual or 1/3-annual prograde nutation30. 
No such signature has been detected in the RISE data (Supplementary 
Information section 3). The absence of an inner core is also in agreement 
with the early cessation of an internally generated magnetic field31.
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Methods

Radio-tracking data
The RISE data we used cover the period from 27 November 2018 to 31 
May 2021, corresponding to 915 Earth days (890 Martian days). Data 
from Viking 1 Lander are also used, mostly to decorrelate the rates and 
angles at the J2000 epoch, whereas data from the Mars Pathfinder and 
Mars Exploration Rovers were not used because they are scattered and 
few in number compared with the RISE data (Extended Data Table 1).

We analysed 544 RISE tracking passes, corresponding to around 
25,000 Doppler observable data points averaged over 60 seconds, 
with around 16,150 data points for the east antenna and about 8,900 
data points for the west antenna. The nominal pass length of 60 min 
was reduced to 30 min after 600 days because less energy was available 
on the InSight lander. The number of passes each week also decreased 
from 5–7 to 1–3 for the same reason. The antennas are mounted on top 
of the main deck with fixed pointing directions of east and west. The 
Earth azimuthal range covered is 77°–130° for the east and 246°–299° 
for the west antenna. The elevation of Earth at the lander is between 
10° and 49°.

In addition to being affected by noise from the RISE instrumentation 
and the NASA Deep Space Network (DSN) station, the quality of RISE 
data also depends on the Sun–Earth–probe (SEP) angle, the line-of-sight 
geometry (especially the line-of-sight elevation above the antennas) 
and the diameter of the DSN antenna dish. The measurement accuracy, 
characterized by the standard deviation of the Doppler post-fit residu-
als, is four times better for RISE (around 1.1 mHz noise for data inte-
grated over 60 s) than for Viking (around 4.5 mHz over 60 s) (Extended 
Data Fig. 1a,b). The larger spread of the Viking residuals is mainly due 
to the medium contamination on the Viking S-band data.

Preprocessing of measurements
The refraction of RISE radio waves travelling through the troposphere 
and ionosphere of Earth and, to a lesser extent, the Martian tropo-
sphere imparts a phase delay on the signal. The contribution of the 
atmosphere of Earth is modelled using information provided by the 
DSN RadioMetric Data Conditioning Subsystem in the form of TRK-
2-23 files. These files include both seasonal and daily (second-order) 
calibrations, expressed as polynomials modelling the tropospheric and 
ionospheric delay of Earth at the zenith. The delay from the troposphere 
(Δρ) is modelled as:

ρ M d d d M w w w∆ = ( + + ) + ( + + ),dry o b p wet o b p

where do is the zenith dry offset, db is the zenith dry bias parameter 
and dp is a polynomial model of the zenith dry delay. Similarly, wo is 
the zenith wet offset, wb is the zenith wet bias parameter, and wp is a 
polynomial model of the zenith wet delay. Of these, do, dp, wo and wp 
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/). Mdry and Mwet are the dry and 
wet Niell mapping functions33, respectively, which were used to obtain 
the delay at specific elevations. The dry troposphere accounts for about 
90% of the total media delay. The associated uncertainties are much 
smaller than for the wet part because these short-term variations are 
difficult to calibrate using data from the Global Navigation Satellite 
System. This is why db is set to zero and wb is 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 Fig. 2a). Calibrations for the Martian troposphere delay, 
performed following a previously published method34, is indispensa-
ble 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 Fig. 2a). The main source of inaccuracy in the contribu-
tion of the Martian troposphere predicted by the model results from 

the mapping function used. We tested both the ‘flat’ and the ‘geometric’ 
mapping functions presented previously34, which led us to conclude 
that the mapping function actually has little influence on the estima-
tion of nutation parameters from RISE data.

Following a previous procedure35, the raw TRK-2-34 tracking data, 
sampled at 0.1 s by the DSN Block V Closed Loop Receiver, are com-
pressed to 60 s and then filtered on the basis of the SEP angle (or 
elongation) and the identification of outliers. Around 2,100 data 
points collected at SEP < 15º (blue squares in Extended Data Fig. 2b) 
are discarded because they are strongly affected by solar plasma 
noise. A wet troposphere bias parameter, wb, is estimated for each 
pass with an a priori uncertainty of 4 cm (Extended Data Fig. 2c). The 
1σ variation among each pass was approximately 5 cm. We removed 86 
passes larger than 1σ, reducing the number of data points used from 
around 25,000 to 20,500. We filtered out 2,700 additional measure-
ments with Doppler residuals larger than 3σ of the residuals (that is, 
3 × 1.1 mHz for RISE and 3 × 4.5 mHz for Viking 1 Lander), leading to 
around 17,000 points (or about 285 h) of RISE tracking used in our 
solutions and around 11,000 points (or about 185 h) of Viking tracking. 
Removing outliers on a per-pass basis instead leads to around 1,000 
extra points for RISE and about 500 extra for Viking. This approach 
yields consistent estimates of Martian rotation and orientation param-
eters compared with the nominal settings, as long as these points are 
adequately de-weighted on the basis of the noise of the pass. Removal 
and weighting of the data on a per-mission, rather than a per-pass, basis 
was preferred because of the more-conservative estimate uncertainties  
it provides.

Data analysis
The 60-s Doppler measurements were analysed using the Jet Propulsion 
Laboratory ( JPL) Mission analysis Operations and Navigation Toolkit 
Environment (MONTE) program7 and the Centre National d’Etudes 
Spatiales (CNES) Géodésie par Intégrations Numériques Simultanées 
(GINS) software8,9,36. Both software packages are designed for orbital 
determination and trajectory optimization and analysis using an itera-
tive least-squares procedure.

The trajectories of Earth and Mars are obtained from the DE431 plan-
etary ephemerides37 but preliminary computations performed with 
DE440 led to estimates of Martian rotation and orientation parameters 
compatible with our nominal solution at 1σ. Phobos and Deimos states 
are taken from the mar097 JPL ephemeris38. DSN antenna positions are 
taken from global VLBI solutions. A model of rigid and ocean loading 
is introduced, and Earth plate tectonics are modelled with constant 
drifts based on GNSS, VLBI, SLR and DORIS observations. The orienta-
tion parameters of Earth 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 defor-
mations of the surface of Mars are accounted for using the conven-
tional solid Earth tidal model39,40 (IERS conventions). This generates 
variations in the 3D position of the lander of only a few millimetres in 
amplitude (10–100 times smaller than displacement from the liquid 
core). Deformations resulting from Martian atmospheric loading have 
been excluded.

Rotation models for celestial bodies are implemented differently in 
the two software packages. GINS uses rotational elements with respect 
to the International Celestial Reference Frame (ICRF); that is, the right 
ascension, α, and the declination, δ, angles to position the pole of Mars 
with respect to the Earth equator of epoch ( J2000), and the rotation 
angle W to locate the prime meridian41 (Extended Data Fig. 3a). Five 
elementary rotations are needed to transform the lander position vec-
tor ricrf, expressed in the coordinates of the ICRF, into the coordinates 
of a Mars body-fixed reference frame, rbf:

r R X R Y R W R
π

δ R
π

α r= (− ) (− ) ( )
2

−
2

+ . (4)y p x p z x zbf icrf   
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

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MONTE uses Euler angles to describe the rotation of Mars, following 
a previous formulation42 (Extended Data Fig. 3a):
•	 I I I t t I= + ( − ) + ∆0 0

̇  is the inclination (obliquity) of the true equator  
of Mars with respect to the Martian mean orbital plane at epoch;

•	 the longitude ̇ψ ψ ψ t t ψ= + ( − ) + ∆0 0  locates node C between those 
two planes and is measured from node A.

•	The spin angle φ φ φ t t φ ψ I= + ( − ) + ∆ − ∆ cos0 0 0
̇  gives the position  

of the prime meridian of Mars and is measured along the true equa
tor of date starting from node C.
The Δ quantities are series of variations at harmonics of the orbital 

period of Mars (such series also exist for the α, δ and W angles). The 
transformation between ricrf and rbf is performed using seven elemen-
tary rotations:

r R X R Y R φ R I R ψ R J R N r= (− ) (− ) ( ) ( ) ( ) ( ) ( ) . (5)y p x p z x z x zbf icrf

The longitude N and inclination J orient the Martian mean orbit 
of epoch with respect to the ICRF. (Xp, Yp) are the components of 
polar motion taken10 in our a priori model. They are not estimated 
because of a lack of sensitivity of the low-latitude InSight mission to 
such small signals9. Adding future radio science data from higher lati-
tudes would help to disentangle these parameters from the rest of the  
parameter set43.

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 previous a priori models10,44 flatten the residuals (Extended 
Data Fig. 1c), revealing their limitation if we assume that the errors in 
the non-rotation parameters are much smaller than the errors in the 
rotation parameters, as we think is the case. Note that the last published 
estimate44 for the rotation rate (350.8919825º per day) is actually 
Ẇ  rather than φ ̇as claimed by the authors. The corresponding value 
for  φ ̇is 350.891985377º per day.

Full-arc 30-months dataset solution
Instead of determining the amplitudes of nutation (P′, R′ in equa-
tion (1)), we estimated the F and τFCN = 2π/ωFCN parameters of the nuta-
tion transfer function TF (equation (2) and Supplementary Information 
section 4). The estimates of τFCN, F and ̇ψ are not stable over time 
(Extended Data Fig. 4) with the classic rotation model42, so we extended 
the model and refer to it as the post-dust-storm model.

With respect to the classic model, the new one has extra quadratic 
terms in the parametrization of the longitude and obliquity angles, as 
predicted by the precession–nutation theory11. We also add terms at 
periods related to the motion of Phobos and Deimos for the obliquity 
and longitude angles. We keep the spin periodic series Δφ of the classic 
model, with terms from the annual to the quarter-annual periods42,44:

∑φ φ jM φ jM∆ = ( cos( )+ sin( )), (6)
j

cj sj
=1

4

where M is the mean anomaly and the sine amplitudes are corrected for 
relativistic effects45. An extra set of annual amplitudes (φ φ′ , ′c1 s1) is used 
to fit the slope observed in the early part of the mission (Extended Data 
Fig. 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 
pressures recorded by InSight were noticeably lower than those of Viking 
at similar solar longitudes46 in the first 100–200 days of data, providing 
evidence of a global dust storm that perturbed the carbon dioxide cycle 
and resulted in a large deposition of ice at the northern polar cap, which 
lasted longer than usual after the storm47. This accumulation of CO2 ice 
at the polar caps temporarily caused the planet’s rotation to speed up. 
Our estimates for those annual amplitudes represent a monotonically 
decreasing contribution to the spin angle over the first roughly 150 days 
of the RISE mission, which might actually characterize the temporary 
post-dust-storm deceleration in the rotation of Mars.

Because separate analyses of Viking and RISE data lead to incompat-
ible estimates of both the rotation rate and the amplitudes of the peri-
odic variations, we estimate in the global inversion separate sets of 
seasonal spin series for each era, along with a quadratic term (φ̈) mod-
elling a spin acceleration. The estimated amplitudes for each era are 
different from previously published solutions10,44,48 and also from the 
current standard model41 of the International Astronomical Union, 
which is driven by data from Viking. The reason for the difference 
between the spin-angle variations for the two eras is still under inves-
tigation but is probably related to the poor quality of the Viking data.

The final adopted rotation model is given by

ψ t ψ ψ t t ψ t t ψ

I t I I t t I t t I

φ t φ φ t t φ t t φ

ψ I ∆φ

( ) = + ( − ) + (̈ − ) + ∆ ,

( ) = + ( − ) + (̈ − ) + ∆ ,

( ) = + ( − ) + ¨( − ) + ∆

−∆ cos + ,

(7)

0 0 0
2

0 0 0
2

0 0 0
2

0 dust

̇

̇

̇

where Δψ and ΔI are the nutation series and Δφ is the spin series defined 
in equation (6) with amplitudes estimated separately for the Viking 
and RISE eras. ∆φ δφ M δφ M= cos( ) + sin( )c sdust 1 1  for the first 150 days  
of RISE data and 0 elsewhere, with δφ φ φ= ′ −c c c1 1 1 and δφ φ φ= ′ −s s s1 1 1 
being the ‘dust parameters’. With the post-dust-storm rotation model 
(equation (7)), 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 
packages are in good agreement with each other as well (see full-arc 
solutions in Supplementary Table 1). F is more sensitive to the radius 
of the core than is τFCN, which is mostly affected by its shape. The recent 
seismic data provided by InSight’s SEIS experiment constrained the 
core radius to 1,830 ± 40 km (ref. 17). This corresponds to a core factor 
ranging between 0.055 and 0.065 (Fig. 2b), which is in good agreement 
with the RISE solution of F = 0.0615 ± 0.007.

To ensure that the noisy data from Viking do not pollute our esti-
mates, we also calculated a nutation solution using only RISE data. 
Because it is impossible to decorrelate rates and angles at epoch using 
only RISE data, we made different runs, fixing the t0 angles to different 
values (our estimate here or previous values10) and/or fixing the quad-
ratic term to zero (φ̈ = 0) or to our nominal estimate. The estimates of 
the nutation parameter remain consistent with our nominal solution 
(within our 1σ envelope), showing that Viking data have a negligible 
contribution to our nutation solution.

Our estimated precession rate ψ = −7,598.1 ± 2.2̇  mas yr−1 (Fig. 1b)  
is less than 3σ smaller than previous estimates obtained from lander 
data44 and about 4σ smaller than the last solution from the orbiting 
spacecraft10. The difference with the previous lander solution44 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 the J2000 
epoch, ψ0 and I0, which are highly correlated with precession ( ̇ψ) and 
obliquity ( ̇I) rates (see a priori constraints in Supplementary Table 1 
and correlation matrix in Extended Data Fig. 3b).

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

We assume a spherically symmetric, three-layer model of the interior 
structure made of a crust overlying a solid mantle and a liquid core. For 
each considered crustal structure, mantle composition and tempera-
ture, and core temperature profile, we compute a whole-planet model 
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as described previously18. The free parameters are the core radius and 
the correlated values of the crustal thickness and density (Supplemen-
tary Information 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 moment of inertia are retained. Because 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 YMD model14 and the EH45 model13. The FeO content of the YMD 
model14 is low in comparison to that of the EH45 model and to other 
published models49. We calculate the equilibrium mineralogy and phase 
proportions in the mantle, as well as its density and elastic properties, 
using the Gibbs energy-minimization software Perple_X (ref. 50) based 
on a previously published thermodynamic formulation and database51 
and considering two end-member temperature profiles (Thot and Tcold) 
deduced from 3D thermal-evolution studies of Mars (Supplementary 
Information 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 ther-
mal conductivity of the core material. The core temperature profile is 
likely to be subadiabatic, between that of an isotherm and the adiabat, in 
agreement with the absence of a present-day core dynamo52. 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  
density17,18,53, with a sulfur fraction close to the Fe–S eutectic, implying 
a core liquidus temperature much lower than any plausible estimate of 
the present-day temperature of the Martian core. As such, the presence 
of an inner core is highly unlikely, although the presence of remelting 
iron-rich snow in the core cannot be excluded (but has been excluded in 
our models). Formation conditions and geochemical models indicate 
that sulfur is the main light element in the core, together with smaller 
amounts of oxygen, carbon and hydrogen14,25,27,28. We model the core 
as an Fe–O–S–C–H alloy (Supplementary Information section 6). The 
abundances of the different light elements are not independent of 
each other. The correlation between the amount of sulfur and oxygen 
is described by a multistage core-formation model26. The correlation 
with the other light elements is not well known and has been excluded 
here. The amount of carbon is set to its saturation limit54 for the con-
ditions at the core–mantle boundary. The solubility of hydrogen in 
liquid iron at the conditions of the formation of the Martian core is 
controversial. It is difficult to constrain the abundance of hydrogen in 
the Martian core, with published results27,55–58 ranging between 60 ppm 
and 1.8 wt%. Instead, we consider the hydrogen content of the core to be 
a free parameter and determine its amount such that the core density 
agrees with the findings in our study and also with cosmochemical 
constraints about the permissible amounts of sulfur in the core.

The equations of state for the liquid core used here (Supplemen-
tary Information section 6) are considerably improved with respect 
to those used previously17. The Fe–S system equation of state is based 
on a much larger set of experimental results, and the inclusion of the 
non-ideal mixing behaviour of the Fe–FeS and Fe–FeO binaries is taken 
into account. Neglecting non-ideality in Fe–FeS can result in underes-
timating the fraction of sulfur in the core by almost 4 wt%, and overes-
timating the amount of oxygen in Fe–FeO by almost 1 wt%.

The non-elastic behaviour of the mantle and crust is described  
by a frequency-dependent but depth-independent model of shear 
dissipation59. The parameters of the complex shear modulus are  
chosen such that the semidiurnal tidal Love number, k2, the period  
of the Chandler wobble and the secular acceleration of Phobos agree 
with observations (see supplementary table 6 of ref. 10).

The compliances required for the calculation of F and the FCN period 
(see equations (1)–(3) and Supplementary Information section 9) are 
calculated from spherical models following a previously published 
method3.

Data availability
The RISE data that support the findings of this study are available on the 
Planetary Data system: https://pds-geosciences.wustl.edu/missions/
insight/rise.htm. Doppler data for Viking are in the REDUCED directo-
ries: 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 Fig. 3b. Source data are provided with this paper.

Code availability
Distribution of the MONTE navigation code is restricted by the Export 
Administration Regulations of the US Department of Commerce. Eligi-
ble readers may request a copy of MONTE, under a licence that does not 
permit redistribution, at https://montepy.jpl.nasa.gov/. GINS software 
is the property of CNES. It can be used for research only; any other com-
mercial or non-commercial uses are strictly prohibited. CNES grants 
to the GINS Licensee (natural person) a free non-exclusive licence.
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Extended Data Fig. 1 | RISE Doppler residuals and signature of the liquid 
core. Post-fit Doppler residuals and their histogram distributions for RISE  
(a) and Viking 1 lander (b) as a function of the mission time after landing and  
of the DSN facilities location. (c) Pre-fit Doppler residuals of RISE data as a 
function of time computed with the latest rotation models of Konopliv et al. 
(2020)10 (in blue) and Kahan et al. (2021)44 (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 060.



Extended Data Fig. 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 large 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). (c) Estimated wet troposphere bias parameter per pass, classified by 
DSN station identifier. Shaded area is the a priori uncertainty.
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Extended Data Fig. 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 Fig. 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 σ1  uncertainty bounds.
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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 Supplementary Table S1

Uncertainties are = + + −σ σ σ p p(( ( ) )/2)M G M G
2 2 2 , where p σMM ±  and ±p σG G are MONTE and GINS solutions (central value plus or minus formal errors), respectively.
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