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A deep dive into the interior 
structure of Mars



InSight mission to Mars (2018-2022)

• first geophysical mission dedicated to the study of the interior structure, evolution, and formation of Mars


• 3 main instruments: seismometer SEIS, heat-flow measurement probe HP3, radio-science experiment RISE


• mission objectives related to deep structure: 
crust structure, mantle seismic velocity profiles, core state and radius, surface heat flow



Geodesy observations: tracking orbiters and 
landers from Earth with DSN antennas 

• orbiter tracking over more than 25 years (Mars Global Surveyor: 1996-2006, Mars Odyssey: 
2001, Mars Express: 2003, Mars Reconnaissance Orbiter: 2006,..)


• lander tracking (Viking 1+2: 1976-1982, Mars Pathfinder: 1997, InSight: 2018-2022*)


• static gravity field up to degree 120 (Moon: 1200, Earth 5399)


• time variable gravity field: Love number k2 at period 12 h


• rotation: precession, spin rate, Chandler Wobble, nutation


• rotation normal modes: Chandler Wobble (CW), Free Core Nutation (FCN)



k2, precession, nutation, wobble, and all that

• periodic tidal forcing by the Sun and other planets causes 
Mars’ shape to change periodically, the yielding is 
characterised by Love numbers (~measure of planet 
rigidity)


• the gravitational torque exerted on the flattened rotating 
Mars causes a precession of the rotation axis in space 
(~171 00 years)


• periodic torque variations due to the relative positions 
between the Sun and other planets and Mars lead to 
periodic motions of the rotation axis, the nutations 
(±1,±1/2,±1/3,±1/4.. year) 
⇒ lander position changes by ~10 m on the surface


• the motion of the flattened Mars’ rotational axis relative to 
its crust is called polar motion (includes nutation), a 
component of that rotation is caused by the Chandler 
Wobble rotation normal mode (amplitude 10 cm, Earth 9 m)



Uplink in [7.145 ; 7.190] GHz

Downlink in [8.400 ; 8.450] GHz
DSN

RISE

Example geodesy observations: RISE

Deep Space Network tracking 
stations (USA, Australia, Spain)

Coherent transponder 

and 2 horn-antennas 


fixed on the Mars 
surface

Doppler shift accuracy:

~1.5mHz (0.027 mm/s on relative 

velocity)



Location of events used to infer deep interior structure
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Figure 3. (a) Best-fitting global map of Martian crustal thickness and event locations. For each event, red, blue and green dots are the inferred locations from

the 1D, Family A (3D) and Family B (3D) models, respectively (see Table S7.1). For better readability, white and black lines connect the same event. Known im-

pact locations detected from satellite images (Posiolova et al., 2022) are indicated by black stars. Close-up views in the Cerberus Fossae region are shown in (b) and

(c) and present respectively the 1D-3D (Family A) and 1D-3D (Family B) solutions. The background maps represent the crustal thickness (best model of Family A

from this study) an overlying shaded-relief map based on laser altimetry (Smith et al., 2001). Red and black lines are global compilation of normal and reverse

faults, respectively (Knapmeyer et al., 2006). The thick red lines highlight the Cerberus Fossae graben system (Perrin et al., 2022).

–17–

• more than 1300 events recorded


• almost all on northern hemisphere


• only 2 far side events 
sol 1000a (impact), sol 0976a


• most events occur in Cerberus 
Fossae or close to InSight 
(tectonic active, e.g. Stähler 2022, 
Broquet 2022)


• largest quake S1222a (M4.2)


• identified phases in the 31 events 
used to infer interior structure: 
P, PP, PPP, S, SS, SSS (115) 
ScS (10), SKS (2), Pdiffx (>1?) 
 

InSight



Important modelling assumption (not exhaustive)
• geodesy data and small number of quakes as well as uneven sampling requires strong prior assumptions 
→ Mars is layered and spherical isotropic (crust, mantle, (fluid lower mantle), fluid core)


• use mass, moment of inertia, and tidal Love number k2 as data → need model of whole planet: density and seismic velocities


• consistent link between density and seismic velocities though assumed chemical mantle composition 
(from literature and based on formation, Martian meteorites, in situ samples, e.g. Wänke 1994, Taylor 2013, Yoshizaki 2020, Lodders & Fegley 1997; Sanloup 1999) 
 
→ mantle rich in FeO (~14-18wt%)  ⇒ affects depth of major phase transition, density, and elastic properties 
→ mantle is chemical homogeneous and in thermodynamical equilibrium → use Gibbs energy minimisation to obtain elastic properties  
(Perple_X: Connolly 2005,  Stixrude & Lithgow-Bertelloni 2011) 
 

                                                                                       


• temperature profile: shape parameterised, 1d thermal evolution calculation, end-members for 3d thermal evolution studies


• core is fluid and isentropic → use isentropic equation of state to model elastic properties (3 parameters) → does not require 
assumption about core composition 
 
→ remaining degrees of freedom: mantle temperature profile, core radius, core eos parameters, crust velocity structure, event locations
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• from S waves reflected at the solid-fluid interface 
(ScS), S waves transformed to P waves traversing the 
core (SKS)


• + core mass, MOI, k2, and (P, S, PP, SS, PPP, SSS) 
phases


• direct inversion without interior model and geodesy 
data: 1817± 87 km (e.g. Drilleau 2022)

Seismic detection and sampling of the martian core
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A
dditionally, the detection of distant sm

all m
agnitude events by 

InSight suggests that seism
ic attenuation is w

eak, w
ith effective shear 

quality factors in excess of 1,000 (ref. 9). This contrasts w
ith the attenu-

ation m
easured at larger periods such as during Phobos’s m

ain tides 
(5 h 55 m

in), w
ith a corresponding global quality factor Q

2  ≅
 95 ± 10

 
(refs. 34,35) indicative of a relatively attenuating m

antle for tides. This 
behaviour m

ay be explained by a stratified m
antle, akin to a soft, deep 

m
antle layer, as proposed for the M

oon
36.

The validity of the com
m

on assum
ption of a hom

ogeneous M
artian 

m
antle is brought into question by seism

ic, geodetic, cosm
ochem

ical 
and experim

ental observations. In fact, the solidification of M
ars’s early 

m
agm

a ocean could produce a heterogeneous m
antle, leading to a 

deep-rooted silicate layer strongly enriched in iron and heat-producing 
elem

ents (H
PEs) just above the core

37–41, w
hich is also suggested by 

isotopic anom
alies m

easured in M
artian m

eteorites
42–44. Such a basal 

m
antle layer (hereafter BM

L) can strongly affect M
ars’s therm

ochem
ical 
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Fig. 1 | Inversion results. T
herm

ochem
ical evolution and present-day structure 

of M
ars. O

ne m
odel am

ong the best 50
 is displayed for each inversion set.  
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Effect of full planet model  
and geodesy data

INVERSION 1D sur k2 + MoI

2

INVERSION 1D sur k2 + MoI + sismo

6

Geophysical Research Letters

DURÁN ET AL.

10.1029/2022GL100887

6 of 9

Figure 3. (a) Inverted seismic P- and S-wave velocity profiles based on the seismic (light blue and red lines) and geophysical 
(dark blue and red lines) parameterization. For comparison, light gray (seismic parameterization) and yellow (geophysical 
parameterization) lines show the results of Durán et al. (2022). (b) Computed differential travel time misfits for S1000a. The 
body-wave phase picks are aligned by their observed TSS − TPP time. Markers and error bars represent observed differential 
travel times and their uncertainty, respectively. Colored bands represent predictions of differential travel times based on the 
inverted seismic (SEIS) and geophysical (GEO) models. (c) Body-wave ray path geometry for all low-frequency events and 
phases considered in the inversion, computed using the seismic models. Events are indicated by stars. All P- and S-wave-
related paths are shown in red and blue, respectively. (d) Martian seismicity location map based on the Mars Orbiter Laser 
Altimeter surface relief map (Smith et al., 2001). The ellipses describe the estimated locations, including uncertainty of major 
low-frequency marsquakes. The imaged impact location for S1000a is indicated by a cyan diamond, whereas the pink and 
white ellipses show the locations determined in this study and by the MarsQuake Service (InSight Marsquake Service, 2022), 
respectively. The back-azimuth determined here is obtained from the azimuthal density plot (Figure S6C in Supporting 
Information S1) by considering the mean and spread in azimuth over a 100-s time window around the PP-wave arrival. The 
inset shows a zoom-in of the low-frequency family events that are clustered in the Cerberus Fossae region and represent the 
“best” locations. A single event (S0167b) is indicated by a white ellipse NW of InSight.

 19448007, 2022, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L100887 by EV
ID

EN
CE A

ID
 - BELG

IU
M

, W
iley O

nline Library on [08/11/2022]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License

Direct inversion for 
velocity profiles

MOI+k2

Seismic+

MOI+k2

Journal of Geophysical Research: Planets

DRILLEAU ET AL.

10.1029/2021JE007067

54 of 61

Appendix E: Estimation of the Core Radius
The output marginal distributions of the core radius (Rc) are displayed in Figure E1. The retrieved values are in 
good agreement with the previous study of Stähler et al. (2021), with Rc = 1,817 ± 87 and 1,820 ± 55 km for the 
classical and geodynamically constrained inversions, respectively (Figure E1a). When constraints on the crustal 
thickness are considered, the core radius is similar for the classical models with Rc = 1,798 ± 76 km (Figure E1b). 
However, the mean core radius is smaller for the geodynamically constrained models, with Rc = 1,773 ± 41 km.

Figure E1. Output marginal distributions of the core radius (Rc) using (a) no constraint and (b) constraints on the crustal 
thickness. The results of the classical and geodynamically constrained inversions are shown in green and pink, respectively.

Seismic
Direct InversionFull Planet model

(Durán 2023)(Drilleau 2022, 2024)

+mass



• from S waves reflected at the solid-fluid interface (ScS, 10 
events), S waves transformed to P waves traversing the 
core (SKS, 2 events)


• direct inversion using only seismic phases: 1817± 87 km 
(e.g. Drilleau 2022)


• + core mass, MOI, k2, and (P, S, PP, SS, PPP, SSS) phases 
+ no prior assumption about core composition


• core: radius 1839±25 km, density 5.97±0.11 g/cm3 
(e.g.: Stähler 2021, Durán et al. 2022, Irving 2023, Drilleau 2024) 
 
→ before InSight: 1794±65 km, 6.1±0.2 g/cm3  
(e.g.: Rivoldini 2011)


• core velocity 4.9-5.0 km/h (Irving 2023) (l-Fe~4.9-5.6 km/h)


• no wave reflection detected in the core 
→ core is liquid down to r=800 km (Irving 2023)

Seismic detection and sampling of the martian core
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• candidate light elements that are siderophile or dissolve into Fe at formation: S, O, C, H (e.g. Steenstra 2018)


• Cosmo-chemical constraints: S~10-17wt% (e.g. Steenstra 2018)


• O (≲3.5wt%) fraction correlated to mantle FeO and core S (Gendre 2022)  
 

                                                          


• maximal amount of C (≲1.5wt%) limited by its solubility in Fe-S (Dasgupta 2016)


• H (<1wt%)  depends on initial amount of H2O and solubility in Fe (Shibazaki 2009, Tagawa 2022)
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Interlude: Core composition



Effect of light element on core density and velocity

•based on equations of state deduced from experimental data at conditions relavant for the 
Martian core: Fe: Dorogokupets 2017, Fe-S: Nishida 2016, Shimoyama 2016, Kawaguchi 2017, Morard 
2018, Terasaki 2020, Xu 2021, Nishida 2020, FeO: Morard 2022, Fe-C: Terasaki 2010, Shimoyama  2016, 
Morard 2017, FeH: Tagawa 2022


• liquid Fe-O-S-C-H equations of state neglects non-ideal mixing behaviour between Fe-O (non-
ideal), Fe-S (non ideal), Fe-C, and Fe-H
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What about the composition of the core?

Fig. 3. Core velocity and density at the CMB compared with equation of
state predictions. Results from the geodynamical inversions with and without
SKS data are shown, with the lightly and strongly shaded areas indicating 90%
and 50% of the models, respectively. The lines correspond to predictions for
liquid Fe–S, Fe–O–S, Fe–O–S–C, and Fe–O–S–C–H alloys. Moving along each
line corresponds to variations in the amount of sulfur present (wt% S is
indicated by the numbers along the line). Lines are dashed where the alloys
contain more than 18 wt% sulfur. When present, carbon is at saturation level
and hydrogen is fixed at 1 wt%.

of Martian meteorites e.g., refs. 22, 23, 34, 70 and 71 and core
differentiation models e.g., refs. 30, 74 and 75.

While Fe–S and Fe–O–S alloys could provide a match to
the SKS-informed core models, they do so at unreasonably high
sulfur fractions (e.g., estimates of reasonable S fractions from
30, 74, are 17 to 19%). Inclusion of C, even at the solubility
limit, only marginally reduces the sulfur fraction required.
However, adding hydrogen to a Fe–S–O–C alloy increases the
core velocity substantially, while requiring much less sulfur to
account for the density. The effect of varying CMB temperature
and pressure is to broaden these lines, increasing both the
range of possible velocities for a given density by ⇠100 m/s
(SI Appendix, Fig. S23) and the width of implied posterior
elemental abundance distributions. Finally, we note that a
Fe–Si alloy would produce seismically impermissible velocities
>6, 000 m/s (77), independently reinforcing the conclusion,
drawn from assessments of the oxidizing conditions of Mars’
formation, that only a negligible amount of Si is present in Mars’
core e.g., ref. 30.

We now turn to the results of our compositional inversions;
full details of the methods used are provided in SI Appendix,
sections S4.4–S4.5. We find that the assumptions made when
seeking to match the density and velocity of our core models
with compositional models are as important as the seismic
inversion choices and, in some cases, can restrict the space of
allowed core velocity–density space even more tightly than the
SKS observations. When we use EH45 to model the Martian
mantle and assume that O, S, C, and H are the light elements
in the core, we infer core compositions that contain a median
of 16.5 wt% S for the geodynamical models and 15.4 wt% S
for the geophysical models, with IQRs of 15.1 to 18.4 wt% and
14.6 to 16.3 wt%, respectively. The corresponding median core
fractions of other light elements are 2.9 to 3.2 wt%O (IQRs span

2.7 to 3.7 wt% for the two families of models), medians of 1.2
to 1.4 wt% C (IQRs span 1.0 to 1.5 wt%) and 0.5 to 0.6 wt%
H (IQRs span 0.2 to 0.7 wt%). The S and H contents of the
core are, as expected, anticorrelated (SI Appendix, Fig. S24)—a
core with appropriate density can be achieved with either very
little H and a larger amount of S, or a larger fraction of H and
a lower amount of S. The choice to model the core as saturated
in C has an impact of ⇠1 wt% on the quantities of all the
other light elements interpreted to be present in the core. The
choice of the equation of state for liquid FeH is also critical
for these compositional inferences. Thus, we do not stress precise
compositional inferences but rather argue that the core-traversing
waves presented here are indicative of a core with a high fraction
of light elements.

Estimates of the total light element abundance of the Martian
core are largely controlled by constraints on core mass, while
constraints on core P-wave velocities help to discriminate between
different light-element scenarios. Using EH45 to inform the
mantle, our compositional inversions find that the Martian core
contains a median of 20.3 to 21.4 wt% total light elements (IQRs
span 19.5 to 23.4 wt%) for the geophysical and geodynamical
models. This is higher by about ⇠1 wt% than the total light
element composition one would obtain without SKS travel
time data. When considering alternative mantle compositions to
EH45 (LF, TAY, or YMD) and resulting mineralogies, median
total light element abundances are only affected by<1 wt%, with
the LF composition suggesting the smallest (median of 19.8 wt%)
and the YMD composition implying the largest (median of
21.6 wt%) total light element abundances.

Seismology has long been used to make inferences about the
size and composition of Earth’s ⇠7,000-km diameter core and
permitted the discovery of the much smaller lunar core (Fig. 4).
Estimates for the light elements present in the lunar core vary but
suggest a negligible fraction of silicon and oxygen and relatively
high fractions of sulfur and carbon (29, 80–82). Uncertainties in
understanding the lunar core’s composition are substantial in part
because core-transiting phases reported by ref. 78 were observed
using challenging Apollo-era data. New observations made by
the Farside Seismic Suite (83) will shed further light on the lunar
core. On Earth, seismic velocities and density have been used to
better our understanding of the light elements present in the core.
Earth’s liquid outer core is suggested to have only about half the
fraction of light elements advocated for Mars’s core, as it is likely
to contain less than 2 wt% S, along with no more than 4 wt% Si,
less than 6 wt%O and up to 0.25 wt%H e.g., ref. 84. We stress,
however, that the limit of 2 wt% S in the Earth’s core is driven
by geochemical arguments and volatility trends e.g., refs. 85 and
86, while on the sole basis of thermo-elastic properties, Earth’s
outer core could contain up to 10 wt%S (87, 88), or as much as
14.4 wt%S if it is assumed to be the only light element present
(84). Consideration of the condensation chemistry of elements in
the solar nebula and feeding zones for planetary formation and
accretion leads to the expectation that planets formed further
from the Sun will contain a larger amount of volatile elements
(89, 90). A precise determination of the light element budget of
Mars’ core, based on combined geophysical observations, mineral
physics, petrological, and cosmochemical constraints will be vital
in comparing the processes at play during the formation of the
Earth and Mars. Such a comparison could reveal the extent to
which differences between Earth and Mars are a consequence of
the material which accreted to form the two planets and which
are due to the physical conditions (e.g., pressure, temperature,
and oxygen fugacity) present during planetary differentiation e.g.,
refs. 37 and 29.
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• using SKS data significantly reduces the range of 
possible velocities in the core


• Fe alloys with combinations of O,S,C, H agree with 
inferred density and acoustic velocity 


• without H, the S > cosmo-chemical range 


• a large domain in the inferred  space is 
inconsistent with the elastic properties of a liquid Fe-
O-S-C-H alloy

(ρ × vp)



Optimal core composition

• the core contains ~21wt% of light elements (Earth ≲10wt%)


• no unique solution for composition: many combinations of Fe, O-S, C, and H can explain the  seismic observation 


• but only if a small fraction of H is present does the fraction of S agrees with cosmochemical constraints   (S≲17wt%)


• mean composition: Fe-3.5wt%O-16.5wt%S-0.7wt%C-0.5wt%H 
(Fe-27wt%S, Fe-4.5wt%O-21wt%S, Fe-4wt%O-20wt%S-1wt%C)

16 18 20 22 24
Light elements [wt%]

14 16 18 20
Sulfur [wt%]

2.0 2.5 3.0 3.5 4.0
Oxygen [wt%]

0.0 0.5 1.0 1.5
Carbon [wt%]

0.0 0.2 0.4 0.6 0.8 1.0
Hydrogen [wt%]



Core liquidus and inner core

• at 40 GPa (below eutectic) 1wt% (O, S, C, H) decrease Feliq ~(140, 60, 190, 600) K 
→ liquidus  Fe-3.5wt%O-16.5wt%S-0.7wt%C-0.5wt%H < 1500K


• inner core nucleation is highly unlikely: Tcmb~1700K-1900K 
(core cools by <200 K over 4.5 Ga. e.g. Greenwood 2021)
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• Period  from radio tracking orbiters 
over 20 years (Konopliv 2021) (hard boiled Mars  d)


•  depends on the well known moments of inertia 
(A,B,C) and informs about the state of the core, its 
moment of inertia  , and planet rigidity  
 

         


•  and  increase with core radius but  almost not


• but non-elastic effects are important (~3d)


• Mars significantly more damped at CW period than Earth 
(~28-299 years, e.g. Gross 2015)

τCW = 209 ± 0.5 d
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Nutation and interior structure  
(e.g. Dehant 2015)

• the relative rotation between core and mantle is characterised by FCN rotational normal mode


• forcing close to the FCN period can resonantly amplify nutations


• nutation can be characterised by the amplification strength  and FCN period


• both depend on the interior structure (moments of inertia ,  , dynamic shape ,  , 
compliances , , coupling constant ) 
 

  and 


• > 600d of RISE data allow to obtain a robust estimate of  and  (Le Maistre 2023)  
 

 and  (Earth -430 days)

F

A Af e ef
γ β Kcmb

F =
Af

A − Af (1 −
γ
e ) 2π/τFCN = − Ω

A
A − Af

(ef − β + Kcmb)
F τFCN

F = 0.061 ± 0.0064 τFCN = − 242.25 ± 2.7 days



• geometric and dynamic shape of Mars can be explained by its rotation and from external (surface topography) and 
internal mass anomalies (e.g. Zharkov 2009, Wieczorek 2019)


• loads are frozen in the rigid lithosphere (relief, horizontal temperature variations) or density anomalies induced by 
mantle convection


• internal loads can be specified to match geometric and dynamic shape of Mars, they also affect the shape of the core


• effect on core shape: rotation ~-5000 m, internal loading static ~-250 m (depth ~550km), dynamic ~-100m

Core shape (Le Maistre 2023)
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•  (~core moment of inertia ~core radius) weakly dependent on mantle composition, temperature, and core shape 


• but not the FCN period: crust density and thicknesses affect surface loading as well as mantle composition and temperature 
affect core shape


• inferred core radius range of 1825±55 km is in excellent agreement with tides and seismic observations (e.g. Stähler et al. 2021, Duràn et al 
2022)

F

Nutation: interior structure (Le Maistre 2023)

RISE



Irving 2023

Drilleau 2024 (1d)
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• seismic models agree with RISE observations if their lithosphere is thick (≿500 km)


• expected further refinement on core radius estimate and mantle thermal structure 
determination if RISE data are inverted together with seismic data (ongoing)

Predicted Nutation: Seismic models
RISE



Inner core signature
• assume Fe-S-1wt%H core composition, H partitions equally 

between solid and liquid Fe, neglect effect of H on liquidus!!


• mass conservation requires that the core radius decreases 
with inner core radius


• the inner core gives rise to the FICN rotation normal mode 
(e.g. Dehant 2015)


• direct effect: forcing close to the FICN period can resonantly 
amplify nutations


• indirect effect: FCN can be significantly smaller than 
expected if no inner core is assumed for data interpretation 
(affects also nutation amplitudes)


• inner core signature was not detected in RISE data and FCN 
period is consistent with InSight core radius (no inner core or 
FICN period away from forcing periods)
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Take home message
• coherent picture of interior structure of Mars emerges from joint interpretation of seismic and 

geodesy data


• inferred present-day mantle thermal state is in good agreement with end-member scenarios of 3d 
thermal evolution studies (e.g. Plesa 2022, Murphy 2024)


• mantle composition models from the literature are mostly compatible with the new data and initial 
hypothesis of chemical homogeneous mantle in thermodynamical equilibrium seems well 
founded


• the core is most likely fully liquid, the radius is ~1839±25 km, and it contains about ~21wt% of 
light elements (mean composition: Fe-3.5wt%O-16.5wt%S-0.7wt%C-0.5wt%H)


• the required amount of H in the core is too large to agree with initial water content estimation and 
most recent metal-silicate H partitioning studies (e.g. Tagawa 2022) 
→ results about core composition will likely evolve with new experimental data



Did we get the interior structure of Mars all wrong?

Motivation for new paradigm 

• predicted arrival time of core diffracted P wave too early compared to observation 
→ lower mantle contains  P-wave low velocity zone → basal layer is fluid


• layer is molten silicate layer:


• K: based on eos of Huang 2023 → impossible to find an iron alloy that matches 
vp below the CMB and lower core (Irving 2023 shows that it is possible) 
→ upper fluid part cannot be a metallic alloy


• S: layer result from mantle overturn

1. Evidence for a liquid silicate layer atop the Martian core (K: Khan 2023) 


2. Geophysical evidence for an enriched molten silicate layer above Mars’s core (S: Samuel 2023)

 Samuel 2023
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Dynamic orgin of basal magma layer (BML) (Samuel 2021)

• cooling of the initial magma ocean resulted in gravitational unstable situation that led to an 
overturn 
→ most upper part is enriched in Fe and Heat Producing radioactive Elements


• resulting in a dense (Fe rich) molten (rich in HPE) layer at the base of the mantle that is stably 
stratified and remains liquid until today


• the hot BML heats up the core and preclude core cooling → no thermochemical dynamoJournal of Geophysical Research: Planets

where E* and V* are the effective activation energy and activation volume, R is the gas constant, and Tref 
and Pref are the reference temperature and pressure at which viscosity equals the reference viscosity, η0 (in 
the absence of melt). The effective activation volume and energy can either directly account for viscous 
deformation in the diffusion creep regime, or mimic deformation in the dislocation creep regime (Kiefer 
& Li, 2016; Plesa et al., 2015; Samuel et al., 2019; Schulz et al., 2020; Thiriet, Michaut, et al., 2018). In the 
first case, E* and V* correspond to the intrinsic values. In the latter case (dislocation creep), E* and V* 
correspond to the intrinsic values divided by the stress power-law index, whose value is close to 3.5 (Chris-
tensen, 1983). The strong sensitivity of viscosity to temperature and the relatively small size of Mars imply 
that its mantle convects in the stagnant-lid regime. The above expression accounts for a dependence on melt 
fraction ϕ, and for a minimum threshold of 10−2 Pa s based on experimental constraints on the viscosity of 
peridotitic liquids (Liebske et al., 2005). The sensitivity of viscosity to melt fraction is expressed by β*, the 
value of which is set to 30 (Hirth & Kohlstedt, 2003). The melt fraction is estimated as

 (9)

where we used the parameterization of solidus (Tsol) and liquidus (Tliq) curves appropriate for a Martian 
mantle (Duncan et al., 2018; Ruedas & Breuer, 2017). Additional influences of shallow melt extraction and 
the influence of iron enrichment on the solidus and liquidus curves were taken into account and will be 
discussed later.
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Figure 4. Same as Figure 3, but with the presence of a 500-km thick denser and enriched layer at the bottom of the mantle. The denser basal layer is stably 
stratified and therefore purely conductive. See text for further details and definition of the symbols.
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Did we get the interior structure of Mars all wrong? 
A new paradigm.

Motivation for new paradigm 

• predicted arrival time of core diffracted P wave too early compared to observation 
→ lower mantle contains  P-wave low velocity zone → basal layer is fluid (BML)


• layer is molten silicate layer:


• K: based on eos of Huang 2023 → impossible to find an iron alloy that matches vp 
below the CMB and lower core (Irving 2023 shows that it is possible) 
→ upper fluid part cannot be a metallic alloy


• S: layer result from mantle overturn


• a BML implies a smaller denser core → reduced amount of light elements required to 
match core density

1. Evidence for a liquid silicate layer atop the Martian core (K: Khan 2023) 


2. Geophysical evidence for an enriched molten silicate layer above Mars’s core (S: Samuel 2023)
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• both approaches lead to very different outcomes but agree with seismic observations and geodesy data (MOI,k2)


• mantle either stiff (S) or soft (K), mantle temperature above solidus (K), no core cooling (S)


• the metal core is ~190 km smaller and denser and requires up to ~5 wt% less light elements 
(average composition: Fe-2.wt%O-13.wt%S-1.wt%C-0.25wt%H)

New thermal state and velocity profiles
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Irving 2023

Khan 2023 (BML-1RF)

Samuel 2023 (BML-1RF)
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• BSL models have a smaller effective core moment of inertia  → F decreases

• models of Khan 2023 are softer (warm mantle) → core can deform more → 

lower period FCN lower 

Predicted Nutation: BML models 
Naive interpretation: Core and BML rotate as one fluid

RISE
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• models of Samuel 2023 agree with RISE if the fluid core and fluid BSL rotate 
as one fluid


• models of Khan 2023 have an FCN period (core shape)

Predicted Nutation: BML models 
Core and BML can have relative rotation (preliminary)

RISE

• a new rotational normal mode resulting from the relative rotation of the BML with respect to the core affects the period of the FCN 
(comparable to what occurs with a very large inner core)


• the FCN period of BML models is shifted to higher values and expected to lead to resonant amplification of the  -1/3 annual or 
-1/5 annual nutation neither → -1/3 not observed and -1/5 not detectable


• neither set of BML models agree with RISE observations
-1
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New Mars structure and open questions
• the core is most likely fully liquid, the radius is 1630-1695 km (1814-1864 km), and it contains about ~17wt% 

(21wt%) of light elements 


• the core is overlain by a molten silicate layer of ~190km


• a hot or a cold mantle temperature profile can explain the seismic data


• models with a BML do not agree with RISE observations (preliminary)


• BML models from Khan 2023 predict ongoing mantle melting (in contradiction with observations) 


• BML models of Samuel 2023 preclude thermochemical dynamo action from the moment of BML emplacement 
on, but observations state the dynamo was still functional ~3.7 Ga ago, e.g. (Mittelholz 2020)


• can core chemical stratification due to immiscibility explain the observation? 
(immiscibility possible in Fe-O-S, e.g. Terasaki 2011 and Fe-O-S-H, Yokoo 2022)


• need for a comprehensive dynamic model that describes the emplacement of the BML and its presence to today


