
Geophysical evidence for a compositionally stratified Martian mantle
Henri Samuel*1 (samuel@ipgp.fr), Mélanie Drilleau2, Attilio Rivoldini3,  Zongbo Xu1, Quancheng Huang, Raphaël F. Garcia2, Vedran Lekić 4, Jessica C. E. Irving 5, James Badro1, Philippe H. Lognonné1, James  A. D. Connolly 6, Taichi Kawamura1, Tamara Gudkova 7, William B. Banerdt 8 

* corresponding author, 1 IPGP, CNRS, Université Paris Cité, 2 ISAE-SUPAERO, 3 Royal Observatory of Belgium, 4 University of Maryland, 5 University of Bristol, 6ETH, Zürich, 7Russian Academy of Sciences,  8Jet Propulsion Laboratory

1. Motivations

The identification of deep reflected S-waves on Mars has led to the first seismic estimation of a core size of 1830±40 km [1]. 
However, this relatively large core size requires light element contents incompatible with experimental petrological constraints.In 
addition, this core size estimate assumes a compositionally homogeneous Martian mantle, at odds with measurements of 
anomalously slow propagating P-waves diffracted along the core-mantle boundary [2].
Alternatively, Mars' mantle may be heterogeneous as a result of a magma ocean solidification that formed a basal layer 
enriched in iron and heat-producing elements [3], resulting in the the presence of a molten silicate layer above the core, overlain 
by a partially molten layer [4].To determine the planet structures compatible with observations, we performed a probabilistic 
inversion of seismic data. Our inversion relies on a parameterisation in terms of quantities that influence the thermo-chemical 
evolution of the planet composed of a liquid iron core, a silicate mantle (with or without a enriched Basal Mantle Layer), and an 
evolving lithosphere and crust [5].
We show that such a layered Martian mantle is compatible with all geophysical data including (i) deep reflected and diffracted 
seismic phases from the mantle, (ii) weak shear attenuation at seismic frequencies, and (iii) Mars' dissipative behaviour at 
Phobos tides.
In particular, our results point to a revised core size of 1650±20 km implying a density of 6.5 g/cm3, 5-8% larger than previous 
seismic estimates. Using a core equation of state that reproduces  experimental data, we show that Mars' core can be explained 
by fewer, and less abundant, alloying light elements than previously required, in amounts compatible with experimental and 
cosmochemical constraints. The new density structure is compatible with measurements of Mars' rotation [6].
The layered mantle structure requires external sources to generate the magnetic signatures recorded in Mars' crust.

enriched layer

✓ MCMc inversion (e.g., [5])
✓ Rely on the evolution of a Mars-like planet for 4.5 Gyr instead of present-day vp,vs, and density profiles 
✓ Parameter space sampled: mantle rheology, initial thermal state, core size, HPE crustal enrichment 
✓ The resulting present-day state is converted into vp,vs, and density profiles
✓ Models satisfy Mars’ mass, k2, crustal thickness and MoI constraints

➪ Smaller parameter space than that of classical inversions in terms of vp,vs, and density 
➪ Resulting seismic structure more constrained and consistent  
➪ Provides information on the entire thermo-chemical history of the planet and on additional present-day features

3. Geodynamically-constrained inversion of seismic data
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Basal mantle layer  (BML) ≡ heat buffer

➪ Reduces heat transfer efficiency

➪ Affects heat flux, crustal thickness…

Hot temperatures in the BML

➪ Partial and/or complete melting 

➪ Can affect seismic structure

[Samuel et al., 2021]
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4. Inversion sets, seismic structures, and data fit 
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Homogeneous mantle models fail to explain the travel time observation for P-diffrated phases 
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Present-day BML mantle 
~340 K colder


BML depth-dependent 
viscosity ~60% larger


BML temperature-
dependent viscosity ~3 
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Qs(1Hz) >2000-3000 

Q? Why Mars’s mantle is 
attenuating at Phobos’ tide, 

but poorly attenuating at 
seismic frequency?

Qs(1Hz) ~1000

2. Homogeneous vs. layered mantle evolution

➪ Simpler mixtures with fewer, and smaller amounts of light 
elements (e.g., Fe + 17% S and 3% O), or more complex 

mixture of S, O, H and C in smaller proportions 
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Figure S6: Core composition inferred from the output models of the BML set. Core sulfur, oxygen, carbon,
and hydrogen weight fraction assuming a liquid core alloy of Fe-O-S, Fe-O-S-H, and Fe-O-S-C-H.

5.2 Core formation modeling

The multi-stage core formation model of Badro et al. [2015] was adapted for Mars; accretion was discretised
in 100 steps of equal mass, in which a building block merges with the growing planet. The impactor’s
material melts in the magma ocean and its metal migrates towards the core. During that process, the metal
and the silicate equilibrate and their compositional evolution is determined by thermodynamic models. The
metal-silicate partitioning of O and Si is used to calculate their core abundances, to infer Martian core
compositions. The metal-silicate partitioning of Ni and Co is used to calculate their mantle abundances,
to be compared with Martian mantle values. These allow to filter a subset of the output core models that
are consistent with Martian mantle geochemistry. We used an FeO concentration in bulk silicate Mars of
15.9 mol%, and assumed it to be constant during accretion, which is justified by the fact that Mars formed
very fast in the first two million years of the solar system [Dauphas and Pourmand, 2011]. The Ni and Co
depletion in the Martian mantle translate to global core-mantle partition coe�cients of DNi=220–310 and
DCo=43–63. The thermodynamic models and parameters used for O, Si, Ni, and Co partitioning in the core
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Revised core ~30% smaller and ~5-8% 
denser than previous estimates 

➪ The core thermal blanketing of the BML requires 
external sources to power an early magnetic field 

were not constrained by the more recent seismic data used in the present study. Here we compare the FCN
period and F factor of a subset of models from this present study to the estimates obtained by RISE.

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

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

7 Core formation modelling

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

7.1 Thermodynamic model of element partitioning between metal and silicate

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

13

BML compatible with geodetic data: k2, FCN, 
Core amplification factor (~MoIcore / MoImantle)

[Le Maistre et al.,  2023]

6. Attenuation structure of Mars’s mantle

✓ BML models can more easily explain attenuation at seismic frequencies and at Phobos main tide

✓ Only BML models can explain the slope of Q (R*) 

✓ One can constrain the frequency dependence of Q: !q = 0.2-0.3
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5. Revised core size and composition

V*=7.3 ±2 cm3/mol
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