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Abstract S :
| | | | o Martian inner structure from tides
Computing the tidal deformations of Mars, we explored various spherical internal
structures and different types of interface between the mantle and the liquid core. @ ABL-only NBL-only Both ABL and NBL With ABL @ With NBL @ With ABL and NBL @Fig 1 shows some interesting results :
We demonstrate that the geodetic records associated with thermal constraints are 0 n | | == | | e A | | Lithospher S — ' '
very sensitive to the presence of a 2-layered interface on the top of the liquid core. H h & Mantle - —> Radius and density profiles remain stable regardless the
This interface is composed by a liquid (Newtonian) and a viscoelastic (Andrade) 3000 = 3000 Ma 3000 ICER () choice between the three configurations and are in
layers with very different viscosity properties. Our results show that tidal I NEL 7 -l @ good agreement with the literature (Khan et al. 2023;
deformation is a powerful tool to constrain the Martian interior, confirming densities | & z2s0 £ 2500 € 2500 | Hauidcore | | = 1 L | | 1L | | | | Samuel et al. 2023)
and thicknesses consistent with the literature and proposing new viscosity é § é : >0 Thick,}ggf 0 km1500 20000 5°°Thick§§§§ 0 km1500 o0 0 50°Thick,}§§§ " km1500 % 3 Tides reduce the possible viscosity range of the NBL by
estimates. The 2-layered interface strongly impacts the viscosity profiles, suggesting ¥ 565 2000 8 2000 - a factor of 2
a stagnant lid regime consistent with the absence of plate tectonics on Mars. Finally, e B C— G —> The NBL viscosity is systematically lower than that of
| Mantle - ¢ S
the existence of a Newtonian liquid layer excludes the presence of a solid inner core. i = 1;_ = - - the mantle and the lithosphere (Fig. 1.C.2)
1500 1500 ' LC 1500
NBL - —— S——— - 50% of the models show an ABL viscosity lower that of

Introduction R 4 6 g R 4 6 8 T 4 6 8 0 _1'0 - 20 30 0 _1'0 o 20 30 0 _1'0 o 20 30 > The presence of NBL reduces the contraints on the
e Marsquakes detection by NASA’s InSight seismometer provides valuable informations Density in g.cm’ Density i g.cm’ Blonsily Injg.om Viscosity in l0g:o(Pa.s) Viscosity in log;o(Pa.) Viscosity in logao(Pa.s) viscosity of the LC compared to models without an NBL
to improve our understanding of the deep interior of the planet. Many models of the  Fig 1 | Results from ALMAS3, (A) Density profiles, (B) Thickness distributions and (C) Viscosity distributions. The gray background corresponds to the exploration interval of the input models. (Fig. 1.C.1. versus F1.C.2 and F1.C.3)

Martian interior have emerged in recent years, particularly the models of Khan et al.

(2023) and Samuel et al. (2023) proposing specific stratifications in the deep mantle. Martian inner structure from tides

* According to Khan et al. {2023), P and S-waves measurements obtained by InSight @ s _ PR 10810 (MapL/Mmantie) OF 10810 (MnpL/Mmantie) e Tidal deformation with visco-elastic rheologies, despite short excitation
S??.giit al Sma”ter andd denlse.r ||(Cj|lllold C?rﬁ thanltpreVIfOlJ.IS. es:ctlrlnatlons, composed of 27% A " B —y >0-3° A : periods, is highly effective for constraining Mars internal structure
orlight €lements and overiained by a TUlly moften ot Stlicate layer. . . £'0.20 : =» New density and thickness estimates match with previous studies
N : : 3000 - AN . 3000 - B “’. & 0.10 :
* Mars would have had a global magma ocean at the beginning of its formation, the s % " | © i e By adding thermal constraints, this approach gives also new tools to estimate
crystallization and fractionation of which would have produced a heterogeneous i : i 0.00 t laver viscosities
- - " |2 op : £ N -20 -10 0 10 Y
mantle with, according to Samuel et al. (2023), a molten silicate layer topped by a £ K , _ ,
tiall iten | iched in i d radi i ol ¢ = 2500 Co : = 2500 1 T log1o(Viscosity ratio)
partiaily molten fayer enriched in iron and radiogenic elements. 2 E E . = . E e A key result indicates that a liquid layer atop the liquid core prevents the
T S & T 2 l0g10(Mcore/MapL) Or 10810(Mcore/MniL) presence of a solid inner core
e From Guinard et al. (2024), we propose to detect ar.1d f:onstraln the mterfac.e — = . . : E 006 [ g i > Supporting the scenario of Mars without a solid inner core
between the mantle and the core independently of seismic and thermodynamic s ' > i
S : : L o ‘@ 0.04 '
models, by moc?lelmg tidal Fjeformatlon§. Here, we.flrst present the methodology and ¢ i E S - ' e The viscosity contrast between the lithosphere and the mantle helps to detect
the models derived from tidal geophysmal constraints. In a second step, we comp.ute _— o - ] o 0. : a two-layered interface above the liquid core
the temperature profiles corresponding to these models and analyze those that satisfy . : : . ' : L : : : 0.00 1 > Models with 2-layered interface suggest minimal viscosity contrast between
the thermal constraints. 0 1000 2000 4000 0 1000 2000 3000 4000 -30 -20 -10 0 10 20 30 , , , , o
Temperature in K Temperature in K log+o(viscosity ratio) the lithosphere and the mantleo favoring a stagnant lid regime and explaining
Method With ABL and NBL 1 : / ) the absence of Earth-like tectonics on Mars
v ° o ° O .
| ! | . - T 1 Possible solid inner core E10UImantle/Mithosphere | o | |

Tidal deformations have proven to be an effective tool for studying and constraining C . ] 030 [ o | e Inversion of viscosities between the ABL and the NBL is possible

. . . ‘ |
the internal structures of planetary bodies. This tool has notably been used to (HelffnChr 2017) _,;*020 [ =» Further investigation are required to determine if these inversions arise from

. . . . | w Y. . . . . .

constrain the interior of Vemfs (Séllby ejc al., 2023), Mercury (G.oossens gt al., 2022) 3000 A I E Temperature profiles S - : differences in chemical composition or partial melt
and more recently the lunar interior (Briaud et al., 2023) showing the existence of a = I This study Lo lbs :
solid inner core at its center. Here, we present the results obtained in Guinard et al. £ & Without BML (Samuel et al., 2023) 0.00 1 ' Ref
(2024), where we use the same method by modeling tidal deformations with the £ 5200 o With BML (Samuel et al., 2023) ~10 e > CICTCNICCS

: . : L : : » Vo - log4o(viscosity ratio)
semi-analytical software ALMA3for a wide range of 1D Martian interiors. More details = o Temperature conditions . .

3 : : . . : S il Solidus Briaud et al., (2023) Nature, doi.org/10.1038/s41586-023-05935-7

on the ALMA3 modeling can be found in Melini et al. (2022). This study focuses on the 11 RN .  loudlas log10(MnEL/NaBL) - Goossens et al., (2022) The Planetary Science Journal, doi.org/10.3847/PS)/ac703f
periodic deformation induced by Phobos tides on Mars (5h55). 2000 - : : _______ Core crystallization (Helffrich, 2017) 0.20 D ' Guinard et al., (2024) Icarus, doi.org/10.1016/j.icarus.2024.116318

. . _ . . . o 2015 : Helffrich (2017) Progress in Earth and Planetary Science, doi.org/10.1186/s40645-017-0139-4
The idea is then to randomly explore different possible rheological profiles for three o ,. Layer @ .10 | Khan et al., (2023) Nature, doi.org/10.1038/s41586-023-06586-4
different configurations at the core-mantle interface (CMI) with ALMA3 and to | f,:‘;St " ABL 3 005 : Melini et al., (2022) Geophys. Journal International, doi.org/10.1093/gji/ggac263
produce Love numbers k, quality factor Q for a wide range of tidal excitations L A | o NEL ; Saliby et al., (2023) Planetary and space science, doi.org/10.1016/j.pss.2023.105677

’ ' T Mantle Fluid core 0.00 1
0

Samuel et al., (2023) Nature, doi.org/10.1038/s41586-023-06601-8

- . . logo(Viscosity ratio) Ak 1 d ¢
Lithosphere 4 ABL-only ———E— NBL-only e e— Both ABL "—0— nowile gemen S
The three different configurations at the CMI (more details and NBL (Do AL [ ABL +NBL NBL

Comparisons to observed mass, moment of inertia, Love numbers k, and Q are done 0 1000 Temp;gfl?re e 3000 4000 -15 -10 -5

and y? selections are operated.

Mantle -
Random walk of in Guinard et al. (2024)) : @ ABL - — — _<\/:>_.=, Fig. 2 | Results satisfy geophysical and thermal constraints This work has been funded by Université Céte d’Azur EUR Spectrum. We thank axe transverse
_—

Monte Carlo NBL - S , , , o _ Terrestrial Planets from Observatoire de la Coéte d’Azur for support. This work was supported by the
() Temperature profiles. (Il) Viscosity distributions. French government through the France 2030 investment plan managed by the National Research

Variation of each @ B @ b @ & e cora 1 _--;-; : : 1 : : 1 : ! : | (Il) Histograms of the log10 of the vicosity ratios between Agency (ANR), as part of the Initiative of Excellence Université Céte d’Azur under reference number
layer : p,n,r 0 0 20 30 0 10 20 30 0 10 20 30 the lower and the upper layer ANR-15-IDEX-01. The authors are grateful to the Université Cote d'Azur’s Center for High-
Andrade basal Newton basal Andrade and Newton Viscosity in logo(Pa.s) Viscosity in logo(Pa.s) Viscosity in logo(Pa.s) Performance Computing (OPAL infrastructure) for providing resources and support.
layer only (ABL) layer only (NBL)  layers (both ABL and NBL) Highlights from Fig. 2 : :
- Tidal Love - The presence of the NBL above the core imposes high temperatures at such depths and prevents the existence of solid inner core according to Helffrich (2017) Job Advertisement
Geophysical numbers k, Statistical (Fig. 2.1.A) .
- constraints > calculation —>| analysis of the 2 10810 (Mmantie/Miithosphere) is centered around 0 for models with both ABL and NBL. These models are in favor of a stagnant lid regime supported by current : Scan the QRcode for more details
Mass and Mol ALMA? code models Arhenius absence of Earth-like plate tectonics on Mars (Fig.2.lll)
' | solidus/Liquidus = N1 > Nypr, compatible with the solidus and liquidus thresholds (Fig. 2.111.D)
= Symbol Valus -~ —> For models with ABL-only, n451 > N.0re What is expected but it’s not systematic for models with a liquid layer overlain the liquid core. Such viscosity contrast
Mean radius (km) R 3389.5 +0.6 Thermal can be explained by an increase of temperature at the NBL induced by the presence of heat producing element and by a small contribution of tidal friction
— Total mass (kg) M 6.417 x 10** +8.943 x 10'° . (Khan et al., 2023) (Fig. 2.111.C) EXploring Mantle density Anomaly in Terrestrial planets
Normalized moment of inertia C/MR? 0.36379 +0.0003 constraints > Wh : T 10 o : o : o s
Tidal Love number ks - - en assuming an Earth-like liquid core (n.ore < 107"Pa.s), 75% of models with ABL-only , less than 50% for models with NBL-only and only 33% for models 2 OFFERS : ¢ 2-years Postdoc Position
Tidal quality factor Q 93 +25.2 with both ABL and NBL remain consistent with geophysical and thermal constraints. The physical properties of each layer show no significant variation (see in e PhD Thesis

Phobian tides (h) Ts 5.55 Table 1 | Mars geophysical constraints Guinard et al. (2024))


mailto:guinard@geoazur.unice.fr
mailto:fienga@oca.eu
mailto:memin@geoazur.unice.fr
mailto:ganino@geoazur.unice.fr

