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Abstract Mercury's low obliquity and 3:2 spin‐orbit resonance create a surface temperature distribution
with large latitudinal and longitudinal variations. These propagate via thermal conduction through the thin
silicate shell influencing the interior temperature distribution. We use 3‐D thermal evolution models to
investigate the effects of lateral variations of surface temperature and crustal thickness on the surface and core‐
mantle boundary (CMB) heat fluxes, and elastic thickness distribution. Surface temperature variations cause a
long‐wavelength perturbation of the heat fluxes, as well as of the elastic lithosphere thickness, while variations
in crustal thickness affect these quantities at small spatial scales. Like the surface temperature, the present‐day
CMB heat flux pattern is characterized primarily by spherical harmonics of degrees two and four, which could
affect dynamo generation. Placing robust constraints on the thermal evolution based on the available estimates
of the age and thickness of the elastic lithosphere remains challenging due to their large uncertainties.

Plain Language Summary The orbit of Mercury around the Sun leads to a specific surface
temperature distribution, with some regions receiving more insolation than others. The thickness of Mercury's
crust has been derived using gravity and topography data acquired by the MESSENGER mission. Since the
rocky mantle of Mercury is rather thin (≈400 km), temperature variations driven by the insolation and by crustal
properties (i.e., crustal heat sources and thermal conductivity) can affect the entire mantle, down to the core‐
mantle boundary. Here we model the global thermal evolution of Mercury, and investigate the influence of
surface temperature and crustal thickness variations on the history and present‐day state of the interior. We find
that the surface temperature variations are reflected in the variations of Mercury's surface and core‐mantle
boundary heat fluxes, as well as in the thickness of the elastic part of its lithosphere. Crustal thickness variations
lead to more local temperature differences, thus resulting in smaller scale variations in the lithosphere thickness
and heat fluxes. The heat flux pattern at the core mantle boundary induced by the surface temperature
distribution could affect magnetic field generation and should be tested by future dynamo models.

1. Introduction
Mercury's present‐day spin rate is locked in a 3:2 resonance with the orbital motion. This configuration, combined
with a relatively large orbital eccentricity and an almost perfect alignment of the spin axis with the orbit's normal,
gives rise to a unique surface temperature pattern (Bauch et al., 2021; Paige et al., 1992, 2012; Vasavada
et al., 1999). This pattern has a strong effect on surface processes as well as on lithospheric properties and thermal
state of the interior (Tosi et al., 2015; Williams et al., 2011).

Besides surface temperature variations, crustal thickness variations influence the temperature distribution in the
upper mantle as shown by Plesa et al. (2018) for Mars. In fact, the lower thermal conductivity of the crust
compared to the mantle and its high enrichment in heat producing elements (HPE) lead to elevated subsurface
temperatures at locations covered by thick crust. Upper mantle temperatures are decisive for estimating the elastic
lithosphere thickness Te (e.g., Grott & Breuer, 2008; Grott et al., 2013).

Estimates of the crustal thickness on Mercury were calculated from topography and gravity data collected by
MESSENGER. With values of the average crustal thickness between 15 and 50 km (e.g., Padovan et al., 2015;
Phillips et al., 2018; Smith et al., 2012; Sori, 2018), the volume ofMercury's crust represents about 6%–14% of the
silicate volume, possibly the largest value among the terrestrial planets (Tosi & Padovan, 2021). Thus, infor-
mation on Mercury's crustal thickness and its variations can be important upon assessing the thermal state of the
interior.
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Several studies investigated the thermal evolution and interior dynamics of Mercury using both 1‐D parametrized
(e.g., Grott et al., 2011; Hauck et al., 2004; Knibbe &Westrenen, 2018; Peterson et al., 2021; Tosi et al., 2013) and
fully dynamical convection models (e.g., Guerrero et al., 2021; Michel et al., 2013; Padovan et al., 2017; Tosi
et al., 2013). Tosi et al. (2015) used a combination of 3‐D thermal and elastic models to show that the low‐degree
geoid and shape (at spherical harmonic degrees two and four) derived from MESSENGER can be explained in
terms of the deformation caused by deep thermal anomalies induced by the present‐day insolation pattern (see
also Phillips et al., 2018). However, the influence of the insolation pattern on Mercury's interior dynamics and
evolution has never been studied in detail and in particular in combination with lateral variations of the crustal
thickness, which for Mercury can be significant (Beuthe et al., 2020a).

Here we use thermal evolution models in a 3‐D spherical shell to determine the effects of surface temperature and
crustal thickness variations on the heat fluxes and elastic lithosphere thickness of Mercury. We describe our
methodology in Section 2 and present our results in Section 3. The main findings and their implications for the
interpretation of forthcoming data from the BepiColombo mission are then discussed in Section 4. Conclusions
are in Section 5.

2. Model
2.1. Thermal Evolution Model

We use the mantle convection code GAIA (Hüttig et al., 2013; Hüttig & Stemmer, 2008a, 2008b) in a 3‐D
spherical shell geometry. The conservation equations of mass, linear momentum, and thermal energy in the
Extended Boussinesq Approximation (EBA) (Schubert et al., 2001; van Zelst et al., 2022) are available in the
supplementary online information (Section S1 in Supporting Information S1).

We consider a temperature‐ and pressure‐dependent viscosity that follows an Arrhenius law for diffusion creep.
Core cooling is modeled by computing the temperature of the lower boundary according to a 1‐D energy balance
(Stevenson et al., 1983). While recent studies proposed a potential stratification of the core (Davies et al., 2024;
Knibbe &Hoolst, 2021; Knibbe &Westrenen, 2018) which tends to keep the temperature of the CMB higher over
time, here we assume an adiabatic core with constant density and heat capacity. In all models, we consider the
decay of HPE using the heat sources concentrations from Table S1.1 in Supporting Information S1 and consider a
higher heat production in the crust compared to the mantle (Plesa et al., 2015). A fixed concentration in HPE is
assumed in the primitive mantle, which is then distributed between mantle and crust according to an enrichment
factor λ set either at 1.61 or 10 (Table S1.1 in Supporting Information S1).

All our models consider the insulating effect of a low‐conductivity crust that accounts for a 2 km‐thick layer of
megaregolith. A description of all parameters used in the models is available in Section S1 in Supporting
Information S1.

2.2. Crustal Thickness Variations

In contrast to other thermal evolution models of Mercury, we include the effects of a laterally varying crustal
thickness, similar to previous studies of the thermal evolution of Mars (Plesa et al., 2016, 2018). While this
approach neglects crustal production and its associated effects on mantle composition, a process that might be
important for the early stages of Mercury's evolution, it allows us to use the actual distribution of the crust, which
otherwise would be impossible to reproduce self consistently. This implies that the crust was formed early on, and
that variations in crustal thickness are assumed constant over time, which gives us the possibility to compare the
thermal state of our models with local constraints. In our simulations, we use the crustal thickness maps of Beuthe
et al. (2020a, 2020b), namely their models U0 (Figure 1a), V0 (Figure 1b), V3, and V4, that were inferred from the
inversion of free‐air gravity anomalies. The model U0 considers a homogeneous crustal density and an average
crustal thickness of 35 km, while the V‐models employ lateral variations of crustal density inferred from the
mineralogy of the surface and the same average thickness of model U0. Among all models of Beuthe
et al. (2020a), model V3 has the thinnest, while model V4 has the thickest average crust (25 and 45 km,
respectively). A complete description of the crustal thickness models is available in Section S5 in Supporting
Information S1.
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2.3. Surface Temperature Variations

In addition to the crustal thickness variations, we also consider surface
temperature variations. Because of its very low obliquity, Mercury experi-
ences significant temperature variations between the polar and equatorial
regions (Margot et al., 2012). Furthermore, the 3:2 spin‐orbit resonance and a
relatively large orbital eccentricity give rise to significant longitudinal tem-
perature variations (Siegler et al., 2013; Vasavada et al., 1999). The coexis-
tence of these two effects creates a peculiar surface temperature distribution
with two equatorial hot poles and two latitudinal cold poles (Figure 1c). In
between the hot poles, two equatorial warm poles are located around 90°E and
90°W longitudes.

In our models, we use this temperature distribution as a surface boundary
condition throughout the evolution (see Figure 1c) assuming that the present‐
day 3:2 spin‐orbit resonance was acquired early and that the obliquity and
orbital eccentricity have not changed considerably. Other studies have sug-
gested that Mercury's current spin state may have been acquired relatively late
in the evolution, after the Caloris‐forming impact (Wieczorek et al., 2012).
Before this event, Mercury may have maintained different resonances such as
1:1 or 2:1, which are more consistent with the distribution of pre‐Calorian
basins (Knibbe & Westrenen, 2017; Wieczorek et al., 2012). Furthermore,
orbital eccentricity might have been varying under the influence of other
planets (Laskar & Gastineau, 2009). Nevertheless, combined orbital and
rotational evolution models also suggest that Mercury may have been
captured into its current 3:2 resonance within a few tens of million years, thus
justifying our assumption on the spin rate (Noyelles et al., 2014).

2.4. Elastic Thickness Calculations

We use our thermal evolution models to calculate the elastic lithosphere
thickness through time. To this end, we employ the Conversion T − Te
package from Broquet (2022) using, at each location on the planet's surface,
the corresponding local temperature profile and a prescribed rheology. In
addition, we assume a flexural curvature of 5 × 10− 7 m− 1 (Katayama, 2021;
McNutt, 1984; Nimmo & Watters, 2004; Zuber et al., 2012). The T − Te
package relies on the strength envelope formalism of McNutt (1984) and
considers a two‐layer model of crust and mantle. The brittle‐strength enve-
lopes are calculated according to Mueller and Phillips (1995). We refer to
Section S3 in Supporting Information S1 for an in‐depth description. Here, we
focus on the time evolution of the elastic thickness for six regions, namely the
Caloris Basin, the Discovery Rupes scarp, and four additional locations
recently studied by Goossens et al. (2022).

3. Results
3.1. Surface and CMB Heat Flux

The surface temperature distribution imposes a long‐wavelength pattern on
the present‐day CMB and surface heat fluxes, independent of the choice of the
crustal thickness model (left and central columns in Figure 2). The heat flux is
highest at the two geographic poles and around the two longitudinal low‐
temperature bands, and lowest around the two equatorial hot poles

(Figures 2a–2c). Crustal thickness variations locally modify the heat flux distribution (cf. surface and CMB heat
flux maps for the crustal thickness models U0, V0, and V4 in Figure 2). The positive thermal anomalies induced
by the combination of the hot poles and increased crustal thickness propagate through the entire mantle and heat
up locally the CMB. The impact of the crustal thickness on the heat flux variations depends on the crustal

Figure 1. (a) Crustal thickness distribution from model U0 (Beuthe
et al., 2020a) with a laterally uniform crustal density, and an average
thickness of 35 km (b) Crustal thickness distribution frommodel V0 (Beuthe
et al., 2020a) with a laterally variable crustal density, and an average
thickness of 35 km. Colored lines indicate different geochemical terrains and
geological features (Weider et al., 2015): High‐Mg region, Northern
Volcanic Plains (NVP), Caloris and Rachmaninoff basins, Al‐rich region.
The dots show other locations of interest for which estimates of elastic
lithosphere thickness are available (Goossens et al., 2022). (c) Average
surface temperature distribution. The maps are shown in Robinson
projection centered at 180°E.
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enrichment, becoming more accentuated for a higher enrichment in HPE (see Figures S8.2 and S8.3 in Supporting
Information S1).

The cases with variable density crusts (V‐cases in Figure 2) show a thicker crust in the High‐Mg region, for which
a lower CMB heat flux is observed when compared to the case with a constant density crust (case U0 in Figure 2).
Only cases with λ = 10 show a noticeably higher surface heat flux in the areas covered by a thicker crust (Figures
S8.2e,f and S8.3e,f in Supporting Information S1). Contrarily to regions covered by a thick crust, areas corre-
sponding to a thin crust such as the Northern Volcanic Plains (NVP), the south pole, the Caloris basin, and the
Rachmaninoff basin show an increased heat flux at the CMB.

In simulations with a low crustal enrichment (λ = 1.61), remnants of the small mantle convection cells can still be
observed at present day in some areas on the map of the CMB heat flux (Figure 2, left column). This pattern is
however less pronounced in simulations with a higher crustal enrichment (λ = 10, Figures S8.2 and S8.3 in
Supporting Information S1), as the more depleted mantle cannot sustain convection until present day. On average,
the mantle transitions from a convective state to a conductive state between 3 and 3.5 Gyr (see Section S5 in
Supporting Information S1). In this case, the local temperature anomalies induced by the crustal thickness var-
iations are much stronger than those due to mantle plumes. For a detailed description of the present‐day tem-
perature distribution of each simulation, we refer the reader to Figure S8.4 in Supporting Information S1.

In addition to the surface and CMB heat flux maps, Figure 2 also shows temperature profiles at specific locations
(NVP region, Caloris basin, High‐Mg region), laterally averaged within the bounding contour, in comparison to
the global average temperature profile at different times during the evolution. As a reference, we also show the
lherzolite solidus proposed by Namur et al. (2016), which is appropriate for Mercury's bulk mantle. Since we

Figure 2. Maps of the heat fluxes at the CMB (a)–(c) and surface (d)–(f) of Mercury at present day. The maps correspond to different crustal models of Beuthe
et al. (2020a): U0 (a, d), V0 (b, e), and V4 (c, f). All models use a crustal enrichment in HPE of 1.61 and an initial temperature of 1,800 k. The maps use a Robinson
projection centered at 180°E, with colored lines and dots indicating regions of interest (see Figure 1). The color bars for the heat flux maps are saturated for improved
readability. The right column shows temperature profiles for the NVP region, Caloris basin, High‐Mg region, and global average at different times. The dashed yellow
line shows the solidus temperature from Namur et al. (2016).
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assume that the whole crust was emplaced early on, this solidus only provides a lower bound. We observe a clear
difference between the thermal state at different geological locations, in particular for models that use a variable
crustal density, which leads to stronger crustal thickness variations. In these models the highest temperature is
obtained in the High‐Mg region that is covered by a thick crust, while the thin NVP crust leads to the coldest
thermal profile throughout the evolution.

3.2. Elastic Thickness

We compare the evolution of the elastic lithosphere thickness (Te) from our models at specific locations where
literature estimates exist based on the analysis of local gravity and topography data (e.g., Goossens et al., 2022;
Phillips et al., 2018). Our results indicate a general trend across all locations: as the planet cools, the elastic
lithosphere thickness increases as shown in Figure 3. Given that the regions we study are relatively ancient, we
have limited our analysis of the elastic thickness evolution to the first two billion years. We modeled the elastic
thickness assuming either a wet or a dry crust and mantle rheology, shown as blue and orange envelopes in
Figure 3, respectively.

The elastic thickness estimates for the Discovery Rupes scarp range between 25 and 40 km at the time of its
formation around 4 ± 0.2 Ga (Nimmo & Watters, 2004; Watters et al., 2002; Zuber et al., 2012). Our models,

Figure 3. Evolution of the elastic lithosphere thickness of different areas and comparison with literature estimates: W02 ‐
Watters et al. (2002); NW04 ‐ Nimmo and Watters (2004); Z12 ‐ Zuber et al. (2012); G22 ‐ Goossens et al. (2022); D23 ‐
Deng et al. (2023). The panels show the entire range of values obtained from all simulations (U0, V0, V3, and V4models) for
a dry rheology (orange) and a wet rheology (blue). The blue dashed line shows the maximum values of elastic thickness with
a wet rheology that sometimes overlap with those obtained with a dry rheology. Next to each time evolution panel, we show
the location of the corresponding zone indicated by a colored point on an Orthographic projection of the crustal model V0 of
Beuthe et al. (2020a). The investigated areas are: (a) Discovery Rupes, (b) Caloris Basin, (c) Goossens point N°1 (85°W,
50°N), (d) Goossens point N°2 (135°W, 55°N), (e) Goossens point N°3 (90°E, 25°N), and (f) Goossens point N°4 (40°E,
70°N). Solid colored lines indicate different geochemical terrains (Weider et al., 2015).
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however, show values of less than 10 km for a wet rheology and up to 23 km for a dry rheology, the latter aligning
better with the lower end of the literature estimates (Figure 3a).

For the Caloris Basin, our models are in good agreement with the most recent estimate from Deng et al. (2023)
between 3.3 and 33.7 km. These estimates were inferred using an admittance function derived from the most
recent topography and gravimetry data.

Although Goossens et al. (2022) do not specify exact times for their estimates, they suggest that their findings
likely represent the period between 4.2 and 3.5 Ga. Our models show a good match if the elastic thickness for
these regions is associated with an early time of formation. Despite uncertainties in both time and measured
thickness, we cannot definitively favor models using either a wet or dry rheology, although the results seem to be
better compatible with a wet rheology.

Figure 4 displays the global evolution of the elastic lithosphere thickness from all models, assuming both a dry
(orange envelope) and a wet rheology (blue envelope). The calculation of the elastic thickness is based on the
minimum and maximum temperature profiles of each simulation, different to Figure 3, where only the local
temperature profiles were used. Additionally, maps showing the elastic thickness and thermal profiles at various
times, using the crustal thickness model V0, are depicted. Similar to the present‐day heat fluxes (Figure 2), the
surface temperature induces a predominant degree‐2 distribution with large elastic thickness at the geographical
poles and smaller thickness at the two equatorial hot poles throughout the evolution. The crustal thickness dis-
tribution leads to smaller scale modifications of the elastic thickness, as zones covered by a thin crust outline areas
with large lithospheric thickness.

The evolution of the temperature profiles, laterally averaged over three different geochemical terrains (Weider
et al., 2015), namely NVP, High‐Mg region, and the Caloris basin, indicates that these regions have experienced
distinct thermal histories (Figures 2 and 4). In particular the simulations with a variable crustal density show the
largest differences in the thermal profiles. When comparing these thermal profiles at present‐day, we note a
temperature difference of up to 200 K between the NVP and the High‐Mg region (Figures 2 and 4, Figures S8.1,
S8.2, and S8.3 in Supporting Information S1) at a depth of 100 km for the most extreme cases.

4. Discussion
The temperature resulting from the 3:2 spin‐orbit resonance has a strong effect on both the surface and CMB heat
fluxes. While the average surface heat flux varies by less than 1 mW m− 2 between the models, the insolation
pattern and the crustal thickness variations lead to a clear difference in the local heat fluxes and temperature
profiles throughout the thermal history. Previous studies have investigated the surface composition of the
northern hemisphere of Mercury and identified several geochemically distinct terrains (Peplowski et al., 2015;
Weider et al., 2015), which might be associated with mantle regions that experienced distinct thermal and
magmatic histories. Simulations using variable density crusts indicate the presence of a persistent positive thermal
anomaly beneath the High Mg‐region, lasting until present (see Figure S8.4 in Supporting Information S1).
Indeed, this region was likely generated during the early stages of Mercury's evolution by high‐degree partial
melting (Beuthe et al., 2020a; Namur et al., 2016; Wang et al., 2022), hence by an anomalously hot mantle that
may have left a long‐lasting thermal signature.

Despite the simplified treatment of core cooling, our models predict an average CMB heat flux that exceeds the
core adiabatic heat flux up to approximately 0.5 Gyr (see Section S5 in Supporting Information S1), supporting
the idea of an early thermal dynamo. To assess the feasibility of the present‐day dynamo, a more sophisticated
model of core cooling and crystallization would be required (Davies et al., 2024; Knibbe &Westrenen, 2018). In
particular, the formation of a thermally stratified layer at the top of the core could slow down the evolution of the
CMB temperature. Although the full implications for our results remain to be assessed, we do not expect the CMB
heat flux patterns to be significantly affected.

Recent dynamo models have investigated the role of a heterogeneous CMB heat flux pattern in reproducing
Mercury's magnetic field. Tian et al. (2015) successfully produced Mercury‐like magnetic fields using dynamo
models that incorporated a degree‐1 spherical harmonic, north‐south asymmetric heat flux at the CMB. An
alternative CMB heat flux pattern, characterized by spherical harmonics of degree two and four, has been pro-
posed by Cao et al. (2014) to explain the hemispheric field of Mercury. However, their model exhibits the highest
heat flow at the equator, opposite to what our models indicate when considering the surface temperature and
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crustal thickness variations. Future studies should investigate the consequences of the CMB heat flux pattern
obtained in this work on Mercury's magnetic field. For this purpose, we used the SHTOOLS software package
(Wieczorek & Meschede, 2018) and provide 4π‐normalized spherical harmonics coefficients for the CMB heat
flux from all our models in the SI.

Figure 4. Evolution of the elastic lithosphere thickness assuming a dry (orange envelope) and wet rheology (blue envelope)
for all models and for every location on the planet. The symbols indicate values fromMM88 ‐Melosh andMcKinnon (1988);
W02 ‐Watters et al. (2002); NW04 ‐ Nimmo andWatters (2004); Z12 ‐ Zuber et al. (2012); and J16 ‐ James et al. (2016). The
two estimates MM88 and D23 relate to the Caloris Basin, whereas the J16 estimate applies to the northern hemisphere.
Global elastic lithosphere thickness maps show spatial variations at different times: (a) 4 Ga, (b) 3 Ga (c) 1.5 Ga, and
(d) 0.5 Ga using the crustal model V0 (Beuthe et al., 2020a). The color scale is saturated at minimum and maximum values of
5.9 and 116 km, respectively. Temperature profiles for the NVP region, Caloris basin, High‐Mg region, and global average
are displayed at the respective times during the evolution. The solidus (yellow dashed line) is shown for reference. All maps
use a Robinson projection and colored lines indicate different geochemical terrains (Weider et al., 2015).
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The elastic lithospheric thickness calculation is particularly dependent on the considered flexural curvature, as
previous studies showed (Katayama et al., 2019; McNutt, 1984). Local flexural curvature may vary strongly
among geological features depending on their respective tectonic context. In this study, we chose a curvature of
K = 5 × 10− 7 m− 1, a value typically used in the literature (e.g., Katayama, 2021; Nimmo &Watters, 2004). We
note that not all locations studied here are associated with specific geological features, and thus, flexural curvature
estimates are not always available. We decided to use the same flexural curvature for all locations in order to have
a better comparison between the estimates. We acknowledge, however, that the value of the flexural curvature has
a first order impact on the elastic thickness estimates and show the effects for various values proposed for the
Caloris Basin (Figure S6.1 in Supporting Information S1).

The estimates of the elastic thickness currently available in the literature do not allow us to robustly constrain the
parameters controlling Mercury's thermal evolution. Better information on the possible time of loading (i.e., the
time at which Te was “frozen in”) associated with the locations of the elastic thickness estimates studied here
would help constrain the thermal state of the subsurface and potentially exclude some of the models we presented.
Future data from BepiColombo for the southern hemisphere to better characterize contractional landforms could
help to further constrain the depth of the brittle‐ductile transition, similar to what has been done for Discovery
Rupes (Nimmo & Watters, 2004; Williams et al., 2011).

Finally, the lateral temperature variations that we determined would affect not only the viscosity, but also other
temperature‐dependent parameters of the mantle such as rigidity and bulk modulus. Lateral changes in these
quantities could affect tidal deformation to the extent of being potentially detectable by BepiColombo (Rovira‐
Navarro et al., 2024), suggesting that our models could also provide a baseline for future models of tidal response
based on 3D structures.

5. Conclusions
We investigated the effects of spatial variations of both crustal thickness and surface temperature on the
evolution and present‐day thermal state of the interior of Mercury. We have shown that the thermal evolution of
Mercury's mantle is strongly influenced by the insolation pattern and by the distribution of the crustal thickness.
The surface temperature distribution creates a long‐wavelength pattern on both the heat fluxes and on the elastic
lithospheric thickness. Additionally, crustal thickness variations induce smaller scale variations on the two
quantities.

We provide the most detailed distribution of the present‐day CMB heat flux of Mercury based on a self‐consistent
thermal evolution model. Such a distribution should be tested in future dynamo models. Our models also suggest
that different geochemical terrains, such as the NVP and the High Mg‐Region, could have experienced different
thermal histories throughout the evolution, owing to their different crustal thicknesses and surface location.

Future data from BepiColombo (Benkhoff et al., 2021) will provide a better resolution for the gravity and
topography of Mercury, as well as measurements of its surface composition. These new data will help refine the
estimates of the elastic lithosphere thickness that can be used to constrain our thermal evolution models and
improve our understanding of the thermal history and present‐day state of Mercury's interior.

Data Availability Statement
All data presented in this paper is available in tabulated form on Zenodo (Fleury et al., 2024). The GAIA code is a
proprietary code of DLR. Users interested in working with it should contact Ana‐Catalina Plesa (ana.plesa@dlr.
de) and Christian Hüttig (christian.huettig@dlr.de).
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