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Abstract The crustal structure of Mercury's large impact basins provides valuable insights into the planet's
geological history. For a warm crust, a post‐impact basin structure will viscously relax with inward flow of
crustal materials toward the basin center. This effect drastically diminishes the crustal thickness contrasts and
associated Bouguer gravity contrasts between the basin center and its surroundings. Here, we analyze Bouguer
contrasts of 36 basins (diameter >300 km) located in the northern hemisphere as a proxy for viscoelastic
relaxation. Thermal evolution models, assuming the present 3:2 spin‐orbit configuration, are used to predict
crustal temperatures. Our analysis reveals that the expected correlation between zones of warm crust and low
Bouguer contrast from relaxation is not observed in the available data. This suggests that crustal temperatures
have changed in the past, potentially due to a change in Mercury's orbit or to a major volcanic event associated
with smooth plain formation.

Plain Language Summary Mercury's impact basins and their crustal structure provide important
clues about the planet's geological past and present‐day state. We studyMercury's crust at large impact basins by
using information from gravity measurements and temperature estimates from thermal evolution models that
consider the surface temperature pattern caused by Mercury's present‐day orbit. In regions with warm interior,
the crustal structure of large basins is expected to relax more readily compared to colder regions. Here, we
examine 36 large basins (diameter>300 km) in the northern hemisphere, where the gravity data is well resolved,
to investigate this process. Our results show no correlation between gravity data at basins' location, modeled
local temperature, and expected impact basin relaxation. This suggests that crustal temperatures have changed in
the past, potentially due to a change in Mercury's orbit or to a major volcanic event associated with smooth plain
formation.

1. Introduction
Impact basins bear witness to the geologic history of celestial bodies. Their formation and evolution is profoundly
connected to the thermal state of the crust and its evolution throughout geologic time (Melosh, 2011). Seconds
after its formation and following the impact‐driven excavation of crustal materials, an impact basin is charac-
terized by a central depression and thinned crust (Melosh et al., 2013). Shortly after the impact, the central cavity
is subject to an inward flow of surrounding crustal material. This flow might partially fill back the basin center,
depending on the rheology and temperature of the crust (Miljković et al., 2013). The collapse of the transient
crater leaves the basin in a pressure and gravitational disequilibrium, referred to as a subisostatic state. As the
basin cools and forms a new lithosphere, the inner and outer parts of the basin are elevated back toward equi-
librium due to isostatic forces. This coupled response causes the inner basin to experience uplift beyond isostasy
and to form a mascon (Andrews‐Hanna, 2013; Freed et al., 2014). The resultant thinned crust and uplifted mantle
plug we observe today are typically expressed by topography‐corrected gravity highs, hereafter referred to as
positive Bouguer anomalies (Freed et al., 2014; Melosh et al., 2013; Neumann et al., 2015). Conversely, the
basin's rim generally shows a negative Bouguer anomaly due to the local thickening of the crust by impact ejecta.

On the Moon, most basins on the nearside exhibit high Bouguer anomalies, which are primarily caused by dense
volcanic mare infill (Broquet & Andrews‐Hanna, 2024a). However, some non‐mare basins also show elevated
Bouguer anomalies, indicating the contribution of other factors, such as the flexural uplift of the crustal annulus
(Andrews‐Hanna, 2013). Alternatively, a large basin size, combined with high thermal gradients and low lith-
ospheric rigidity, can result in a predominance of isostasy throughout the basin evolution, preventing the
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development of a mascon with high Bouguer anomaly (Trowbridge et al., 2020). A comparable process may
influence the gravitational signatures of large basins on Mercury.

In the case of a weak rheology or high sustained regional heat flow, the basic crustal structure described above can
viscously relax leading to both reduction (or complete disappearance) of the thickened crustal annulus and further
crustal flow toward the basin center (Ding & Zhu, 2022; Mohit & Phillips, 2006). These effects naturally lead to a
drastic reduction of the crustal thickness contrast and associated Bouguer anomaly contrast between the basin
center and surroundings. Simulations of Caloris formation reveal that a warm and weak interior enabled the crust
to flow rapidly toward the basin center, suggesting Mercury was warmer than previously thought and that such
thermal conditions drastically influence basin relaxation (Gosselin et al., 2023; Potter & Head, 2017). In that
framework, analysis of Bouguer anomalies over large impact basins can be used to constrain the amount of post‐
impact crustal flow and relaxation. Together, these can help unravel the thermal state of the crust at the time of
impact and the subsequent cooling history of the planet's interior (Figure 1; see also Mohit & Phillips, 2006; Deng
et al., 2020).

Lacking in situ heat flow measurements and precise constraints on the composition and structure of the interior,
the thermal evolution of Mercury is still only poorly understood (e.g., Michel et al., 2013; Tosi et al., 2013). Due
to both the planet's proximity to the Sun and its peculiar 3:2 spin‐orbit resonance (Bauch et al., 2021; Paige
et al., 1992, 2012; Pettengill & Dyce, 1965), Mercury's surface is subject to substantial lateral variations in
temperature reaching hundreds of Kelvins (Vasavada et al., 1999). Such temperature anomalies are expected to
affect the deep thermal structure of the interior, potentially down to the planet's core (Tosi et al., 2015). Although
these temperature anomalies prominently affected Mercury's thermal and geologic history, it remains unclear
whether the 3:2 spin‐orbit resonance is primordial, ancient, or recently acquired (Knibbe & vanWestrenen, 2017;
Noyelles et al., 2014; Wieczorek et al., 2012).

In this work, we analyze the Bouguer gravity anomalies of Mercury's largest impact basins as a proxy for the
amount of viscoelastic relaxation experienced by these structures. In particular, we address whether the amount of
viscoelastic relaxation these basin experienced is spatially correlated to the thermal effects of the 3:2 spin‐orbit
resonance. In the case where the resonance is primordial or ancient, large basins in zones of warm crust should be
characterized by enhanced relaxation and low Bouguer anomaly contrasts. Patterns in Bouguer anomaly contrasts
are compared to crustal temperature predictions from thermal evolution models that account for surface
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Figure 1. Sketch for the effect of crustal temperature on the relaxation state over time (top). Sketch of a post‐impact structure
profile within a hot crust (red) and a cool crust (blue). The yellow dashed line marks the impact structure rim. Light blue
arrows indicate the post impact crustal flow.
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temperature variations (Fleury et al., 2024). The results of this comparison are then used to discuss Mercury's
orbital and rotational history.

2. Bouguer Anomaly and Mantle Temperature at Mercury's Largest Basins
In previous work, crustal thickness was utilized as a proxy for viscoelastic relaxation (Deng et al., 2020;
Mohit, 2008). In particular, the difference in crustal thickness between the rim area and center of a basin (or
crustal thickness contrast) was argued to represent a relative measure of the viscoelastic relaxation experienced by
impact basins (Deng et al., 2020). Basins with a large crustal thickness contrast were interpreted as non‐relaxed,
whereas basins with a small contrast were considered to have experienced viscoelastic relaxation. Alternatively,
the contrast in the Bouguer gravity anomaly has also been used as an indicator for viscoelastic relaxation (Johnson
et al., 2018; Miljković et al., 2016; Mohit & Phillips, 2006, 2007; Potter et al., 2012). In this work, we focus on the
Bouguer anomaly contrast, which doesn't require assumptions on the unknown density contrast at the crust‐
mantle interface, interface filtering, or average planetary crustal thickness (Beuthe et al., 2020).

In addition, previous studies have demonstrated that the basin diameter and morphology are highly dependent on
the initial temperature of the crust (Miljković et al., 2013; Potter et al., 2012). Basins formed in a warm crust were
approximately twice as large compared to those formed in a cooler crust under similar impact event conditions
(Miljković et al., 2013). The collapse of the transient cavity was notably more prominent in larger and hotter
basins compared to smaller basins or cooler crust. This process potentially led to the near‐complete removal of
crustal thickening regions, especially for the largest basins (Miljković et al., 2016). Taken together, an impact
basin forming on a hot target should have drastically lower Bouguer gravity contrast, as due to post‐impact flow
and subsequent viscoelastic relaxation (Figure 1).

The Bouguer anomaly is estimated from the gravity field model of Goossens et al. (2022) and from elevation data
derived by Perry et al. (2015) using the Mercury Laser Altimeter (MLA). We note that all gravity field solutions
suffer from limited resolution on a global scale, specifically in the southern hemisphere, due to MESSENGER's
highly inclined eccentric orbit (Solomon et al., 2018). As a result, this work specifically focuses on large basins
located in the northern hemisphere, where the gravity field is sufficiently resolved. We use Mercury's basin
inventory published by Szczech et al. (2024) and select 36 basins with a diameter>300 km located in the northern
hemisphere from this catalog for our analysis.

To account for the variable resolution of the gravity field, we have pre‐processed both the gravity and topography
data by limiting their spectral expansion to a spatially variable maximum resolution (Broquet et al., 2024b). The
spatially variable resolution is obtained from the local degree strength, which is defined as where the gravity
signal of the coefficients of that degree equals the gravity uncertainty or noise (Konopliv et al., 2020). The
Bouguer anomaly is computed using the SHTools python module (Wieczorek & Meschede, 2018) with a global
flattening of 0.0009 and a mean global radius of 2,440 km (Konopliv et al., 2020). The Bouguer correction is
applied, effectively removing the gravitational effects of surface topography between the observation point and
the reference level, taking the elevation difference and the average density of the rocks above the reference level
into account (Wieczorek, 2015). Our calculations assume a global crustal density of 2,800 kg m− 3 (Genova
et al., 2019, 2023; Goossens et al., 2022; Konopliv et al., 2020) and consider finite‐amplitude corrections (see
Section S1 in Supporting Information S1).

Impact basins are typically divided into three regions. The first region covers the central zone of crustal thinning
and mantle uplift. It starts at the center of the impact structure and extends until a distance equal to half of the basin
radius (Melosh, 2011; Neumann et al., 2015). The second region starts at half the basin radius and extends for
another half radius, covering the area where the crust starts to thicken. The third region covers the rim crest and
portions of the ejecta blanket of the impact structure over a distance equivalent to half of the basin radius. For this
work, we calculate Bouguer anomaly profiles every 20° in azimuth, starting from the center of the basin and
extending to a distance of 1.5 crater radius, and compute the mean value over the basin center and rim crest. The
Bouguer anomaly contrast is defined as the difference between the basin center and the rim crest averages. In
addition, we calculate the standard deviation to these mean values to evaluate our uncertainties.

To assess Mercury's crustal temperature and potential viscoelastic relaxation, we ran a suite of 3D thermal
evolution models that include the effects of a spatially variable crustal thickness and surface temperature from
Mercury's insolation pattern (Tosi et al., 2013; Vasavada et al., 1999). The heat producing elements, which are the
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major source of interior heating, are distributed between the mantle and the crust following previous work (Fleury
et al., 2024; Tosi et al., 2013). The models are run for 4.5 billion years and track the evolution of the interior
temperature. Here, we focus on the temperature of the mantle below the crust at 40 km depth, which drives
viscoelastic relaxation (Figure 2d and Ding & Zhu, 2022). We address the potential influence of small‐scale
temperature variations by converting the temperature map into spherical harmonics and selectively retaining
only the low‐degree coefficients up to degree and order 20. This approach allows us to focus on the long‐
wavelength temperature pattern, effectively minimizing the impact of small scale fluctuations. The tempera-
ture is estimated at 3 Ga, after the major basin‐forming era (Orgel et al., 2020), though we note that the simulated
overall temperature pattern remained similar throughout the entire simulation run of Mercury's evolution (Fleury
et al., 2024). The crustal temperature is estimated for all basins by calculating profiles along the temperature map
every 20° in azimuth and computing the mean value within one crater radii. Again, we derive the standard de-
viation to examine the uncertainties associated with our temperature estimates.

We note that factors such as lateral variability in radiogenic heat‐producing elements, bulk porosity, and bulk
crustal composition also potentially have a prominent effect on crustal temperatures and viscoselastic relaxation.
However, these factors are often difficult to precisely constrain, unlike surface temperature.

When comparing Bouguer anomaly contrasts and analyzing the viscoelastic relaxation stages of impact basins, it
is important to look for basins with similar ages. This ensures that our analysis does not compare old basins with
much younger ones, the latter having less time to relax. To assess basin ages, we perform crater size frequency
distribution measurements using the global catalog of craters provided by Herrick et al. (2018) (see Section S2 in
Supporting Information S1). Our crater counting results are consistent with earlier work (Orgel et al., 2020).

3. Results
We classify the crustal temperature of Mercury's large basins according to tertile grouping (three groups, each
containing a third of the population) as cool (<972 K), intermediate (972–1005 K) and hot (>1005 K, Figures 2b

Figure 2. (a) Mercury's Bouguer anomaly map. (b) Same map as in panel (a) but including impact structure distribution of cool, intermediate, and high temperature at the
basins' location. (c) Bouguer anomaly contrast versus basin diameter. The three temperature categories are indicated by colors. For reference, the gray dashed line shows
the lunar Bouguer gravity diameter relationship from Neumann et al. (2015). (d) The temperature map at a depth of 40 km at 3 Ga obtained from a thermal evolution
model of Mercury's interior (Fleury et al., 2024).
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and 2c). We note that the temperature map (Figure 2d) shows a similar pattern to the global Bouguer anomaly map
(Figure 2a), which is likely linked to deep mantle thermal anomalies (Tosi et al., 2015).

In the case of little to no viscoelastic relaxation of the post‐impact crustal structure of a basin, the Bouguer
anomaly contrast of large basins is thought to be linearly proportional with their diameter, as observed on the cold
lunar farside (Neumann et al., 2015). However, in case of a viscoelastically relaxed crust, this linear diameter
scaling would be modified and Bouguer contrasts would be lower in regions with a warm interior and respectively
higher in regions that are colder (Figure 2). Therefore, an inverse correlation between crustal temperature and the
Bouguer contrast would indicate substantial viscoelastic relaxation. Our analysis of Bouguer anomalies show that
basins on Mercury generally have smaller Bouguer contrast than found on the Moon when considering a similar
diameter range. However, they follow a trend similar to theMoon at small diameters (around 300–400 km), with a
slight offset. This offset can potentially be attributed to a larger density difference between the crust and mantle.
Mercury's crust‐mantle density contrast is approximately 400 kg m− 3 (Genova et al., 2023), while the lunar
density contrast is 700 kg m− 3 (Wieczorek et al., 2013). For larger diameters, Mercury shows drastically lower
Bouguer contrasts compared to the Moon. Large basins are more likely to experience relaxation and Bouguer
contrast reduction, in particular basins with diameters >500 km (Figure 2c).

Relaxation could be more pronounced on Mercury due to its higher surface temperature, elevated radiogenic
heating, and stronger gravitational acceleration, all of which enhance the flow and deformation of the crust over
time. Importantly, we note that while the basin Bouguer contrast and diameter relationship is well defined on the
Moon, the lack of high‐resolution gravity data on Mercury makes the robust determination of such trend difficult.
For this reason, and in order to limit the basin‐diameter effect on the Bouguer contrast, we subdivided the basin
population in 6 diameter ranges starting from 300 km to >800 km with increment of 100 km. Within these bins,
relative variations in Bouguer contrast should be representative of the relative viscoelastic relaxation of the crustal
structure.

For clarity, we focus here on three specific large basins with diameters of ∼700 km that have similar ages and
formed during the pre‐Tolstojan and Tolstojan epochs (Figure 3). These basins, ID374, ID258 and ID270
(Borealis), are located in our three different temperature zones and in regions with sufficiently resolved gravity
field (degree strength >30, wavelength >195 km). Interestingly, our analysis reveals no correlation between low
Bouguer contrasts and hot regions, contrary to the expected relationship. Instead, a high Bouguer contrast is found
in a region with hot crust (ID374), compared to a low contrast in a cool area (ID270, Figure 3). This unexpected
positive correlation does emerge for the three specific basins in Figure 3, which warrants further investigation. No
clear trend is observed in our entire database of large basins, with for example, highly relaxed basins being located
in regions with cold crust (Figure 4). Neither a correlation on the global scale nor within specific diameter bin
categories is evident.

On the Moon, Bouguer contrasts can be affected by mare basalts that have densities higher than the surrounding
feldspathic crust Δ ∼ 400 kg m− 3 (Kiefer et al., 2012). OnMercury, however, smooth plains are expected to have
a density roughly similar to the surrounding crust (Beuthe et al., 2020). In addition, we have compared the depth
of Borealis (2.2 km) to that of similarly sized basins devoid of smooth plains (ID114, ID276, ID108) and found
only minor differences (depths of 1.9 km, 2.8 km, 1.8 km respectively). Therefore, based on this comparison, it is
likely that the smooth plains within Borealis are thin (<0.6 km, Szczech, 2024). Together, these indicate that the
effect of smooth plains on Bouguer anomalies is minor.

4. Discussion and Conclusions
All materials are subject to viscoelastic flow, the rate of which depends on temperature and rheology. The crustal
structure of large basins on the terrestrial bodies, including the Moon (Ding & Zhu, 2022), Mars (Karimi
et al., 2016;Mohit & Phillips, 2007), andMercury (Deng et al., 2020) have been shaped by viscoelastic relaxation.
Previous studies have suggested a relationship between crustal temperature and relaxation processes in impact
structures (Deng et al., 2020). However, our analyses indicate that the expected relationship between our pre-
dicted crustal temperatures and observed Bouguer anomaly contrasts doesn't exist on Mercury. Instead, a size
dependency was observed, with Bouguer anomalies tending to decrease for larger basins.

There are three primary scenarios for understanding Bouguer anomaly variations related to crustal temperature in
impact basins. In the first scenario, a high Bouguer anomaly indicates that the basin formed in a cold crust, which
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hinders relaxation allowing the basin to preserve a high Bouguer anomaly contrast. The second scenario involves
a low Bouguer anomaly, suggesting the basin formed in a warmer region, facilitating viscous relaxation. The third
scenario includes a basin that formed in a cold crust and was subsequently relaxed by a temperature increasing
event, such as volcanism or a change in the planet's orbit.

Because of Mercury's spin‐orbit resonance and the close proximity to the Sun, the planet's crustal temperature is
substantially affected by the surface temperature (Tosi et al., 2015; Vasavada et al., 1999). Our thermal evolution
models have used Mercury's surface temperature, as dictated by the current planetary 3:2 spin‐orbit resonance.
However, if this rotational configuration was not primordial or ancient, but rather recently acquired, this tem-
perature pattern may not have affected the viscoelastic relaxation of our investigated large basins' crustal
structure. This scenario requires the current planet's stable 3:2 spin‐orbit resonance to postdate the formation of
most large basins in the Tolstojan period (4.0–3.9 Gyr, Neukum et al., 2001; Orgel et al., 2020). Since viscoelastic
relaxation is influenced by background heat flow and typically takes several tens to hundreds of millions of years
to occur (Karimi et al., 2016; Mohit & Phillips, 2006), the current temperature pattern would need to have been
established several hundred million years after the Tolstojan period to avoid altering the observed Bouguer
anomalies.

Previous studies hypothesized that Mercury might have been initially locked in a different spin‐orbit resonance,
with 1:1 and 2:1 being the most likely candidates (Correia & Laskar, 2009; Correia & Laskar, 2010; Knibbe & van
Westrenen, 2017; Noyelles et al., 2014; Wieczorek et al., 2012). According to this hypothesis, this early rotation
state was later destabilized by a major impact, possibly associated with the formation of the Caloris basin. A
different spin‐orbit resonance would yield a different surface temperature pattern, which could help explain the
distribution of Bouguer anomaly contrasts found in this study. The same would be true for a different orientation
of the planet early in its history. What rotational and orbital evolutionary path could possibly explain our results is
yet to be determined.

Figure 3. Characteristics of three example basins from our inventory. Local elevation (top) and average Bouguer anomaly profiles for each basin (bottom). Vertical bars
mark the end of the basin rim. The relative age was determined using our crater counts and the chronology function of Neukum et al. (2001). The Bouguer contrast is the
difference between the average of the rim crest and the basin's center (shown in red). (a) Basin ID374 is located in a hot temperature zone and has a high Bouguer
anomaly contrast. (b) Basin ID258 (Budh) is located in an area of intermediate temperatures and has an intermediate Bouguer anomaly contrast. (c) Basin ID270
(Borealis) is located within a cool temperature zone and displays a low Bouguer anomaly contrast.
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It is important to note that other factors may influence the Bouguer anomaly, such as density variations in the crust
due to intrusions, and volcanic filling of basins as seen on the Moon (Broquet & Andrews‐Hanna, 2024a, 2024b).
Volcanic activity and magmatism might also largely affect the thermal structure of the crust and the associated
evolution of a basin (Ding & Zhu, 2022). A major volcanic event leading to the formation of the smooth plains
around 3.9–3.7 Ga (Denevi et al., 2013; Head et al., 2011) may have substantially affected Mercury's thermal
evolution and crustal temperature at the time of large impact basins formation. Porosity also may influence
Bouguer contrast, as demonstrated in lunar impact crater studies (Izquierdo et al., 2021; Soderblom et al., 2015).
However, given that we focus on basins of similar sizes, impact‐induced porosity should affect those equally.
Therefore, the effect of porosity on the Bouguer contrast would be limited. In addition, the composition of the
crust largely affects its rheology, and hence, its ability to flow. If the crust of Mercury was more mafic than felsic
(silica‐rich), viscoelastic relaxation may also be largely hindered, as discussed for ancient crustal plateaus on
Venus (Nimmo & Mackwell, 2023) and in some studies of impact basins on the Moon (Mohit & Phillips, 2006).

The investigations presented here are the first to show the absence of a correlation between Bouguer anomaly
contrast and crustal temperature, indicative of relaxation, for large impact basins on Mercury. This paves the way
for future studies to test alternative evolutionary scenarios that may explain the absence of the expected trend, as
discussed above. Additional numerical modeling would also help to investigate viscoelastic relaxation in more
detail than was possible using the approach presented here.

Figure 4. Bouguer anomaly contrast as a function of crustal temperature for several basin diameter ranges. All impact structures are located in the northern hemisphere,
where the gravity field is sufficiently resolved. The light blue area marks the cool temperature zone, while the red area indicates the hot temperature zone. Gray vertical
and horizontal bars denote the standard deviation for each parameter. The yellow triangle represents basin ID374, the diamond displays basin ID258, and the cube marks
basin ID270 shown in Figure 3.
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The low resolution of available gravity models restricts our analysis to the northern hemisphere. However, future
improvements are expected with the data from the BepiColombo mission, which will enhance the global degree
strength to around 45 after the first year of the mission (Iess et al., 2021). The new measurements will provide a
resolution of approximately 383 km for gravity models and generate high‐resolution elevation models of the
planet (Benkhoff et al., 2010; Genova et al., 2021; Iess et al., 2009; Mangano et al., 2021; Thomas et al., 2021).
Such higher resolution would enable the inclusion of 34 basins from the southern hemisphere, offering a more
complete and detailed analysis of Mercury's viscoelastic relaxation processes. Such analyses will help to fill the
gap in the comprehensive understanding of Mercury's crustal dynamics and improve the robustness of our results.

Data Availability Statement
The MESSENGER gravity and topography model can be accessed via https://pgda.gsfc.nasa.gov/data/Mercu-
ryCrust/sha.LOS_model and https://pds‐geosciences.wustl.edu/messenger/mess‐h‐rss_mla‐5‐sdp‐v1/messrs_
1001/data/shadr/gtmes_150v05_sha.tab. The degree‐strength downsampled topography is available at Broquet
et al. (2024a). The catalogue of impact structures is available at Szczech (2024).
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