
1.  Introduction
An unmistakable characteristic of the surface of Mercury is the ubiquitous occurrence of contractional 
tectonic landforms. The first evidence of the dominance of contractional deformation was in the hem-
isphere imaged by Mariner 10 (Strom et  al.,  1975). The assumption that contractional deformation was 
global in extent led to the conclusion that Mercury had experienced global radial contraction (Melosh & 
McKinnon, 1988; Solomon, 1977; Strom et al., 1975; Watters et al.,1998, 2004). The true global distribution 
of contractional tectonic landforms was not revealed until the flybys and orbital phase of the MErcury 
Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) mission (Solomon et al., 2008; 
Watters, 2021; Watters et al., 2009, 2015, Watters, Daud, et al., 2016).

Mercury's contractional tectonic landforms can be divided into three distinct and well characterized land-
forms; lobate scarps, high-relief ridges, and wrinkle ridges. The most broadly distributed of these are the 
lobate scarps (Text S1, Figure S1a). Lobate scarps have the greatest range in scale, with over 3 km of relief 
on the largest scarp (Watters, Montési, et al., 2016) and only tens of meters of relief on the smallest (Watters, 
Daud, et al., 2016). They are the expression of surface-breaking, lithosphere-penetrating, thrust faults as 
evidenced by the vertical offset of crosscut impact crater walls and floors (Melosh & McKinnon, 1988; Strom 
et al., 1975; Watters et al., 1998, 2004). Closely related to lobate scarps are the high-relief ridges (Watters 
et al., 2001, 2009; Figure S1b). Lobate scarps and high-relief ridges are the dominant tectonic landform in 
Mercury's vast intercrater plains that cover ∼63% of the surface (Figures 1a and 1b). The remaining ∼27% 
of the surface is covered by smooth plains volcanic units (Denevi et al., 2013; Head et al., 2011) that are 
deformed primarly by wrinkle ridges (Watters, 1988; Schleicher et al., 2019; Figure S1c). The largest ex-
panses are found in the northern high latitudes and within and exterior to the Caloris basin (∼30°N, 165°E; 
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Plain Language Summary Mercury has a widespread array of fault scarps that formed by 
global contraction in response to the slow loss of interior heat. However, the distribution and orientations 
of this population of fault scarps cannot be accounted for solely by global contraction or by a combination 
of other sources of stress that have been proposed to date. New models of Mercury's crustal thickness 
show the contractional strain expressed by the fault scarps is greatest in areas of thick crust. This suggests 
a causal relation between the formation of thick crust and the localization of fault scarps. We propose 
mantle downwelling as a mechanism to thicken crust and concentrate contractional strain. Mantle 
downwelling is supported by a correlation between regions of modeled negative mantle dynamic pressure 
that induces contraction and regions of higher strain. These results support the contribution of recent and 
perhaps ongoing downward mantle flow in localizing major contractional faults on Mercury.
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Figure 1b). Wrinkle ridge thrust faults are interpreted to be shallow rooted, and deformation is thus largely 
confined to the smooth plains flood volcanic sequences they deform (see Watters, 1988, 2021).

The most widely accepted model for the origin of the stresses that formed Mercury's population of lobate 
thrust fault scarps and high-relief ridges is global radial contraction resulting from cooling of the planet's 
interior (Melosh & McKinnon, 1988; Solomon, 1977; Strom et al., 1975; Watters et al., 2004). Global con-
traction results in horizontal isotropic compressional stresses and a thrust fault population that is uniformly 
distributed with random orientations, given a mechanically homogenous and isotropic lithosphere. How-
ever, the lobate scarps and high-relief ridges are not uniformly distributed over the surface. They cluster in 
some regions and are relatively sparce to absent in others (see Figure 1; Watters, 2021; Watters et al., 2015). 
Here, we examine the relationship between the contractional strain expressed by the fault scarps and crustal 
thickness. Two models for Mercury's crustal thickness are examined along with a mantle dynamic pressure 
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Figure 1.  Mercury's lobate thrust fault scarps and high-relief ridges. (a) The locations of these contractional tectonic 
landforms (white polylines) are shown on the topographic map of Mercury (Becker et al., 2016). For lobate scarps the 
polyline is placed at the base of the vergent side of the scarp where the thrust fault breaks the surface, and for high-
relief ridges the polyline is placed along the midline of the ridge indicating a blind thrust fault (Watters, 2021). (b) 
Lobate scarps and high-relief ridges (thick black polylines) are shown with the mapped smooth plains volcanic units 
(thin black lines; Denevi et al., 2013). Map projection is simple cylindrical.
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model. The objective is to determine if regions with high contractional strain correspond to regions of 
greater crustal thickness and to investigate if crustal thickening has contributed to the localization of lith-
ospheric-scale thrust faults.

2.  Background
Different approaches taken in the interpretation and mapping of tectonic landforms have resulted in greatly 
dissimilar renderings of the population of Mercury's contractional faults (Byrne et al., 2014; Watters, 2021; 
Watters et al., 2009, 2015). The population of faults mapped by Watters (2021) is used in this study (Text S2). 
Each lobate scarp and high-relief ridge is interpreted to have a single primary thrust fault, consistent with 
kinematic and mechanical models of these structures (Melosh & McKinnon, 1988; Strom et al., 1975; Wat-
ters et al., 1998, 2001, 2002, 2004, 2009, 2015, Watters, Montési, et al., 2016).

The dynamic range of Mercury's topography is smaller than that found on the Moon (Zuber et al., 2012). 
The lower density of craters <100 km in diameter relative to the Moon suggests global volcanic resurfacing 
occurred just after the start of Late Heavy Bombardment (LHB; Marchi et al., 2013), contributing to the 
low range in elevation. The crustal thickness is well-correlated with the topography (Zuber et al., 2012). 
Mercury's gravity is dominated by the current subsurface structure, although most of the gravity signal can 
be attributed to the planet's shape (Mazarico et al., 2014; Smith et al., 2012). However, unique topographic 
features such as the broad rise in the northern plains (∼70°N, 30°E) and long-wavelength, low amplitude 
undulations cutting across the interior plains of the Caloris basin (∼30°N, 165°E; see Figure 1a) formed well 
after the emplacement and deformation of the smooth plains volcanic sequences (e.g., Zuber et al., 2012). 
Their associated mass anomalies may be the result of ongoing mantle flow due to either topography on the 
core-mantle boundary or mantle density heterogeneities (James et al., 2015). Regardless of the mechanisms 
that drive this mantle flow, the vertical and horizontal tractions exerted on the lithosphere by mantle flow 
are well constrained by Mercury's gravity field at long wavelengths.

Because lobate scarps and high-relief ridges are not uniformly distributed across the surface of Mercury 
(Figure 1; Text S3), other mechanisms that contribute to the nonuniform distribution of the faults must be 
sought. Watters et al. (2004) suggested a mechanism for generating significant horizontal compression is 
localized crustal thickening from mantle downwelling. The tectonics of terrestrial intraplate environments 
may be the best analogs to one-plate planets like Mercury. A number of intraplate locations on Earth have 
experience contractional deformation that appears to be caused by Rayleigh-Taylor instability of the upper 
mantle. Two notable examples are the thrust fault provences in central Australia and Asia (e.g., Neil & 
Houseman, 1999; Pysklywec & Cruden, 2004). These intraplate settings on Earth may provide insight into 
how large contractional landforms are localized on one-plate rocky planets in the absence of plate tectonics 
(Text S4).

An early model of mantle convection predicted long, linear rolls that could account for clusters of contrac-
tional landforms (King, 2008). In the post-MESSENGER view of Mercury's interior structure, the mantle is 
remarkably thin (∼400 km), presenting a challenge to large-scale and long-lived mantle convection (Hauck 
et al., 2013; Michel et al., 2013; Smith et al., 2012; Tosi et al., 2013). In fact, recent models suggest that the 
maximum size of a convective cell is limited by the thickness of the convecting layer (Michel et al., 2013; 
Tosi et al., 2013). In our analysis, we consider mantle flow that is not necessarily due to convection and 
further consider the effects of prior variations in crustal thickness and rheology.

3.  Methods
There are at least two methods by which crustal thickness (CT) maps can be constructed from gravity and 
topography (Zuber et al., 2012). The crust-mantle interface relief can be modeled to minimize the Bouguer 
gravity misfit (Wieczorek & Phillips, 1998). Alternatively, a dual inversion for the distribution of deep mass 
anomalies along with CT can be determined (e.g., James, 2013). The first method requires fewer parameter 
assumptions, but the second removes the effect of deeper mass anomalies from the CT model by incorporat-
ing dynamic flow kernels (James et al., 2015). Both methods are used to produce crustal thickness models 
for comparison with fault scarp locations. In both cases, we used spherical harmonic terms up to degree 
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and order 50, and we excluded degrees 1 and 2, which show a thickening of the crust toward the equator 
(Smith et al., 2012). A mean CT of 35 km is assumed, as is a mafic crustal composition with low porosity 
(bulk density of 2,900 kg/m3), and a crust-mantle density contrast of 250 kg/m3 (Nittler et al., 2011) to per-
form a Bouguer misfit minimization (CT1; Figure 2a, Table S1). The second CT model (CT2) is shown in 
Figure 2b (see Table S1). This map was derived using the same parameter values with the added assumption 
that topography is fully supported by a combination of crust-mantle interface relief and mantle flow. This 
is termed a “dual” inversion because it yields a map of mantle dynamic pressure (DP)–that is, the pres-
sure exerted on the base of the lithosphere by mantle flow–in addition to CT. This pressure is produced by 
mantle flow that is driven by mantle mass anomalies just above the core-mantle boundary (350 km depth). 
The quality of both the gravity and the topography data are dependent on the altitude of the MESSENGER 
spacecraft while in Mercury orbit. Due to the elliptical orbit of the spacecraft with the pericenter in the 
northern high latitudes, the model results are progressively less reliable with decreasing latitude, however, 
the long-wavelength portion of a crustal thickness model is likely robust even in the southern hemisphere. 
Although there is less confidence in crustal thickness variations at <500-km length scales in the southern 
hemisphere, this is not expected to significantly affect the results of the analysis because most crustal thick-
ness variations on Mercury occur at long-wavelengths (Figures 2a and 2b).

A map of DP is plotted in Figure 2c (Table S2). As with analysis of CT values, the confidence in the DP 
model is controlled by the availability of data in the southern hemisphere. The DP map may represent dy-
namic flow in the mantle in response to a perturbed intra-mantle interface or to density anomalies (James 
et al., 2014).

In an effort to establish the relationship between the contractional strain and crustal thickness and dynam-
ic pressure, the CT and DP values were determined at the center latitude and longitude of each mapped 
contractional landform (i.e., each lobate scarp and high-relief ridge). The squares of the lengths L2 of lobate 
scarps and high-relief ridges are then summed within 10 km bins of crustal thickness and 10 MPa bins of 
dynamic pressure. The squares of the lengths of the contractional features are then used to calculate the 
contractional strain. For large faults, where the fault length L ≥ the maximum depth of faulting, the areal 
contractional strain   is given by

  2

1

cos n

k
k

L
A

 



  (1)

where θ is the fault plane dip, A is the surface area covered by the range CT or DP values within the specified 
bin, n is the total number of faults, and γ is the displacement-length (D/L) ratio of the population of thrust 
faults associated with the lobate scarps and high-relief ridges (see Watters, 2021; Watters & Nimmo, 2010). 
The values of γ as a function of θ = 25°, 30°, and 35° are estimated from maximum relief of a representative 
sample of the population of lobate scarps using the best available topographic data and range from (∼6.3 to 
8.6) × 10−3 with γ ≅ 7.2 × 10−3 for θ = 30° (Watters, 2021). The contractional strain is thus estimated from 
the sum of the squares of the lengths of the faults in the specified bin of CT or DP.

4.  Results
The range in crustal thickness in the CT1 model is ∼11–73 km with a mean of ∼35 km, and ∼7–74 km in 
the CT2 model with a mean of also ∼35 km (Table S3). The median crustal thickness from CT1 and CT2 
models is ∼33 and ∼34 km, respectively. The greatest areal contractional strain   as a function of crustal 
thickness is found in the 55 km bin (range 50–60 km) for both the CT1 and CT2 models (Figures 3a and 3b). 
The contractional strain in the 55 km bin of the CT1 model ranges from ∼0.14 to 0.21% with   ≅ 0.17% at 
θ = 30° (Figure 3a). The contractional strain in the 55 km bin of the CT2 model is very similar to the CT1, 
ranging from ∼0.13 to 0.20% with   ≅ 0.16% at θ = 30° (Figure 3b). This analysis clearly indicates that great-
est contractional strain is found in areas of greater crustal thickness (Figures 2a and 2b).

In order to test if the observed spatial correlation is not simply a random effect, 10 random populations of 
651 thrust faults, the number of faults in the Watters (2021) data set, with random globally distributed fault 
center locations and with random lengths were generated. A weighted gamma function was used to create 
random populations of lengths with a frequency distribution and total cumulative length approximating the 
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Figure 2.  Models of Mercury's crustal thickness and mantle dynamic pressure. (a) Elastic crustal thickness model 
(CT1). (b) Dual inversion crustal thickness model (CT2). The resolution of the CT models are 1° per pixel. (c) The 
mantle dynamic pressure model (DP). The resolution of the DP model is 1° per pixel. The locations of mapped 
contractional landforms are shown for comparison (white lines). The locations of smooth plains volcanic units (Denevi 
et al., 2013) are outlined (thin black lines). The confidence in CT and DP values for the models is limited by the quality 
of the gravity and topography data in the southern hemisphere.
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Figure 3.  Contractional strain as a function of crustal thickness and mantle dynamic pressure. (a) Areal contractional 
strain estimated in 10 km bins for the crustal thickness (CT1) crustal thickness model. (b) Areal contractional strain 
estimated in 10 km bins for the CT2 crustal thickness model. (c) Areal contractional strain estimated in 10 MPa bins for 
the dynamic pressure model. The contractional strain is estimated using three values of the fault-plane dip θ. Crustal 
thickness bins with <1.0% of the total surface area of the planet are not considered statistically signficant and are not 
included (see Supporting Table S1 and S2).
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651 mapped fault population. The analysis shows that none of the random fault population models produce 
a peak strain >0.09% (for θ = 30°) in the higher-than-average model crustal thickness bins of 45 and 55 km 
for either the CT1 or CT2 models (Figures S2 and S3). Only one random population (Random Model 6–CT1) 
produces a peak strain that exceeds 0.09% (for θ = 30°) in the 65 km bin. Thus, it is concluded that the null 
hypothesis – the observed correlation between clusters of faults and thick crust is a random effect – can be 
rejected.

There are notable spatial correlations between clusters of thrust fault scarps and regions of thick crust. One 
of the most striking is the Victoria Rupes cluster of lobate scarps and high-relief ridges (∼35ºN, 30ºW; Fig-
ures 2a and 2b). This cluster, that includes Victoria Rupes (∼51.7°N, −34.0°W), Endeavor Rupes (∼38.4°N, 
31.5°W), and Antoniadi Dorsa (∼30°N, 31.2°W), extends over 1,500 km. These large structures contribute 
to the cumulative length of one of the major longitudinal deformation bands on Mercury (Watters, 2021; 
Watters et al., 2015). It is also notable that the cluster of faults occurs on the eastern border of a long, linear 
region of thick crust oriented roughly north-south. At its northernmost extent, this region of thick crust 
is oriented roughly east-west and forms the local boundary with the northern smooth plains (Figures 2a 
and 2b). Here, another prominent lobate scarp, Carnegie Rupes (∼58.3°N, 53.5°W), occurs along the south-
ern border of the region of thick crust.

The range in model dynamic pressure is from approximately −15 to 19 MPa with a mean of 0 MPa (Ta-
ble S3). The greatest contractional strain is found in the −5 MPa bin (range −10–0 MPa) of DP (Figure 2c) 
with   ≅ 0.09% at θ = 30°. The contractional strain in the −5 MPa bin is ∼15% (0.012% at θ = 30°) greater 
than in the 5 MPa bin, and more than a factor of 2 greater than in the 15 MPa bin (θ = 30°; Figure 3c). Thus, 
there is a significant correlation between peak contractional strain and negative dynamic pressure. There 
are also areas with clear spatial correlation between regions of low and high dynamic pressure and clusters 
of fault scarps, with some clusters located near transitions of negative and positive dynamic pressure (Fig-
ures 2c and 3).

5.  Discussion
The analysis shows that the locations of fault scarps on Mercury are not randomly distributed with respect 
to modeled CT values, either for the elastic model (CT1) or for the model that includes mantle dynamics 
(CT2). In both cases, the contractional strain is greatest where the crust is thick (Figures 3a and 3b). This 
spatial correlation between areas of thick crust and greatest contractional strain suggests that mantle down-
welling may have significantly influenced the localization and development of many of the major thrust 
faults, adding a localized component of lithospheric stress to the isotropic stress due to global contraction.

Variations in crustal density due to compositional variations or impact-driven porosity may lead to some un-
certainty in any crustal thickness model. For example, Beuthe et al. (2020) used surface mineralogy derived 
from MESSENGER data to infer lateral variations in crustal density and the degree of mantle melting. Ad-
ditionally, they assumed the existence of near-surface porosity profiles comparable to those observed on the 
Moon. A comparable analysis of two crustal thickness models of Beuthe et al. (2020), V0 and V8 (Figure S4, 
Table S4), shows relatively small peaks in contractional strain in thick crust (Figure S5). In both models, 
the peak strain occurs in the 45 km bin (V0,   ≅ 0.11%, and V8,   ≅ 0.13% at θ = 30°). Beuthe et al. (2020) 
find the thickest crust in the V0 model corresponds to the high-Mg terrain (∼30°N, 110°W) identified in 
MESSENGER X-ray spectrometer data (Weider et al., 2015; Figure S6). The CT1 and CT2 models presented 
here do not show generally thick crust in the high-Mg terrain (Figure S7). The exceptions are a few isolated 
regions, the most significant of which is near ∼30°N, 80°W that corresponds to the area of peak crustal 
thickness in the Beuthe et al. (2020) V0 model (Figure S6). Moreover, a comparison of the contractional 
landforms with the two mantle melt crustal thickness model (V0 and V8) shows no obvious relation be-
tween the number or orientation of mapped faults and the high-Mg terrain (Figure S4). The analysis shows 
that mapped faults are correlated with moderately thick crust for the models of Beuthe et al., similar to the 
correlation that we report for CT1 and CT2 (Figure S5). Therefore, this correlation appears to be robust for 
a wide range of plausible assumptions about Mercury's internal structure.

Contractional strain is significantly greater in regions of negative (compressional) dynamic pressure (Fig-
ure 3c). These results are consistent with downward flow in the mantle contributing to a stress environment 
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that favors the development of thrust faults in Mercury's lithosphere. While the contribution of stresses 
imparted by the mantle may be small relative to other sources of stress in the lithosphere (e.g., global con-
traction), the statistically significant correlation suggests that mantle flow nevertheless contributes to the 
geographic distribution of tectonic structures. While we can only infer present-day dynamic pressure from 
Mercury's gravity field, a correlation between negative dynamic pressure and contractional strain suggests 
that the observed flow patterns may be similar to the flow patterns that existed during the formation of some 
lobate scarps.

The contractional strain is lower in both CT1 and CT2 models in areas with thin crust, relative to areas of 
thick crust (>50 km) with the exception of the thickest crust (>60 km; Figures 3a and 3b) which makes 
up ≤2% the surface area (Table S1). This is consistent with mantle flow thickening the crust and enhancing 
contractional strain at locations of mantle downwelling and inward lower crustal flow. A number of mech-
anisms may account for mantle flow on Mercury, including compositional buoyancy heterogeneities in an 
otherwise stagnant mantle, thermochemical mantle convection, and/or localized gravitational instability of 
the mantle. The trigger for gravitational instability of Mercury's mantle, as has been proposed for the Earth, 
may be presense of remote stresses (Neil & Houseman,  1999). A likely source of remote compressional 
stresses on Mercury is global contraction. The downward flow process of thickening crust is expected to also 
thin the crust in some areas. At locations with a net loss of lower crustal material as a result of lateral flow, 
there may be some extensional stress imparted to the overlying brittle layer (Pysklywec & Cruden, 2004). 
Extensional tectonic features are only observed within impact basins and some buried (ghost) craters and 
basins on Mercury (e.g., Watters et al., 2009, 2012). Therefore, it is expected that the potential contribution 
to the stress field from extensional stresses in areas of crustal thinning do not exceed compressional stresses 
due to global contraction and may contribute to lower contractional strain in areas of thinnest crust. More-
over, the regions of thinnest crust generally correspond to longitudal bands with the smallest cumulative 
length of fault scarps (see Watters, 2021; Watters et al., 2015).

The two models of crustal thickness rely on different assumptions about the mechanisms of topographic 
compensation: the CT1 model allows topography to be partially uncompensated (i.e., partially supported 
by elastic stresses), whereas the dual inversion associated with the CT2 model is based on the assumption 
that the combination of crustal thickness variations and deep-seated dynamic pressure entirely support to-
pography. These two models therefore represent two endmember scenarios for the support of Mercury's to-
pography. Our results indicate that, regardless of whether long-wavelength topography is in part supported 
by dynamic or by elastic stresses (or both), the mechanical lithosphere has preferentially developed thrust 
faults in areas with the thickest crust.

Model results for the dual inversion are consistent with a long-lasting, stationary pattern of mantle flow 
(perhaps convective motion) that thickened the crust and localized thrust fault scarps. Preexisting vari-
ations in crustal thickness and/or rheology (e.g., Montési & Zuber,  2002) may have also influenced the 
observed fault pattern, as noted for several prominent fault scarps localized by basin rims (e.g., Fassett 
et al., 2012; Watters et al., 2015). Crosscutting relations with impact craters of differing ages and degradation 
states suggest thrust faults have been actively developing on Mercury since the Calorian (∼3.9 Ga; Banks 
et al., 2015), and the discovery of small-scale lobate scarps indicates thrust faulting may be ongoing (Wat-
ters, Daud, et al., 2016). This supports a long-lived period of contractional deformation, perhaps contributed 
to by a period of relatively stationary mantle flow.

While lobate scarps and high-relief relief are generally associated with areas of thick crust, smooth plains 
volcanic units, dominated by wrinkle ridges, are associated with areas of thinner crust in the northern 
hemisphere. The northern smooth plains are underlain by relatively thin crust, generally <40 km thick in 
both CT1 and CT2 (Figures 2a and 2b). This is also mostly the case for the smooth plains of Suisei Planitia 
(∼60°N, 150°W), Buda Planitia (∼20°N, 150°W), and Sobkou Planitia (∼40°N, 130°W), and much of the 
Caloris basin (∼30°N, 165°E). Exceptions are some margins of the Caloris basin and much of the Caloris 
exterior smooth plains. Thin crust associated with smooth plains is also indicated in the mantle melt crustal 
thickness model of Beuthe et al.  (2020) (Figure S6). Their model shows thin crust in the geochemically 
distinct terrains of the northern smooth plains and Caloris where lithospheric-scale thrust faults are largely 
absent (see Figures S4 and S6).
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The smooth ridged-plains were likely deformed by stresses from subsidence and flexure of thinner or weak-
er lithosphere due to loads of basalt-like volcanics that locally dominated stresses from global contraction 
(see Schleicher et al., 2019; Watters, 2021). Variations in effective elastic thickness Te on Earth generally 
correlate with variations in crustal thickness Tc. Thus, low values of Tc generally correspond to low values 
of Te (Djamani et al., 1995) and the thickness of the seismogenic crust (Maggi et al., 2000). If this is also 
the case for Mercury, the smooth plains in the northern hemisphere might be expected to be supported by 
relatively thin elastic lithosphere. The sparsity of lithosphere-penetrating thrust faults in the expanses of 
northern smooth plains could be explained by the effects of large basin-forming impacts that would have 
locally reset the compressive stresses from global contraction. It has been suggested that the dichotomy in 
contractional strain between the northern and southern hemispheres is due to a generally thicker, stronger 
elastic lithosphere in the northern hemisphere that inhibited formation of lithosphere-penetrating thrust 
faults (Watters, 2021). Alternatively, based on the results of this study, the greater contractional strain found 
in the southern hemisphere may be due to a greater contribution of mantle flow in thickening the crust and 
localizing deeply rooted thrust faults. Additional gravity data collected by the BepiColombo spacecrafts will 
support improved crustal thickness models for Mercury and further analysis of the relation with contrac-
tional strain.

In summary, lithospheric contractional strain is greatest in areas of thick crust, suggesting a causal relation 
between the formation of thick crust and the localization of fault scarps. Regions of thinner crust are largely 
devoid of lithosphere-penetrating contractional landforms. Mantle downwelling may enhance strain from 
global contraction in regions of thickened crust, and is supported by the correlation between regions with 
negative mantle dynamic pressure and higher contractional strain. These results suggest recent and perhaps 
ongoing mantle flow has a role in localizing lithosphere-penetrating thrust faults on Mercury.

Data Availability Statement
Data are available on the Smithsonian's Figshare site (https://smithsonian.figshare.com/articles/dataset/
Mercury_s_crustal_thickness_and_contractional_strain/14270720). The raw and calibrated image data 
that support the findings of this study are available from Planetary Data System Cartography and Imaging 
Sciences Node (https://pds-geosciences.wustl.edu/missions/messenger/index.htm).
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