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Abstract Understanding the structure and composition of planetary crusts is fundamental for unraveling the
diverse geologic pathways of rocky bodies in the solar system. In recent years, geophysical missions have shed
light on the crustal architecture of the Moon and Mars. New missions are currently en route to Mercury and in
preparation for Venus. Here, we provide an overview of our current knowledge of the crustal structure of the
Moon, Mars, Mercury and Venus, and present nominal models for these planets. Planetary crusts are thought to
have average thicknesses of ~20 km (Venus), ~30 km (Mercury, Moon) and higher (30-70 km, Mars), and
generally represent a few percent of the silicate mass fraction of their planet. In comparison, crustal thickness on
Earth is bimodal, with values of 40 and 7 km for the continental and oceanic crusts, respectively, for a global
average of ~19 km. We highlight that gravity inversions must account for the often-uneven resolution of gravity
fields and show that the classical Bouguer anomaly filtering step can be avoided by simultaneously inverting for
crustal density and thickness. Rather than discarding data, this method ascribes short-wavelength gravity
anomalies to crustal density variations. For Mercury, Venus, and the Moon, we discuss the effect of having a
laterally variable mantle density on crustal thickness inversions, and for Mars, we present an approach to
consider a high-density basaltic crust. While crustal thickness inversions remain non-unique, we discuss that the
distribution of tectonic and volcanic landforms can help constrain the range of plausible models.

Plain Language Summary The crust is the outermost tens of kilometer-thick solid layer of a rocky
planet. The crust represents a physical boundary that dictates the rate at which the interior cools in time as well
as how volcanic, tectonic, or impact cratering processes are expressed at the surface. Thus, the shape and
composition of the crust hold fundamental information on the geologic history of a planet. The structure of
planetary crusts is typically inverted using observed gravity and topography data, and, when available, seismic
data. In recent years, geophysical missions have shed considerable light on the interior structure of the Moon and
Mars. New space missions are currently en route to Mercury and in preparation for Venus. Here, we provide an
overview of our current knowledge of the crustal structure of the Moon, Mars, Mercury, and Venus. We
summarize the different geophysical approaches to estimate crustal thickness and present nominal models for
the terrestrial planets. Crusts are thought to have average thicknesses of ~20 km (Venus), ~30 km (Mercury,
Moon), and higher (30-70 km, Mars). While crustal thickness inversions remain non-unique, we argue that
geologic data, including the distribution of tectonic and volcanic landforms, can help constrain the range of
plausible models.

1. Introduction

The crust is the outermost solid layer of a rocky body that sets the stage for the planet's geologic evolution. The
crust acts as a physical boundary that thermally insulates the interior, thereby determining the rate at which a
planet cools in time (Plesa et al., 2022). The thickness and rigidity of the crust further control how volcanic
(e.g., Broquet & Wieczorek, 2019), tectonic (e.g., Watters et al., 2021), or impact cratering processes (e.g.,
Miljkovi¢ et al., 2013) are expressed at the surface. The crust preserves a record of planetary history, from
dynamos (e.g., Langlais et al., 2010), tectonic contraction (e.g., Andrews-Hanna & Broquet, 2023), giant
impacts (e.g., Melosh et al., 2013) and erosion (e.g., Hynek et al., 2010) to geologically recent volcanic
eruption (e.g., Carr & Head, 2010). Being compositionally distinct from the mantle and core, the thickness of
the crust is also critical for understanding the bulk composition of the body (e.g., Taylor & McLennan, 2009;
Taylor & Wieczorek, 2014). Thus, understanding the structure and composition of the crust is fundamental for
uncovering the diverse geologic pathways of rocky bodies in the solar system. In this work, when discussing
common geologic processes that operate on planetary bodies, we will refer to Earth's Moon as a planet
(Metzger et al., 2022).
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Planetary crusts vary widely in shape and thickness as a result of different formation mechanisms and evolu-
tionary histories. On Earth, the contrast between the older, thicker, and lower-density continental crust compared
to the oceanic crust reflects the complex interplay of large-scale interior dynamics and plate tectonics with local
alteration and magmatic processes (e.g., Spencer et al., 2017). Decades of space research demonstrated, however,
that having a mobile and fragmented crust as on Earth is the exception rather than the norm. Mercury, the Moon
and Mars are currently in a stagnant lid regime, where the crust is unlikely to have been reincorporated into the
mantle in any substantial amount (though see Michalski et al., 2024 discussing crustal recycling on early Mars).
Giant basins engraved in the crusts of stagnant lid bodies bear witness to the early orbital chaos in the Solar
System (e.g., Fassett & Minton, 2013), while extensive flood volcanism marks the remnants of geodynamically
active planetary interiors at the dawn of their histories (e.g., Byrne, 2020). While Venus does not have plate
tectonics at present-day, the planet's lithosphere, encompassing the crust and potentially part of the upper mantle,
might have been recycled at regional scale (e.g., Lourenco et al., 2020) or was subject to global recycling events in
the past (e.g., Armann & Tackley, 2012). Venus's mobile- or squishy lid regime allows for enhanced surface
mobility in comparison to the stagnant lid planets.

In the last few years, important progress has been made in our understanding of planetary crusts, with the Gravity
Recovery And Interior Laboratory (GRAIL) sounding the lunar interior (e.g., Wieczorek et al., 2013; Zuber
et al., 2013) and InSight characterizing the internal structure of Mars (e.g., Banerdt et al., 2020; Knapmeyer-
Endrun et al., 2021). Major advances are also on the horizon, with the EnVision and the Venus Emissivity,
Radio Science, InSAR, Topography, and Spectroscopy (VERITAS) missions preparing for Venus (Rosenblatt
et al., 2021; S. Smrekar et al., 2022; Widemann et al., 2023), Artemis and Commercial Lunar Payload Services
(CLPS) preparing for the Moon (Panning et al., 2024; Smith et al., 2020), and BepiColombo on its way to
Mercury (Benkhoff et al., 2021). Icy moons are also the focus of upcoming missions, with JUpiter ICy moons
Explorer (JUICE) that will ultimately orbit Ganymede (Van Hoolst et al., 2024) and Europa Clipper going to
Jupiter's moon Europa (Roberts et al., 2023).

In this planetary exploration framework, we here provide an overview of our current understanding of the crustal
structure of the terrestrial planets. We start by providing a discussion on what is the crust and what is known about
this geochemical and rheological layer. Next, we summarize the different geophysical approaches to characterize
the structure of the crust and present nominal crustal thickness models for the terrestrial planets. Finally, we
propose improvements to existing crustal thickness inversion models from both conceptual and theoretical
perspectives. In particular, we discuss how the gravity field resolution, data filtering, crustal density as well as the
elastic and dynamic support of topography affect crustal thickness models. Although the Earth's crust will not be
explicitly discussed, it will be referenced in the context of comparative planetology. For information on the
Earth's crust and lithosphere, the reader is referred to Watts (2015) and to Taylor and McLennan (2009) and
McLennan (2022) for details on the composition and formation of planetary crusts. Table 1 provides a list of
definitions for some specific names used in the geophysics community when discussing the structure of planetary
crusts.

2. The Architecture of Planetary Crusts
2.1. What Is the Crust?

The definition of a planet's crust strongly depends on one's field of study. In general, the crust of a planet is
understood as being the outermost solid layer with a composition that substantially differs from the deeper interior
(mantle and core). The crust is formed and affected by various fractionation processes, and is therefore generally
less dense and more enriched in incompatible elements than the mantle. The crust represents a chemical
distinction in the layering of a planet interior, in contrast to the lithosphere, which delimits a mechanical
distinction.

It is common in planetary science to distinguish between three different types of crust based on how and when the
rocks formed (Taylor & McLennan, 2009, Table 1). The primary crust is the very first crust to form, resulting
from the crystallization of a magma ocean. On the Moon, the felspathic floatation crust that makes up the bulk of
the highlands is conventionally defined as a primary crust (McLennan, 2022; Michaut & Neufeld, 2022). The
secondary crust results from the later partial melting of the mantle. On Mercury, the volcanic smooth plains can
be regarded as a secondary crust, as is the case with the lunar maria on the Moon, the vast majority of Venus' crust,
or the Tharsis plateau and other volcanic units on Mars. The secondary crust is typically built over long-timescales
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Table 1
Nomenclature
Crust e Primary crust: The very first crust to form, resulting from the crystallization of a magma
ocean (e.g., lunar anorthositic crust). Found on the Moon and Mars. Intermediate grain
density (~2,900 kg m™>)
e Primordial crust: The product of the partial melting of a primordial undifferentiated mantle
(e.g., Mars' early crust)
e Secondary crust: The product of mantle partial melting (e.g., lunar mare basalts). Found on
all planets. Generally high grain density (~3,300 kg m™>), but potentially slightly lower on
Mercury (~3,000 kg m_3)
o Tertiary crust: The product of the alternation or partial melting of the crust (e.g., Earth's
granitic continents). Found on Earth and Mars. Low grain density (~2,700 kg m™>)
o Icy crust: The outermost ice layer on icy satellites (e.g., Europa's crust)
Lithosphere o Mechanical lithosphere: The outermost mechanically competent layer of a planet defined by

Free-air Gravity Anomaly
Bouguer Correction

Bouguer Anomaly
Downward/Upward Continuation

Gravity Degree Strength

Admittance

a yield strength criterion. Time-dependent thickness

Thermal lithosphere: The outermost cold layer of a planet defined by an isotherm and where
heat is transferred by conduction rather than convection. Time-dependent thickness
Elastic lithosphere: The outermost layer of a planet that behaves elastically over geologic
times. Time-dependent thickness

The estimation of the force of attraction of a planetary object at a specific radius and location.
Geodesists often call it the gravity disturbance

The estimation of the gravitational attraction (excess/deficit of mass) arising from relief
variations at the surface of a planet. Requires an assumption on the density of the relief

The estimation of the gravitational attraction due to mass anomalies beneath the relief of a
planet. Calculated as Free-Air Anomaly minus Bouguer Correction

The estimation of the gravitational attraction at a radius different from that initially estimated

The laterally variable spherical harmonic degree at which the integrated gravitational
acceleration uncertainty is above theoretical predictions (often defined from a Kaula rule).
Should be used to discard regions with poor gravity field resolution

The proportionally constant (or linear transfer function) that relates gravity and topography at a
given wavelength. Calculated as the wavelength-dependent ratio of the gravity and
topography power spectra

from millions to billions of years. On the Moon and Mars, the secondary crust is basaltic (Baratoux et al., 2014;
Kiefer et al., 2012) and was formed by extensive volcanism during the interior evolution and up to the geolog-
ically recent past (Hauber et al., 2011; Qian et al., 2021). A fertiary crust, resulting from geologic alteration or
partial melting of previously formed crust is also often mentioned, particularly on Earth for the granitic conti-
nental crust (McLennan, 2022) and sometimes for the highland plateaus on Venus (e.g., Gilmore et al., 2015), but
this will not be discussed further. Note that in geochemistry, some authors discuss the existence of a primordial
crust, which results from the partial melting of a primordial undifferentiated mantle and represents the final
product of planetary differentiation (Bouvier et al., 2018). While the primary and primordial crusts are often used
synonymously, they differ in composition and petrologic origin. For example, a primordial crust is the result of
partial melting and can be basaltic to andesitic in composition (Bouvier et al., 2018), akin to a secondary crust,
whereas the primary crust is the result of significant fractional crystallization. A last type of crust, the icy crust (or
ice shell), is commonly discussed to define the uppermost layer of icy satellites (Nimmo & Pappalardo, 2016) but
will not be considered further.

In geophysics, the crust typically refers to the layer ranging from the solid surface to a lower bound defined by a
drastic change in material properties. More specifically, in seismology, the base of the crust is identified based on
a distinct contrast in seismic velocity (Lognonné & Johnson, 2015), which is related to differences in density and
elastic properties (and hence composition and temperature) between the crust and the underneath mantle. Other
seismic discontinuities may also be found within the crust that may be linked to intra-crustal layering and porosity
(e.g., Duran et al., 2022; Knapmeyer-Endrun et al., 2021; Knapmeyer-Endrun et al., 2025). On Earth, the very first
observational constraint on the thickness of the crust was established by Andrija Mohorovici¢ following an
earthquake in 1909 (see English translation in Mohorovic¢ié, 1992). The Earth's crust-mantle interface was later
given the name Mohorovici¢ discontinuity (or often simply Moho). It is important to emphasize that the Moho is a
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seismic discontinuity and is only measured by seismic techniques, which have thus far been applied to the Earth,
Moon, and Mars. In geodynamics, the crust is a thermally insulating upper layer characterized by a relatively low
thermal conductivity and that is often enriched in heat-producing elements compared to the underneath mantle.
On stagnant lid planets, such as Mars or the Moon, the crust is thought to host more than half of the planetary
radiogenic element content (Broquet et al., 2025; Laneuville et al., 2018; Plesa et al., 2022). When studying the
gravity field of a planet, the base of the crust corresponds to where one observes a large density contrast with the
underlying mantle, and that is typically mapped by inverting topography-corrected observed gravity anomalies
(hereafter referred to as the Bouguer anomaly). This density contrast often results from a difference in compo-
sition between the pyroxenite, andesitic, or basaltic crust and the underneath peridotite or dunite mantle.
Importantly, we note that the density of pore-free basalts on the Moon and Mars are similar to the density of the
mantle (e.g., Baratoux et al., 2014; Kiefer et al., 2012), and thus, defining the crust solely by density and gravity
can be problematic. In this work, we focus on the geophysical definition of the crust in a gravity analysis
framework.

2.2. The Density of the Crust

In a geophysical study of the crust using gravity and topography, the bulk density of the crust has a prominent
effect on crustal thickness (e.g., Wieczorek et al., 2022). The density of the upper crust affects the Bouguer
correction, whereas the density of the lower crust affects the inversion of crust-mantle relief from the Bouguer
anomaly (see Table 1 for definitions). It is not expected that the density of the upper crust equals the density of the
lower crust due to variations in porosity, composition, and geologic evolution (e.g., Beuthe et al., 2020; Wiec-
zorek & Phillips, 1999). Below, we provide a brief overview on the crustal density of the terrestrial planets.

2.2.1. The Moon

The density and composition of the crust depend on how and when crustal materials are formed. The bulk of the
lunar crust is a primary crust predominantly made of anorthosite, a feldspar-rich rock with a grain density of about
2,900 kg m~3 (Huang & Wieczorek, 2012; Michaut & Neufeld, 2022; Wood et al., 1970). For comparison, the
Earth's granitic continental crust is thought to have a density of about 2,700-2,800 kg m™ (e.g., Mooney
et al., 2023). Analyzes of GRAIL data, however, revealed a low bulk crustal density of 2,550 kg m™>, which
implies a high porosity (~12%, Goossens et al., 2020; Wieczorek et al., 2013). Comparatively, the secondary
lunar crust consists of mare basalts, which are iron-rich rocks with higher grain and bulk densities of about 3,300
and 2,850 kg m™>, respectively (e.g., Goossens et al., 2020; Kiefer et al., 2012). Mare basalts have higher grain
density than typical mid-ocean ridge basalts (or MORB) on Earth due to their enrichment in iron and titanium
(McLennan, 2022). Importantly, the secondary crust of the Moon is thought to only represent a minor ~1%
volume fraction of the total crust volume, though this quantity varies substantially with regional values reaching
50% in mare-covered basins (Broquet & Andrews-Hanna, 2024b). Some studies have also mapped high-density
intrusions throughout the lunar surface (e.g., Jozwiak et al., 2012; Kiefer, 2013; Thorey et al., 2015), but these
generally also represent a ~1% volume minor fraction of the crust (Broquet & Andrews-Hanna, 2024b).

In addition to lateral variations in composition, which are often observable at the surface, the crust of the Moon
and other planets can be stratified. The uppermost tens to hundreds of meters of the crust is typically referred to as
the regolith and is made of unconsolidated rock materials caused by repeated small-scale impact events (e.g., Fa &
Wieczorek, 2012; McKay et al., 1991). Directly below the regolith likely lies a heavily fractured upper crust,
referred to as the megaregolith that is a result of in situ fracturing of the crust by large-scale impact events or thick
ejecta deposits from impact basins (McKay et al., 1991; Rodriguez et al., 2020; Wiggins et al., 2022). These two
layers have high porosity and low density. Although the detailed characteristics of the megaregolith remain
challenging to constrain, the presence of this layer can have profound geophysical implications for the planetary
body. For example, a megaregolith can affect seismic-wave propagation and thermally insulate the crust (Warren
& Rasmussen, 1987). A gravitation signal can also be induced by relief across a porous units and more intact
materials underneath (e.g., Venkatadri & James, 2020), which can affect crustal thickness inversions from gravity
and topography. On the Moon, inversion of gravity and topography data suggest an increase in crustal density
with depth by a few tens of kg m™ per kilometer (Besserer et al., 2014; Goossens et al., 2020), which is likely
related to a porosity decrease with depths due to overburden pressure and viscous closure of pores (Han
et al., 2014; Wieczorek et al., 2013). In contrast, in the mare regions, gravity data show evidence for high density
basalts overlying less dense highland materials (Besserer et al., 2014; Gong & Wieczorek, 2016).
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2.2.2. Mars

On Mars, analyzes of orbital gamma ray spectrometer data indicated the planet to be a basalt-covered world,
hosting a thick secondary basaltic crust with grain densities ranging from 3,250 to 3,450 kg m™>, higher than that
found on Earth (Baratoux et al., 2014). As for the Moon, these intrinsically high grain densities are a result of a
high FeO content. The porosity and hence the bulk density of this secondary crust, however, remains challenging
to constrain. It is generally thought that bulk porosity on Mars should be lower than on the Moon (~12%) due to
the former likely having higher thermal gradients that would allow for viscous closure of porosity at depths
shallower than on the Moon (Gyalay et al., 2020). Additionally, the infill of pore space by ice, water, or aqueous
alteration products would decrease the overall bulk porosity of the Martian crust compared to the Moon. Inter-
estingly, having a predominantly basaltic crust on Mars is inconsistent with the relatively low bulk densities
inferred from seismic and gravity data (<3,100 kg m™>, Wieczorek et al., 2022) as well as from localized
admittance studies (~2,600 kg m~> , Goossens et al., 2017; see Section 2.3.5 and Table 1 for more information on
the admittance approach). Although one can argue that a localized admittance analysis is only sensitive to the
density of the uppermost crust (compared to a crustal thickness inversion that is sensitive to the density of both the
upper and lower crust), this suggests the widespread existence of a lower density, likely more felsic and
potentially primary crust (see Bonnet Gibet et al., 2025; Wieczorek et al., 2022).

In situ analyzes also support the existence of low-density crustal rocks on Mars. Based on Mars Pathfinder data,
Neumann et al. (2004) estimated the density of some pore-free rocks to be ~3,060 kg m™>, which is substantially
lower than typical Martian basalts. Within the Gale crater, silica- and feldspar-rich rocks have also been observed
by the rover Curiosity, suggesting the presence of a low-density continental-like crust (Sautter et al., 2015). Lewis
et al. (2019) estimated the grain density of the surface material within Gale crater to be about 2,800 kg m~>, and
using the onboard accelerometers, the authors constrained the subsurface sedimentary rock bulk density,
representative of the 300 m thick section traversed by Curiosity, to be 1,680 kg m™. The difference between these
two estimates can be explained by a large unfilled porosity (or void space) of about 40%. The Medusa Fossae
formation, located at the equator near Elysium Planitia, also hosts thick low density, ~1,765 kg m™>, and highly
porous dusty materials (Ojha & Lewis, 2018). Finally, the Martian poles harbor thick ice caps of low density,
<1,500 kg m73, that are dominantly made of water ice (Broquet et al., 2020, 2021; Genova et al., 2024;
Wieczorek, 2008; Zuber et al., 2007). All these units as well as the possible existence of a low-density lower crust
will affect estimates of Mars' crustal thickness (Wieczorek et al., 2022).

2.2.3. Mercury and Venus

The bulk density of the crusts of Mercury and Venus remains poorly constrained. Due to the low-resolution of the
gravity field on both planets, it is challenging to uniquely constrain the crustal density using these data sets.

On Mercury, analyzes of orbital gamma ray spectrometer data also suggest the presence of a high-density crust,
though less dense than the secondary crust of Mars or the Moon, with values of about 2,950 kg m™ (Beuthe
et al., 2020). Similar densities were also found using normative mineralogy and the X-ray spectrometer onboard
MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER, Sori, 2018). Interestingly,
only moderate differences in grain density (£100 kg m™>) were found between the planet's smooth plains and
surrounding cratered terrain. One region with a high Mg surface composition, however, stood out with estimated
grain densities of ~3,100 kg m™. Localized admittance analyzes by Genova et al. (2023) reported bulk densities
of 2,540 kg m ™ in a few analyzed regions, which only cover 8% of the planet's surface and are all located near the
north pole, indicating substantial crustal porosity comparable to the Moon (~15%). However, as discussed above,
the depth-sensitivity of localized admittance investigations remains unclear, and the inferred bulk density might
only be representative of the upper crust. Analyzes based on the planet's basin and crater populations also reported
generally high and lunar-like porosities for Mercury's crust (Broquet et al., 2024).

X-ray fluorescence measurements from Soviet landers in the 1980s indicated Venus' surface to be primarily
basaltic, with a composition similar to tholeiitic basalts found in Earth's oceanic crust (Surkov et al., 1984, 1986).
Tholeiitic basalts typically have grain densities ranging from about 2,900 to 3,000 kg m™ (Stolper &
Walker, 1980). However, because the porosity and deeper composition of Venus' crust are largely unknown, the
bulk density of the planet's crust remains challenging to estimate. Venus has relatively few impact craters, and
erosional processes are likely weak due to the absence of water and low surface winds in the geologically recent
past. Hence, the planet may lack a thick high-porosity regolith layer. Deeper pore space (>10 km) would also be
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more susceptible to viscous closure due to the higher temperatures on Venus compared to the other terrestrial
planets. On the other hand, several studies suggest that explosive volcanism and pyroclastic flows are widespread
on Venus (e.g., Campbell et al., 2017; Ganesh et al., 2021), which could contribute to at least locally high crustal
porosities. Localized admittance analyzes are generally only weakly sensitive to crustal density at the wave-
lengths resolved by current Venusian gravity models (e.g., Maia & Wieczorek, 2022).

Together, these analyzes indicate that primary crusts typically have low densities, comparable to the Earth's
continental crust, while secondary basaltic crusts have higher densities. The density difference results from
composition but can also be increased by porosity differences. The secondary crust typically sits on top of the
primary crust but can also be found in abundance intruding into the primary crust (e.g., White et al., 2006).
Although this layering can have a drastic effect on crustal thickness models (e.g., Broquet & Andrews-
Hanna, 2024a), the relative contribution of each layer to the gravity field is challenging to estimate. Density
variations with depth, due to porosity or composition, are also expected within planetary crusts. A density in-
crease with depth can be explained by a decrease in porosity due to the higher temperature and pressure at greater
depth, but can also be linked to changes in composition. As further discussed below, on large planets like Venus or
Earth, the basalt-eclogite transition can be achieved within the crust, thereby substantially increasing the density
of the lower crust.

2.3. Constraints on Crustal Density and Thickness From Gravity and Topography Analyzes
2.3.1. Classical Inversions of Gravity and Topography for Crustal Thickness

Inversions of potential fields are inherently non-unique. Joint analyzes of gravity and topography data are no
exception and cannot uniquely determine the interior structure of a planet, including the thickness of its crust. A
non-linear inverse approach can be used to predict the shape of the crust-mantle relief that depends on the
assumed crust and mantle density, but it cannot determine the mean radius at which the relief occurs. For that
reason, the average radius of the crust-mantle interface needs to be fixed a priori, which implies that gravity and
topography inversions alone cannot provide absolute estimates of crustal thickness (e.g., Wieczorek &
Zuber, 2004). In addition, such inversions cannot determine whether interior gravity anomalies arise from dif-
ferences in crustal density or thickness, thereby requiring additional assumptions. For example, by assuming the
crust to be in an isostatic state (i.e., a mass, pressure or stress equilibrium in the crust, see Hemingway &
Matsuyama, 2017), a hypothesis which is often challenging to evaluate, one can estimate absolute crustal
thicknesses (e.g., Padovan et al., 2015; Wieczorek & Zuber, 2004). In its simplest Cartesian form, this estimate
solely depends on the planet's topography and the assumed densities of the crust and mantle. Importantly, while
the primary crust of a planet is expected—and has been argued (e.g., Padovan et al., 2015; Sori, 2018)—to
initially form in a state of isostasy, such as a floatation crust on the Moon (e.g., Broquet & Andrews-
Hanna, 2024a), later modifications of the crust by volcanism or impacts would potentially induce strong departure
from isostasy. Thus, the assumption of isostasy must be limited to specific regions or wavelengths of interest (e.g.,
Padovan et al., 2015).

In the sections below, a classical crustal thickness inversion refers to the approach detailed in Wieczorek
et al. (2022) (see also Bills & Ferrari, 1977; Neumann et al., 1996, Wieczorek & Phillips, 1998), which ascribes
Bouguer anomalies to relief at the crust-mantle interface without assumptions regarding the support mechanism
(i.e., elastic flexure, Airy or Pratt isostasy). The approach can be summarized as follows (see Table 1 for
definitions):

1. The Bouguer correction is estimated assuming a crustal density, in order to remove the gravity contribution
from the known surface topography to the observed gravity field. Methods to estimate the gravity anomaly
from finite-amplitude relief on a spherical planet are discussed in Wieczorek and Phillips (1998).

2. The Bouguer correction is removed from the observed free-air gravity in order to obtain the Bouguer anomaly.

3. The Bouguer anomaly is downward continued from the reference radius at which it was computed (often the
mean planetary radius or spacecraft altitude) to the assumed mean radius of the crust-mantle interface. This
approach corrects for the gravity decrease with distance, which amplifies short-wavelength power. When high
degrees are subject to noise in the data, a low-pass filter is applied (see Neumann et al., 1996; Wieczorek &
Phillips, 1998). More information on this filtering process is given below.
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4. Since the gravity contribution from relief along a density interface at a high harmonic degree is a non-linear
function of the relief itself, an iterative approach is employed to solve for the crust-mantle relief under the
assumption of a specified density contrast across this interface.

This general approach has been developed over many years (e.g., Bills & Ferrari, 1977; Neumann et al., 1996;
Phillips & Lambeck, 1980; Wieczorek & Phillips, 1998) and requires three main assumptions: (a) the density of
the surface topography; (b) the average thickness of the crust; (c) the density contrast across the crust-mantle
interface. Additional steps can be incorporated to account for other interior mass anomalies arising from the
mantle and core or low-density surface units, and lateral variations in crustal density, are discussed in Wieczorek
et al. (2022) and in the sections below. Several codes to solve for crustal thickness using the above approach exist,
including ctplanet (Wieczorek, 2024) and Displacement-Strain-Planet (DSP, Broquet, 2024a).

2.3.2. Classical Crustal Thickness Inversion Under a Minimum-Thickness Constraint

For Mercury and Venus (but also for the Moon and Mars), our knowledge of the detailed structure of the crust
primarily relies on non-unique gravity and topography inversions. External assumptions can however be supplied
to alleviate the non-uniqueness. One simple physical constraint is that crustal thickness must be everywhere
greater than zero. Under such considerations, a lower bound on the average thickness of the crust can be given
together with an upper bound on the density of the crust (see also Wieczorek et al., 2022). This can be understood
as follows: As the crustal density increases, the density contrast across the crust-mantle interface decreases. To
maintain the same gravity anomaly with a relatively higher crustal density, it is necessary to compensate for the
smaller density contrast with larger lateral variations of the crust-mantle relief. These large oscillations of the
crust-mantle relief will make the modeled crust mantle interface go above the surface, resulting in an unphysical
situation where the crustal thickness is negative. Thus, for one given crustal density, it is possible to estimate the
minimum average crustal thickness. Importantly, we note that this approach is sensitive to the density of the crust
in regions where near-zero crustal thickness is retrieved, and these are often found within large impact basins. If
such regions have a density different from the rest of the planet, as a result of the impact melt sheet, extrusive
lavas, sedimentary deposits, crustal porosity, or intrusive activity (e.g., Freed et al., 2014), the retrieved crustal
properties might not adequately reflect the planet's crustal structure.

Here, we use this minimum-thickness approach to provide constraints on the thickness of planetary crusts. For
each planet, we estimate the end-member crust and mantle properties required to have non-zero crustal thickness
globally. This provides us with a minimum average crustal thickness and associated maximum crustal density.
Higher crustal density can be obtained if the average crustal thickness is increased. The gravity and topography
data used for this model are described in Table 2. Considering a set of crust and mantle densities of 2,800 and
3,300 kg m ™, somewhat similar to Earth and as typically used in the literature (e.g., James et al., 2013), our model
indicates minimum average crustal thicknesses of 18 and 10 km for Mercury and Venus, respectively (Figures 1a
and 1b). Interestingly, these values are substantially lower than for Mars or the Moon, which have minimum
crustal thicknesses of about 50-55 km for similar interior densities (Figures 1c¢ and 1d). Comparatively, Mars and
the Moon generally have more pronounced gravity anomalies (Figure S1 in Supporting Information S1) and also
host large and deep impact basins that quickly reach a zero crustal thickness as crustal density increases. Our
minimum-thickness analysis allows for the possibility that Mars and the Moon could have thicker crusts than
Mercury and Venus. For the Moon and Mars, our analysis also indicates that the density contrast between the crust
and mantle cannot be lower than 500 and 400 kg m™, respectively, while such models are allowed on Venus and
Mercury. Again, this is compatible with the possibility that Mars and the Moon have could low-density crusts (or
high-density mantle) when compared to Mercury and Venus. Such a density difference may be related to the
specific evolution of Mercury and Venus, as both planets are thought to have lost a large fraction of their primary
crusts (Armann & Tackley, 2012; Marchi et al., 2013).

To complement these minimum crustal thickness models, upper bounds on the thickness of the crust can be given
based on geochemical and/or geodynamical arguments. For example, an overly thick crust may be incompatible
with either the bulk composition of the planet (Taylor et al., 2006; Taylor & Wieczorek, 2014; Wieczorek &
Zuber, 2004) or the depth at which the crust is expected to viscously relax (>100 km; Wieczorek et al., 2022;
Nimmo & Mackwell, 2023). In addition, in the case of an overly thick crust, the basalt—eclogite transition may
appear in the lower crust. Because eclogite is thought to have a bulk density similar to the underneath mantle (Ito
& Kennedy, 1971), crustal materials deeper than the eclogite—mantle interface will be mostly unseen in gravity

BROQUET ET AL.

7 of 28

85UBDI SUOWILLIOD @AIERID) ol dde 83 Ag pause0B 88 SBoILE YO 128N JO S9INJ 4o} AR BUIIUO AB]IM UO (SUORIPUOY-PU.-SWLBY WY AB|IW AFRc] U1 |UO//SdNU) SUONIPUOD PUE SWLS L 84} 885 *[520Z/0T/£0] U0 AkIqIT 2UIIUO A8IM “UBWeS Z)oywieH 'q Ul UUed Wney "N-4n7T '3 Wnnuez yasid Aq 66T600305202/620T 0T/10p/w0d™AB] 1w AReiq1feutjuo'sqndnBe//sdiy wouj papeojumod 6 ‘520z ‘00T669TZ



Asu g
M\I Journal of Geophysical Research: Planets 10.1029/2025JE009139
AND SPACE SCIENCES

Table 2
Model Parameters and Crustal Characteristics of the Terrestrial Planets
Mercury Venus The Moon Mars
Planetary shape DEM?® Resolution: Good (~5 km)  VenusTopo719° Resolution: Good LOLA® Resolution: Great (<1 km) MOLA* Resolution:
(~50 km) Great (<1 km)
Expected BELA® VISAR, VEM & VenSAR'¢ - -
improvements

Planetary gravity field

Expected
improvements

Absolute crustal
thickness, km

Additional
considerations

Average crustal
thickness, km
(nominal)

Total mass, x10?? kg
(nominal)

Silicate mass fraction %
(nominal)

HgMMO09" Resolution: Low & MGNPI80U' Resolution: Low & GRGMI200B! Resolution: Great GMM3" Resolution: Good

Variable (~170-1,400 km) Variable (~400-1,000 km) (~20 km) enough (~230 km)
MORE' (~170-340 km) VERITAS Gravity Science & - -
EnVision RSE™ (~200 km)
Unknown Unknown 31-38 (£8) at Apollo landing sites™ 39 =+ 8 at InSight's landing
site”
26 * 11 globally, assuming Airy 20 globally, assuming Airy Near-zero at basins with mantle ejecta.

isostasy® isostasy®” Farside seismic constraint??

>10 [*] (35) >4 [*] (15) 34-43" (40) 30-72° (57)
>0.2 (0.7) >0.5 (1.9) 0.3-0.4 (0.4) 1.2-3.1 2.5)
>2.5(9.3) >0.2 (0.8) 5.1-6.5 (6.0) 2.5-6.4 (5.6)

Note. A rough estimate of the horizontal resolution of each data set is given in parentheses. The comment on the data quality is given in the context of a crustal thickness
inversion for which the gravity field resolution is always the limiting factor. The gravity field resolution corresponds to the full wavelength using Jeans relation,
A~ 2zR/A/L(L + 1), where R is the planetary radius and L the maximum resolved spherical harmonic degree. *Minimum average crustal thickness for constant crust
and mantle densities (Figure 1). Silicate mass fractions are given assuming core sizes of 2,000, 3,500, 380 and 1,830 km for Mercury, Venus, the Moon and Mars,
respectively (Breuer & Moore, 2015). Acronyms include: Digital Elevation Model (DEM), Lunar Orbiter Laser Altimeter (LOLA), Mars Orbiter Laser Altimeter
(MOLA), BepiColombo Laser Altimeter (BELA), Mercury Orbiter Radio-Science Experiment (MORE), Venus Interferometric Synthetic Aperture Radar (VISAR),
Venus Emissivity Mapper (VEM), Venus Synthetic Aperture Radar (VenSAR), Radio Science Experiment (RSE). “Becker et al. (2016). *Wieczorek (2015). “Smith
et al. (2010). “Smith et al. (2001). “Thomas et al. (2021). ‘Rosenblatt et al. (2021). £S. Smrekar et al. (2022). "Genova et al. (2023). 'Konopliv et al. (1999). {Goossens
et al. (2020). kGenova et al. (2016). ess et al. (2021). "Chenet et al. (2006). "Knapmeyer-Endrun et al. (2021). °Sori (2018). PMaia and Wieczorek (2022). ‘Panning
et al. (2024). "Wieczorek et al. (2013). *Wieczorek et al. (2022).

data. However, given the large density contrast of the upper-crust—eclogite interface, this layer will mimic the
gravitational signal of a typical crust-mantle interface. Therefore, in the context of gravity and topography
inversion, the top of the eclogite layer will generally appear as the base of the crust. Depending on the interior
temperature and rheology, the eclogite layer can sink into the mantle and delaminate. If delamination is expected,
the thickness of the planet's crust can be limited by the basalt—eclogite transition.

For Venus, the basalt—eclogite transition is thought to occur around 50 km, thought this depends on poorly known
thermodynamic parameters and the variable planetary heat flow (Hess & Head, 1990; Maia & Wieczorek, 2022).
Nevertheless, if one adds the constraint that the Venusian crust cannot be thicker than 50 km anywhere on the
planet, the average crustal thickness becomes to 8—10 km for a crustal density of 2,700 kg m™>, with the upper
bound being limited by eclogitization (see also James et al., 2013). At fixed temperature, Mercury's lower
gravitational attraction and pressure in the crust would make eclogitization substantially deeper (about 2.5 times),
making this constraint rather weak (inferred maximum crustal thicknesses >100 km). Similar effects would also
make the basalt-eclogite transition occur deep in the Martian interior, with experiments suggesting depths of
~250 km and with eclogite materials having density comparable to the ambient mantle (Zhou et al., 2022),
although different depths could be obtained considering different mantle compositions. In addition, Mars' colder
interior and thicker lithosphere would likely hinder most geologically recent subcrustal dynamics (Plesa
et al., 2018). Thus, while the lower crust of Venus may be subject to eclogitization and Earth-like delamination,
this would generally not be the case on other smaller and colder worlds.

The non-uniqueness in gravity modeling can also be resolved when absolute measurements or absolute estimates
of crustal thickness exist. On the Moon, olivine exposures in the vicinity of large basins, such as Crisium and
Moscoviense, are consistent with the excavation of mantle materials, which would imply near-zero crustal
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Figure 1. Minimum average crustal thicknesses for Mercury (a), Venus (b), the Moon (c) and Mars (d) as a function of crustal
density and crust—mantle density contrasts. The investigated crustal and mantle densities range from 2,500 to 3,200 kg m ™
and 3,100 to 3,500 kg m ™, respectively. Regions below the black lines lead to implausible crustal thickness models (negative
crustal thicknesses or not converging).

thickness within the basin interior (Wieczorek et al., 2013; Yamamoto et al., 2010). Although the exact value of
near-zero thickness could range from a few hundred meters to several kilometers, this external constraint can be
used to limit a crustal thickness inversion and obtain absolute crustal thickness estimates. Alternatively, using
seismically derived measurements of crustal thickness, it is possible to fully constrain a crustal thickness model as
done on the Moon (Wieczorek et al., 2013) and on Mars (Wieczorek et al., 2022). Absolute crustal thicknesses are
obtained by exploring a large range of mean crustal thicknesses, and crustal and mantle densities to find the
models that best fit the seismic measurements. In this way, a locally measured crustal thickness can be extrap-
olated to the entire planet. Importantly, as with the minimum-thickness models discussed above, this extrapo-
lation depends on how the crustal density in the region where crustal thickness was estimated or measured
compares to the planet's global properties.

2.3.3. Inversions of Gravity and Topography With Dynamic Flow in the Mantle

Some previous studies have performed two-layered inversions of observed gravity and topography data
considering dynamic mantle flows, which are appropriate when mantle buoyancy is expected to provide support
to topographic loads, such as on Venus (e.g., Herrick & Phillips, 1992; James et al., 2013) or Mercury (James
et al., 2015). Therein, the two free parameters are generally the crust-mantle interface relief and mantle density,
and the constraints are observed gravity and topography. These two-layered inversions assume either no litho-
spheric strength, in which case the topographic loads are compensated by the radial normal stress associated with
buoyant crustal roots and dynamic flows in the mantle, or a lithosphere that resists the displacement associated
with dynamic topography. Such models need an assumed input viscosity structure for the mantle, with no lateral
variations, and solve for mantle flow using a propagator matrix approach (e.g., Richards & Hager, 1984). The
dynamic flow model differs from the inversion presented and developed below in which mantle buoyancy is
resisted by an elastic lithosphere. Importantly, the contribution of the mantle to the gravity field is generally most
important for the longest wavelengths due to the depth-attenuation of gravity anomalies. Thus, considering mantle
flow will mostly affect the long-wavelength structure of the crust.
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2.3.4. A Matrix Inversion of Gravity and Topography

Gravity and topography can also be inverted using a system of equations that accounts for lithospheric flexure
(Banerdt, 1986). In this approach, a system links the topography, geoid (or gravity), net load acting on the
lithosphere, tangential load potential, flexure of the lithosphere, crustal root variations and density variations.
Given three constraints or assumptions, the system can be evenly determined. This model was adapted by Broquet
and Andrews-Hanna (2023a) to account for a finite-amplitude correction when computing gravity. The relief
across different interfaces is iteratively solved using parameters similar to the classical model described above
(i.e., average density of the crust and mantle, and average crustal thickness) with the addition of the elastic
thickness of the lithosphere. This latter parameter is inversely proportional to the rigidity of the lithosphere and
controls the amount of lithospheric deformation. To reproduce a classical crustal thickness model, the three
specified constraints/assumptions to solve this model are (a) the observed topography, (b) the observed gravity,
and (c) the assumption that there are no lateral density variations.

One advantage of this model is its versatility and its usefulness beyond crustal thickness modeling. For example,
the interior structure of a planet could be solved in a flexural-Pratt compensation regime, for which all is needed is
to assume that there are no crustal root variations (aside from flexure), in addition to using observed gravity and
topography (i.e., 3 constraints/assumptions). Alternatively, the model can predict the topographic and gravita-
tional signature of a mantle plume by assuming that the input mantle density variations, representing the plume,
are compensated by dynamic topography only (i.e., 3 constraints/assumptions; mantle density, no crustal root,
and plume-induced topography equals flexure, see Broquet & Andrews-Hanna, 2023a). Compared to a classical
crustal thickness inversion, this model is also able to extract a flexural displacement component from the relief at
the crust-mantle interface, pending an assumption on the elastic thickness of the lithosphere. The vertical and
tangential displacements can then be used to infer crustal strains that can be compared to the tectonic record (e.g.,
Broquet & Andrews-Hanna, 2023b). In this work, we make use of the Displacement-Strain-Planet (DSP) code
that solves this matrix inversion, for which a documented open-source package is available at Broquet
et al. (2024). While this package currently only works with a globally constant elastic thickness, which may not
adequately capture the complexity of a time-integrated loading history, future work will be implemented to
resolve this issue.

2.3.5. Forward Modeling of Gravity and Topography

An alternative approach to inverting observed gravity and topography is to use a geophysical model of the interior
to predict either of these quantities. Because the topography of a planet is generally better known than the gravity
field, previous models have typically used the observed planetary shape together with a transfer function,
modeling the interior response to loading, to predict the gravity field (e.g., Phillips & Lambeck, 1980). In the
spectral domain, this wavelength-dependent transfer function is referred to as the admittance, and requires as-
sumptions regarding the density, thickness, and rigidity (or viscosity) of the different interior layers (e.g., Broquet
& Wieczorek, 2019; Turcotte et al., 1981, Table 1). In general, an admittance analyzes investigates a large
parameter space to forward model the gravity field, and the difference between the model and observations is used
to infer best-fitting parameters and shed light on the interior structure of the planet. Being a forward model, this
approach naturally differs from the inversions described above, with the downside that it will never fully describe
observations. One advantage of the admittance model, however, is to be able to focus on specific regions that are
affected by unique geodynamic processes using a spatio-spectral localization technique (see e.g., McGovern
et al., 2002; Wieczorek & Simons, 2005). By comparing the modeled and observed admittances, one can estimate
the best-fitting interior properties of the region of interest.

In the spatial domain, some studies have also analyzed the geoid-to-topography ratio (or GTR, e.g., Kucinskas &
Turcotte, 1994; Wieczorek & Zuber, 2004). The GTR provides a single number that describes the linear rela-
tionship between geoid and topography. Compared to a localized admittance analysis, this approach preserves
spatial information at the expense of squashing all wavelengths into a single number. Thus, inferring the relative
influence of different input parameters or from wavelengths larger than the study region can be difficult
(Wieczorek & Zuber, 2004). Under the assumption of Airy isostasy, however, a GTR approach can constrain the
average crustal thickness of a region and this approach was widely used in early Venus and Mars science (e.g., S.
E. Smrekar & Phillips, 1991; Turcotte et al., 2002).
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2.3.6. Inversions for the 3-D Crustal Structure

Additional inversion approaches have been developed to probe the 3-D interior structure of a planet using gravity
and topography data. While primarily applied to Earth (Li & Oldenburg, 1998), 3-D inversions have sparked
interest in lunar science following the GRAIL mission (e.g., Jansen et al., 2017; Liang et al., 2014). These 3-D
inversions generally discretize the interior into tesseroids or some other shape for which a gravitational field can
be effectively computed (Uieda et al., 2016). For example, Zhao et al. (2019) subdivided the lunar interior into
tesseroids to invert the Moon's interior structure under some normalization constraints. Synthetic tests and
comparison with classical models demonstrated the applicability of a 3-D inversion of GRAIL data to retrieve the
shape of the crust-mantle interface as well as density anomalies in the crust and mantle. Other notable studies
include the work of Geng et al. (2024), which constrained the magmatic plumbing system in the Oceanus Pro-
cellarum region on the Moon, and Mittelholz et al. (2025) that proposed a joint inversion of gravity and magnetic
data in the southern hemisphere of Mars. Importantly, the simulated gravity field strongly depends on an assumed
depth-weighting function that distributes density anomalies with depth.

Inversions for the 3-D interior structure of a planet using shape models can also be useful when the gravity field is
unevenly known. On the Moon, Hikida & Wieczorek (2007) used polyhedral shape models to constrain crustal
thickness based on pre-Kaguya gravity models that had extremely poor resolution on the farside (Namiki
et al., 2009). This approach allowed obtaining a crustal thickness model that better represented the data available
at the time, though at the expense of a slow computation time as well as additional input parameters, including the
distance between vertices. Importantly, while these approaches can provide useful information on the interior
structure of a planet, they remain subject to the inherent non-uniqueness of potential field inversion, as is the case
for all models investigating gravity data.

2.4. Nominal Crustal Thickness Models of the Terrestrial Planets

In this section, we present nominal crustal thickness models, starting with Apollo-constrained lunar crustal
thicknesses and followed by the InSight-derived crustal thickness of Mars. We finish with Venus and Mercury,
whose crustal structures are substantially less constrained. Gravity and topography data used for these models are
described in Table 2. These models were constructed using our DSP code with some improvements from both a
conceptual and theoretical perspectives. We emphasize that these improved considerations do not substantially
affect crustal thickness models, such that the nominal crustal thicknesses presented below are not too different
from existing models. For that reason, we here present our nominal models and relegate the detailed discussion on
our improved considerations to the following sections.

2.4.1. The Moon

On the Moon, data from the seismic network deployed at the Apollo 12 and 14 landing sites (as well as from
Apollo 15 and 16) indicated best-fit average crustal thicknesses of 30 + 2.5 km (Lognonné et al., 2003) or
38 + 3 km (Khan & Mosegaard, 2002) for the region encompassing all four Apollo stations, though most of the
data came from Apollo 12 and 14. Crustal thickness was also constrained at other locales, including artificial
impact locations away from the Apollo network, although with a higher uncertainty (Chenet et al., 2006).
Together with GRAIL data, which allowed constraining a low average crustal density for the lunar highlands, the
thickness of the crust was found to range from 34 to 43 km. Accounting for the uncertainty in the seismically
derived Apollo crustal thicknesses, this range would increase by £10 km. A model considering the higher density
of the mare obtained similar average crustal thicknesses but highlighted major thickness differences in mare-
covered regions (Broquet & Andrews-Hanna, 2024a). Important limitations to these models include our
imperfect knowledge of the depth and spatial variation in crustal and mantle composition and porosity, which are
difficult to uniquely infer (see Goossens et al., 2020; Huang et al., 2022; Wabhl et al., 2020; gprlék et al., 2020).
These models are further anchored using seismic crustal thickness measurements made on the nearside, which
may have different properties than the farside. We note, however, that the zero crustal thickness constraint, which
occurs beneath Moscoviense and Crisium, does provide information on the lunar crust far from the Apollo sta-
tions. Future seismic constraints on crustal thickness in the farside would contribute to resolving this important
issue (Panning et al., 2024).

Our nominal crustal thickness model for the Moon assumes a highland crustal density of 2,550 kg m™>, a mare
density of 2,850 kg m™, a mantle density of 3,220 kg m™, and an average thickness of 40 km and is described in
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Figure 2. Nominal crustal thickness models for the Moon (a), Mars (b), Venus (c), and Mercury (d). All models are presented
in a Mollweide projection centered on 180°E. Color-coded histograms of the area-weighted crustal thickness are shown
below each plot.

Broquet and Andrews-Hanna (2024a). For this model, the thickness of the lunar crust ranges from about 30 km in
the nearside Procellarum region to 70 km in the farside highlands, and is 33-35 km at the Apollo 12 and 14
landing sites (Figure 2a). In this model, the crust represents 6% of the silicate mass fraction of the planet, which is
substantially higher than that on Earth (0.8%).

2.4.2. Mars

On Mars, analyzes of InSight seismic data by Knapmeyer-Endrun et al. (2021) indicated the presence of three
crustal discontinuities, two of which could be related to the base of the crust (see also Duran et al., 2022). For a
summary of pre-InSight considerations on Martian crustal thickness, we refer the reader to Wieczorek and
Zuber (2004). One of these two discontinuities was at a depth of 20 + 5 km, while the other was at a depth of
39 + 8 km. The shallowest seismic discontinuity was found at 10 km depth and is likely due to intra-crustal
layering rather than the base of the crust. Using the preferred deeper crust-mantle interface at the InSight
location, the average crustal thickness was found to lie between 30 and 72 km with a maximum bulk density of
3,100 kg m™> (Wieczorek et al., 2022). Analyzes using additional seismic constraints away from the landing site
later suggested the crust to be 42—-56 km thick on average (Kim et al., 2023, see also Li et al., 2022), and that the
20 km interface at InSight could be related to porosity or volcanic flows, amongst other factors, rather than the
crust-mantle boundary (Kim et al., 2021). Geodynamic models of Mars also typically favor large crustal thickness
models in order to fit various geophysical observations, including flexure at the poles and geologically recent
volcanism (e.g., Broquet et al., 2025; Plesa et al., 2022). Compared to the Moon, this larger range of plausible
average crustal thicknesses results from both the uncertainty in the seismic crustal thickness and our relatively
poor knowledge of the bulk density of the Martian crust, with studies suggesting low lunar-like densities
(Goossens et al., 2017) or higher basaltic-like densities (Baratoux et al., 2014). One further unknown is whether
density differences between Mars' northern lowlands and southern highlands exist (see Bonnet Gibet et al., 2025;
Wieczorek et al., 2022).
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Our nominal Martian crustal thickness model assumes a bulk crustal density of 2,900 kg m™ and a mean
thickness of 60 km, together with an upper mantle density of 3,382 kg m™ (Wieczorek et al., 2022). In this model,
we assume that short-wavelength gravity anomalies partially originate from crustal density variations extending
from the surface to the base of the crust. As further described in Section 3, this approach improves classical
models that filter out and discard a portion of short-wavelength data. Note that this model doesn't account for the
low-density north and south polar caps, which moderately affect crustal thickness by a few kilometers (Wieczorek
et al., 2022). Crustal thickness is found to range from about 40 km in the northern lowlands to 75 km in the
southern highlands, reaching 100 km in the Tharsis plateau, and is 40 km at the InSight landing site (Figure 2b). In
this model, the crust represents 6% of the silicate mass fraction of the planet, which is similar to the Moon but
higher than Earth.

2.4.3. Venus

Compared to other planets, the thickness of the Venusian crust is poorly known. Notable constraints on the crustal
structure originate from inversions of spatio-spectrally localized gravity and topography data. One study by
Anderson and Smrekar (2006) provided a global map of crustal and lithospheric thickness using a localized
admittance approach, with crustal thickness values of about ~20 km and as high as 100 km. Work by James
et al. (2013) discussed the possibility for long-wavelength mantle support of the topography and suggested
planetary average crustal thicknesses of 8—25 km, where the lower limit is based on the non-zero crustal thickness
constraint and the upper bound is based on an assumed depth of the basalt-eclogite transition. A study by Maia and
Wieczorek (2022) indicates that crustal plateaus are close to being isostatically supported and imply global
average crustal thicknesses of about 20 km, with thicknesses around 30-40 km within the crustal plateaus.
However, as discussed above, these models are largely non-unique and suffer from our relatively poor knowledge
of the Venusian gravity field, both of which make absolute estimates of any parameter relatively uncertain.

Our nominal model considers the effect of the laterally variable resolution of Venus' gravity field, which is
prominent on this planet (see Section 3 below), and assumes an average crustal thickness of 15 km and constant
density of 2,700 kg m™, with a mantle density of 3,200 kg m™>. For this model, the thickness of the crust is
~35 km within the crustal plateaus, such as Ovda Regio or Ishtar Terra (~45 km at Maxwell Montes), but is
drastically lower elsewhere with values of 10 km (Figure 2c). For Venus, this model suggests that the crust
represents 0.8% of the silicate mass fraction of the planet, which is similar to Earth.

2.4.4. Mercury

Our knowledge of the thickness of Mercury's crust relies on non-unique gravity and topography inversions. Local
crustal thickness inversions using GTR analysis and under the assumption of Airy isostasy provided an average
crustal thickness of 35 £ 18 km (Padovan et al., 2015). Later improvements to the Airy isostasy formulation
(Hemingway & Matsuyama, 2017 and see also Cadek et al., 2019) and crustal density estimates provided lower
average crustal thicknesses of 26 + 11 km together with relatively high crustal densities of 2,974 + 89 kg m™>
(Sori, 2018). Global inversion of gravity data revealed the possibility of having a dynamic mantle support of long-
wavelength topography (James et al., 2015; Watters et al., 2021). A limitation to these models includes the fact
that planetary crusts might strongly depart from isostatic equilibrium (as seen on the Moon and Mars; Neumann
et al., 1996, 2004), such that this assumption might not be adequate when modeling the volcanically resurfaced
crust of Mercury. Models considering a dynamic mantle also depend on an assumed interior viscosity structure,
which is poorly known. Other crustal models investigated laterally and depth-variable crustal density (Beuthe
et al., 2020) and considered crustal porosity (Broquet et al., 2024), though both assumed an average crustal
thickness and density structure.

Our nominal model accounts for the effect of the laterally variable resolution of Mercury's gravity field, which is a
major hindrance for the models (see Section 3 below), and assumes an average crustal thickness of 35 km and a
constant crustal density of 2,800 kg m ™, with a mantle density of 3,200 kg m > (Figure 2d). In this model, crustal
thickness ranges from 10 to 60 km and is lowest in regions covered by smooth plains, as is the case for the crust
beneath the maria on the Moon. On Mercury, the crust is found to represent a substantial 9.3% of the silicate mass
fraction of the planet, which is the highest value amongst the terrestrial planets.
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2.4.5. Earth

Compared to the terrestrial planets, lateral variations in the thickness of the Earth's crust are substantially more
certain as a result of the extensive coverage of a global seismic network (Mooney et al., 2023). In the Earth's crust
model of Mooney et al. (2023), the average crustal thickness is ~19 km. The crust further displays a bimodal
distribution, being thicker in continents, ~40 km, with thickness exceeding 60 km in the Andes and Himalayas,
and substantially thinner in the oceans, ~7 km (Figure S2 in Supporting Information S1).

3. Considerations to Improve Crustal Thickness Modeling

In this section, we present several considerations that can be used to improve a classical crustal thickness
inversion. In particular, we describe approaches to account for the lateral variations in resolution of the planetary
gravity field, avoid filtering the observed data and also consider a secondary layer with density variations in the
crust and/or mantle. While some of these improvements are subject to non-uniqueness and do not result in a better
fit to gravity and topography, we demonstrate that geologic arguments can be employed to favor some models
over others. For additional discussion on depth and lateral variations in crustal density, we refer the reader to
Goossens et al. (2020) (also gprlék et al., 2020; Wahl et al., 2020) for the Moon and Beuthe et al. (2020) for
Mercury. For further information on hydrostatic density interfaces in the mantle and core, see Wieczorek
et al. (2019).

3.1. Accounting for Lateral Variations in Gravity Field Resolution

Compared to the topography of rocky bodies, which is generally well-resolved enough to probe the crust-mantle
relief, the gravity field is poorly known (Table 2). Typically, the resolution of the gravity field at a given location
is limited by the degree-strength, which represents the spherical harmonic degree at which the integrated ac-
celeration uncertainty is above theoretical predictions (often based on the Kaula rule; Konopliv et al., 1999, 2020).
Extreme cases of unevenly known gravity fields include Mercury, where global gravity field solutions are reliable
up to only about spherical harmonic degree 10 (~1,500 km wavelength) in the southern hemisphere and extend to
degree 90 and up to 160 in the north (~100-170 km; Konopliv et al., 2020). Although the BepiColombo mission
will partially improve the gravity field in the southern hemisphere of the planet, post-BepiColombo gravity
solutions are still expected to have important lateral variations in resolution (Iess et al., 2021). Venus also has an
unevenly known gravity field, with resolution ranging from degree 40 to 100 (~940-380 km; Konopliv
et al., 1999). Important lateral variations in resolution are anticipated to persist even after the EnVision and
VERITAS missions, although the overall resolution is expected to improve to a range of 160-210 (Giuliani
et al., 2025; Rosenblatt et al., 2021). The lateral variation in the resolution of the gravity field generally results
from the elliptical orbit of radio-tracked spacecraft, such as Magellan for Venus or MESSENGER for Mercury
(e.g., Genova et al., 2023).

To numerically resolve the issues related to an unevenly known gravity field, most previous studies either
bandlimited their gravity and topography analyzes to a globally representative constant degree or strongly filtered
short-wavelength gravity anomalies (e.g., Beuthe et al., 2020; James et al., 2015). However, this procedure biases
geophysical inversions by exploiting wavelengths of topography smaller than those resolved in the gravity data in
some regions while not allowing to utilize the gravity field at its full resolution elsewhere. An alternative approach
to using global spherical harmonics is to construct shape models of the planet that account for the uneven res-
olution of the gravity field (Hikida & Wieczorek, 2007).

When working with spherical harmonics, one way to account for the variable resolution of the gravity field is to
limit the spectral expansion of the Bouguer correction using a spatially variable maximum resolution before
inverting for crustal thickness. For a function f with spatially variable spectral resolution L, the spectral degra-
dation equation can be written as

LO.p) 1
fO.0)= D7 > fin Yiu(0.9)
=0 m=-I

In this equation, @ is the co-latitude, ¢ is the longitude, and / and m are the spherical harmonic degree and order,
respectively (see also Mazarico et al., 2014). By spectrally limiting the expansion of the Bouguer correction to the
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Figure 3. Effect of the degree-strength correction on the relief at the crust-mantle interface of Mercury. (a) Classical crust—
mantle relief inversion and (b) our degree-strength corrected inversion. The difference between (a) and (b) is shown in (c).
The degree-strength is shown in (d) with intervals of 10 degrees shown by black lines. The model in (a) shows an artificially
exaggerated resolution that does not reflect our current knowledge of Mercury's gravity field.

laterally variable degree-strength, a crustal thickness inversion can fully leverage an unevenly known gravity
field. This is achieved by using the above equation to compute a map of the Bouguer correction, re-expanding the
map into spherical harmonics in order to obtain the degraded Bouguer correction coefficients. These coefficients
are then subtracted from the free-air gravity anomaly to obtain the Bouguer anomaly that is then inverted for
crustal thickness. One downside of this approach is that one cannot use a fast Fourier transform algorithm for
computing global functions. However, as this approach is only needed once per input crustal density, it does not
meaningfully slow down crustal thickness inversions.

To show the effect of this approach, we have inverted Mercury's crust-mantle relief using a classical approach and
our degree-strength correction (Figure 3). In both cases, we use the gravity field and associated degree-strength
models of Genova et al. (2023) ( Table 2. Interestingly, we found the non-linear crust-mantle relief inversion to
provide a stable solution for the degree-strength corrected model, whereas for the classic model the inversion did
not converge. To stabilize the inversion, we added a low-pass damping filter with half-degree 90 (i.e., the
spherical harmonic degree at which is filter equals 0.5) to the classical model, but also to the degree-strength
corrected model for consistency. More information concerning the filtering process is provided in the next
section.

For the classical model that does not consider the uneven resolution of Mercury's gravity field, the crust-mantle
relief is seen to be well resolved in the southern hemisphere (Figure 3). However, this model is dominated by
signals coming from the surface topography with little corresponding contribution from the smooth and low-
resolution gravity field. This effect leads to a strong crustal thickness bias in the southern hemisphere that can
lead to misinterpretation of the data. For example, small impact craters (<100 km) are more strongly expressed in
the predicted crust-mantle relief of the southern hemisphere compared with the northern hemisphere. This is due
to their numerically exaggerated effect on the Bouguer anomaly in regions with a low-resolution gravity field.
When performing a degree-strength downsampling of the Bouguer correction, we obtain dramatic differences of
more than =15 km over a large fraction of the planet's southern hemisphere. In particular, we observe that impact
craters are now absent from the southern hemisphere crust-mantle relief. Alternatively, to mitigate these effects,
one could restrict the crustal thickness inversion to a low spherical harmonic degree as has been done in previous
work (e.g., Beuthe et al., 2020). However, such an approach would prevent fully leveraging the higher-resolution
gravity field in Mercury's northern hemisphere. In general, the degree-strength corrected model provides a more
consistent representation of Mercury's crustal thickness given the current uncertainty in gravity data. This
approach should be applied to planets for which the gravity field is strongly unevenly known, such as on Venus.
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3.2. Handling Short-Wavelength Gravity Anomalies

In a classical crustal thickness inversion, it is typically assumed that all Bouguer anomalies are due to relief at the
crust-mantle interface. However, this assumption can cause the non-linear crustal thickness inversion to diverge,
with the prediction of unrealistic short-wavelength oscillations of the crust-mantle interface (amplitudes of
+100 km and more). These oscillations result from the often-incorrect assumption that short-wavelength Bouguer
gravity anomalies (degree >80) are due to variations in crustal thickness rather than density. On the Moon,
analyzes of GRAIL data have shown that the dominant high-degree Bouguer gravity signal is in the form of
pervasive small-scale gravity anomalies, with size and magnitude comparable to many discrete structures,
including linear intrusions or ring dikes around basins (Broquet & Andrews-Hanna, 2024b; Jansen et al., 2017).
The small-scale Bouguer gravity anomalies were further found to be consistent with crustal density variations of
+150 kg m~> embedded within the top 20 km of the crust (Jansen et al., 2017). In addition, one expects short-
wavelength and steep relief variations of the crust-mantle interface to either relax on geologic timescales due
to the warmer temperature and high lateral pressure gradient at these depths (Nimmo & Stevenson, 2001) or be
eroded by advective flows in the mantle (Davies, 1994). On the Moon, viscoelastic modeling by Mohit and
Phillips (2006) indicates that under relatively high heat flows of 35 mW m~2, tens of kilometer of Moho relief at
~200 km wavelength (equivalent to degree 55) fully relaxes in only about 500 Myr (see also Zhu et al., 2025).
Even faster relaxation times would be expected for shorter wavelengths and warmer planets, such as Venus or
Mars (Mohit & Phillips, 2007). Together, these considerations suggest that short-wavelength Bouguer gravity
anomalies should generally not be directly related to variations in the relief of the crust-mantle interface.

To avoid these issues, a low-pass filter is typically applied to damp the effect of short-wavelength Bouguer
anomalies on the crustal thickness inversion. Previous studies have designed filters based on a formulation that
minimize the amplitude or curvature of the crust-mantle interface in Cartesian space (Parker, 1973; Phipps
Morgan & Blackman, 1993) and on a sphere (Wieczorek & Phillips, 1998) or based on simpler cosine functions
(Andrews-Hanna et al., 2018). The main difference is the attenuation of long-wavelength gravity anomalies,
which can be up to a few percent for the minimum-amplitude or -curvature filters. The half-degree, or spherical
harmonic degree at which the filter is equal to 0.5, is generally chosen such that the crustal thickness inversion
does not diverge or display unrealistic oscillations at high spherical harmonic degrees. On the Moon, filters with
half-degree 80 were considered (Wieczorek et al., 2013) compared to 50 for Mars (Wieczorek et al., 2022) or 40
for Mercury (Beuthe et al., 2020). Importantly, the filter also mitigates uncertainties in gravity data (where the
inversion resolution exceeds the degree-strength), which are more pronounced at short-wavelengths and are
exponentially amplified by the downward continuation of the Bouguer anomaly to the crust-mantle interface.
While this effect may be important for Mars or Mercury, the small uncertainties in GRAIL gravity data on the
Moon do not affect crustal thickness inversions. Thus, for the Moon, the divergence (or non-convergence) of the
crustal thickness inversion when using short-wavelength gravity data is unrelated to noise and is rather due to
incorrect modeling assumptions.

One critical issue with such a filtering approach is that a non-negligible fraction of the gravity field is discarded.
An alternative is to simultaneously solve for lateral variations in crustal density and thickness. Assumptions on
how crustal density varies with depth can be supplied (i.e., near surface or density decrease with depth), but for
simplicity, we here assume crustal density to be constant with depth, from the surface to the base of the crust.
Rather than filtering out and excluding short-wavelength gravity anomalies, these are ascribed to crustal density
and feedback into the estimation of the crustal thickness. Similar to a crustal inversion model, this approach is
iterative. A first crustal thickness model is made with short-wavelength Bouguer gravity anomalies being partially
excluded, as would be the case in a classical filtered inversion. These short-wavelength anomalies are saved and in
anew model, they are inverted for crustal density variations in a constant thickness shell. A new crustal thickness
model is made using the derived density variations and this process is repeated until convergence. Combined with
our degree-strength downsampling approach, this additional step enables a crustal thickness model to fully
leverage available data and provide a self-consistent model of crustal thickness and density.

To show the effect of this approach, we have inverted Mars' crustal structure using a classical approach and our
combined crustal density and thickness inversion (Figure 4). A half-degree 50 filter is used to discard short-
wavelength Bouguer anomalies in the classical model (see Figure 4a), as has been used in previous work to
make the inversion converge and not display unrealistic oscillations (Wieczorek et al., 2022). In our updated
model, the discarded data is used to invert for crustal density and the rest is used to estimate crustal thickness
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Figure 4. Effect of low-pass filtering on a Martian crustal thickness inversion. Crustal thickness model with no filtering
displaying unrealistic crustal thickness oscillations (a) and when using a low-pass filter with half-degree 50 (b). Crustal
density variation with respect to a mean of 2,900 kg m~ (c) and associated crustal thickness (d) both for a self-consistent
unfiltered model that ascribes short-wavelength anomalies to density variations in the crust.

following the above iterative approach. Our global inversion is performed up to degree 90, which is the global
average degree-strength of Mars' gravity field. As for other planets, Mars gravity field models have uneven
degree-strengths, reaching degree ~80 in the northern hemisphere versus ~100 in the south. This implies that
some of our inferred short-wavelength crustal density anomalies in the northern hemisphere could be slightly
affected by noise in the gravity data.

A notable effect is that our approach leads to a smoother crustal thickness map that fully fits the observed gravity
and that better represents the geology of the planet. The classical model crustal coarseness is due to the filter
discarding a portion of the data, leading to sharp crustal thickness variations whose wavelength depends on the
shape of the low-pass filter (compare Figures 4b and 4d). As this model matches the observed gravity only with
crustal thickness variations, this gives rise to more power at short wavelengths. When considering the gravity
contribution from crustal density variations, our updated model predicts more realistic crustal thickening at small-
scale features such as Tharsis volcanoes, with crustal densities (~3,000-3,100 kg m™) consistent with earlier
work (Figure S3 in Supporting Information S1; Broquet & Wieczorek, 2019). Seemingly random and pervasive
density anomalies of £200 kg m™ are obtained, which is reminiscent of previous work mapping intrusions and
porosity variations on the Moon (Jansen et al., 2017). Relatively small impact craters (<300 km) are also
generally less visible, which is more consistent with them not puncturing the crust but affecting the upper crust
density from impact-induced brecciation and with the formation of low-density ejecta blankets. We note that
Bouguer anomalies interpreted as density variations in our model are observed in the vicinity of large impact
basins, such as Hellas and Argyre, or across the dichotomy boundary. These anomalies are more likely to be
associated with sharp crustal thickness variations (rather than density as defined here) as they closely follow
crustal discontinuities. Using a filter with a larger half-degree would help resolve this issue but would also affect
other regions.

We note that this improved approach still requires an external assumption regarding how gravity is partitioned in
terms of crustal thickness and density (here with our half-degree 50 filter) as well as where density anomalies are
located. For example, if the short-wavelength anomalies were attributed to density variations in the upper crust
(rather than the whole crust), the inverted density variations would generally have larger magnitudes. In addition,
and as further discussed in the section below, long-wavelength variations in crustal density are also expected on
Mars and in particular in the thick basaltic crust of the Tharsis plateau. Thus, although our suggestion to better
handle short-wavelengths improves crustal thickness models by allowing them to exploit more data and be self-
consistent, our model still depends upon an assumption concerning the wavelength and depth dependence of
crustal density. The reliability of the model will thus depend upon how closely accurate the employed assumption
is. Nevertheless, our approach should generally be preferred over inversions that discard observations.
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Figure 5. Effect of considering a higher-density secondary crust on a Martian crustal thickness inversion. (a) Classical single-
layer crustal thickness inversion. (b) Total crustal thickness considering a two-layer inversion under the premise of pre-
volcanism crustal isostasy in the Tharsis, Elysium, and Hesperian volcanic provinces. The thickness of the secondary crust
considering two color-scales on the western (c) and eastern (d) hemispheres.

3.3. A Non-Isostatic Secondary Crust: The Case of Mars

Due to a lack of observational constraints on the lateral variation of interior properties, classical crustal inversions
typically consider a constant density mantle and crust. Some notable studies have considered lateral and depth
variations in the bulk density of the crust, as inferred from high-resolution gravity data (Besserer et al., 2014;
Goossens et al., 2017; §prlék etal., 2020; Wahl et al., 2020; Wieczorek et al., 2013), and/or spectrometers in orbit
(Baratoux et al., 2014; Beuthe et al., 2020), but also from porosity estimates (Broquet et al., 2024).

While lateral and depth variations in crustal and mantle density are expected for all terrestrial bodies, some planets
such as Mars or the Moon host a voluminous secondary crust that is substantially denser than the surrounding
crust. This intra-crustal layering induces a gravitational anomaly that when considered can affect crustal thickness
estimates, such as for the mare-covered basins on the Moon (Broquet & Andrews-Hanna, 2024a; Wieczorek &
Phillips, 1999). However, adding a supplementary layer with unknown relief (i.e., not parallel to topography)
makes a crustal thickness inversion under-determined. In the case of an early-formed crust, one can plausibly
assume that the crust should have initially been in isostatic equilibrium and that this state would have been frozen
into the lithosphere as the planet cooled. However, a secondary crust forming later on a cooling planet is expected
to depart from isostasy. As the secondary crust forms, it would bend the underlying isostatically frozen crust and
lithosphere and create a strong non-isostatic gravity anomaly. On the Moon, the work of Broquet and Andrews-
Hanna (2024a) used the assumption of long-wavelength isostasy to simultaneously infer the relief between the
secondary basaltic crust (i.e., mare) and feldspathic crust and between the feldspathic crust and the underneath
mantle. Mars is also thought to have gone through a magma ocean phase during which the bulk of the crust
quickly crystallized, which makes the assumption of long-wavelength isostasy appropriate (Bouvier et al., 2018).
Previous work by Ritzer and Hauck (2009) has also assumed isostasy to describe the Isidis basin's post-impact
crustal structure and to estimate the thickness of lava flows and flexural deformation.

Here, we build upon the framework developed by Broquet and Andrews-Hanna (2024a) to create a two-layer
crustal thickness model for Mars. This model assumes that a 3,100 kg m™ secondary crust overlies a pre-
volcanism isostatic lower-density crust (2,800 kg m™) in the Tharsis, Elysium and Hesperian volcanic prov-
inces, as mapped by Tanaka et al. (2014) (Figure 5). For simplicity, this model doesn't account for other volcanic
units which likely have thicknesses of only several hundreds of meters to a few kilometers, such as in Elysium
Planitia (e.g., Voigt et al., 2023) or in the northern lowlands (Head et al., 2002). Due to its higher density, the
secondary basaltic crust acts as a load that will bend all crustal interfaces, depending on the rigidity of the planet's
interior. In our DSP model, thin elastic shell theory is used to predict this bending as a function of the lithosphere
elastic thickness (Broquet, 2024a; Broquet & Andrews-Hanna, 2023a). The elastic thickness of the lithosphere is
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assumed to be 80 km, which is required to support the large-scale Tharsis load (Andrews-Hanna et al., 2008). We
note that most shield volcanoes on Mars formed on a thinner elastic lithosphere of <15 km (Broquet & Wiec-
zorek, 2019), but the lithosphere there was likely eroded by small-scale mantle plumes, as is the case in Hawaii
(e.g., Davies, 1994). Larger elastic thicknesses are also found beneath the Martian polar caps, >150 km, but these
formed and deformed the lithosphere later in geologic history when the planet was colder (e.g., Broquet
et al., 2020). Under these assumptions, the thickness of the secondary, basaltic crust is found to be ~30 km in the
Tharsis province and to range from 70 km at Olympus Mons (~50% of the total regional crust thickness) to 15 km
for Elysium Mons and <7 km for smaller-scale volcanoes in Hesperian volcanic provinces, such as Tyrrhena
Mons. The volume of the secondary crust is constrained to be ~3 X 10® km?>, consistent with earlier work (Phillips
et al., 2001). We note that the aforementioned values strongly depend on the thickness of the elastic lithosphere,
which has varied in space and time from a few kilometers to tens of kilometers (e.g., Broquet & Wieczorek, 2019).
A full investigation of the influence of these effects on Mars' crustal structure is out of the scope of this study.

When considering a secondary basaltic crust, the total thickness of the crust is increased by 5-50 km in volcanic
provinces (Figure 5). The thickest crust is now found at Arsia Mons with values reaching 135 km for the model
with the secondary crust, 25 km thicker than when not accounting for it. Volcanic constructs such as Olympus
Mons or Alba Mons are also seen to have a more pronounced localized crustal thickening compared to the
surrounding crust. This is due to a part of the gravitation signal of these regions being compensated at the
secondary—primary crust interface with a density contrast of 200 kg m™ that is smaller than that at the crust—
mantle interface (~500 kg m™>). Thus, considering the higher density of the crust in volcanic provinces will
thicken the crust in these regions and match the expectation of a volcanically thickened crust near individual large
volcanoes.

3.4. Mantle Density Anomalies: The Case of Venus and the Moon

Venus and Mercury have shown evidence for long-wavelength support of their topography by density anomalies
in the mantle resulting from interior dynamics (James et al., 2013, 2015) or surface temperature effects (Tosi
et al., 2015). Planetary mantles are also expected to display important density variations, resulting from non-even
cooling below crusts enriched in heat-producing elements and of variable thickness (Breuer & Moore, 2015). All
these effects would generate gravitational anomalies that would affect the estimation of crustal thickness from
gravity data. As noted above and because of the depth-attenuation of gravity anomalies, considering mass
anomalies in the mantle will mostly affect the long-wavelength structure of the crust. Mantle mass anomalies will
also tradeoff with crustal thickness. For example, a positive gravity anomaly could be either interpreted as a flat
crust with mass excess in the mantle or as a thinned crust with a constant-density mantle.

Here, we invert Venusian gravity and topography for global crustal thickness. For the longest wavelengths, we
consider the contribution of a dynamic mantle load located within a 400 km thick shell that sits directly below an
isostatic crust. At shorter wavelengths, we assume crustal compensation and the isostasy assumption is relaxed.
The transition between the long-wavelength hybrid support and crustal compensation only is modeled using a
cosine taper with half-degree 15. This spherical harmonic degree corresponds to the wavelength at which the
topography of Venus is thought to transition from being supported dynamically in the mantle to more passively by
crustal thickening (James et al., 2013). Given the tradeoff between the mantle load thickness and density,
choosing a thinner mantle load would lead to larger-magnitude density variations with minimal effects on crustal
thickness. This consideration leads to the near-disappearance of a crustal thickening at Atla Regio and Beta Regio
and to an overall decrease in crustal thickness at crustal plateaus, when compared to a classical model (Figure 6).
For example, crustal thickness at Ovda Regio decreases from 37 to 33 km and from 60 to 50 km at Ishtar Terra
when considering our mantle contribution to the gravity field. These regions are further seen to overlie major
mantle upwellings, as indicated by negative mantle density contrasts, which is consistent with earlier work (e.g.,
James et al., 2013; Maia et al., 2023; Pauer et al., 2006). Interestingly, regions with predicted mantle upwelling
correlate with the location of 80% of potentially active Coronae mapped in Giilcher et al. (2020). This suggests
that long-wavelength mantle upwellings, which interact and potentially trigger Venus' volcano-tectonic activity,
can be resolved in observed gravity and topography data. In our model, mantle density anomalies are found to
range from —30 to 30 kg m™ about a mean of 3,300 kg m™>, implying temperature contrasts of +300 K for a
thermal expansivity of 3 x 10~ K~'. Such temperature variations are consistent with the expected spatial
variability in Venusian heat flow (S. E. Smrekar et al., 2023). Note that for crustal thickness, our model is unable
to constrain absolute mantle densities. For Mercury, a similar approach has a substantial effect on crustal
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Figure 6. Effect of considering a long-wavelength dynamic mantle and isostatic crust on Venusian crustal thickness.

(a) Crustal thickness inversion with crustal support only. (b) Transition filter for the mantle/crust support model, with the
associated crustal thickness (c) and mantle density variations (d). Coronae mapped by Giilcher et al. (2020) are indicated by
the dots in (d), with the active ones shown in red. Negative mantle density contrasts indicate regions with hot mantle
upwellings.

thickness estimates and provides mantle density variations reflecting the planet's surface temperature pattern
(Figure S4 in Supporting Information S1), which is thought to extend deep down in the mantle (Fleury et al., 2024;
Tosi et al., 2015).

Lunar thermal evolution models predict important interior temperature anomalies resulting from the high heat
production of the Procellarum KREEP Terrane (Laneuville et al., 2018; Wieczorek & Phillips, 2000). These
models predict the present-day nearside mantle to be hotter than the farside mantle, which is consistent with recent
analyzes of time-variable gravity data from GRAIL (Park et al., 2025). In the models of Laneuville et al. (2013),
the difference in temperature between the warmer nearside Procellarum region and farside can reach several
hundred Kelvin from the surface down to the mid-mantle. In Figure 7, we illustrate the effect on crustal thickness
of a present-day 400 K mantle temperature anomaly located beneath the Procellarum region, ranging from the
base of the crust to 200 km depth. Importantly, we note that this example neglects the effect of possible
compositional differences on mantle density that could arise from the extraction of mare basalts or the presence of
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Figure 7. Effect of considering a 400 K warmer mantle in the Procellarum region on a crustal thickness inversion.
(a) Classical crustal thickness inversion. Hybrid model considering crustal thickness (b) and mantle density variations (d).
The difference between (a) and (b) is shown in (¢).
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ilmenite-rich magma ocean cumulates. Additional considerations on the effect of temperature, compositional
anomalies, and intrusions on the gravity field can be found in Laneuville et al. (2013). Here, gravity and
topography are inverted for crustal thickness considering the contribution from the mantle density anomaly
directly beneath the Procellarum region. When compared to a model neglecting this thermal anomaly, accounting
for a warmer nearside mantle leads to a crustal thickness reduction of about 10 km beneath the Procellarum region
(~30% of the regional crust thickness). This effect further reinforces the global asymmetry in the lunar crust.
Crustal thickness estimates at the Apollo 12 and 14 landing sites are also predicted to be 3—4 km thinner. Together,
these would affect how local seismic measurements of crustal thickness are related to the global properties of the
Moon.

4. Discussion and Conclusions

The thickness of a planet's crust varies in space and time, and exerts a prominent control on the geologic and
geodynamic evolution of the interior. In this work, we have provided a broad overview of our current knowledge
of the composition and structure of planetary crusts. The Moon and Mars display thick crusts with substantial
lateral variations. The crustal architecture of these bodies is relatively well known, as a result of seismic stations
on their surface and due to our relatively good knowledge of their gravity fields. The crust of Mercury and Venus
is substantially less known, but both planets might have thinner and denser crusts with less pronounced vari-
ability. Future space missions to these two bodies will allow for major improvements in our understanding of their
crustal structure. In general, planetary crusts represent less than a percent (Venus, Earth) and up to several percent
of the silicate mass fraction of the planet (Mercury, Mars, the Moon).

Considerations to improve gravity and topography inversion models for crustal thickness have been proposed.
Accounting for the effect of an unevenly known gravity field or variations in crustal and mantle densities were
shown to lead to dramatic variations in our crustal thickness models. For Mercury, degree-strength downsampling
of the Bouguer anomaly is necessary to avoid misinterpreting the crustal thickness inversions. While crustal
thickness models remain non-unique and subject to assumptions regarding the origin of gravity anomalies, we
have demonstrated that some solutions can be favored based on geologic arguments. For example, ascribing
short-wavelength gravity anomalies to crustal density on Mars was found to provide a more geologically realistic
structure for the crust beneath the large volcanic constructs. On the Moon, the location of grabens near mare
basins can be used to provide constraints on the structure of the crust, including mare thickness (Broquet &
Andrews-Hanna, 2024a; Solomon & Head, 1980). A similar approach could be undertaken to refine estimates on
the thickness of Mars' secondary basaltic crust based on circum-Tharsis tectonics and in other volcanically
flooded regions (see also Andrews-Hanna & Broquet, 2023). Accounting for a non-isostatic long-wavelength
mantle on Venus leads to the prediction of mantle upwellings in regions with potentially active Coronae (see
also James et al., 2013). As discussed for Mars and the Moon, the Venusian tectonic record could also be used to
further constrain the interior structure. A similar approach on Mercury provided long-wavelength mantle tem-
peratures that reflect the present-day surface temperature pattern (see also Tosi et al., 2015). Finally, we have
shown that forward modeling of expected temperature contrasts in the lunar mantle leads to non-negligible crustal
thickness differences between the near and far sides, with implications for how seismically constrained crustal
thicknesses at the Apollo landing sites are related to global lunar properties. If successful, the future Farside
Seismic Suite will provide major constraints on the thickness of the farside crust (Panning et al., 2024), thereby
reducing the range of possible crustal thickness models.

Lateral and depth variations in the bulk density of the crust are the primary factors affecting crustal thickness
estimation. While the surface composition of planetary bodies is generally well known, it remains unclear
whether the density of surface materials is representative of the bulk crust. Crustal porosity, which prominently
affects bulk density, is also expected to vary substantially and continue to be challenging to constrain. The
collection of high-resolution gravity data may allow inferring the bulk density of the upper crust using localized
admittance techniques. For the Moon, high-resolution GRAIL data allowed constraining a low bulk density of the
crust of ~2,550 kg m™> (Wieczorek et al., 2013). For Mars, this approach provided a low globally average bulk
density of ~2,600 kg m™> (Goossens et al., 2017), though with values as high as 3,200 kg m™> at Martian vol-
canoes (Broquet & Wieczorek, 2019; Goossens et al., 2017). However, Mars' lower resolution gravity field causes
crustal density estimates to tradeoff with over parameters including the elastic thickness of the lithosphere. As
shown in Figure 8, a resolution of at least spherical harmonic degree 200 (wavelength of ~100 km) globally
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Figure 8. Sensitivity of global admittance models as a function of spherical harmonic degree, elastic thickness (7,) and
crustal density (p_.) for Mercury (a), Venus (b), the Moon (c) and Mars (d). The arrow indicates the spherical harmonic
degree range at which crustal density can be determined independently from elastic thickness. Admittances were computed
using the Py_Admittance package (Broquet, 2024b).

would allow to disentangle these parameters. On Venus, due to the planet's larger size and smaller membrane
stresses, crustal density can be independently constrained only for a higher spherical harmonic degree of >500
(wavelength <80 km). However, we note localized admittance studies might be able to fully decouple crustal
density and thickness at Veritas and EnVision gravity resolutions. For the smaller Mercury, crustal density can be
unambiguously determined for spherical harmonic degrees greater than about 180 (wavelength of 85 km).
Nevertheless, we emphasize that admittance analyzes may be sensitive only to the upper few kilometers of the
surface, which could complicate the interpretation of the admittance function. As a result, the inferred crustal
density may not accurately reflect the density contrast at the crust—-mantle boundary that has a prominent effect on
a crustal thickness inversion.

Our relatively poor knowledge of planetary gravity fields remains the main frontier to bridge in order to improve
our understanding of the crustal architecture of planetary crust. Dedicated gravity recovery missions to the
terrestrial planets (Genova, 2020; Giuliani et al., 2025; Iess et al., 2021; Rosenblatt et al., 2021; Worner
et al., 2023) will allow to perfect our gravity and crustal thickness models as well as unveil much of the tectonic,
magmatic, and geodynamic history of these worlds.

Data Availability Statement

Inversions presented in this manuscript have used DSP (Broquet, 2024a), Py_Admittance (Broquet, 2024b),
ctplanet (Wieczorek, 2024) and SHTOOLSs (Wieczorek et al., 2024). Gravity and topography data can be found at
the pds-geosciences node (https://pds-geosciences.wustl.edu/) and some colormaps are from Crameri (2018). The
nominal crustal thickness models presented in Figure 2 are available at Broquet (2025).
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The originally published version of this article omitted the following from the end of the Acknowledgments: “The
authors thank Associate Editor Mike Sori, Reviewer Peter James, and an anonymous reviewer for their detailed
comments, which helped improve the manuscript.” The error has been corrected, and this may be considered the
authoritative version of record.
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