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Abstract Analyses of seismic data from the InSight mission have provided the first in situ constraints

on the thickness of the crust of Mars. These crustal thickness constraints are currently limited to beneath the
lander that is located in the northern lowlands, and we use gravity and topography data to construct global
crustal thickness models that satisfy the seismic data. These models consider a range of possible mantle and
core density profiles, a range of crustal densities, a low-density surface layer, and the possibility that the crustal
density of the northern lowlands is greater than that of the southern highlands. Using the preferred InSight
three-layer seismic model of the crust, the average crustal thickness of the planet is found to lie between 30 and
72 km. Depending on the choice of the upper mantle density, the maximum permissible density of the northern
lowlands and southern highlands crust is constrained to be between 2,850 and 3,100 kg m~3. These crustal
densities are lower than typical Martian basaltic materials and are consistent with a crust that is on average
more felsic than the materials found at the surface. We argue that a substantial portion of the crust of Mars is

a primary crust that formed during the initial differentiation of the planet. Various hypotheses for the origin of
the observed intracrustal seisimic layers are assessed, with our preferred interpretation including thick volcanic
deposits, ejecta from the Utopia basin, porosity closure, and differentiation products of a Borealis impact melt
sheet.

Plain Language Summary The crust, mantle and core are the three major geochemical layers
that make up a planet. Before NASA's InSight mission, the thickness of the crust of Mars was inferred

using indirect techniques, including analyses of gravity data collected from orbit and the composition of
surface rocks. Estimates for the average thickness using these techniques spanned the range from 27 to

118 km. Analyses of data collected by the InSight seismometer have provided us with the first direct seismic
measurement of the thickness of the crust, but this measurement is only for beneath the lander that is located
in the northern lowlands where the crust is expected to be thinner than average. In this work, gravity and
topography data are used to construct global crustal thickness models that satisfy the new seismic constraints.
The average crustal thickness is found to be somewhere between 32 and 70 km, and the average density of
the crust can be no larger than 3,100 kg m~3. This bulk crustal density is lower than most typical Martian
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basaltic materials, suggesting that the bulk composition of the crust is different from the volcanic materials at
its surface.

1. Introduction

The crusts of the terrestrial planets record clues as to how these bodies formed and differentiated, how magmatic
processes operated over billions of years, and how impact events modified and redistributed crustal materials
(e.g., Taylor & McLennan, 2009). The most direct way to measure the thickness of the crust is by seismic means,
which was first done for Earth by A. Mohorovici¢ using data from an earthquake in 1909 (see english translation
in Mohorovicié, 1992). In addition to estimating the local thickness of the crust beneath a seismic station, seismic
analyses also allow one to investigate layering of materials within the crust. Beyond Earth, seismic measurements
have been made only on the surfaces of two planetary bodies: The Moon, as part of the Apollo program (for a
review, see Lognonné & Johnson, 2015), and most recently Mars, as part of the NASA Interior Exploration using
Seismic Investigations, Geodesy and Heat Transport (InSight) mission (Banerdt et al., 2020). Seismic measure-
ments of crustal thickness are by nature sparse, so it is often necessary to use other data to extrapolate these when
making maps or when determining quantities such as the average crustal thickness of the planet (e.g., van der
Meijde et al., 2015; Wieczorek et al., 2013). In this work, we combine modeling of the gravity field of Mars with
the new InSight seismic constraints to investigate the global character of the Martian crust.

Prior to NASA's InSight mission, several attempts had been made to estimate the average thickness of the crust
of Mars and how it varies from place to place (see summary in Table 1). One common technique was to make use
of gravity and topography data in combination with reasonable geologic assumptions. McGovern et al. (2002);
McGovern et al. (2004) made use of a lithospheric flexure model to analyze the wavelength-dependent ratio of
gravity and topography. Their analyses implied a best-fitting crustal thickness of about 50 km at three regions, but
with acceptable values ranging from 8 to 68 km. Assuming that the crust of Mars was in a state of Airy isostasy,
and by making use of a range of crustal densities, Wieczorek and Zuber (2004) used geoid-topography ratios over
the southern highlands to estimate an average crustal thickness of 57 + 24 km. Neumann et al. (2004) constructed
a global crustal thickness map of the planet that satisfied the observed gravity field by explicitly assuming an
average crustal thickness of 45 km. Baratoux et al. (2014), however, revisited their work and argued that the bulk
composition of the crust was similar to that of the basaltic Shergottites, and was hence considerably more dense
than assumed in that study. By assuming that the minimum thickness of the crust was close to zero, their analysis
implied that the average thickness could be as large as 110 km. Lastly, using a localized spectral analysis of grav-
ity and topography, Broquet and Wieczorek (2019) obtained local crustal thicknesses between 30 and 90 km for
Pavonis Mons, Alba Mons, and Uranius Mons.

Several other techniques have been used to constrain the thickness of the Martian crust. Zuber et al. (2000),
Nimmo and Stevenson (2001) and Guest and Smrekar (2005) noted that if the crust were sufficiently thick,
high temperatures in the lower crust would give rise to enhanced rates of viscous deformation that would act to
reduce lateral variations in crustal thickness. The observed surface topography across the Hellas impact basin and
dichotomy boundary implied average thicknesses less than about 100 km. Global Martian geophysical data, such
as the mean density, moment of inertia and tidal Love number are sensitive to the density profile of the planet,
and these have been used in several studies that investigated the average crustal thickness, mantle properties, and
core radius. These models are sensitive to the composition of the major geochemical reservoirs and the mantle
temperature profile, and the study of Rivoldini et al. (2011) obtained a range of crustal thicknesses between 37
and 79 km (see also, Khan et al., 2018).

Given that the crust of Mars hosts a large fraction of the planet's heat producing elements (e.g., Taylor et al., 2006),
its average thickness also plays an important role in the planet's thermal and magmatic evolution. By assuming
a bulk abundance of heat producing elements of the planet. along with crustal abundances based on gamma
ray spectroscopy measurements of the surface (Boynton et al., 2007), the crustal thickness directly impacts the
present day heat flow, lithospheric thickness and the extent of present-day melting in the mantle (e.g., Hahn
et al., 2011; Parro et al., 2017). When combined with elastic thickness constraints from the geologically young
polar cap deposits (Broquet et al., 2020, 2021), these models favor average crustal thicknesses near 60 km,
with allowable values between about 49 and 87 km (Plesa et al., 2018). Several studies have investigated other
aspects concerning the global thickness and structure of the Martian crust, with a few notable examples including
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Table 1

Selected Pre-InSight Crustal Thickness Estimates for Mars

Thickness (km)

Method

Reference

<100
<115

50 (26, 68)
50 (8, 62)
45

>29

57 +24
<118
37-79
27-110
55-80
49-87

60 + 20
50 +20
60 + 30

Viscous relaxation of global shape

Viscous relaxation of dichotomy boundary and Hellas impact basin
Western rim of Hellas impact basin: Gravity-topography admittance
Noachis Terra: Gravity-topography admittance

Global crustal thickness modeling

Airy isostasy with minimum thickness equal to zero

Isostatic geoid-topography ratios

Thorium mass balance

Moment of inertia, Love number, thermodynamic modeling

Global crustal thickness modeling

Moment of inertia, Love number, thermodynamic modeling
Thermal evolution modeling with elastic thickness constraints
Pavonis Mons: Gravity-topography admittance

Alba Mons: Gravity-topography admittance

Uranius Mons: Gravity-topography admittance

Zuber et al. (2000)

Nimmo and Stevenson (2001)
McGovern et al. (2002)
McGovern et al. (2002)
Neumann et al. (2004)
Wieczorek and Zuber (2004)
Wieczorek and Zuber (2004)
Taylor et al. (2006)

Rivoldini et al. (2011)
Baratoux et al. (2014)

Khan et al. (2018)

Plesa et al. (2018)

Broquet and Wieczorek (2019)
Broquet and Wieczorek (2019)
Broquet and Wieczorek (2019)

Note. Thicknesses are average values of the planet, unless otherwise specified. Values in parentheses represent 1-o lower and upper limits.

Norman (1999), McLennan (2001), Sohl et al. (2005), Pauer and Breuer (2008), Cheung and King (2014), Tenzer
et al. (2015), Ding et al. (2019), and Smrekar et al. (2019).

NASA's InSight mission landed on Mars on 26 November 2018 and deployed the first ever seismometer on
the surface of this planet capable of recording a wide range of seismic activity (Banerdt et al., 2020; Lognonné
et al., 2019). The prior seismometers carried by Viking 1 and 2 remained on the decks of those landers and
were too strongly affected by meteorological phenomena (Anderson et al., 1977; Nakamura & Anderson, 1979).
One of the primary objectives of the InSight mission was to determine the thickness of the crust beneath the
lander, which is located in the northern lowlands between the Elysium rise and the dichotomy boundary. The
initial analyses of the seismic data for crustal structure focused on using two different techniques for investigat-
ing converted and reflected seismic phases from layering beneath the lander (Knapmeyer-Endrun et al., 2021;
Lognonné et al., 2020). The first technique was to compute seismic receiver functions, which removes the effects
from the source and source-side structure on the seismic signal by a deconvolution technique. This method
isolates precursor P phases and later S arrivals that were converted at layer interfaces (such as from S to P, or P to
S). The second method used seismic interferometric techniques that made use of autocorrelations of both ambient
noise and the codas of seismic events. For diffuse wavefields, the autocorrelations can be interpreted as vertical
reflections from layers beneath the seismic station.

The receiver function analyses of Knapmeyer-Endrun et al. (2021) used the direct P wave from three major events
and identified P-to-S converted phases that were consistent with either two or three crustal layers. Each crustal
layer was treated as having a constant seismic velocity, and the velocity was found to increase abruptly at the
interface of each layer. The first interface was at a depth of 8 + 2 km, consistent with Lognonné et al. (2020), the
second interface was at a depth of 20 + 5 km, and the deepest, third interface was at a depth of 39 + 8 km. The
receiver function inversions of that study could not uniquely discriminate between the two- and three-layer crustal
models because the direct converted phase from the deepest third interface arrived at nearly the same time as a
reverberation in the uppermost layer. Distinguishing between these two models was complicated by the fact that
all three seismic events had similar epicentral distances. In this same study, autocorrelation analyses, waveform
modeling, and S-to-P converted phases from S receiver functions were used to support the existence of the first
two layers, though they could not at that time conclusively resolve the deepest third layer (see also Kim, Davis,
et al., 2021).
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PP receiver function analyses were used by Kim, Lekic, et al. (2021) to test the above two- and three-layer seismic
models of the crust. The benefit of using the PP ray for these analyses is that the distance to the bounce point is
half that of the epicentral distance of the source. Though the converted phases from the third interface and the
reverberation from the uppermost layer were coincident in time when using the direct P ray, these phases were
predicted to be more separated when using the larger ray parameter of the PP ray. Synthetic receiver functions
using a three-layer crustal model were shown to be more consistent with the observations than the two-layer
model. This study also used S receiver functions to investigate P-wave precursors associated with the incident
S wave. Unlike the P receiver functions, the P precursors arrive before any of the reverberations between layers.
Consistent with the PP receiver functions, the S receiver functions also required a three-layer crust to fit the
precursor phases. A re-analysis of the InSight seismic data by Durén et al. (2022) that included P receiver func-
tions of seven events has also confirmed a three-layer structure with major seismic discontinuities in the depth
ranges of 8—13 km, 22-27 km, and 3747 km.

Even though the InSight seismic data have provided important constraints on the thickness of the crust beneath
the InSight lander, these constraints are for a single location on Mars. Furthermore, the landing site is located in
the northern lowlands, and the crustal thickness there is likely to be thinner than both the global average and that
of the southern highlands (e.g., Neumann et al., 2004). In the initial analysis of Knapmeyer-Endrun et al. (2021),
gravity and topography data were used to construct global crustal thickness models for the case where the density
of the crust was everywhere the same. When combined with the InSight seismic thickness, it was possible to place
tight constraints not only on the average thickness of the crust, but also on the maximum permissible density of
the crust. In this study, we expand upon that work. We consider more complex density models of the crust, and we
expand upon many of the details of the modeling, uncertainties, and implications. We present results for both the
two-layer and three-layer seismic models, but based on the most recent analyses of Kim, Leki¢, et al. (2021), we
now have considerably more confidence that the thicker three-layer crustal model is the most probable of the two.

We first describe our methodology for constructing the global crustal thickness models from gravity, topogra-
phy, and seismic constraints. The following three sections describe our model results using different assumed
density structures of the crust. In the first, we describe our results for the scenario where the density of the crust
is uniform. In the second, we discuss the implications of including a constant-thickness low density surface layer.
In the third, we describe the results for the case where the northern lowlands crust is more dense than that of the
southern highlands. In the discussion section that follows, we address several implications of our models. These
include the implications of our average crustal thickness and crustal density constraints, the origin of crustal
layering, and the origin and evolution of the crust. We conclude by discussing how further seismic constraints
could improve our analyses. The mathematical details of our crustal thickness modeling are presented in an
appendix.

2. Global Crustal Thickness Modeling

Our global crustal thickness modeling makes use of standard techniques that have been applied previously to the
terrestrial planets and Moon (see Wieczorek & Phillips, 1998; Wieczorek et al., 2013, 2019). In its most general
description, the observed gravity field is assumed to be the result of relief along the surface (which is usually
known), relief along the crust-mantle interface, and the relief of hydrostatic density interfaces in the mantle and
core. By making assumptions about the density structure of the crust, mantle and core, it is then possible to deter-
mine the relief along the crust-mantle interface that satisfies the observed gravity field. The crustal thickness is
simply the difference in radius of the surface and crust-mantle interface, and the lateral variations in thickness are
related to geologic processes such as impact cratering, extrusive volcanism, and intrusive magmatism.

In this work, we construct global models of the crust using both the two- and three-layer crustal thickness esti-
mates beneath the InSight lander from Knapmeyer-Endrun et al. (2021), which are 20 + 5 km and 39 + 8 km,
respectively. These values are largely consistent with the analysis of Duran et al. (2022), who obtained respective
ranges of 22-27 and 37-47 km. In the following subsection, we first describe three different density models of
the crust that we will consider in our modeling. We next describe conceptually the major aspects of modeling
the gravity field of Mars, leaving the mathematical details to Appendix A. We then discuss some of the a priori
input parameters of our models, and finally, we end with a short recipe that describes the relevant modeling steps.
Preliminary versions of our crustal thickness models appeared in Smrekar et al. (2019), who summarized the

WIECZOREK ET AL.

4 of 35



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2022JE007298

mantle
A

porous layer

southern highlands northern lowlands

C

Figure 1. Three density models of the Martian crust used in the global crustal thickness inversions. The density of the

crust is everywhere the same in model A (top), with the exception of the two polar ice caps that are shown in blue. Model B
(middle) differs from model A in that it possesses an 8-km constant-thickness layer near the surface with a reduced density
due to porosity. In model C (bottom), the density of the southern highlands crust is less than that of the northern lowlands
crust. The surface topography and relief along the crust-mantle interface are shown for a pole-to-pole profile along 210° E
longitude taken from the models presented in Figures 2 and 5. The InSight crustal thickness constraint lies in the northern
lowlands, which is why the northern lowlands crustal thickness is similar in all three plots. The vertical exaggeration for each
image is 20 times.

state-of-the-art knowledge of the Martian interior before InSight landed on Mars, and also in the work of Knap-
meyer-Endrun et al. (2021) that made use of the first InSight crustal thickness constraints.

2.1. Density Models of the Crust

Our models depend directly on the assumed density structure of the crust. The crust of Mars is obviously complex
in structure and heterogeneous in composition (e.g., Ehlmann & Edwards, 2014; McSween & McLennan, 2014;
Nimmo & Tanaka, 2005; Pan et al., 2015; Sautter & Payre, 2021), but lacking detailed a priori knowledge about
lateral and vertical variations in crustal density, it will be necessary to make simplifying assumptions that can be
easily parameterized in our suite of inversions.

We consider three possible density models of the crust as illustrated in Figure 1. For the first model, we assume
that the density of the crust is everywhere the same. The sole exception is that we take into account the low-den-
sity polar-cap deposits at both the north and south poles. Most of the previously published global crustal thick-
ness models of Mars are broadly similar to this constant density model (e.g., Baratoux et al., 2014; Cheung &
King, 2014; Neumann et al., 2004; Pauer & Breuer, 2008; Wieczorek et al., 2019). In our second model, we
account for a constant thickness low-density layer at the surface of the crust. This layer could be the result of
either porosity that closes at the same depth (e.g., Besserer et al., 2014) or a distinct compositional layer that is
composed of aeolian, volcanic, impact, and/or sedimentary deposits. This low-density layer could extend either
to the depth of the 8 or 20 km seismic discontinuity. For our last model, we consider that the density of the crust
is different on either side of the dichotomy boundary as mapped by Andrews-Hanna et al. (2008). Motivated by
the hypothesis that the dichotomy boundary could have been formed by a giant Borealis impact that would have
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excavated the entire low-density crust and melted the underlying mantle (e.g., Andrews-Hanna et al., 2008; Mari-
nova et al., 2008; Nimmo et al., 2008), our models will consider only the case where the density of the northern
lowlands is greater than or equal to that of the southern highlands.

2.2. Gravity Field Modeling

The first step is to compute the gravitational attraction that arises from density interfaces beneath the rigid lith-
osphere of the planet. These interfaces are assumed to be in hydrostatic equilibrium beneath a depth of 150 km,
which corresponds to the minimum present-day thickness of the elastic lithosphere beneath the south polar cap
(Broquet et al., 2021). Unless otherwise specified, the lithosphere in this study will refer to that portion of the
planet that can support deviatoric stresses over geologic time. The thermal lithosphere of Mars extends to a depth
of about 450 km (Durén et al., 2022; Khan et al., 2021), but deviatoric stresses below the elastic lithosphere will
relax over geologic time. For a given 1-dimensional density profile, the shapes of the hydrostatic interfaces are
computed to conform to surfaces of constant gravitational potential using the technique developed in Wieczorek
et al. (2019). This approach considers the presence of non-hydrostatic gravitational anomalies in the rigid lith-
osphere, and the relief along each hydrostatic interface is computed in order to be consistent with the observed
gravitational field of the planet. The non-hydrostatic gravitational anomalies are a result of surface topography
and mass anomalies placed at the average depth of the crust.

The shapes of the hydrostatic interfaces correspond primarily to flattened ellipsoids, with up to 2 km of additional
long-wavelength relief that is similar in form to the geoid of Mars. As demonstrated in Wieczorek et al. (2019),
for a wide range of interior density models, the sub-lithospheric mantle and core contribute only about 4%—6% to
the degree-2 flattening term of the gravity field. Furthermore, they found that the additional gravitational signals
related to the non-hydrostatic portion of the lithosphere affected subsequent global crustal thickness models only
by about 2 km. Thus, the details concerning the calculation of the sub-lithospheric mantle and core gravity signals
are expected to have only a minor effect on our final crustal thickness models.

The second step is to compute the gravitational attraction of the polar caps. For this, we use the MarsTopo2600
spherical harmonic model of the shape of Mars (Wieczorek, 2015) along with the bulk density and thickness
maps of the two polar caps developed by Broquet et al. (2020); Broquet et al. (2021). These thickness maps were
constructed to satisfy orbital radar constraints and account for the expected lithospheric flexure associated with
the polar cap loads (see Appendix A). We note that if the low densities of the polar caps were neglected in our
modeling, the crustal thickness beneath these deposits would be overestimated by about 10 km.

The third step is to compute the gravitational attraction associated with the surface relief of the crust with density
p,. For the crustal models that considered a constant-thickness reduced-density layer near the surface, the grav-
itational attraction of this layer was then subtracted from the topographic contribution using a density p, — p,
where p,, is the bulk density of the layer. For crustal models that considered different densities north and south
of the dichotomy boundary, it was necessary to compute the gravitational contribution of the surface relief using
a modified finite-amplitude approach that was previously applied to the Moon (Wieczorek et al., 2013). For this
latter case, it was also necessary to compute the gravitational attraction associated with these lateral density
variations within a spherical shell bounded by the mean planetary radius and mean depth of the crust-mantle
interface (see Appendix A).

The last step was to add up all of the gravitational signals that were computed above, and to subtract the result
from the observed gravity field of Mars. For the observed gravity field, we made use of the model GMM3
(Genova et al., 2016) after truncating the spherical harmonic coefficients beyond degree 90 (which corresponds
to the degree beyond which a regularization constraint was applied). The remaining signal was then assumed to
be the result of relief along the crust-mantle interface, which was determined using an iterative numerical inver-
sion technique that considered finite-amplitude effects (e.g., Wieczorek & Phillips, 1998; Wieczorek et al., 2013).
For this last step, it was necessary to choose the average depth of the crust-mantle interface, and also to set the
density of the uppermost mantle. For the mantle density, we made use of the uppermost mantle density from the
1-dimensional density profile used in the first step above, and assumed that this value was constant to the base of
the lithospheric mantle at 150 km depth.

In order to stabilize the numerical inversions, and to reduce the effects of uncertainties in the gravity field
that grow exponentially with depth, the numerical inversions made use of a minimum-amplitude downward
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continuation filter that was constructed to possess a value of 0.5 at spherical harmonic degree 50. Though the
choice of this filter is somewhat subjective, we note that the final models differed by only a few kilometers when
using half-amplitude degrees between 40 and 60 (models using higher degrees have clear unrealistic oscilla-
tions related to noise in the gravity model). Given that this filtering step removes the shortest wavelength signal
from the gravity model, the use of other gravity models with similar spatial resolutions, such as from Goossens
etal. (2017) or Konopliv et al. (2020), would yield nearly identical inversion results. As described in Appendix A,
we do not attempt to fit the total mass, moment-of-inertia, or tidal Love numbers of the planet.

2.3. Model Parameters

We consider the 1-dimensional density profiles of the mantle and core of Mars that were developed in Smrekar
et al. (2019) and later expanded upon in Knapmeyer-Endrun et al. (2021). Our approach does not make use of the
predicted density profile in the crust from these models, and the exact value of the core radius has little impact on
our global crustal thickness models. We thus neglected a few models that differ only in how they treat the crust,
and we chose that model whose core radius was closest to the InSight core radius of Stihler et al. (2021). Follow-
ing the procedure described in Smrekar et al. (2019), we also constructed a model that is based on the best-fitting
bulk silicate composition of Khan et al. (2022), the core radius of Stihler et al. (2021), and the temperature
profile of Knapmeyer-Endrun et al. (2021). Unlike the other 1-dimensional models that assumed a bulk silicate
composition based on Martian meteorite data, this model (henceforth referred to as Khan2022) was developed to
satisty the InSight seismic constraints with only limited cosmochemical assumptions. In total, we considered ten
different density profiles. As will be demonstrated later, the most important aspect of these models is the density
that they predict for the uppermost mantle.

After having chosen a 1-dimensional density profile for the mantle and core, it is necessary to assume a density
for the crust. We assumed a minimum possible crustal density of 2,550 kg m~3, and then considered all larger
values that gave rise to physical solutions. Though this lower limit is somewhat arbitrary, it is a plausible value
that is based on the bulk density of the lunar crust as measured by GRAIL (Wieczorek et al., 2013). The crust
of the Moon is composed largely of the low-density mineral anorthite, and the more mafic crust of Mars would
favor higher densities (see Baratoux et al., 2014; Belleguic et al., 2005, and Section 6.2). The crust of the Moon
is also extensively fractured with about 12% porosity on average. Though the crust of Mars could also contain
significant porosity, at least some portion of it would have been filled by ice, fluids, and/or aqueous alteration
products. The higher temperatures and pressures on Mars would also have favored the viscous closure of pore
space at shallower depths than on the Moon (Gyalay et al., 2020), which would tend to favor higher bulk crustal
densities on Mars than the Moon.

We note that our chosen minimum density is compatible with an admittance analysis over the dichotomy bound-
ary by Nimmo (2002) who obtained a best fitting density of 2,500 kg m 3 for the upper crust. It is also compatible
with an average crustal density of 2,582 + 209 kg m~ that was estimated by Goossens et al. (2017) using orbital
gravity data. Though Goossens et al. (2017) reported densities as low as 1,800 kg m~3 for extensive regions in the
southern highlands, the lowest densities occurred where the spectral correlation between gravity and topography
was the lowest, and where the uncertainties were the largest. Their localized analyses also did not consider the
effect of lithospheric flexure, and this would act to bias their reported densities to lower values wherever the
elastic thickness was low. They demonstrated that their models were consistent with density increasing with
depth below the surface, so even if the low densities obtained by Nimmo (2002) and Goossens et al. (2017) could
be representative of low-density surface deposits, the bulk density of the Martian crust, when averaged over
all depths, is likely to be greater. Finally, we note that Lewis et al. (2019) obtained a relatively low density of
1,680 + 180 kg m~3 for the central sedimentary deposits of Gale crater using in situ accelerometer data from the
Curiosity rover and that Ojha and Lewis (2018) obtained a density of 1,765 + 105 kg m~3 for the Medusae Fossae
formation using orbital gravity data. Nevertheless, it is unlikely that these surficial deposits are representative of
the deeper crust of Mars.

2.4. Modeling Summary

The main steps of the inversion can be summarized as follows: (a) Pick a 1-dimensional density profile to be
used for the mantle and core beneath the elastic lithosphere, (b) pick densities to be used with one of the crustal
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Figure 2. A global crustal thickness model of Mars with a uniform density crust (model A of Figure 1). For this specific
model, the crustal density is everywhere 2,900 kg m~3, the crustal thickness is constrained to be 39 km beneath the InSight
lander (yellow star), and the mantle and core density is from the Khan2022 interior model. The average thickness of the crust
is 57 km, the minimum thickness is 6 km in the interior of the Isidis impact basin, and the maximum thickness is 117 km in
the southern region of the Tharsis plateau. To provide geologic context, the color intensities are modulated by a shaded-relief
map derived from the surface topography. This map is presented in a Mollweide projection with a central meridian of 136° E
longitude. Grid lines are drawn every 30° of latitude and longitude.

models in Figure 1, (c) pick an initial estimate for the average depth of the crust-mantle interface, (d) determine
the relief along the crust-mantle interface using the methodology described above, and finally (e) compute the
thickness of the crust at the InSight landing site. In order to obtain a specific thickness at the InSight landing site,
it is only necessary to modify in an iterative manner the assumed average depth of the crust-mantle interface until
the desired value is achieved. Once the desired thickness is obtained, one then needs to determine the minimum
crustal thickness of the model to ensure that it is greater than zero. If the minimum value is negative, the set of
input parameters should be excluded as being unphysical. All of these steps can be performed using the ctplanet
software package (Wieczorek, 2021).

In the following three sections we discuss the results of our global crustal thickness modeling, first for the case of
a constant density crust, second for the case with a low-density surface layer, and lastly for the case that considers
a difference in crustal density across the dichotomy boundary.

3. Models With a Uniform Density Crust

A representative global crustal thickness model is presented in map form in Figure 2. For illustrative purposes,
we use the Khan2022 density model for the mantle and core, we assume a crustal density of 2,900 kg m~3, and
we constrain the model to satisfy the best-fitting three-layer 39-km seismic thickness at the InSight landing site
of Knapmeyer-Endrun et al. (2021). The location of the InSight lander is shown as the yellow star in this map,
which demonstrates that it sits on representative crust of the northern lowlands, situated between the dichotomy
boundary and Elysium volcanic rise. For a crustal thickness map that instead uses the 20-km seismic constraint,
see Figure S1.

The features of this model are broadly similar to the model developed by Neumann et al. (2004). In particular,
we note that the average thickness of the crust is 57 km. The minimum crustal thickness is about 5 km in the
center of the Isidis impact basin, and similar, but slightly thicker values are found in the larger Hellas impact
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would predict a negative thickness.

basin that is located in the southern highlands. The thickest crust is found in the southern portion of the Tharsis
plateau, particularly in the region of Arsia Mons, and the Thaumasia highlands that are to the west and south of
the Thaumasia Plateau. For this model, the maximum crustal thickness is just under 120 km. The transition across
the dichotomy boundary from thick to thin crust is found to be abrupt for some regions (such as just south of the
InSight landing site), whereas it is more gradual in other places (such as in Arabia Terra).

We summarize in Figure 3 how the assumed crustal density affects the average, the minimum, and the maximum
thickness of our global crustal thickness models. Each colored curve corresponds to a different density model
for the mantle and core, and we plot two groups of solutions: One group (solid lines) is constrained to satisfy the
best-fitting seismic thickness of 39 km at the InSight landing site for the three layer crustal model, whereas the
other group (dashed lines) is constrained to satisty the best-fitting seismic thickness of 20 km for the two layer
crustal model. The crustal density increases to the point that the minimum thickness of the crust is zero. Start-
ing with the average crustal thickness plot, we see that the two possible seismic constraints lead to drastically
different solutions. When using the 39-km seismic constraint, the average crustal thickness of Mars varies from a
minimum of 48 km for the lowest crustal densities, up to 59 km for the highest densities. In contrast, for the 20-km
seismic constraint, the average thickness is more tightly bound between 28 and 31 km.

In the center panel of Figure 3, the minimum crustal thickness of our models is seen to decrease as the density of
the crust increases. This is because as crustal density increases, the difference in density across the crust-mantle
interface decreases, and this requires an increase in relief along the crust-mantle interface to achieve the same
gravity signal. The minimum crustal thickness is always found within the center of the Isidis impact basin, which
is one of the rare lunar-like “mascon” basins on Mars (e.g., Ritzer & Hauck, 2009). When using the 39-km seis-
mic constraint, the minimum thickness decreases from about 20 km for the lowest crustal densities to near zero
at higher densities. The maximum permissible density for this model is about 3,050 kg m~>. In contrast, when
using the 20-km seismic constraint, the minimum thickness is always less than about 4 km, and the maximum
permissible crustal density is considerably lower, only 2,700 kg m~3. The rightmost panel in Figure 3 plots the
corresponding maximum thickness of each model. We see that when using the 39-km seismic constraint, the
maximum thickness is constrained to lie between 77 and 126 km, whereas for the 20-km seismic constraint,
the maximum thickness is more tightly bound between 60 and 67 km.
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Table 2
Summary of Constant Density Crustal Thickness Models Using Crustal Thickness Constraints at the InSight Landing Site
of 39 + 8 km and 20 + 5 km for the 3- and 2-Layer Seismic Models, Respectively

3-layer seismic model 2-layer seismic model

Maximum p,, kg Average thickness, Maximum
Model P kKgm™  Average thickness, km m~3 km P, kgm™
DWThotCrustlr 3,493 39-68 2,950-3,100 24-37 2,550-2,850
EH45ThotCrust2r 3,462 40-70 2,950-3,100 25-40 2,550-2,850
EH45Tcold 3,459 40-70 2,950-3,100 25-38 2,550-2,850
SANAK 3,450 40-71 2,900-3,100 25-37 2,550-2,800
LFAK 3,400 40-71 2,900-3,050 27-37 2,550-2,750
7ZG_DW 3,389 41-69 2,850-3,000 27-37 2,550-2,750
Khan2022 3,382 41-70 2,850-3,000 28-38 2,550-2,750
DWAK 3,380 41-69 2,850-3,000 27-37 2,550-2,750
TAYAK 3,376 41-69 2,850-3,000 27-37 2,550-2,700
YOTHotRc1810 km 3,352 41-72 2,850-3,000 29-38 2,550-2,700

Note. Ranges of values correspond to the 1-¢ limits of the InSight seismic constraints. p,, is the density of the uppermost
mantle just beneath the crust.

If the minimum thickness of the crust were known a priori, this would allow us to reduce somewhat our range
of possible values for the crustal density and average crustal thickness. Though the minimum thickness of the
crust could be close to zero in the center of the Isidis impact basin, as is the case with several impact basins on
the Moon (Wieczorek et al., 2013), there is no reason that it could not be thicker. This could be the result of the
impact event not having excavated all crustal materials in the center of the basin (e.g., Mancinelli et al., 2015), or
from later infilling by lava flows and/or sedimentary deposits (e.g., Ivanov et al., 2012; Ritzer & Hauck, 2009;
Searls et al., 2006). As an example, if it were known that there were 10 km of crustal materials present in the
center of this basin, when using the 39-km InSight seismic constraint, the maximum permissible crustal density
would be reduced somewhat from 3,050 kg m~ to about 2,950 kg m~3. The upper limit of the average crustal
thickness similarly would be reduced slightly from 59 to 53 km. Nevertheless, when using the 20-km seismic
constraint, the minimum thickness for all our models is already less than about 4 km. Assuming any minimum
thickness less than this would only affect the upper limit of the average thickness by no more than 3 km, and
would reduce the maximum permissible density by no more than 150 kg m~>. Finally, we note that if the infilling
material had a density that was substantially different than the surrounding crust, our predicted crustal thickness
in the basin center could be biased by an amount that is comparable to the thickness of these deposits.

The models discussed above made use only of the best fitting seismic thickness at the InSight landing site for
the two- and three-layer crustal models. As a result of the small number of suitable marsquakes that can be used
to determine the crustal thickness, these numbers are uncertain by 5 and 8 km, respectively. We have created
additional crustal thickness models using the entire range of the seismic constraints and summarize these results
in Table 2 for each of the interior models. When considering the uncertainties associated with the three-layer
seismic model, we find that the average crustal thickness is predicted to lie between 39 and 72 km, and that the
maximum permissible bulk crustal density is 3,100 kg m~3. When considering the uncertainties associated with
the two-layer seismic model, the average crustal thickness is predicted to lie between 24 and 38 km, with a maxi-
mum permissible bulk crustal density of 2,850 kg m~.

The density that was used for the upper mantle, p, , for each of the interior models is provided in Table 2, demon-
strating that the maximum permissible crustal density increases as mantle density increases. The most important
aspect of the density model used for the core and mantle is the density of the uppermost mantle, as this variable
determines the magnitude of the relief along the crust-mantle interface that is required to satisfy the observed
gravity field. To demonstrate this, we plot the average, minimum, and maximum crustal thickness in Figure 4
not as a function of crustal density, as was done previously, but as a function of the difference in density across
the crust-mantle interface, p,, — p,. Similar to Figure 3, we plot the model predictions for suites of solutions that
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Figure 4. Summary of uniform-density crustal thickness models using different seismic constraints at the InSight landing site. Similar to Figure 3, each panel plots the
average (left), minimum (center) and maximum (right) crustal thickness, but as a function of the difference in density across the crust-mantle interface (p,—p,). Each
suite of tightly grouped curves uses a different seismic crustal thickness constraint beneath the InSight landing site, from 20 to 45 km. The density models of the mantle
and core (colored curves) are the same as those in Figure 3.

satisfy a given crustal thickness at the InSight landing site, but for a larger range of values between 20 and 45 km.
For a given thickness at the InSight lander, we see that the model predictions are nearly superposed. The average
and minimum crustal thicknesses differ from each other by only a kilometer or two, with a little more variation
existing for the maximum thickness curves. Though the curves are largely superposed, the limits of the plotted
density contrasts differ for each given that each model has a different mantle density. This figure demonstrates
that when parameterized in terms of the difference in density between the mantle and crust, the assumed density
profile used for the mantle and core has little impact on the final crustal thickness models.

Lastly, we comment on one shortcoming of our constant density models. Gravity analyses have shown that many
of the major volcanic edifices could have atypically high densities, up to about 3,300 kg m~3 (e.g., Belleguic
et al., 2005; Broquet & Wieczorek, 2019; McGovern et al., 2004). The densities of the volcanic constructs are
comparable to those of the basaltic Martian meteorites (e.g., Baratoux et al., 2014), and are somewhat denser than
what we obtain for the bulk density of the crust. One could attempt to account for the higher densities of these
volcanoes, just as we did for the low-density polar deposits, but their densities and the corresponding amount of
lithospheric flexure are considerably more uncertain than for the polar caps. The Tharsis province accounts for
only 16% of the surface area of Mars, and the volcanoes cover an even smaller percentage of the Martian surface.
Neglecting the expected higher than average densities of these regions will thus not have any significant impact
on the average properties of our models. Nevertheless, we note that the thickness of the crust beneath these
volcanic edifices will be biased to lower values in our models since we underestimate their contribution to the
gravity field.

4. Models With a Low-Density Upper-Crustal Layer

We next consider the consequences of including a constant-thickness low-density layer that extends from the
surface to an arbitrary depth d (model B of Figure 1). This layer could correspond to either one or both of the
upper two crustal layers seen in the InSight seismic data, extending to either 8 or 20 km depth. We parame-
terize the density of this layer in terms of porosity ¢, where p, = (1 = ¢)p,. In our modeling, we start with
the same constant density crust model as used in the previous section, and to account for this layer, we simply
subtract the gravitational contribution of a constant-thickness layer of density p, — p,. Whenever the low-density
layer extends into the mantle, we account separately for the reduced mantle density (1 — ¢)p,, in our calculations.
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Since the relief of the top and bottom of this constant-thickness layer are the same, the gravitational contribution
from the upper surface is nearly equal and opposite to that of the lower surface. The combined effect gives rise to
lateral variations in gravity that are very modest, and that have little effect on our global crustal thickness models.
The reduced density layer, however, does change the total mass of the crust, and this would hence have an impact
on investigations of the moment of inertia of Mars.

As a demonstration, we consider the effect of adding a layer with a porosity of 15% and a thickness of 5, 10,
and 20 km to the model displayed in Figure 2. For a deep crustal density of 2,900 kg m~3, the density of the
upper-crustal layer in this case would be 2,465 kg m~3, which is comparable to the upper crustal density estimated
by Nimmo (2002) and Goossens et al. (2017). We find that the average and maximum crustal thickness of the
models with a porous layer change by less than 1 km, and that the minimum crustal thickness decreases by only
2 km for the model with the thickest layer. Somewhat larger crustal thickness differences up to 5 km were found
to exist locally, but these are almost exclusively associated with Olympus Mons and the three Tharsis Montes.

Lastly, we note that crustal thickness models could be constructed that consider lateral variations in thickness of
the upper crustal layer. Nevertheless, to do so, it would be necessary to either make explicit assumptions regard-
ing the thickness of the upper layer, or to parameterize somehow its thickness in terms of the thickness of the
others layers (e.g., Wieczorek & Phillips, 1998). At the present time, however, there are few constraints on how
the thickness of the upper layer varies laterally. In fact, it is not even known if the three crustal layers beneath the
InSight lander are global features of Mars, or if they just represent local geologic structures.

5. Models With a Dichotomy in Crustal Density

We next consider the consequences of having different crustal densities on either side of the dichotomy bound-
ary. The most probable explanation for the origin of both the northern lowlands and dichotomy boundary is that
they are the result of a giant Borealis impact event early in Martian history (e.g., Andrews-Hanna et al., 2008;
Marinova et al., 2008; Nimmo et al., 2008). As this impact would have excavated the vast majority of pre-existing
crustal materials, and would have also generated a thick impact melt pool that could potentially have differenti-
ated to form a mafic crust (e.g., Vaughan & Head, 2014; Vaughan et al., 2013), we test the case where the density
of the northern lowlands crust is greater than that of the southern highlands. For these models, we make use of
the dichotomy boundary as mapped by Andrews-Hanna et al. (2008), acknowledging that certain portions of this
boundary are somewhat uncertain, having been obscured by younger features such as the Tharsis plateau.

We plot a representative suite of models in Figure 5 that demonstrates the effect of reducing the density of the
southern highlands crust with respect to the northern lowlands. The assumed crustal densities are plotted on
the right, with the resulting crustal thickness model on the left. These models assume a 39 km thick crust at the
InSight landing site, and make use of the Khan2022 density profile for the mantle and core. The uppermost model
in this plot corresponds to the previously plotted model in Figure 2, where the density of the crust is everywhere
equal to 2,900 kg m~3. The three subsequent rows use the same density for the crust of the northern lowlands, but
with densities of 2,800, 2,700, and 2,600 kg m~ for the southern highlands.

This suite of models has several notable features. The first is that the crustal thicknesses within the northern
lowlands are nearly identical for all cases: This is because the density structure of the crust there is unchanged
among the models, and also because the models are constrained to have the same thickness at the InSight landing
site that is located within the northern lowlands. Second, as the density of the southern highlands decreases, the
thickness of the crust there also decreases. Third, when the southern highlands are less dense than the northern
lowlands by about 200 kg m~3, there is no longer a prominent difference in the average thickness of the northern
lowlands and southern highlands (see also Belleguic et al., 2005; Quesnel et al., 2009). This scenario is similar to
that of Pratt isostasy, where variations in surface elevation are compensated by lateral variations in crustal density
(cf. Watts, 2001). Lastly, whereas the thickest crust is located in the southern portion of the Tharsis plateau for
the constant density model, the thickest crust is found in the northern portion of the Tharsis plateau when using
the two lowest densities for the southern highlands. When the density of the southern highlands is about 100 kg
m~3 less than that of the northern lowlands, the crustal thicknesses within the Tharsis plateau are broadly similar
on either side of the dichotomy boundary.

WIECZOREK ET AL.

12 of 35



Aru g .
Fa LY Journal of Geophysical Research: Planets 10.1029/2022JE007298

ADVANCING EARTH
AND SPACE SCIENCE

N\
N\ [

\/

—

20 40 60 80 100 2600 2700 2800 2900
Crustal thickness (km) Crustal density (kg m™)

Figure 5. Global crustal thickness models that consider different densities north and south of the dichotomy boundary
(model C of Figure 1). For this suite of models, the density of the northern lowlands is set to 2,900 kg m~3, whereas the
density of the southern highlands varies (from top to bottom) from 2,900 to 2,600 kg m~* in 100 kg m~2 increments. For all
models, the crustal thickness is constrained to be 39 km beneath the InSight lander, and the mantle and core density is from
the Khan2022 interior model. The dichotomy boundary (black curve) is from Andrews-Hanna et al. (2008), and the uniform
density model (top) is the same model as presented in Figure 2.

The average properties of the models that take into account a change in density across the dichotomy boundary
are quantified in Figure 6. In these figures, we plot the average, minimum, and maximum thickness of the crust,
similar to Figure 3. Each colored curve corresponds to a different density of the northern lowlands, p, ..., and the
curves are plotted as a function of the density of the southern highlands crust, p_ .. The black curve corresponds
to the case where the density of the northern lowlands is the same as that of the southern highlands, and is the
same as the Khan2022 curve plotted in Figure 3. The models in this plot use the same Khan2022 interior model
and InSight crustal thickness as in Figure 5.

We see that when the density of the southern highlands is less than that of the northern lowlands, the average
thickness of the model is less than the model where the density of the crust is constant. This is simply a result of
the fact that lower densities in the southern highlands reduces the crustal thickness there, giving rise to a lower
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Figure 6. Summary of crustal thickness models that consider different crustal densities north and south of the dichotomy boundary. For this figure, only the Khan2022
density model of the mantle and core is considered, and the crustal thickness beneath the InSight landing site is assumed to be 39 km. Similar to Figure 3, each panel
plots the average (left), minimum (center) and maximum (right) crustal thickness, but as a function of the density of the southern highlands, p,,. Each colored curve
corresponds to a different assumed density of the northern lowlands, p, .., and the black curves correspond to the case where the densities of the northern lowlands and

southern highlands are the same.

Table 3

Summary of Crustal Thickness Models That Consider a Change in Density

Across the Dichotomy Boundary

global average. Whereas the constant density model predicts average crustal thicknesses between 49 and 59 km,
this suite of models predicts average thicknesses between 38 and 59 km. Neither the maximum permissible
density nor the largest average thickness are modified with respect to the constant density model: only the lower
bound of the average thickness decreases by 11 km.

The middle plot of Figure 6 shows that the minimum crustal thickness of our models is relatively unaffected by
decreasing the density of the southern highlands crust. The minimum thickness decreases by only about 2 km
for the lowest densities, and this behavior can be interpreted as being a result of two competing factors. First, as
one decreases the density of the southern highlands crust, the average thickness decreases, which would act to
decrease the minimum crustal thickness. But, second, decreasing the crustal density also increases the density

Average crustal thickness, km

Model 3-layer seismic model 2-layer seismic model
DWThotCrustlr 30-68 24-37
EH45ThotCrust2r 32-70 25-40
EH45Tcold 31-70 25-38
SANAK 32-71 25-37
LFAK 33-71 27-37
7ZG_DW 33-69 27-37
Khan2022 33-70 28-38
DWAK 33-69 27-37
TAYAK 34-69 27-37
YOTHotRc1810km 35-72 29-38

Note. The range of values correspond to using the 1-o limits of the seismic
thickness at the InSight landing site for the 3-layer (39 + 8 km) and 2-layer
(20 = 5 km) crustal models. Note that the limits for the 2-layer seismic model

are the same as for the constant density model.

contrast across the crust-mantle interface, and this acts to decrease the ampli-
tude of relief along this interface, particularly within the Isidis impact basin.
In the right panel of this plot, we see that the maximum thickness largely has
the same behavior as the constant density model for large values of p .
However, below a critical density, the maximum thickness switches from
being in the southern to the northern portion of the Tharsis plateau. Decreas-
ing p,.., further beyond this point has little effect on the thickest crust that is
now north of the dichotomy boundary.

The average crustal thickness results are summarized in Table 3 for each of
the interior models used for the mantle and core, and for the range of crustal
thickness constraints at the InSight landing site for the two- and three-layer
seismic models. For the three-layer seismic model, the upper limit of the
average value does not change with respect to the constant density models
as summarized in Table 2: Only the lower limit decreases by about 10 km.
When all models are combined, the range of the average crustal thickness is
39-72 km for the constant density crustal models, whereas for the models
that consider lower densities in the southern highlands the range is 30-72 km.

For the thinner two-layer seismic model, the ranges of the average thickness
do not change at all with respect to the constant density crustal models. The
fact that the upper limits are unchanged is easily understood from Figure 6,
but the reason that the lower limits do not change is somewhat different. To
explain this behavior, we first note that none of the crustal thickness models
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presented in this work can fit the InSight 1-0 lower limit for the two-layer seismic model of 15 km. Only one
model can satisfy a thickness of 16 km at the InSight landing site, and additional models are progressively found
as the seismic thickness increases. Nevertheless, as the seismic thickness increases, the first model that is found
to satisfy the seismic constraint for each of our mantle and core density profiles corresponds to the case where the
densities of the crust both north and south of the dichotomy boundary are 2,550 kg m~>. Thus, the lower limits for
the two-layer seismic models are found to be the same as for our constant density models of the crust.

Lastly, we compute the total mass of the crust for the entire range of our successful models that consider differ-
ent crustal densities north and south of the dichotomy boundary. When using the preferred three-layer seismic
constraint, the total mass of the crust is found to be in the range 1.20-3.12 X 10?2 kg. Using the best-fitting core
radius of 1,830 km and a core density of 6,000 kg m~ from Stihler et al. (2021), this corresponds to 2.5%-6.4%
of the silicate mass of Mars. In contrast, if one were to use the thinner two-layer seismic constraint, the total mass
of the crust would be 0.88-1.54 x 10?? kg, which corresponds to 1.8%-3.2% of the silicate mass of the planet.

6. Discussion

6.1. The Thickness of the Crust

The InSight landing site is located at low elevations in the northern hemisphere of Mars, and the crustal thickness
at this locale is thus expected to be less than the global average of the planet. Nevertheless, this single point meas-
urement provides a critical constraint to our global crustal thickness inversions that would otherwise be highly
under-determined. For the most simple model that considers a uniform density crust, and for the entire range of
possible interior models and crustal densities, the InSight seismic constraint of 39 + 8 km implies that the aver-
age thickness of the crust should lie between 39 and 72 km. When considering a constant thickness low-density
surface layer, the average crustal thickness of the planet was found to decrease only by about a kilometer. When
considering crustal models where the density of the northern lowlands was greater than that of the southern
highlands, the average thickness was constrained to lie between 30 and 72 km. In contrast, the 2-layer seismic
constraint of 20 + 5 km, which is no longer favored by the seismic data (Kim, Leki¢ et al., 2021), implies an
average thickness between 24 and 40 km.

We note that these crustal thickness ranges are largely insensitive to the choice of the density profile used for the
mantle and core. Though the interior model does influence the range of allowable crustal densities (as discussed
in the following section), it does not affect the range of allowable crustal thicknesses by more than a few kilome-
ters. The broad range of thicknesses that we obtain (from 30 to 72 km for the three-layer crustal model) is simply
a combined result of the uncertainty on the InSight seismic constraint, which is 8 km, as well as our ignorance
of the bulk crustal density. If the uncertainty on the seismic thickness could be eliminated, the range of average
thicknesses would be reduced by about half (34—59 km for the best fitting seismic thickness of 39 km). Though it
is unlikely that better a priori constraints on the bulk crustal density will be obtained, knowledge of the minimum
crustal thickness in the center of the Isidis impact basin (such as from geological, tectonic, or perhaps magnetic
constraints) could potentially be used to help reduce the range of allowable models.

The average thicknesses that we obtain are broadly consistent with those obtained in previous studies. For
example, our range of 30-72 km is similar to the range of 33-81 km (1-c limits) obtained by Wieczorek and
Zuber (2004) using isostatic geoid-to-topography ratios. Neumann et al. (2004) assumed an average thickness
of 45 km when constructing their global crustal thickness model that has since been widely used. Though this
value is compatible with our study, our results are incompatible with the higher average thicknesses obtained by
Baratoux et al. (2014), which were as high as 110 km. Our results are also broadly consistent with the range of
55-80 km obtained by Khan et al. (2018), who used moment-of-inertia and Love number constraints combined
with thermodynamic phase stability calculations. Our results using the two-layer seismic constraint are not
compatible with the range obtained by Khan et al. (2018) and are on the low end of the ranges obtained by mode-
ling of the geoid and gravitational admittance.

In addition to the average crustal thickness of the planet, our models also constrain the magnitude of lateral
variations in thickness across the planet. For illustrative purposes, predicted thicknesses at a few key locations
and regions on Mars are provided in Table 4 for the uniform crustal density model that is displayed in Figure 2.
We find that the crustal thickness beneath the InSight lander (39 km) is nearly equal to the average value of the
northern lowlands when excluding the Tharsis province (37 km) (For the Tharsis province, we use a mask that
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Table 4
Crustal Thicknesses at Key Localities and Regions on Mars

Crustal thickness, km

Region or location Uniform density Proutn = 2,700 kg m~3
InSight landing site 39 39
Average 57 45
Cerberus Fossae® 44 44
Isidis impact basin 6 5
Hellas impact basin 12 9
Utopia impact basin 17 17
Argyre impact basin 30 22
Tharsis province 74 61
Southern highlands (excluding Tharsis) 63 44
South pole (excluding polar cap deposit thickness) 69 49
Northern lowlands (excluding Tharsis) 37 37
North pole (excluding polar cap deposit thickness) 30 30

Note. Values for the uniform density column are taken from the model presented in Figure 2 that makes use of the Khan2022
interior model, a crustal thickness at the InSight landing site of 39 km, and a uniform crustal density of 2,900 kg m~>. Values
in the last column correspond to the model presented in Figure 6 where the crustal density of the southern highlands is set to
2,700 kg m~>. Impact basin crustal thicknesses are for the center of the basin.

*Coordinates correspond to the locus of seismic events in this region at (8° N, 165° E).

corresponds approximately to the Amazonian, Hesperian, and late Hesperian volcanic geologic units AHv and
IHv of Tanaka et al. (2014).) The crustal thickness at Cerberus Fossae, where the majority of currently identified
seismic events are located (e.g., Giardini et al., 2021), is 44 km, which is only 5 km greater than the thickness at
the InSight landing site. The average thickness of the southern highlands (when excluding Tharsis) is about 26 km
thicker than the northern lowlands (63 versus. 37 km), and the average thickness of the Tharsis province is 11 km
greater than that of the southern highlands (74 versus. 63 km). The thinnest crust is located within the Isidis
impact basin with a thickness of 5 km, making it a prime candidate for having potentially excavated materials
from the mantle of Mars (compare with Miljkovi¢ et al., 2015, for the Moon). Lastly, we note that the thickness at
the South Pole (excluding the polar cap deposits) is about 39 km greater than at the North Pole (69 versus. 30 km).
This difference in crustal thickness has an important impact when interpreting the amount of lithospheric flexure
associated with the polar deposits in terms of a subsurface temperature gradient (Broquet et al., 2020, 2021;
Ojha et al., 2019, 2021; Plesa et al., 2018; Thiriet et al., 2018). As shown in Table 4, the differences in thickness
between regions north and south of the dichotomy boundary are decreased when lower densities are considered
for the southern highlands crust than for the northern lowlands. For these models, the dichotomy in crustal thick-
ness is progressively replaced by a dichotomy in crustal density.

Lastly, we note that at sufficient pressure, crustal materials could have undergone a phase transition when they
cooled, where plagioclase is converted to garnet. These rocks are referred to as granulites when plagioclase is
still present in the host, and eclogites when all plagioclase has been exhausted. The density of garnet is signif-
icantly higher than the density of the upper mantle of Mars, so depending on its abundance, the bulk density
of these rocks could have exceeded that of the underlying mantle. If this were to occur, they could potentially
decouple geodynamically from the crust and recycle into the underlying mantle. In fact, it is conceivable that
this phase transition could have provided a natural control on the maximum achievable crustal thickness of the
planet (e.g., Baratoux et al., 2014). The depth at which crustal materials would have delaminated depends upon
several factors, including the bulk composition of the crust, the temperature gradient, and the kinetics of the phase
transition. For compositions similar to the basaltic Shergottites, Babeyko and Zharkov (2000) estimated that this
should occur somewhere in the depth range of 60—120 km for their cold temperature profile that is similar to the
temperature profiles predicted by Plesa et al. (2016). When considering the lowest upper mantle density used
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in our modeling of 3,352 kg m~>, their results predict that this transition could occur at even shallower depths,
somewhere between 35 and 70 km.

Our models that use the 3-layer InSight seismic constraint predict maximum thicknesses between 77 and 136 km,
opening the possibility that some form of limited crustal recycling could have occurred on Mars over its geologic
evolution. Notably, when using the best-fitting seismic thickness of 39 km at the InSight landing site, our suite of
models predicts average thicknesses within the Tharsis province between 57 and 80 km, with isolated values as
high as 136 km. The average thickness of the southern highlands lies between 51 and 67 km, which could have
allowed for crustal delamination under more restrictive conditions. In contrast, the average thickness of the north-
ern lowlands lies between 35 and 39 km, implying that crustal delamination would never have occurred there.
When considering the upper bound of the InSight 3-layer seismic constraint, the case for crustal delamination
having occurred is only strengthened. In contrast, when using the 2-layer seismic constraint, crustal delamination
could have occurred only in isolated regions within the Tharsis province and for only a limited set of our models.

6.2. The Bulk Density of the Crust

As one increases the density of the crust in our global crustal thickness inversions, the amplitude of the crust-man-
tle relief increases, and at some point the minimum thickness of the crust becomes zero. When this occurs, a firm
constraint is obtained for the maximum permissible density of the crust. For each of our uniform density crustal
models that make use of the 39 + 8 km InSight seismic constraint, the maximum permissible density was found to
be in the range of 2,850-3,100 kg m~3. This range was unchanged when a constant thickness low-density surface
layer was considered, or when lower densities were used for the crust of the southern highlands than the northern
lowlands. In contrast, when considering the 2-layer seismic constraint of 20 + 5 km, which is no longer favored
by the seismic data, we found that the maximum permissible density was between 2,550 and 2,850 kg m~3, where
the lower limit is just the minimum value that we considered in our study. The permissible range of values for the
maximum crustal density is a combined result of the uncertainty associated with the InSight seismic constraint,
the range of densities that were used for the uppermost mantle, and our use of the most conservative constraint of
having a minimum thickness of zero within the Isidis impact basin. If it were possible to improve our knowledge
of any of these three factors, the maximum permissible density could potentially decrease, but would not increase.
The inclusion of moment-of-inertia constraints could perhaps also reduce the range of allowable values (e.g.,
Knapmeyer-Endrun et al., 2021).

Our maximum permissible densities can be compared with results obtained from studies that modeled the wave-
length-dependent relationship between gravity and topography for regions where there are large scale loads
supported by the lithosphere (e.g., Belleguic et al., 2005; Beuthe et al., 2012; Broquet & Wieczorek, 2019;
McGovern et al., 2004). These studies estimate the amount of lithospheric flexure for a given thickness of the
elastic lithosphere, and then compare the predicted gravity with observations. Though these studies typically can
constrain to good accuracy the density of volcanic edifices that are superposed on the crust, the density of the
underlying crust itself is more difficult to constrain. Nevertheless, Broquet and Wieczorek (2019) were able to
constrain both the density of the volcanic load and the underlying crust for three regions in the Tharsis province
and two in the northern lowlands. The best-fitting crustal densities for these regions were 3,000-3,100 kg m~3,
with 1-¢ limits between 2,880 and 3,280 kg m~3. A study by Pauer and Breuer (2008) obtained a compatible
upper limit for the crustal density of 3,020 + 70 kg m~3 based on global crustal thickness modeling and isostatic
geoid modeling. These independent estimates are compatible with what we find, and imply that the density of
the northern lowlands crust is probably close to our maximum permitted value of 3,100 kg m~3. We emphasize
that the maximum permissible density of 2,850 kg m~3 that is obtained from using the 2-layer InSight seismic
constraint is incompatible with these independent investigations of the Martian gravity field.

The range of maximum permissible bulk densities that we obtained for the crust is surprisingly low considering
what is known about the average composition of Martian surface materials. Remote sensing data has shown that
the surface of Mars is largely basaltic in composition (e.g., Enlmann & Edwards, 2014; McSween et al., 2009),
and because of the high FeO concentrations of these materials (e.g., Taylor et al., 2006) they are predicted to have
grain densities that are considerably higher than those of terrestrial basalts. Using elemental abundances derived
from gamma ray spectroscopy (which represent averages of the upper half meter of the surface over lateral
distances of several hundred kilometers), Baratoux et al. (2014) estimated the grain densities of surface materials
to be between 3,200 and 3,450 kg m~3 (see Table 5). They also reported similar densities for most igneous rocks at
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Table 5

Grain Densities for Selected Igneous Compositions on Mars Computed From Estimated Normative Mineralogy

Lithology or geochemical reservoir Grain density?, kg m— Reference

Surface materials from GRS 3,200-3,450 Baratoux et al. (2014)

Basaltic and gabbroic Shergottite meteorites 3,060-3,420 20 samples compiled by Udry et al. (2020)

Average upper crust from soils 3,160 Taylor and McLennan (2009)

Gale crater gabbro norite (La_Reine) 3,140 Cousin et al. (2017)

Mars Pathfinder soil-free rock 2,970-3,020 Foley et al. (2003), Briickner et al. (2003)

Gale crater mugearite (Jake_M) 2,910 Stolper et al. (2013)

Gale crater trachybasalt endmember 2,830 Edwards et al. (2017)

Gale crater trachyandesite (Harrison C1) 2,790 Sautter et al. (2015)

Gale crater trachyte (Meeting_House) 2,750 Cousin et al. (2017)

NWA 7533 monzonite clast 2,680 Humayun et al. (2013)

Grain densities are computed using a CIPW mineralogic norm (Hollocher, 2022) with compositional data from the cited
reference and assuming Fe3*/Fe, = 0.10. The density of the first entry was taken directly from Baratoux et al. (2014).

Gale crater, Gusev crater, and Meridiani Planum. Based on a compilation of 20 basaltic and gabbroic Shergottite
meteorites (Udry et al., 2020), we find a range of densities between 3,060 and 3,420 kg m=3 for typical Amazo-
nian magmatic rocks (see also Neumann et al., 2004). Lastly, based on in situ compositions of soils, Taylor and
McLennan (2009) constructed an average composition of upper crustal materials on Mars that implies a grain
density about about 3,160 kg m~3, which is also above our maximum permissible value.

One possible cause of the low bulk crustal densities that we obtain with respect to those of Martian basaltic
materials is porosity. All of the terrestrial planets have been subjected to intense impact bombardment during the
first ~600 My of their evolution, and these impacts would have, at least initially, fractured bedrock materials and
deposited highly brecciated materials on the surface in their surrounding ejecta blankets. High resolution gravity
data obtained for the Moon from the GRAIL mission imply a bulk density of 2,550 kg m~3 for the lunar crust, and
when compared with estimated grain densities from remote sensing data, a porosity of about 12% was inferred
(Wieczorek et al., 2013). Similar average porosities are found in shocked meteoritic materials and fractured
bedrock beneath terrestrial impact craters, and it is not uncommon in both cases to find porosities that exceed 20%
(see Consolmagno et al., 2008; Rae et al., 2019; Wahl et al., 2020, and references therein).

If we were to assume that the average grain density of the Martian crust was 3,300 kg m~ then the introduction
of a uniform lunar-like porosity of 12% would give rise to a bulk density near 2,900 kg m—3. Though this reduced
density is compatible with our range of maximum permissible densities (2,850-3,100 kg m—3), there are good
reasons to expect that crustal porosity would be less than this value on Mars, especially at depth. One way to
reduce porosity at depth is by the viscous closure of pore space. Since viscosity is a strong function of tempera-
ture, modeling predicts that almost all porosity would be removed below a critical depth over a narrow interval of
a few kilometers. Whereas the depth of pore closure was likely to be deeper than the crust-mantle interface on the
Moon since ~4 Ga (Wieczorek et al., 2013), given the higher surface gravity and predicted heat flows on Mars,
pore closure would have occurred at shallower depths on this planet. If the initial porosity was generated solely by
impact bombardment during the first 600 My of Martian history, the model of Gyalay et al. (2020) predicts that
all porosity should have since been removed from depths below about 12-23 km (for the case of a wet diabase
rheology, a thermal conductivity of 1.5-2 W m~! K~!, and a heat flow at that time of 60 mW m~2). The seismic
discontinuity at 20 km depth beneath the InSight lander is therefore related potentially to a closure of pore space.
Thus, while the upper portion of the Martian crust could perhaps exhibit lunar-like porosities (e.g., Goossens
et al., 2017), it is unlikely that this porosity would persist to the base of the crust. In addition to pore closure, we
might also expect somewhat reduced porosities on Mars with respect to the Moon, as some pore space would have
been filled by ice, fluids, and aqueous alteration products (e.g., Borg & Drake, 2005).

Another explanation for the low crustal densities that we obtain is that the average crust of Mars could be more
felsic than the basaltic materials found at the surface. Recent analyses of in situ compositional data from rovers,
newly discovered meteorites, and orbital remote sensing data are now all pointing toward the possibility that
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ancient feldspar-dominated and felsic rocks could be more widespread than once thought (for a review, see Saut-
ter et al., 2016). For example, extremely feldspathic rocks, potentially anorthosites, have been detected at a few
locations in the southern highlands using orbital near-infrared spectroscopy data (Carter & Poulet, 2013; Rogers
& Nekvasil, 2015; Wray et al., 2013). Analyses of thermal emission spectroscopy data have detected evolved
dacitic magmas in the summit region of Syrtis Major (Christensen et al., 2005). The average soil-free compo-
sition of five rocks analyzed at the Mars Pathfinder landing site, which are arguably igneous and derived from
the southern highlands, have a composition that is between andesite and basalt-andesite (Briickner et al., 2003;
Foley et al., 2003). Abundant alkali, felsic, and evolved magmatic rocks with Noachian ages (or older) have
been identified at Gale crater with compositions including quart-diorite, granodiorite, and trachyandesite (Cousin
et al., 2017; Sautter et al., 2015, 2016; Schmidt et al., 2014; Stolper et al., 2013). Analyses of the polymict brec-
cia meteorite NWA 7034 and its pairings show that some igneous clasts have basaltic andesite, trachyandesite
and even monzonite compositions (Humayun et al., 2013; Santos et al., 2015). And lastly, aqueous alteration
of igneous rocks could account for some remote-sensing detections of quartz (Ehlmann et al., 2009; Michalski
et al., 2021; Smith & Bandfield, 2012).

We estimate the grain densities for a few representative igneous rocks that have been analyzed in Gale crater and
within the meteorite NWA 7533 (which is a pair of NWA 7034). Though the gabbro norite composition from Gale
crater has a density of 3,140 kg m~3, the more felsic compositions have densities that are considerably lower. The
Mars Pathfinder soil-free rock has a density of about 3,000 kg m~3, the felsic rocks in Gale crater are between
2,750 and 2,910 kg m—3, and the monzonite clast in NWA 7533 has a density of 2,650 kg m~3. These evolved
compositions could potentially make up an important volumetric component of the crust and could hence be a
contributing factor to the low bulk densities that we obtain in this study. If this were the case, the small number
of detections of these evolved compositions in the orbital remote sensing data could be explained by them having
formed at depth as plutonic rocks, or having been hidden beneath a surficial layer of younger effusive basaltic
lava flows, volcanic ash, aeolian deposits, and/or fluvial and lacustrine deposits. The fact that these compositions
are rare in the Martian meteorite collection could simply be related to a sampling bias where it is easier to eject
materials from impacts into competent materials than weak regolith materials (Head et al., 2002).

Lastly, the alteration of basaltic materials in the presence of water could perhaps contribute to lowering the bulk
density of the crust. In particular, serpentinization is a process where the hydration of ultramafic to mafic mate-
rials such as olivine and pyroxene can be altered into serpentine and accessory minerals such as magnetite and
brucite (e.g., Martin & Fyfe, 1970; Moody, 1976). As discussed in Toft et al. (2009) and Quesnel et al. (2009),
the bulk density of the altered assemblage is generally lower than that of the unaltered materials. Neverthe-
less, the final density will depend upon many difficult to quantify factors, including the temperature gradient
beneath the surface, how much water is available for the reactions, how much of the host rock is altered, the
starting composition of the initial materials, and the proportions of the alteration products that are generated.

6.3. Origins of Crustal Layering

Analyses of the InSight seismic data indicate that there are three major seismic discontinuities beneath the
lander where the seismic velocity abruptly increases. In addition to the crust-mantle interface at a depth of about
39 km, two intracrustal discontinuities are observed at depths near 8 and 20 km (Durén et al., 2022; Kim, Leki¢,
et al., 2021; Knapmeyer-Endrun et al., 2021; Lognonné et al., 2020). There are many possible explanations for
the existence of large-scale layering within the crust, and most of these involve a change in crustal density. In this
section, we assess several hypotheses using our improved knowledge of the thickness of the Martian crust and the
density of typical Martian crustal materials. At the end of this section, we present one plausible interpretation of
the three main crustal layers that are seen in the seismic data.

6.3.1. Constraints From Near Surface Stratigraphy

The InSight landing site is located in the northern lowlands of Mars, close to both the dichotomy boundary
to the south and the Elysium volcanics to the north. The majority of the northern lowlands is covered by the
Late Hesperian Vastitas Borealis formation that is widely believed to represent fluvial, lacustrine and/or marine
sedimentary deposits (e.g., Tanaka et al., 2014). The InSight landing site, however, is located at slightly higher
elevations in an older Early Hesperian transition unit (unit eHt; Tanaka et al., 2014) where the Vastitas Borealis
formation is absent. This geologic unit is broadly parallel to the dichotomy boundary, being on average a couple
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hundred km in width, though it is discontinuous in places and largely absent near the Tharsis province. In general,
this unit is bordered to the north by a younger Late Hesperian transition unit (IHt) and to the south by an older
Hesperian-Noachian transition unit (HNt).

Geologic mapping of the Early and Late Hesperian transition units near the InSight landing site strongly favors
a volcanic origin for these two units (Golombek et al., 2017; Golombek et al., 2018; Warner et al., 2017; Pan
et al., 2020). Mafic mineral detections in crater rims and central peaks, as well as rim-height measurements of
partially embayed impact craters, imply that the extrusive lavas at the surface could extend to a depth of almost
0.2 km near the lander, and about 0.7 km elsewhere. Crustal materials beneath these basalts are in general
mechanically weak based on the lack of rocks in the ejecta of large fresh craters in the broad plains surrounding
the landing site (Golombek et al., 2017). These two observation are consistent with the existence of a high seismic
velocity layer beneath the lander representing the basalts between depths of about 75-175 m, and lower velocities
beneath this layer representing the mechanically weak materials (Hobiger et al., 2021). Layered deposits are pres-
ent in the central peaks of six impact craters that formed in the Late Amazonian-Hesperian volcanic units to the
northeast of the landing site. These deposits are likely to be sedimentary in origin and were excavated from depths
of about 1-6 km below the surface. The central peaks of 20 other impact craters, however, do not show evidence
for layered deposits, and many of these are located in the Early and Late Hesperian transition units, as well as
the older Hesperian-Noachian transition unit that borders the dichotomy boundary. Sedimentary deposits hosting
phyllosilicates have been detected at one locale in the Hesperian-Noachian transition unit close to the dichotomy
boundary as well as within the central peak of a single impact crater that hosts layered deposits excavated from
depths of about 6 km (Pan et al., 2020).

One interpretation of the upper crustal stratigraphy beneath the InSight lander is that the extrusive lavas at the
surface are thin and extend only to a depth of about 0.2 km (see Golombek et al., 2017; Golombek et al., 2018;
Hobiger et al., 2021; Pan et al., 2020; Warner et al., 2017). Beneath these lavas are mechanically weak sedimen-
tary layered deposits, or perhaps pyroclastic deposits similar to the Medusae Fossae formation, some of which
host phyllosilicates. Layered deposits are known to be present at depths up to 6 km below the surface within the
adjacent Late Amazonian-Hesperian volcanic units, and it is conceivable that these deposits could extend later-
ally beneath the InSight lander, perhaps all the way to the dichotomy boundary (Pan et al., 2020). These layered
deposits could extend to the base of the upper crustal layer at 8 km depth, and could account for the low seismic
velocities of this layer.

An alternative interpretation is that the extrusive lavas at the surface extend all the way to the base of the upper
crustal layer at 8 km depth. In this scenario, the lava flow thicknesses obtained from embayed craters would repre-
sent only the thickness of lavas that erupted since the crater formed, and not the total thickness that would include
lavas older than the impact event. The sedimentary deposits detected in the central peaks of six impact craters
would represent isolated deposits, given that 20 similarly sized craters in the surroundings show no evidence
for buried sedimentary deposits. To account for the low seismic velocities of the upper 8 km of the crust, these
volcanic deposits would need to be highly fractured, plausibly as a result of high impact rates in the Noachian,
and/or to have undergone substantial aqueous alteration (Lognonné et al., 2020).

6.3.2. Depth Variations in Porosity

The addition of porosity to a rock can dramatically reduce its seismic velocity (e.g., Heap, 2019) and a stepwise
change in crustal porosity could be the origin of one, or perhaps both, of the intracrustal seismic discontinuities
beneath the InSight landing site. One manner to reduce (or possibly remove) porosity, was proposed by Manga
and Wright (2021). In their model, the precipitation of minerals in a liquid-water aquifer could have filled some of
the pre-existing pore space. They estimated that under present-day conditions, liquid water could have once been
stable at depths below 8—12 km near the InSight landing site. The shallowest intracrustal discontinuity at 8 km
depth could thus represent a reduction in porosity associated with the top of an ancient aquifer.

As discussed in Section 6.2, pore space can also be removed at depth by viscous deformation of the host rock
when the temperature is sufficiently elevated (e.g., Gyalay et al., 2020). Since viscosity is a strong function
of temperature, the transition between unaffected porous materials and the complete closure of all pore space
is predicted to occur over a very narrow depth interval of about a kilometer. If deep crustal porosity was the
result of large impact basin forming events, as is believed to be the case on the Moon (Milbury et al., 2015;
Wahl et al., 2020; Wieczorek et al., 2013), then the last major porosity forming events would be associated with
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the youngest basins that formed near 3.9 Ga (Werner, 2008) in the Middle Noachian period, such as Isidis and
Argyre. Using reasonable estimates of the heat flow and other parameters, the model of Gyalay et al. (2020)
predicts that all porosity at depths greater than about 12-23 km would have been removed since this time. This
range of depths is compatible with the second intracrustal seismic discontinuity at 20 km depth representing a
transition from porous to non-porous materials.

6.3.3. Impact Ejecta

Large basin forming impact events would have generated thick ejecta deposits, and these could give rise to large
scale layering within the crust of Mars. We make use of ejecta thickness estimates from the Orientale basin on
the Moon as a guide for what might be expected beneath the InSight landing site. Based on the identification
of impact craters that were partially buried by ejecta from Orientale, Fassett et al. (2011) showed that the ejecta
thickness could be described by a power of distance normalized by the main crater rim radius. A thickness of
almost 3 km was obtained near the rim, decreasing to about 400 and 130 m at respective distances of two and
three normalized radii from the basin center.

The largest and closest impact basins to the InSight landing site are the Hellas, Isidis, and Utopia basins. Using
the main rim diameters from Spudis (1993), we find that the InSight landing site is located at a distance of about
four normalized radii from the centers of both the Hellas and Isidis basins, and only 1.1 radii from the center of
the Utopia basin. Utopia basin should thus be by far the largest contributor of basin ejecta beneath the InSight
lander. Utopia is about five times larger than the Orientale basin, and this implies that the thickness of its ejecta
there could be about 11 km (using the equation in Fassett et al., 2011). There is considerable uncertainty in this
estimate given that the true size of the Utopia basin is difficult to estimate given its highly degraded nature.
Nevertheless, it is conceivable that highly fractured ejecta from Utopia could be the origin of either the uppermost
or middle crustal layer observed beneath the InSight lander.

6.3.4. Change in Rock Crystallinity

A stepwise change in rock crystallinity, such as is observed in the oceanic crust on Earth, is an alternative expla-
nation for either the 8 or 20 km seismic discontinuity on Mars. The oceanic crust possesses three layers with
an average total thickness of about 6 km. The first interface corresponds to a transition from sedimentary to
fine-grained extrusive basaltic rocks while the second interface is interpreted as a lithologic boundary between
the fine-grained basaltic sheeted dikes that delivered melt to the surface and underlying coarse-grained gabbroic
rocks that crystallized more slowly (Christeson et al., 2019). The thickness of the lowest layer of coarse-grained
rocks is on average about 2-3 times larger than the overlying layer of fine-grained rocks. Though it is unlikely that
the northern lowlands formed in the same manner as the oceanic crust on Earth, we note that the relative thick-
nesses of the crustal layers on Mars are inconsistent with the relative thicknesses of the oceanic crustal layers.

6.3.5. Magmatic Intrusive Rocks

Partial melting of the mantle gives rise to basaltic melts, some of which eventually erupt at the surface. Given
the high iron content of typical Martian basalts, we compute that they would have had magma densities between
about 2,700 and 2,900 kg m~3, which is comparable to our range of maximum permissible densities of the crust
(2,850-3,100 kg m~3). The densest of these magmas would have had a tendency to accumulate near the base of
the crust where they would be neutrally buoyant. Fractional crystallization of these magmas at depth would give
rise to more evolved compositions that could either rise to form plutonic rocks at various levels in the crust or
erupt at the surface (e.g., McCubbin et al., 2008; Udry et al., 2018, 2020).

The ultramafic cumulates resulting from the fractional crystallization of these magmas would be composed
primarily of olivine and orthopyroxene, and their densities would be comparable to that of the underlying mantle.
They could even potentially delaminate from the crust and recycle into the mantle provided the right geodynamic
conditions. However, even if these cumulates were to remain at the base of the crust, given their ultramafic
composition, they would be difficult to distinguish from upper mantle materials based solely on their density and
seismic velocity. Thus, even if present at the base of the crust today, such ultramafic cumulates are unlikely to be
the cause of any of the major seismic discontinuities observed beneath the InSight lander.
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6.3.6. Differentiation of a Borealis Impact Melt Sheet

A popular model for the origin of the dichotomy boundary is that the northern lowlands represent the scar of
a giant Borealis impact event that occurred early in Martian history (e.g., Andrews-Hanna et al., 2008; Mari-
nova et al., 2008; Nimmo et al., 2008). This event would have excavated the entire pre-existing crust and would
have generated a deep pool of impact melt. The thickness of this impact melt sheet would depend upon the
impact velocity and impact angle, and could range from several tens to a couple hundred kilometers (Marinova
etal.,2011). The resulting impact melt sheet would likely have partially differentiated to form a crust and comple-
mentary mafic cumulates, but the final thickness and composition of the crust, as well as any large-scale layering
that might exist beneath the surface, are largely unstudied for basins of this size.

Koeppel et al. (2019) investigated the differentiation of impact melt sheets of smaller basins, showing that evolved
compositions could be generated that are consistent with the felsic rocks found at Gale crater and in the meteor-
ite NWA 7034. They showed that the general crystallization sequence for the thickest melt sheets is olivine —
orthopyroxene — clinopyroxene — plagioclase. Depending on a variety of factors, including crystal segregation
and the relative importance of fractional and equilibrium crystallization, such a crystallization sequence could
perhaps result in a uniform composition crust, a crust that is zoned in composition, or a crust with distinct compo-
sitional layers. Lacking further modeling, it is difficult to assess whether this process is responsible for any of the
layering observed beneath the InSight lander. Regardless, the composition of the resulting crust in the northern
lowlands crust would almost certainly be different than that of the surrounding highlands.

6.3.7. Layering in the Southern Highlands From Borealis Ejecta

One major consequence of the Borealis impact is that it would have deposited a significant amount of ejecta in
what is now the southern highlands of Mars. The ejecta would be composed of a mixture of crustal materials
from all depths, upper mantle materials, and impact melts of both the crust and mantle. These materials would
likely have been highly brecciated and might perhaps have been similar to the components that make up the NWA
7034 polymict breccia. This ejecta would have been deposited on top of the pre-existing crust of the southern
highlands, and a simple mass balance estimate indicates that this deposit could be on average about 25 km thick
(Citron & Zhong, 2012). Nevertheless, the spatial distribution of this ejecta is expected to be highly sensitive to
the impact angle and impact velocity of this event (Marinova et al., 2008, 2011). Though we are currently lacking
seismic constraints on the structure of the crust in the southern highlands, it is conceivable that a major seismic
discontinuity there could be associated with the base of the Borealis ejecta deposit.

6.3.8. Crustal Magnetism

One last aspect that bears on the origin of layering within the crust comes from analyses of the magnetic field
of Mars. The crustal magnetic field that is observed today is a remanent field carried by magnetic minerals in
the crust, such as magnetite, pyrrhotite, and/or hematite (e.g., Dunlop & Arkani-Hamed, 2005). These materials
were likely magnetized in the presence of a long-lived or intermittent core-dynamo field that operated between at
least 4.5 and 3.7 Ga (Mittelholz et al., 2020), and their distribution informs us as to how these rocks formed. The
magnetization depths were constrained by Gong and Wieczorek (2021) who made use of a localized magnetic
field power spectrum analysis. In general, the average magnetization depth was found to be shallower in the
northern lowlands than in the southern highlands, with respective depths of 9 and 32 km.

If the average magnetization depth of 9 km for the northern lowlands is interpreted as an equivalent thick
magnetic layer that extends to the surface, the magnetic materials could extend to a depth of about 18 km. This
depth coincides approximately with the 20 km seismic discontinuity, and suggests that the upper two crustal
layers beneath the InSight lander could host the magnetized materials. Volcanic materials and ejecta from the
Utopia basin in these two crustal layers could have acquired a thermoremant magnetization when they were
deposited. Hydrothermal alteration and serpentinization of crustal materials is another way to produce magnetite
and magnetize the upper 20 km of the crust (e.g., Quesnel et al., 2009). The absence of detectable magnetization
in the deepest layer beneath the InSight lander could reflect low quantities of magnetic minerals in this layer.

In contrast, if the average 32 km depth of magnetization of the southern highlands is interpreted in terms of an
equivalent thick layer that extends to the base of the crust, this layer would extend upward to a depth of 20 km.
Gong and Wieczorek (2021) hypothesized that the origin of this deep magnetization could be ancient magnet-
ized crust that was subsequently buried by approximately 20 km of ejecta from the Borealis impact. In this
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Figure 7. Interpretations of crustal layering beneath the InSight landing site. In the first two schematics, the crustal layering is a result either of stepwise changes in
porosity (left) or composition (center). Our preferred interpretation combines elements of both of these end-member models. The depth of each seismic interface below
the surface is denoted on the left schematic.

interpretation, variations in the depth of magnetization in the southern highlands would reflect variations in the
thickness of Borealis ejecta.

6.3.9. A Possible Interpretation of Crustal Layering

One could interpret the crustal layering beneath the InSight landing site as being a result of either stepwise
changes in porosity or stepwise changes in chemical composition. Here, we summarize one plausible interpre-
tation of the large-scale stratigraphy of the crust both north and south of the dichotomy boundary that combines
elements of both of these end-member models (see Figure 7). Future studies that investigate the scattering atten-
uation characteristics of the Martian crust and mantle (e.g., Karakostas et al., 2021; Menina et al., 2021) will be
key for testing this proposed model.

In the northern lowlands, the upper 8 km of the crust could potentially be the result of thick sequences of volcanic
materials that were deposited in the early Hesperian, Noachian, and pre-Noachian periods. To account for the low
seismic velocities of this layer, either the extrusive lavas would need to be heavily fractured or the near-surface
lava flows would need to cover thick pyroclastic deposits similar to the Medusae Fossae formation. Given the
long duration over which these materials were emplaced, intercalated sedimentary deposits could be common and
these materials might also have undergone substantial aqueous alteration at a later date (Lognonné et al., 2020).
If there was a core dynamo operating when the volcanic rocks were deposited, they could have acquired a ther-
moremanent magnetization as they cooled. Ancient impact ejecta deposits from the Utopia basin are likely to be
found below the layer of volcanic and sedimentary deposits, potentially in the middle layer between 8 and 20 km
depth. At least part of the observed increase in seismic velocity at 8 km depth could be the result of a reduction
in pore space from aqueous alteration products. The circulation of fluids in this initially porous aquifer could
have led to the formation of magnetite that could have acquired a chemical remanent magnetization if there was
a dynamo field present at the time. The increase in velocity at 20 km depth is likely to be a consequence of the
complete viscous closure of all remaining pore space at about 4 Ga when the crustal temperatures were elevated.
The deepest layer, from depths of 20-39 km, likely corresponds to the initial crust that formed during the differ-
entiation of the Borealis impact melt sheet.

The expected stratigraphy of the southern highlands is less certain. Nevertheless, we speculate that a 20 km
seismic discontinuity would be found there as well that represents the transitions from porous to non-porous
materials. Another major discontinuity that is likely to be present in the southern highlands would be the base of
thick ejecta deposits derived from the ancient Borealis impact event.

6.4. The Origin and Evolution of the Crust of Mars

The discovery of felsic rocks on Mars from in situ measurements and felsic clasts in the polymict breccia NWA
7034 (and its pairings) both indicate that ancient evolved crustal rocks are likely to be more prevalent than
once thought. These evolved compositions could be the result of several processes, including low-degree partial
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melting of the mantle, fractional crystallization of basaltic primary melts, differentiation of a thick impact melt
sheet, or partial melting of a basaltic crust (e.g., Koeppel et al., 2019; McCubbin et al., 2008; Sautter et al., 2016;
Udry et al., 2018, and references therein). Though the age distribution of these felsic materials is uncertain at
this time, at least some of these rocks could be candidates for the primary crust of Mars that formed during its
initial differentiation. For a general review of planetary crusts, their compositions, and the manner by which they
formed, the reader is referred to Taylor and McLennan (2009) and McLennan (2022).

Zircons in the meteorite NWA 7034 have been found to be extremely ancient with ages between 4.39 and 4.47 Ga
(Bellucci et al., 2015; Bouvier et al., 2018; Humayun et al., 2013; McCubbin et al., 2016). Lu-Hf isotopic anal-
yses of these zircons imply that they likely crystallized from magmas with an andesite-like source that formed
initially near 4.547 Ga (Bouvier et al., 2018) and U-Pb isotopic analyses indicate that they were derived from
a geochemical reservoir that is significantly more enriched than the source of the younger Martian meteorites
(Bellucci et al., 2015). Sm-Nd ages of the igneous lithologies that make up the matrix component of NWA 7034
yield a crystallization age of about 4.44 Ga (Nyquist et al., 2016) that is within the range of the zircon ages. The
rare-earth element concentrations of the matrix components also imply a derivation from an enriched reservoir,
with estimated concentrations of the parental melts being 100-1,000 times greater than CI chondrites (Nyquist
et al., 2016). Given the ancient age of NWA 7034, it is likely derived from the ancient southern highlands of
Mars. If it is representative of the materials found there, then this would indicate that the highlands represent an
important geochemical reservoir of ancient enriched crustal materials.

Geochemical and isotopic compositions of Martian basaltic meteorites may be interpreted in a number of ways
but are consistent with the existence of a significant reservoir of early enriched crustal rocks (e.g., Debaille
et al., 2007; Norman, 1999). A variety of long-lived radiogenic isotope systems (e.g., Rb-Sr, Sm-Nd, Lu-Hf,
Re-Os, U-Pb) and other geochemical parameters (e.g., fO, estimates) indicate derivation of basaltic shergottites
by mixing of three or more distinct geochemical reservoirs (for a recent review, see Udry et al., 2020). At least two
depleted reservoirs are widely interpreted as depleted mantle sources, however an enriched reservoir (i.e., high
Rb/Sr, low Sm/Nd) could represent either enriched mantle, possibly related to trapped residual liquids during
magma ocean crystallization (Armytage et al., 2018; Lapen et al., 2010), and/or an enriched crustal reservoir.

In one model that assumed the crust was the enriched end-member, Norman (1999) calculated the rare-earth
element and Nd-isotope mass balance between depleted mantle and enriched crust for the shergottites. The
inferred isotopic compositions of the two end-members constrained the relative abundances of Nd in the two
reservoirs, and the thickness of the crust controlled the absolute abundances of Nd in the two reservoirs. The
derived crustal composition based on the enriched meteorite Shergotty implied a global equivalent thickness
of the enriched crustal component to be less than 45 km, with a best-fitting range of 20-30 km. For the same
mixing model, the crustal Nd concentration (9.4 ppm) estimated by Taylor and McLennan (2009) leads to a
crustal thickness of 50 km. When combined with our independent constraints on the average thickness of the
crust, these results are thus consistent with at least one-third of the present-day crust being composed of these
ancient enriched materials, with the remainder being younger magmatic materials that were likely derived from
the depleted mantle. If some portion of the enriched geochemical reservoir is located in the mantle, the above
mass-balance calculations would require a thinner enriched crust.

Additional support for the existence of an enriched crustal reservoir comes from both in situ and orbital analyses
of Martian surface materials. Mars Odyssey gamma ray spectroscopy data show that the average surface compo-
sition is more enriched in incompatible and heat producing elements than nearly all of the known Martian mete-
orites (Taylor et al., 2006). Whereas K abundances of the meteorites range between about 200 and 2,600 ppm,
surface compositions as viewed from orbit range from about 2,000 to 6,000 ppm. If the gamma ray derived surface
compositions are representative of the underlying crust, our range of crustal thicknesses imply that between 30%
and 70% of all heat producing elements should be in the crust (see also McLennan, 2003; McLennan, 2022). In
situ compositions of soils from rovers (McLennan, 2001; Taylor & McLennan, 2009) indicate similarly that about
50% of the incompatible elements reside in the Martian crust. Thermal evolution simulations that can account
for recent volcanism on Mars and present-day estimates of the thickness of the elastic lithosphere also indicate a
similar heat-producing element distribution with more than 50% of its bulk content in the crust (Plesa et al., 2018;
Thiriet et al., 2018). Lastly, thermal evolution simulations that account for lateral variations in crustal thickness,
InSight seismic constraints, and only localized melting at the present day require that the crust contain 55%—70%
of the bulk heat producing elements (Knapmeyer-Endrun et al., 2021).
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Several lines of evidence suggest that crust formation on Mars occurred very early in its evolution. Initial
metal-silicate differentiation would have formed a metal core when Mars was accreting. Based on Hf-W isotopic
data (Dauphas & Pourmand, 2011), about 90% of the planet is predicted to have accreted in the first 1.5-6 My
after the formation of the first solids in the solar system (i.e., the calcium aluminum-rich inclusions that are dated
to 4.567 Ga, Connelly et al., 2012). At this early time, the protoplanet would have been largely molten given the
heat released from the short-lived radionuclide 2°Al, and this would have facilitated metal-silicate fractionation
(see discussion in Elkins-Tanton et al., 2005). Silicate differentiation into depleted and enriched reservoirs is
believed to have occurred shortly after core formation. An analysis of both W and Nd isotopic compositions
of Martian materials shows that this occurred over the prolonged period from about 20 to 40 My after solar
system formation, between about 4.53 and 4.55 Ga (Kruijer et al., 2017). This range of ages is compatible with
the inferred age of the enriched andesitic-source materials from which the zircons in NWA 7034 were derived
(Bouvier et al., 2018). In order to account for the crystallization ages of these zircons, as well as the crystallization
age of the matrix materials in this rock, these source materials would then need to have been remelted and repro-
cessed several times, plausibly during impact events, over an almost 100 My time span between 4.39 and 4.47 Ga
(Armytage et al., 2018; Bellucci et al., 2015; Bouvier et al., 2018; Humayun et al., 2013; McCubbin et al., 2016).

The processes responsible for creating an early crust on Mars are not well understood, but they are likely related
to the final stages of magma ocean crystallization. Fractional crystallization of such a magma ocean would have
had two major consequences. First, the final liquids to crystallize would have been highly enriched in incompati-
ble and heat producing elements and would represent the enriched complement to the depleted mantle cumulates.
Second, the mantle cumulates would have been initially gravitationally unstable, with dense iron-rich materials
overlying less dense magnesian materials (Elkins-Tanton et al., 2003). These cumulates would have overturned,
and in the process, some of the rising cumulates would have partially melted, perhaps contributing to the forma-
tion of an early crust (Elkins-Tanton et al., 2005). It is important to emphasize, however, that the crustal materials
formed during such an overturn event would have been derived from the depleted mantle, and would not represent
the enriched reservoir of crustal materials that is required to account for the Nd and U-Pb isotopic data.

In the model of Elkins-Tanton et al. (2005), it was argued that the vast majority of the late stage cumulates would
probably have sunk to the base of the mantle, forming an enriched geochemical reservoir that has since remained
isolated from the rest of the mantle. Nevertheless, they acknowledged that at least a portion of the late stage
magma ocean materials could have survived near the surface, especially if their highly evolved felsic and hydrous
compositions were buoyant with respect to the underlying cumulates when they formed. The existence of rocks
like NWA 7034 suggest that at least some portion of these early enriched compositions did in fact survive to form
part of an early primary crust. Nevertheless, the relationship between this enriched crust and the enriched reser-
voir that could have been incorporated into the mantle remains unclear (e.g., Armytage et al., 2018).

Following core and primary crust formation, the next major event in Martian history would have been the impact
event that formed that Borealis basin. This event is responsible for creating the large scale morphology of the
planet that is still visible today, including the northern lowlands that represents a 10,000 km diameter impact scar.
This impact would have completely excavated the preexisting crust there, and would have deposited a significant
amount of ejecta in the surroundings, forming what is now the thickened crust of the southern highlands. This
ejecta would be composed not only of the initial primary crustal materials at the impact site, but also ultramafic
materials from the upper mantle. Initially, a thick impact melt pool would have been present in the basin interior,
and the crystallization of this melt pool would almost certainly have formed new crustal materials. In all likeli-
hood, the abundances of heat producing elements in this newly formed crust would be significantly less than that
of the primary crust of Mars given that it would have been generated from a depleted mantle composition. Though
the age of the Borealis impact is not known, the 4.44 Ga crystallization age of the matrix components in NWA
7034, or any of the 4.39—-4.47 Ga zircon ages, could plausibly date this event. A similar age has been proposed by
Bottke and Andrews-Hanna (2017) that is based on highly siderophile element concentrations in the mantle that
are plausibly derived from the Borealis impactor.

Subsequent to these major events, crust formation would have continued over geologic time by partial melting of
the mantle. In contrast to the primary enriched crust of Mars, these magmatic products would have been largely
derived from a depleted mantle source, with much of their compositional trends being explained by various
degrees of fractional crystallization within the crust and variations in the source depth and temperature (e.g.,
Filiberto, 2017; Udry et al., 2020). Remote sensing data indicate that the oldest eruptive basalts in the Noachian
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period generally have relatively high abundances of low-calcium pyroxene in comparison to high-calcium pyrox-
ene, whereas for the younger basalts in the Hesperian and Amazonian high-calcium pyroxenes are the most
abundant (e.g., Baratoux et al., 2013; Mustard et al., 2005; Poulet et al., 2009). This transition in pyroxene compo-
sition has been explained by a deepening of the thermal lithosphere of Mars with time (which gives rise to higher
pressures of melting), and to the slow secular cooling of the Martian mantle (Baratoux et al., 2011).

The NWA 7034 meteorite, isotopic considerations, and the observed surface composition of Mars are all consist-
ent with the existence of a major geochemical reservoir of enriched crustal materials. These materials naturally
represent the enriched complement to the depleted mantle reservoir that later gave rise to the magmatic materials
sampled by the Martian basaltic meteorites. Based on the compositions of the lithologies found in NWA 7034,
as well as the evolved rocks of Gale crater, these ancient crustal materials are likely to be more felsic than the
younger basaltic materials that cover much of the surface of Mars. The crust of Mars should thus not be viewed
simply as a thick sequence of lava flows derived from partial melting of the mantle, but rather as an ancient
primary crust that was buried in part by later basaltic magmas derived from a depleted mantle. The relative
fraction of the enriched crustal materials and the later basaltic magmas is difficult to constrain, but the enriched
component probably makes up more than a third of the total crust.

7. Conclusions

Prior to NASA's InSight mission, estimates for the thickness of the Martian crust came from a variety of indirect
methods. These included the use of gravity and topography data, viscous relaxation simulations of surface topog-
raphy, incompatible element mass-balance arguments, thermal evolution simulations that considered the parti-
tioning of heat-producing elements between the crust and mantle, and combined modeling of the mass, moment
of inertia, and tidal Love number. As summarized in Table 1, average thickness estimates varied from about 27 to
115 km. The InSight seismic investigation provided us with the first in situ estimate for the thickness of the crust
of Mars (Knapmeyer-Endrun et al., 2021) in the northern lowlands of Mars, and this is an indispensable constraint
for studies of the global character of the crust of Mars.

In this work, gravity and topography data were used to construct global crustal thickness models that satisfy
the favored 3-layered crustal model beneath the InSight landing site, where the crustal thickness is 39 + 8 km.
Considering a broad range of possible mantle and core density profiles, as well as a range of average densities for
the crust (including a potential change in density across the dichotomy boundary), our work firmly supports an
average crustal thickness between 30 and 72 km. Furthermore, these models imply that the maximum permissible
average density of the southern highlands and northern lowlands crust is, depending on the density of the upper
mantle, somewhere between 2,850 and 3,100 kg m~>. The crustal thickness range we obtained is consistent with
the upper limits provided by incompatible element mass-balance and viscous relaxation arguments (<118 km,
Nimmo & Stevenson, 2001; Taylor et al., 2006; Zuber et al., 2000), and is very similar to the range obtained from
modeling geoid-topography ratios under the assumption of Airy isostasy (31-81 km, Wieczorek & Zuber, 2004).
Thermal evolution modeling, as well as studies that considered the moment of inertia, tidal Love number and
thermodynamic modeling, are generally consistent with the range we obtain as well, but tend to prefer somewhat
larger values (49-87 km, Plesa et al., 2018; Khan et al., 2018).

The broad range of average crustal thicknesses that we obtain is a result of several factors. First, the InSight
crustal thickness constraint that we use has an uncertainty of 8 km. In all likelihood, this value will become more
precise as the number of Martian quakes increases with time and as analysis techniques develop. Another source
of uncertainty is the density of the upper mantle. New seismic events and further analyses of the InSight data
will eventually be able to exclude some of the interior composition models that were considered in this study.
If the uncertainty in the seismic thickness could be eliminated, and if only a single mantle density profile were
considered, our range of average thicknesses would be reduced by a factor of about two.

The two parameters that have the largest impact on our global crustal thickness modeling are the bulk density
and average thickness of the crust. With two unknowns and only one seismic constraint, it should not come as
a surprise that these two model parameters can not be pinned down more precisely. Our models that consider a
change in density across the dichotomy boundary are even less well constrained, with three effective unknowns.
Fortunately, we do have a partial constraint at our disposal, which is that the crustal thickness can not be negative,
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and it is this constraint that allowed us to obtain an upper bound on the crustal density. Nevertheless, if further
progress is to be made, we will need additional seismic constraints at different places on the planet.

There are a few techniques that could provide additional seismic constraints on the thickness of the crust using
InSight data. First, by modeling the PP wave, it may be possible to constrain the crustal thickness at the bounce
point, which is located halfway between the seismic source and station. This would be constrained by the use
of a precursor phase associated with the underside reflection from the crust-mantle interface at that point (e.g.,
Rychert & Shearer, 2010). Similar analyses could in principle be performed using other surface multiples from
both the P and S waves. Second, identification and modeling of crustal phases from source-side structure would
also improve the current marsquake moment tensors (e.g., Brinkman et al., 2021) and allow us to simultaneously
invert for the underlying crustal structure. Third, if a sufficiently energetic impact event is detected, this would
allow for the possibility of constraining the thickness of the crust at the impact site, in a similar manner as was
done for the Moon (Chenet et al., 2006). Lastly, if surface waves are detected at relatively short periods (>20 s),
this would allow us to determine more details about the average crustal structure using dispersion measurements
(e.g., Khan et al., 2016; Panning et al., 2015).

Beyond using InSight seismic data, further constraints on the thickness of the Martian crust will likely have to
wait for a future mission to place a second seismometer on the surface of the planet. Ideally, such a seismic station
would be located in the southern highlands, where the crustal thickness is predicted to be significantly different
than beneath the InSight lander. A crustal thickness determination beneath such a station would remove most of
the ambiguity regarding the tradeoff between average crustal thickness and bulk crustal density. If the densities
of the northern lowlands and southern highlands crust are different, then a third seismic station would be neces-
sary to constrain more precisely the densities of these two terrains. An additional seismic station located within
the Tharsis volcanic province would also prove useful, as this region is likely to be different in character from both
the northern lowlands and southern highlands.

Appendix A: Crustal Thickness Inversion Procedure
The gravitational potential, U, exterior to the mass distribution of a planet can be expressed as a sum of spherical

harmonic functions

© !

My 3 (R anvo.0. (A1)

r 1=0 m=-1

U=

Here, Y, is a spherical harmonic function of degree / and order m, C,, represents the corresponding spherical
harmonic coefficients of the gravitational potential for a reference radius R, G is the gravitational constant, and
M is the total planetary mass. The function is evaluated at a radius r, co-latitude € and longitude ¢, and in practice
the sum is truncated at a maximum spherical harmonic degree L that is determined by the data resolution. The
spherical harmonic functions used here are normalized according to the geodesy convention (for a review, see
Wieczorek, 2015).

We aim to construct of model of Mars that can satisfy the observed gravity field. For this, we assume that the
observed spherical harmonic coefficients, C, , can be modeled as the result of several contributions

Cin=CP" +C° +Cle + C) +C) + Cor

Im Im Im Im Im>

(A2)

each of which will be described separately in the subsections below. In practice, we attempt to satisfy all spherical
harmonic degrees and orders, with the exception of the degree zero term, C,. This term does not generate any
lateral variations in the gravitational field and only contributes to the total mass of the planet. Fitting the total
mass would require detailed modeling of the density and temperature profile of the mantle and core and would
depend on a combination of independent data such as the moment of inertia, tides, nutations, and seismic arrival
times (e.g., Folkner et al., 2018; Kahan et al., 2021). We truncate the gravity field of Mars at degree 90, given that
the model we employ was regularized beyond this degree (Genova et al., 2016). Nevertheless, in order to avoid
aliasing when computing the gravitational signals related to relief along density interfaces, all calculations were
performed on grids that could resolve spherical harmonic degrees that were four times this value. When comput-
ing the predicted gravity using the finite-amplitude technique of Wieczorek and Phillips (1998), we consider
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powers n of the relief up to 7. We note that the spherical harmonic coefficients of all terms in Equation A2 need
to use the same reference radius as the observed gravity field.

Al . Ch ydro

Im

The first contribution in Equation A2 is the gravitational signal from flattened hydrostatic interfaces beneath
the rigid lithosphere. The procedure to compute this term is described in Wieczorek et al. (2019) and requires a
1-dimensional density model of the sub-lithospheric mantle and core. Furthermore, to account for the gravita-
tional contributions coming from the non-hydrostatic rigid lithosphere, we need to assume the thickness of the
elastic lithosphere, to make use of the known shape of the planet, to assume a density of the surface materials,
and to assume an effective depth from where the remaining lithospheric gravitational anomalies arise. The largest
component of the hydrostatic gravity signal is Czhoy”"”, which depending on the density profile is about 4%—6% of
the observed value (For comparison, the crustal thickness model of Neumann et al. (2004) only considered the
signal coming from the core-mantle boundary, which is about 2% of the observed value.). Beyond the degree-2
term, the shapes of the hydrostatic density interfaces resemble that of the geoid, with relief up to 2 km in the upper
mantle and attenuating to less than a kilometer at the core-mantle interface.

When computing the hydrostatic contribution from the mantle and core, we set the density of the surface materi-
als to the average density of the crustal model. The depth of the gravity anomalies in the deeper lithosphere was
assumed to be 44 km, which is comparable to the average crustal thickness of our models. Reasonable variations
of these two parameters were found to affect the subsequent crustal thickness models by only about a kilome-
ter (see also Wieczorek et al., 2019). The gravitational contribution from the sub-lithospheric mantle and core
was computed up to a maximum spherical harmonic degree of 15, which is more than sufficient to capture the
long-wavelength shape of hydrostatic interfaces.

AZ. Cm/m

Im

The second contribution in Equation A2 corresponds to the gravitational signal of surface relief on Mars, after
having removed the polar caps (see the following section). The surface relief is referenced to the mean radius of
the crust (excluding polar caps), and when the density of the crust is constant, this is computed using the finite-am-
plitude technique of Wieczorek and Phillips (1998). When considering lateral variations in crustal density, p (6,
¢), we make use of the more general finite-amplitude calculation procedure as given by Wieczorek (2015):

1+3

Ctopo _ 4z D3 Z (pc hn)lm H;l:l(l +4- '])

o0 _ , (A3)
m T M@+ 1) D" n! (I+3)

n=1

where £ is the relief with respect to the average radius D of this interface. The coefficients in Equation A3 are
referenced to the radius D, and hence need to be upward continued to the same reference radius used by the
observed gravity model.

A3. Cice

Im

The third contribution in Equation A2 is the gravitational signal that comes from the two polar ice caps. The polar
caps are small, and thus were found to have a negligible impact on both the computed thickness of the crust at
the InSight landing site and the average crustal thickness of our models. Nevertheless, given that the density of
ice-rich materials is considerably less than typical crustal materials, if their lower than average densities were
neglected, our models would predict an anomalously thick crust beneath the polar deposits.

We make use of the polar cap thickness models developed by Broquet et al. (2020); Broquet et al. (2021) that
considered lithospheric flexure and orbital radar constraints. For the north polar cap, we used a representative
model with a bulk density of 1,250 kg m~3 and an elastic thickness of 330 km. For the south polar cap, we used
a model with a bulk density of 1,300 kg m~ and an elastic thickness of 175 km. To compute the gravitational
attraction of the two polar caps we first computed the gravitational signal using the observed shape of the planet
with a density p, ... Then, the gravity signal resulting from the shape of the surface, excluding the polar cap, was
subtracted using the same density.
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Ad. C?

Im

The fourth contribution in Equation A2 corresponds to the gravitational signal of a layer of constant thickness
with density p,, that extends from the surface (excluding the polar caps) to a depth d. In practice, the density of
this layer is parameterized in terms of porosity ¢, where p, = (1 — ¢)p,.. Given that we have already accounted for
the gravitational signal of the surface relief CI"‘;" ’ using a density p_, we need only to add a negative signal coming
from this layer using an effective density contrast of p, — p...

The gravitational signal of this layer was computed in an analogous manner to that of the polar caps. First the
gravity resulting from the surface relief was computed using the specified density contrast, and then the gravity
signal from the relief at depth d was subtracted using the same density contrast. Whenever this low density layer
extended into the mantle, the contribution from the anomalous mantle density, ¢p,,, was calculated separately.
Given that the thickness of the layer is constant, the gravity signal from the top and bottom of the layer are very
similar and the resulting term is very small.

AS. C7

Im

The fifth contribution in Equation A2 corresponds to the gravitational signal resulting from lateral variations
in density of the crust. As we have already accounted for lateral variations in density of the surface relief (with
respect to the mean planetary radius R), and that we will also account for lateral variations in relief along the

crust-mantle interface at an average depth R__, we only need to account for the signal arising in a spherical shell

cm’
bounded by R and R . It is straightforward to compute this contribution analytically, and the spherical harmonic

coefficients are given by (see also Wieczorek et al., 2013)

» 4z R®

_ . arr _ 1+3
= M DI (1= (Ren/R™) pim. (A4)

where p,  are the spherical harmonic coefficients of p(6, ¢). These potential coefficients are referenced to the
radius R and need to be upward continued to the reference radius of the gravity model.

A6. Cm

The last contribution to Equation A2 corresponds to the gravitational signal resulting from relief along the
crust-mantle interface. The gravity of this relief is calculated in the same manner as for the surface. In particular,
we simply make use of the equation for the finite-amplitude correction of Equation A3, replacing & with the
shape of the crust-mantle interface and p with p, — p_ (6, ¢), where p, is the density of the uppermost mantle.
In contrast to the other terms of Equation A2 that are known a priori, as described in the following section, we
need to determine numerically the relief along the crust-mantle interface that satisfies the observed gravity field.

A7. Crust-Mantle Relief Determination

All of the terms in Equation A2 can be computed using priori knowledge with the exception of the term involv-
ing the relief along the crust-mantle interface. We define the Bouguer anomaly as the gravitational signal that
remains after removing all quantifiable contributions from the observed free-air gravity:

CBA — Clm _ Chydm _ Cmpn _ Ci('(l _ C4) _ Cp

Im Im Im Im Im Im*

(A5)

Following the approach of Wieczorek and Phillips (1998) and Wieczorek et al. (2013), we set C;™ equal to
Cj24 and then separate the first-order term of the crust-mantle relief from the terms that involve higher powers
of the relief. Given that the resulting equation effectively requires that the Bouguer anomaly be evaluated at
the crust-mantle interface, a downward continuation filter w, is introduced that attenuates the short-wavelength
signals that are exponentially amplified with depth. The resulting equation can be written as

Co M@+ R\ R zN: O Apym =i + 4 = ) %6
47 R2, R - R, ! (I +3) ’

n=2

(“"h ), = w [
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where Ap is defined as p,, — p, (6, ¢). This equation is solved in an iterative manner, where the term i = 0 on the
right side is initially set to zero, which provides an initial first-order estimate of (hAp),, on the left hand side.
The relief & is obtained by expanding this function on a grid and dividing by the known function Ap. To stabilize
oscillations between successive iterations, and to speed convergence, the following iterative scheme is used:

3 = ((i+2)h+(i+l)h) /2, (A7)
0p = £ (), (A8)

where f represents schematically the above-described calculation of “*Dh. For the filter w,, we make use of the
minimum amplitude filter of Wieczorek and Phillips (1998). Without such a filter, either noise in the gravity
field or imperfect modeling of the contributions in Equation A5 would give rise to unrealistic oscillations of the
function A. This filter is designed to have an amplitude of 0.5 at degree 50, which is a choice used by previous
investigations (e.g., Baratoux et al., 2014; Smrekar et al., 2019; Wieczorek et al., 2019).

Data Availability Statement

All results presented in the figures and tables of this work can be reproduced using the example scripts Mars-
Crust-InSight.py and Mars-Crust-InSight-dichotomy.py in the python-based open-source software ctplanet
(Wieczorek, 2021). The spherical harmonic coefficients of the crust-mantle interface for all models, gridded
datasets for the models presented in Figures 2 and 6, and a spreadsheet that summarizes all the models are avail-
able at Wieczorek (2022). The spherical harmonic coefficients can be manipulated and converted to grids using
the open-source software pyshtools (Wieczorek & Meschede, 2018).
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