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Abstract The volcanic complex Tharsis Region on Mars is known for its numerous volcanoes on top of the
crust, elevated topography (doming), and a long-wavelength gravity anomaly correlated with the region.
Flexural modeling of the lithosphere has commonly been used to understand the relationship between observed
topography, crustal structure, and gravity, but no conclusive answers have been obtained due to the ambiguity of
these models. NASA's InSight mission has brought new information about the Martian lithosphere, which
warrants a reanalysis of the support of the Tharsis Region. After analyzing the topography and gravity data, we
found that a thin shell model of Mars matches both the observed gravity field for spherical harmonic degrees
higher than 8 and the crustal thickness at Elysium determined by the InSight mission. Our thin shell flexure
model uses an average crustal thickness of 55 km, crustal density of 3,050 kg/m?, average mantle density of
3,750 kg/m?, and an elastic thickness (T,) of 100 km. The mismatch between modeled and observed gravity
field for the long-wavelengths (between n = 2 — 8 degrees) correlates with the Tharsis Region, suggesting
active large-scale dynamic support of the volcanic region. After modeling this dynamic support, we concluded
that a substantial negative mass anomaly (hot buoyant mantle material, or depleted mantle region) in the mid
mantle underneath the Tharsis Rise can explain the long-wavelength gravity residual. The remaining short-scale
gravity residual gives insight to the Martian crustal density distribution and seems to correlate with geological
structures of Mars. Buried mass anomalies in the subsurface of the northern polar plains seem not to be related to
any geological or surface expressions, suggesting a more complex geology of the northern Martian crust than is
suggested by the surface topography.

Plain Language Summary The NASA InSight mission has given us new information about the crust
of Mars, which means that we can reexamine how we understand the support for the Tharsis Rise. The gravity
signal of its surface fits well with our model that represents the planet as a thin elastic shell. This model suggests
that Mars can be modeled with a crust of about 55 km thick and elastic rigidity layer of approximately 100 km
thick. However, even with this thin shell lithosphere model, there is still a difference between the predictions
and what is observed in the gravity field around the Tharsis Region. We found that a large mass anomaly below
Tharsis that moves upward inside the mantle (the layer beneath the crust) can explain the broad gravity field
residuals. Moreover, we found hidden structures in the Martian crust that do not have surface expressions and
that suggests a much more complex geology of Mars hidden by the surface.

1. Introduction

The Tharsis volcanic province on Mars is distinguished by its concentration of large volcanic edifices, broad
dome-like topography (Neumann et al., 2001), and an associated long-wavelength gravity anomaly (Konopliv
etal., 2016). Flexural modeling of the lithosphere has been widely employed to investigate the relationship among
surface topography, crustal structure, and gravity in this region. However, interpretations remain inconclusive due
to the non-uniqueness of model solutions and uncertainties in lithospheric properties. Recent constraints on the
thermal and mechanical structure of the Martian lithosphere provided by NASA's InSight mission motivate a re-
evaluation of the lithospheric support mechanisms responsible for the Tharsis rise (Banerdt et al., 2020). This
volcanic complex contains some of the largest volcanoes in our Solar System, of which Olympus Mons (21.2 km
height) is the highest of all. The construction of the Tharsis region is found to have started in the late Noachian
(3.7 Ga) until the Amazonian (3.0 Ga) (Anderson et al., 2001), with activity declining over time. This was
corroborated by later studies (Bouley et al., 2018; J. Andrews-Hanna & Broquet, 2023), finding that the peak
activity could be placed between the late Noachian in to the early Hesperian. The large mass redistribution due to
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Figure 1. Free-air gravity anomalies of Mars from the JMRO_120d model (Konopliv et al., 2016). The range of the color
scale is limited to 500 mGal in order to show the global feature centered around the Tharsis Region. The maximum gravity
anomaly goes up to 3,540 mGal at Olympus Mons (18.65 N and 226.2 E). Major shield volcanoes are depicted by red circles.
The Tharsis Region is approximated by the black dashed line (radius of the circle is 28°).

the generation of the Tharsis region has shifted the rotation axis of the planet to find a new rotation equilibrium
(Kite et al., 2009). This type of process could explain the apparent migration of Martian volcanism (Zhong, 2009).
Furthermore, a displacement of the Martian equator was found by an extensive study of the distributions of the
valley network (Bouley et al., 2016), corroborating polar wander. This shows that the Tharsis Region of Mars is
probably constructed by vast shield volcanism, inducing differential rotation, followed by other sequences of
smaller scale shield volcanism.

The Martian gravity anomalies (Genova et al., 2016; Konopliv et al., 2016; Smith et al., 2001) show a strong
correlation with the Tharsis Region (see Figure 1). The center of a positive free-air anomaly (300-500 mGal) after
correcting for most of the rotational flattening is centered in between Ascracus Mons and Pavonis Mons. A
pronounced negative gravity ring (—200 mGal) surrounds the bulge of the Tharsis Rise. Antipodal to these
volcano regions lie two major impact basins, the Utopia and Hellas Basins. Due to this location, some argue that a
huge meteor impact is responsible for the formation and volcanic activity in the Tharsis region (Golabek
etal., 2011). Another explanation is that there might be some large underplating of the Martian lithosphere with an
anomalous density that is so strong that it can support the region entirely, maybe a remnant of an even larger
Borealis impact (Ballantyne et al., 2023). Another explanation could be that an active mantle plume underneath
the Tharsis Rise maintains the extreme surface elevation and is responsible for the observed global gravity signal.
The idea of a large dynamic plume underneath Tharsis is not new (Harder, 1998; Harder & Christensen, 1996;
Kiefer, 2003; Roberts & Zhong, 2007; Schubert et al., 1990; Zuber et al., 2000), but is not widely accepted by the
community, as it is proven difficult to generate a large plume in the mantle of Mars. New estimate of the viscosity
state of the Martian mantle makes this even more difficult (Plesa et al., 2018).

The geologic findings of Nyquist et al. (2001); Hartmann and Neukum (2001); Neukum et al. (2004); Hauber
etal. (2011) show recent evidence of volcanic activity in Tharsis and Elysium provinces in the form of young lava
flows. The discovery of a possible mantle plume beneath the region south of Elysium Mons (Broquet & Andrews-
Hanna, 2023), gives extra indications that it is possible to have current magmatic activity in the Martian mantle.
The global gravity signature located on the Tharsis Rise, depicted in Figure 1, needs a global approach that uses
the full range of topographic and gravitational observations. Belleguic et al. (2005) assumed that spherical
harmonics degree up to n = 6 was mainly due to the Tharsis Rise. This was later corroborated by Beuthe
et al. (2012), who found that the Tharsis Rise was seen mainly at long wavelengths (n = 7). These long
wavelength signals of the gravity field have most sensitivity to deeper regions of the mantle (Martinec, 2014), and
could be able to detect any large-scale structure deep beneath Tharsis.
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Results from gravitational studies are ambiguous, a fact which keeps the debate about values for average crustal
thickness, crustal density, mantle density, and flexure rigidity of Mars ongoing. NASA's Interior Exploration
using Seismic Investigations, Geodesy and Heat Transport (InSight) mission has provided new seismological
information about the subsurface, particularly in the area south of Elysium Mons (Banerdt et al., 2020). An
average crustal thickness between 24 and 72 km is estimated (Knapmeyer-Endrun et al., 2021) from the seismic
observations. Slightly larger global crustal thickness are found, between 42 and 56 km by Kim et al. (2023).
Furthermore, a seismological lithosphere thickness of 500 = 100 km was determined by observing a conductive
velocity gradient below the crust (Khan et al., 2021). The mission has shown that the iron core of Mars could be
still in the liquid phase, as the reflected seismic wave shows clear signs of polarimetric change, which is typical
for a liquid reflection (Stéhler et al., 2021). With the new seismic constraints of the InSight mission, the value for
the crustal thickness beneath the InSight landing site is restricted to around 39 + 8 km (Wieczorek et al., 2022).
These new constraints warrant a reanalysis of the gravitational analysis as it has the potential to reduce the
ambiguity in flexure models.

Studies that use topographic and gravitational observations usually follow two distinct approaches (Beuthe
et al., 2012; Broquet, Maia, & Wieczorek, 2025). The first is called the classical Bouguer inversion (Zuber
et al., 2000): the gravity data are corrected by the gravitational signal of the topography, with a simple or more
complex Bouguer reduction in which a particular density is chosen for the topographic mass. The remaining
signal is then used to invert for any type of subsurface parameter; most studies focus on the crust-mantle interface
or crustal thickness (Goossens et al., 2017; Neumann et al., 2004; Wieczorek et al., 2022; Wieczorek &
Zuber, 2004). As a side product, the values for the average crustal thickness and the average crustal and mantle
density can be estimated. Sometimes, some varying crustal density linked to a geological interpretation of the
crust is inserted to improve the fit for volcanic regions (Goossens et al., 2017) or the dichotomy of Mars
(Wieczorek et al., 2022). The drawback of these models is that all other sources that generate gravity anomalies
are absorbed by the inversion. Therefore, for example, Wieczorek and Zuber (2004) do not use the gravity signal
of degree 10 and lower in order to remove any deep mantle signal in the inversion, as the low degrees would
otherwise leak into the crustal thickness estimates. This spectral truncation is useful, but the threshold is often
chosen subjectively.

The second approach uses lithospheric flexure theory to construct a model of the lithospheric structure. Flexure
theory (Watts, 2001) determines the characteristics of the lithosphere by studying the spectral interplay between
topography and gravity and has already been used to study the Tharsis Rise (Audet, 2014; Beuthe et al., 2012;
Broquet & Wieczorek, 2019; Ding et al., 2019; McGovern et al., 2002; McKenzie et al., 2002; Turcotte
et al., 1981; Zhong & hong, 2002). Phillips et al. (2001) show that flexural lithosphere loading can be considered
the main support of Tharsis, following the initial studies by Turcotte et al. (1981). This volcanic loading seems to
be already present since the end of the Noachian period (Phillips et al., 2001). Similar findings are obtained by
Anderson et al. (2001), Bouley et al. (2018), and J. Andrews-Hanna and Broquet (2023). A reappraisal of flexural
theory (Beuthe et al., 2012) reaffirmed that the classical model of the infinite plate fails to take into account the
curvature of the planet. Given the relatively smaller size of the planet, the so-called membrane stresses are
significant for Mars and are capable of supporting the majority of the volcanic load (Banerdt et al., 1982, 1992).
More advanced flexure models include bottom loading, in the form of (sub)crustal density anomalies up to a depth
of approximately 420 km (Lowry & Zhong, 2003; Zhong & hong, 2002; Zhong & Roberts, 2003) improving the
physical model, but introducing more ambiguity. The contribution of buoyancy forces due to a shallow mantle
plume in the upper mantle was found to be small in Zhong and hong (2002). More extensive analysis show that if
the plume resides in the shallow part of the upper mantle, it cannot contribute more than 15% to the observed
geoid. Therefore, most flexure-only models seem to explain the observed gravity-topography of Mars, supporting
a thicker lithosphere underneath the Tharsis region (Broquet & Wieczorek, 2019; Ding et al., 2019). The resulting
flexure models would also predict average crustal thickness, crustal and mantle densities, and a value of the
rigidity of the lithosphere (usually presented as the elastic thickness parameter 7,) estimates. The drawback of this
method is that the flexure models can only give globally constant values for these geophysical parameters.

The spatio-spectral window techniques of Simons et al. (1997) allows for a whole new range of studies where
regional flexural analysis is performed to estimate lateral variations in the flexural and subsurface parameters.
McGovern et al. (2002); McGovern, Solomon, et al. (2004) use these regional localization techniques to fit the
observed admittance, the spectral ratio of topography and gravity, with modeled estimates using flexural methods
taking bottom loading into account. Belleguic et al. (2005) revisits most of the previous studies and implemented
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a full flexural modeling, applying regional localization techniques. For all models, the load density is constrained
to 3,200 % 100 kg/m?, suggesting iron-rich basalt, which is in line with volcanic deposits. It becomes clear that
models for smaller volcanic regions such as Elysium and Arsia would drastically improve the observational fit by
adding subsurface loads (Belleguic et al., 2005). The lighter densities in the mantle below suggest higher tem-
peratures or a more depleted mantle beneath these regions, up to 70 kg/m? less than the surrounding mantle.
Similar indications for Olympus Mons and Alba Patera are found, but these are less conclusive. The negative
densities are interpreted as possible hot mantle plumes. The dynamic bottom loading of Olympus Mons is
determined by Beuthe et al. (2012), confirming higher densities of the deposited volcanic rock that formed the
Martian volcanoes. The localized spectral admittance approach with studies such as Phillips et al. (2008); Grott
and Wieczorek (2012); Broquet and Wieczorek (2019); Broquet and Andrews-Hanna (2023) highlights lateral
density changes in the Martian lithosphere. These studies seem to converge and give better insight into the
regional structures of Mars and can be used to constrain the thermal evolution of the planet. Despite the success of
the regional studies, the origin of the long-wavelength gravitational signal centered at Tharsis keeps being debated
as global modeling is needed.

Because of the global nature of the problem, we want to couple the effects of a deep mantle anomaly to a flexural
lithosphere model with improved interior estimates from InSight. With this combined model, we can not only
determine the uncertainty range in bulk parameters for the lithosphere and crust, but also assess the plausibility of
a deep mass anomaly, such as a mantle plume. This approach will be able to utilize the complete topographic and
gravity spectrum, without the need for arbitrary filtering of the long-wavelength signal. By constraining our
global models to the power spectrum of the gravity observations, we remain sensitive to lateral or regional in-
formation, as the remaining residual anomalies can give information in the subsurface lateral density structure of
Mars.

In this study, we first discuss the flexural theory that we use to construct a lithosphere for Mars. We present a fast
spectral approach that allows us to develop numerous lithosphere models. This is followed by a description of
how we obtain the gravity and topographic effect from deep mantle mass anomalies by solving the Stokes/Poisson
equations and how to couple this dynamic mantle model to the flexural lithosphere model. A sensitivity study
between the degree variance of Martian gravity field data and observed gravity field is used to select the best
possible flexure parameters. This flexure model is used to explore the parameter space for the deep mantle
anomaly, where we determine possible size, mass and depth of the anomaly. In the last part of the paper, we use
residual gravity anomalies inside an inversion algorithm to interpret them as lateral crustal densities. Assessing
these density structures gives information about the robustness of the global model and gives new insights in the
geological setting of Mars.

2. Martian Data

The subsurface structure of a planet is studied using known information about its topography and gravitational
field. We remove the effects of the polar ice caps as we are interested in the subsurface geophysical parameters,
such as crustal thickness, density of the crust and mantle, and lithospheric rigidity. In the following subsections
we recall the nature of the various data sets that are used in this study.

2.1. Topography Data

The high-resolution global map of the Martian topography was produced by MOLA on the Mars Global Surveyor
(Smith et al., 2001). Altimeter data were collected from 1997 to 2001 and can be downloaded from NASA
Planetary Data System Geosciences Node (the data was downloaded from https://pds-geosciences.wustl.edu/mi
ssions/mgs/megdr.html).

The topography model (Planetary radius minus areoid) based on the MOLA Mission Experiment Gridded Data
Records with a global resolution of 16 pixels per degree (Smith, Neumann, et al., 2003) is used. The resolution of
these data is already superior to the available gravity field data, and therefore higher resolution topographic data
are not needed for this study. The Martian topography is mostly contained between +5 km, with positive outliers,
for example, Olympus Mons (+21.2 km) and negative outliers, for example, inside Hellas basin (—8.2 km).
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2.2. Gravity Data

Martian gravity models are derived from precise radio tracking data of satellites, since the orbital dynamics is
affected by localized variations of the planet's gravity field strength. From the 1970s to the 1990s, tracking data
from Mariner 9, Viking 1 and Viking 2 spacecraft were used to infer the gravity field of Mars, which yielded a
maximum degree and order of 50 spherical harmonic solutions (Smith et al., 1993). With additional data from
Mars Global Surveyor, Mars Odyssey, and Mars Reconnaissance Orbiter (MRO) since the 1990s, the latest
gravity solutions have been improved to degree and order 120.

This study uses the Martian gravity model JMRO_120d (Konopliv et al., 2016) (the model was downloaded from
https://pds-geosciences.wustl.edu/mro/mro-m-rss-5-sdp-v1/mrors_1xxx/data/shadr/jgmro_120d_sha.lbl),
that was developed by using tracking data from close orbiting satellite missions (Mars Odyssey, MGS, and
MRO). We use the spherical harmonics model up to degree and order 90. The model has higher degree co-
efficients available, but the degree strength of the error surpasses the signal above degree 90. Moreover, for our
purpose these higher-resolution data are not making any changes to the conclusions.

To remove most of the equatorial bulge due to the rotation of the planet we set the spherical harmonic coefficient
Cyo = 0 for the data as well as in the models. The simplicity of our modeling approach justifies this assumption,
but an in-depth study could use the correction proposed by Matsuyama and Manga (2010). Degree 1 gravity signal
in our modeling is assumed to be computed by local isostatic compensation of the crust. This seems to work
sufficiently well and needs to be done because the flexure modeling and the dynamic mantle models in this study
are not able to produce degree one effects. Nevertheless, the degree 1 signal can be a combination of non-isostatic
crustal thickness and some degree 1 density distribution, as shown in Wieczorek et al. (2022).

In step one of our modeling approach, we use the degree variance of the Stokes coefficients that represent the
gravity field of Mars. The degree variance (DV(n)) is defined as follows:

DV(n) = i(cﬁm +52.) 1)
m=0

where degree is denoted by n and order is denoted by m. The spherical harmonic coefficients C,,, and S, are
squared and then summed up with respect to their order per degree. The model degree variances will be compared
to the degree variance of the observations or a part of the degree domain for which certain model parameters are
sensitive. For the calculation of gravity anomalies, we use the GSH code (Root, 2021) by Root et al. (2016) and
together with the values of GM = 4.2828372.10'3 m3/s? and R = 3,396.0 km from the gravity model JMRO_120d
of (Konopliv et al., 2016).

2.3. Correcting for the Gravitational Potential and Generate Equivalent Topography for the Polar Ice
Caps

Polar ice caps have a different density than that of the average Martian crust. Although the polar cap gravitational
signal has limited effect on the global modeling, it still needs to be taken into account in the gravitational signal of
the northern and southern polar ice caps and in their loading of the crust. The thickness of the ice caps have been
determined with satellite radar sounding instruments. Failing to account for these masses could have an effect on
the analysis of any global parameters or apply wrong loading conditions to the Martian lithosphere.

For the southern polar cap on Mars, we use the model developed by Khuller and Plaut (2021b) using Mars
Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) data (Khuller & Plaut, 2021a) on the Mars
Express mission from ESA. MARSIS is a radar sounder and altimeter instrument. With its ground-penetrating
radar capabilities, it is able to determine the thickness of the southern polar cap on Mars. The southern polar
cap thickness model presented in Khuller and Plaut (2021b) is derived from radar data. Together with the
topographic data from the MOLA model we determined the top of the ice sheet and the top of the basement (top of
the crust).

A model for the geometry of the northern polar cap is obtained from Nerozzi et al. (2022), which is based on
Shallow Radar (SHARAD) Sounder data (Nerozzi, 2021). The SHARAD instrument is a radar sounding in-
strument onboard NASA's MRO. This instrument had ground-penetrating capabilities and was able to determine
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Figure 2. A schematic representation of the modeling approach in this work. The red elements are related to the topography, blue elements are related to the gravity field,
green elements are related to the polar ice caps, and yellow elements depict the different numerical models that will be explained in Sections 2.1 and 2.2. Black elements
are related to the model parameters that are main outcomes in this research.

the thickness of the northern polar cap. Here, we use the model by Nerozzi et al. (2022) of the basement unit to
separate the ice mass from the MOLA data. Our obtained polar ice sheet thickness models are approximately
similar to Broquet et al. (2020, 2021).

From the SHARAD and MARSIS based models of the northern and southern polar ice cap geometries, we
compute the gravitational field of the caps using a density of 1,220 kg/m?, following Zuber et al. (2007). This
value, higher than pure H,O ice density, is justified by the presence of solid CO, and dust. These values also fall
within the uncertainty limits of the estimates in Broquet et al. (2020, 2021). We are able to compute the full
gravitational field of our model by adding the polar gravitational potential to the modeled crustal and mantle
layers.

To correct for the reduced surface load (the ice density is lower than the crust density), an equivalent topography
(heguiv) 1s calculated (Hirt et al., 2012). Equation 2 depicts how the equivalent topography is calculated for the
polar ice caps:

T. Pice (2)

e
c

h

equiv = hbasemenr +

The crustal density (p,.) and the ice density (p,.) are used together with the thickness of the ice sheet (T}.,) to
calculate the equivalent topography at the area where there is an ice sheet.

3. Martian Gravity Field Modeling

To model the gravity field of Mars we have coupled a lithospheric flexure model with a dynamic mantle code. We
first discuss both methodologies separately and then describe how to couple them in a consistent manner. The
resulting crust and mantle structure are then forward modeled to predict their gravitational signal, such that this
can be compared to the observed gravity field of Mars. The residual gravity anomalies are used in a second step
that inverts for crustal density. A schematic overview of the procedure is presented in Figure 2, where we shown
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how the data is used in our two-step modeling approach. The results are the best fitting parameters for lithospheric
flexure and a deep mantle anomaly, plus lateral varying density of the Martian crust.

3.1. Lithospheric Flexure Model

To start the lithosphere modeling, the Airy isostasy equation is used to determine an initial crust-mantle geometry.
The deviation of the root r of the crust-mantle boundary with respect to the average crustal thickness can be
computed from the topography #:

70,2) = —" 16,2 3)
P =P

where p,. and p,, are the density of the crust and the mantle respectively, both at latitude 6 and longitude 1. The root
needs to be added to a chosen reference thickness of the crust (D,,,) to obtain the depth of the crust-mantle
interface:

d(6,2) = Dy, +1(6,4) 4

The depth of the crust-mantle interface can then be calculated for any latitude € and longitude A. This assumption
of local compensation neglects the shear stresses between the crustal columns and only relies on the buoyancy to
provide support. The topography is mapped one-to-one to the crust-mantle boundary, causing unrealistically large
amplitude geometric features. The average crustal thickness (D,,,) should be chosen carefully, since too low a
D, can cause a negative crustal thickness in the Hellas Basin. In light of this we have therefore set a lower bound

to D,,, of about 45 km for all other density and elastic thickness models.

For a thin shell with radius R,, and a uniform thickness of T,, Kraus (1967) derived the vertical displacement or
deflection w under surface loads. This was later corrected by Beuthe (2008) as a term was missing in the original
equation. This approximation takes into account the membrane stresses in the curved lithosphere and leads to

[DV® +4DV* + (4D + RLET,)V* + 2RET,|w = R}, (V> + 1 — 1) p, 5)
where w is the deflection of the lithospheric plate. D is called the flexural rigidity which is given by

ET?

D=——"¢ .
12(1 — 12)

(6)

where E is the modulus of elasticity (or Young's modulus) and v is Poisson's ratio. 7, is the effective elastic
thickness of the lithosphere, which describes the lithosphere's resistance to bending or deflection under vertical
loads. A higher effective elastic thickness represents a more rigid lithosphere, resisting bending. In Equation 5 the
Laplacian operator is represented by V2, which in the spherical harmonic domain becomes —n(n + 1) and p is the
loading pressure, defined as follows:

p=glph = (o= p)wl ™

This approach neglects self-gravity and assumes that the gravity is constant for all loading mass. Sensitivity
studies are described in the (Figures S4, S5, and S6 in Supporting Information S1), and show that second-order
effects will not change the main conclusion of this study. The assumption of constant gravity has less than 10
percent effect at Mons Olympus and much lower in other parts of Mars. The self-gravitation mostly affects the
results at the large impact basins (5—15 km less thick crust), which need more sophisticated modeling compared to
our global flexure modeling. Due to the computational inefficiency and the low impact on the conclusions, we will
not take into account these second order effects.

The reader is referred to for example, Beuthe (2008) for a more complete derivation of Equation 5. Eventually, the
equation can be formulated in the form of a flexural response function:
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D (l[n(n+1)—2]2+12(1—y2)1—n(nz+1)

QM) gy = | 1 + = -
e (pm - pC)gLan 1- n(1n+u1) Tgern 1- n(ln+y1)

®)

The curvature of the lithosphere increases the complexity of the equation with respect to the infinite plate
assumption. Notice the scaling factor Fy,, defined as:

D

(Pm—rc)8 ®

I‘}lex =

It contains all the modeling parameters and is mostly responsible for how the elastic rigidity D and the buoyancy
pressure is providing support for the topography. We will later use this parameter to understand the ambiguity of
the elastic thickness and mantle density parameters.

The flexural response function is used to modify the Airy model from Equation 4 to construct a flexure-derived
crust-mantle interface. In order to use the flexural response function, the crust-mantle boundary needs to be
decomposed in the spherical harmonics domain:

d(0.2) = . P,,(sin 0)(A,,, cos(mA) + B, sin(mA)). (10

The spherical harmonic coefficients A,,, and B,,, can then be multiplied by the flexural response function ®(n):

Mnm = Anmq)(n) (1 la)

Nyn = By @(n) (11b)

By multiplying A,,, and B,,, with the flexural response function, M,,, and N,,,, become the new coefficients for the
crust-mantle boundary. These coefficients need to be transformed back into the spatial domain to obtain the
geometry of the flexure-derived crust-mantle interface. This approach allows for a fast forward modeling of the
interface, such that a large range of flexure parameters can be explored.

3.2. Deep Dynamic Mantle Model

The flexural methodology focuses solely on the top loading of the lithosphere and does not take into account
the signal coming from the deep mantle. Here, we discuss how to compute the topographic and gravity effect of
deep mantle anomalies. At first sight, a positive density anomaly generates a positive gravity signal and a
negative density anomaly generates a negative signal. However, a positive density anomaly also causes a
downward flow that affects the top and bottom boundaries of the mantle shell, the core-mantle boundary
(CMB). This flow results in dynamic pressure at the top boundary of the mantle (e.g., the lithosphere) and at the
CMB. The deflection of these boundaries compensates the gravity signal coming from the mass anomaly,
reducing the overall magnitude of the varying gravity field. Consequently, the dynamic boundary variation,
dynamic topography and dynamic CMB topography need to be modeled to fully reproduce the observed
gravitational effect of the deep mantle.

To calculate the dynamic stress at the bottom of the lithosphere, the gravity contribution from the sub-lithospheric
mantle, and its boundary deflection at the CMB, the Stokes-Poisson equations for an incompressible viscous shell
are considered (Tosi, 2008). Steinberger and Antretter (2006) showed that there is little difference between
compressible and incompressible predicted dynamic topography of present-day mantle flow to warrant this
modeling assumption.
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Table 1
Summary of Parameters for the Mars Modeling
Selected model
Parameters Symbol Parameter range (d/o 2-8) Units
Gravitational constant G 6.67 x 10711 m3/kg/s?
Model radius Ryars 3,396.0 km
CMB radius Rcvs 1,561.0 km
Gravitational acceleration g 3.72 m/s?
Poisson's ratio v 0.30 -
Young's modulus E 100 GPa
Crustal thickness D, 45 -85 55 km
Crustal density Pe 2800 - 3200 3,050 kg/m3
Crust-Mantle contrast Ap = p,, — p,. 100-1,000 700 kg/m®
Elastic thickness T, 45-150 100 km
Mantle anomaly radius R 1,100-2000 1,500 km
Mantle anomaly thickness t 50-400 400 km
Mantle anomaly density Ap —100——10 —60 kg/m?
Mantle anomaly depth d 800-1,600 1,200 km
Note. The values in the table are used in this study unless otherwise specified.
0 =V-u (12)
0 = V-t4+p,VV—-g,p (13)
t = —pl+2ne(u) 14)
VIV = 4zGép (15)
In these equations, u is the velocity, T is the stress tensor, p,(r) is the radial average density, 5p(r, 8, 1) the density
anomalies with respect to that average value. The average gravitation is given by g, and the gravity anomalies dg
can be calculated with 6g = —VV. The stress 7 is a function of the internal pressure p, the effective viscosity n
and the strain-rate tensor &(u).
We prescribe free-slip boundary conditions on the top and bottom boundary of the spherical shell. The system of
coupled PDE:s is solved numerically with a spectral finite element code (SFEC) (Reusen et al., 2020; Tosi, 2008).
SFEC calculates the solution for degree and order 2 until 10 while degree 0 and 1 signals are not calculated for the
dynamic part. Higher degrees of the dynamic signal are not significantly contributing to the observed gravitational
signal because of the large size and depth of the density anomaly in the mantle.
The dynamic topography results from the assumption that the calculated radial stress z,,. on the boundaries would
be balanced by the pressure force of the displaced topography or the CMB undulations (%4y4mic). These dis-
placements are calculated at each point of the surface and CMB as follows:
T
hdynumic == Ap::go (16)
where the density contrast Ap,, is the density contrast between the Martian mantle with the air or core densities. A
typical result (selected flexure model; see the numerical values in Table 1) for the dynamic topography is seen in
Figure 4, which can go up to 1 km on Mars. Furthermore, the code computes the gravitational potential of the
internal density variations. Then, both signals (V,,, and V},,,,) are usually added to the internal mantle gravi-
tational signal (V,,,,,.). These three components make the total gravity signal (Hager & O’Connell, 1981). In
order to account for our flexure lithosphere model, we separate the top boundary effect from the internal mantle
and bottom boundary effect (Reusen et al., 2020). We use the dynamic topography /y,,qy;. to correct the observed
ROOT ET AL. 9 of 31
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Figure 3. Sketch of the mantle anomaly in a cross-section of an axisymmetric
conical shell. The structure can be parameterized by four values: the radius
of the mass anomaly at mid-point (R), the thickness of the disk (¢), the

topography and use the residual topography for the flexural modeling. Sec-
tion 2.3 elaborates further on how to combine the gravitational signal of the
mantle convection models with the flexural models.

The input for the mantle convection code SFEC (Tosi et al., 2024) consists of
a geometry, a 3D density field, and a 1D radial viscosity profile of the mantle
shell. The outer radius of the shell is set to 3,396 km to comply with the value
used in the gravity field model (Konopliv et al., 2016) and we use the latest
estimates from the InSight mission, setting the inner radius (CMB) to
1,835 km (a depth of 1,560 km) (Stdhler et al., 2021). We assume this inner
boundary to be a solid-to-liquid interface and is able to deform. A solid iron
core would resist the stresses of mantle convection more, that would result
in hbottom =0.

In this study, a single mass anomaly in the mantle is modeled to represent a
large mass structure. This is parametrized by a circular spherical body with
thickness t, a radius R, a density anomaly p, and depth of the center of the
body d. A sketch of the mass anomaly parameterization is shown in Figure 3.
The lateral resolution is chosen such that the radius of the disk is approxi-

density contrast (Ap), and the depth of the center of the disk (d). This anomalyis ~ mated within the desired precision (less than 1 mGal error at the surface). An
inserted in the spectral finite element code code (Reusen et al., 2020; overview of the values for the parameters is given in Table 1.

Tosi, 2008) to compute the resulting surface stresses and the resulting dynamic

topography. The green layer is an elastic lithosphere and the orange is the core ~ The viscosity profile used in this study is a simplified 4 layer model based on

of the planet, which is not modeled.

Steinberger et al. (2010). We approximate this model by having four layers: the

crust (i, = 102 Pa.s), the lithosphere (1, = 10?* Pa.s), the upper mantle
(um = 6 X 10% Pa.s), and lower mantle (1,,, = 10%' Pa.s). The viscosity of the lithosphere is much lower than
found by InSight results, but we found that if the lithosphere viscosity is 2 orders of magnitude higher than the upper
mantle, the layer is acting as an elastic layer. Increasing the viscosity in SFEC will not change the results, but will
introduce numerical issues that require higher radial resolution, increasing the computation time. The thickness of
the lithosphere in the dynamic modeling is set to the values of elastic thickness T, used in the flexure model. The
boundary between the upper mantle and lower mantle is set to a depth of 500 km (radius of 2,896 km) to reflect the
seismological change seen by InSight (Khan etal., 2021). We do not focus on a thorough viscosity parameter search
in this study, but future work should investigate the sensitivity of the results to the viscosity structure.

3.3. Combining Deep Mantle to Flexural Theory

To get a full model of the Martian gravity field, the gravity effect of the deep mantle and the lithosphere model
constructed by flexural theory are combined in a consistent manner (Reusen et al., 2020). In reality the observed

1.5
80 - &
60 - =l K
40 - F = &
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—-20- - |
-0.5
~40 - J
-60 — -1
-80
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Longitude [°]

Figure 4. The dynamic topography signal from the selected model. This signal is derived from the density anomaly in the
deep mantle by solving the Stokes equations (Equation 12) and Equation 16 based on the selected model geometries. The
corresponding size of the deep mantle density anomaly is denoted by the dashed line.
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topography is made by two signals, the dynamic topography and the top loading topography. The dynamic
topography (/) is calculated using the SFEC (Tosi et al., 2024) code (Tosi, 2008) as explained in Section 2.2.
The top loading topography (f,,,) can be determined subtracting the dynamic topography from the observed
topography.

htop = hoh.&' - hdyn (17)

This top loading topography is used in the flexural modeling, starting by calculating a crust-mantle interface with
Equation 3.

The gravitational signature of these lithosphere models is computed using the Fast Spectral Methodology
described in Root et al. (2016). The lithosphere gravity field is determined from the layered 3D density model
based coefficients V,,,,:

GM R n+1 _
Vlilho:phere = m;ﬂ (7) (Vnm Ynm)' (]8)

The corresponding coefficients V,,, are multiplied with the associate Legendre functions ¥, to synthesize the
fields back into the spatial domain. For a mathematical overview, we refer the reader to Novak and Grafar-
end (2006) and Root et al. (2016). The lithospheric gravity signal Vi;ogpnere should be added to the deep mantle
gravity effect V.., and the gravity effect of dynamic undulations at the CMB (V) as follows:

Vrota] = Vlithosphere + Vmantle + Vbotmm' (19)

The combined gravity field can then be compared to the degree variance of the observed gravity field (Konopliv
et al., 2016).

3.4. Sensitivity Analysis of the Model Parameters

Four different variables can be varied in the flexure model: the crustal thickness D,,,, the crustal density p,, the
mantle density (or density contrast at the crust-mantle interface) Ap, and the elastic rigidity (or elastic thickness if
the bulk modulus is kept fixed) T, of the lithosphere (Broquet & Wieczorek, 2019). All other parameters in the
model are relatively well constrained and can be found in Table 1. Other studies, like Taylor et al. (2020), have
taken more parameters into account, but we believe that the available data does not justify the use of more model
parameters for global studies. In the majority of Mars studies, parameters pertaining to the gravity modeling are
fitted to an arbitrary set of spherical harmonics, or spectral domain, to reduce the ambiguity that gravity models
have for different depths. For example, Wieczorek and Zuber (2004) remove the first 10° that would eliminate any
mantle signals, and McKenzie et al. (2002) use different bandwidths to compare the flexure models with the
observed admittance. These choices of bandwidth might introduce unwanted subjectivity in the model results. We
therefore perform a spectral sensitivity analysis to determine the spectral domain in which D,,,, p,,, p., and T, are
the most sensitive in flexural studies. We vary the parameters as follows: the crustal thickness between 20 and
140 km with steps of 20 km, the crustal density between 2,600 and 3,300 kg/m?® with steps of 100 kg/m?, the
mantle density contrast between 100 and 1,000 kg/m? with steps of 100 kg/m?, and the elastic thickness between
30 and 230 km with step sizes of 20 km.

Figure 5 presents the sensitivity of the four model parameters to the gravity field for the thin shell flexure model,
by showing the normalized degree variance DV""™!z¢d () of the observed and modeled gravity field calculated
as follows:

Dvmodeled(n)

Dvnnrmulized n) = .
( ) DV{}bserved(n)

(20)

The normalized observed gravity degree variance is one for all degrees. For the modeled normalized degree
variance plots, we vary one parameter in the flexural model, while keeping the others fixed. The crustal thickness
variations show to have no sensitivity in the short wavelength regime (above 30° and order (d/o) of the spherical
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a) Crustal Thickness Variations b) Crustal Density Variations
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Figure 5. Sensitivity analysis of the thin shell model parameters. The degree variance is normalized by the observed gravity
field degree variance. (a) the crustal thickness is varied (20-140 km with step size of 20 km). (b) the crustal density is varied
(2,600-3,300 kg/m® with step size of 100 kg/m?). (c) mantle density contrast is varied (100-1,000 kg/m? with step size of
100 kg/m?). (d) the elastic thickness is varied (30—230 km with step size of 20 km). The default values for the other parameters
are: crustal thickness D, = 60 km, crustal density p. = 2,900 kg/m3, mantle density contrast Ap = 500 kg/m3, and elastic
thickness 7, = 100 km. The thick black line denotes the lowest value and the dotted black line the largest value of the parameter
range.

harmonic domain). The small sensitivity to the crustal thickness is mainly due to the new information from the
InSight mission south of Elysium Mons. This drastically reduces the variability of the average crustal thickness
parameter for the thin shell model to 39 = 8 km at InSight landing site (Wieczorek et al., 2022). The crust-mantle
density contrast and the elastic thickness are most sensitive in the spectral domain between 2 and 30 d/o and also
show limited sensitivity for signals above 30 d/o. The crustal density seems therefore to be the only parameter that
is affecting the short-wavelength regime of the gravity field. This means that observed short-wavelength (larger
than 30 d/o) gravity anomalies can be used to estimate the average crustal density of Mars for our given set of
investigated parameters.
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In the long- and mid-wavelengths (d/o 2-30), the elastic thickness and the crust-mantle density contrast show
relatively more sensitivity to the gravity field than the crustal thickness. Looking at Equation 8, these two pa-
rameters are inversely proportional to each other, and a saddle curve equilibrium is expected to find the best fitting
parameters. The crust-mantle density contrast is less well constrained, about 200-1,000 kg/m?. Similarly, the
elastic thickness is modeled between 0 and 300 km. Yet, all these parameters are not able to capture the distinct
pattern of the observed degree variance between degree 2—6; when the flexure model fits degree 2-3 it over-
estimates degree 4—6, and when it fits to degree 4—6 it underestimates degree 2—3. We conclude that a flexural
lithosphere model, with top-loading only and globally constant crustal thickness and lithosphere rigidity, is not
able to completely describe the Martian gravity field. This could support our hypothesis that a (deep) large scale
density anomaly is partly responsible for the strong gravity signal in the long wavelength regime.

In light of this, we also performed a sensitivity study on the gravity field for its sensitivity to the deep mantle
anomaly parameters. The density anomaly is characterized by its depth d, radius R, density contrast p (with
respect to the surrounding mantle), and thickness 7 (see Figure 3).

Figure 6 shows the gravity sensitivity to the parameters of the deep mantle anomaly. The most striking obser-
vation is that the dynamic mantle signal only affects the gravity field up to 8 d/o. This is interesting because the
flexural parameters can then be determined using the spectral domain above degree 8 without being biased by the
dynamical signal. However, in practice local flexural parameters depend on the dynamic signal from the mantle,
as a warm plume implies a thinner lithosphere underneath Tharsis. The depth and thickness of the disk give
similar sensitivities. However, the thickness of the disk produces slightly larger signals in degrees 5-8 of the
gravity spectrum, making the spectrum a bit more flat with respect to the spectrum due to depth variations. The
size of the disk (radius) seems to be mainly affecting the gravity spectrum below degree and order 5. The effect of
the radius of the disk captures the strong decline of the degree variance from degree 2—3 to higher degree and
order coefficients. The other parameters are not able to show such a strong decline in the spectral power from
degree 3, as their effect shows a more constant shift in degree variance over the whole spectrum.

3.5. Lateral Density Variations in the Crust

In the first step of our modeling, we fit the flexure and deep mantle parameters to the degree variance of the
gravity field. Even when the best misfit is found, there remain substantial gravity anomalies that reflect the as-
sumptions of our modeling due to the choice of global homogeneous parameters for the crust and mantle.
Therefore, in a second step, we choose to invert the remaining gravity residual for lateral varying crustal densities.
We can then assess whether our global model does generate unrealistic crustal density variations or not.
Comparing these variations with the regional geology of Mars could give insight into the usefulness of the global
model.

With a simple linear inversion, the lateral densities are determined in the following iteration:
pétulst(a’ /I) = plert(a’ /I) + SF : Agr’es(e’ /1) (21)

During the first iteration, the initial density is set to the homogeneous crustal density used in the flexure model
(Pruse)- The residual gravity signal between observed and modeled gravity is multiplied by a scaling factor SF' to
generate a heterogeneous density. This new laterally varying density is inserted in the flexure model, and a new
modeled gravity field is obtained. This is repeated (around 20 times) until the inversion converges and the residual
gravity signal approaches zero (<1 mGal). The scaling factor is chosen such that the iterative approach does
converge: in our modeling it is set to 0.35, which yields a convergence of the RMS residual after 15 iterations.

Neumann et al. (2004) developed a crustal model, in which the volcanic regions received a higher density than the
surrounding crustal rock. The volcanic regions are considered to be 600 kg/m* denser than the bulk density of the
crust to improve the gravity fit of the model. Short wavelength spectral analysis of the observed gravity field
showed equivalent crustal density variations between 1,800 and 3,200 kg/m?, which are indicative of lateral
density variation, but due to the low gravity resolution no robust results could be obtained (Goossens et al., 2017).
Goossens et al. (2017) proposed to model the major volcanic regions with densities that are 350 kg/m? above the
bulk density value. Wieczorek et al. (2022) studied the effect of density differences between the northern and
southern hemispheres, implementing a density difference of around several 100 kg/m?, with lower densities for
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Figure 6. Sensitivity analysis of the normalized degree variance to mantle upwelling results for the mantle anomaly. (a) the
disk density is varied (—50 to —250 kg/m? with step size of 50 kg/m?). (b) the disk radius is varied (200-2,000 km with step
size of 200 km). (c) the disk thickness is varied (40-220 km with step size of 20 km). (d) the depth is varied (400—-1,600 km with
step size of 200 km). The default values for the other parameters are: disk density p ;, = —50 kg/m?3, disk radius R = 1,000 km,
disk thickness r = 100 km, and disk depth d = 800 km. The thick black line denotes the lowest absolute value and the dotted
black line the largest absolute value of the parameter range.

the southern hemisphere. Regional analysis of the gravity signature of the Martian volcanoes (Broquet &
Wieczorek, 2019) showed crustal densities varying between 2,920 and 3,350 kg/m?. If our global model is
realistic, crustal densities should not vary more than several 100s kg/m>, when inverted from the residual gravity
signature.

4. Results

We have run two sets of models: a flexure-only model set and a full model set (which combines the flexure models
with mantle convection of a deep mantle mass anomaly). The sensitivity study in Section 2.4 showed that the
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Figure 7. Fitting values (RMS) of the flexure-only models to the observed gravity degree variance. (a) The crustal
thickness fitted using the mid-wavelength (SHC 9-30) of the gravity field. The red lines are the crustal thickness estimates
of Knapmeyer-Endrun et al. (2021) at the InSight landing site. The color scale is the crustal thickness. (b) The crustal
density fitted using the short-wavelength (SHC 31-90). (c) The mantle density parameter fitted using the mid-wavelength
(SHC 9-30), and (d) the elastic thickness fitted using the mid-wavelength (SHC 9-30). The bottom sub-figures use a subset
of the sensitivity results, where the crustal thickness is 55 km and the crustal density is 3,050 kg/m?.

optimization of the flexure parameter can be decoupled from the parameters of the deep mantle by fitting to
different parts of the spherical harmonic spectra. The mantle convection parameters are only sensitive to the first
8° spherical harmonic coefficients of the gravity field. The rest of the gravity field can be used to explore values
for the flexure parameters.

4.1. Flexure-Only Models

The optimization results of these flexure-only experiments (without modeling the mantle dynamics) are presented
in Figure 7. In Figure 7a, the resulting crustal thickness at the InSight landing site is plotted for a certain average
crustal thickness.

The average crustal thickness of Mars was reported to be between 24 and 72 km by Knapmeyer-Endrun
et al. (2021), where their thick-crust model seems to be between 40 and 72 km. This seems to be more in line
with our modeling, as the thin-crust model reported 24-39 km global crustal thicknesses, and these are not
feasible in our flexural modeling. The thick-crust model of Knapmeyer-Endrun et al. (2021) sees a crustal
thickness underneath the Insight lander of 39 + 8 km, which we use to refine our crustal thickness estimate. Kim
etal. (2023), found average crustal thickness values ranging between 42 and 56 km. Our modeling shows that only
crustal thickness above 45 km seems to be physically possible for a realistic range of the other flexural modeling
parameters. Lower values will introduce negative crustal volumes at Hellas basin and Isidis basin. The crustal
thickness results in Figure 7a show no preference for any value between 50 and 55 km. Certain models using 45
and 60 km under- or overestimate the crustal thickness at InSight. We conclude that the average crustal parameter
(D.) should lie in the range of 55 &+ 10 km. For all the models later in this study, a value of 55 km is selected as it
allows to study a larger range of deep mantle parameter values, than a smaller average crustal thickness.

Figure 7 also shows the standard deviation of the degree variance residuals for a selected bandwidth. Degree and
order values higher than 30 are used for the crustal density and degree and order values between 9 and 30 are used
for the mantle density and elastic thickness parameters. The sensitivity study in Section 2.4 showed that the
average crustal density can be decoupled from the other model parameters, by using the short wavelengths of the
gravity field. Figure 7b shows the short-wavelength (d/o >30) degree variance residuals with respect to the crustal
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Table 2 density parameter. The best fitting crustal density appears to be 3,050 kg/m?>.

Crustal Thickness and Spectral Domain Sensitivity Analysis for Selecting the ~ The spread in the points is due to the range of other parameters.
Best Elastic Thickness (T,) and Mantle Density (p,,) Values

Best fit d/o 9-30

As we have seen in Section 2.4, the mid-wavelength regime (9-30 d/o) of the

Best fit d/o 15-30 gravity field is sensitive to the mantle density and the elastic thickness and

D, (km) T, (km) and p,, (kg/m?) T, (km) and p,, (kg/m®)  less sensitive to crustal thickness. The crustal density is already independently

45 80-3,500
50 100-3,750
55 115-4,000
60 120-4,050
Fliex (m?) 3.3981 102!

70-3.300 determined and the dynamical mantle signal is not sensitive to that part of the

75-3.350 gravity field spectrum. Figures 7c and 7d show the residuals for the gravity

80-3,400
90-3,500

field anomalies and degree variance for the (9-30) part of the spectrum. We
find that the best fitting model has an elastic thickness of 100 km, with a
corresponding mantle density of 3,750 kg/m3. We performed a robustness
3.1623 10*! analysis to see the effect of choosing 55 km for the averaged crustal thickness.

Table 2 shows that reducing or increasing the crustal thickness has a slight
effect on the best fitting parameter values. An increase in crustal thickness will increase the value for elastic
thickness and mantle density, and a reduction in crustal thickness will reduce the values of these parameters.
Figures 7c and 7d shows another local minimum, slightly worse fitting to the gravity field. These models work
best for a low elastic thickness and high mantle density, which illustrates the need for more localized compen-
sation. This is necessary because the degrees 9-14 are dominated by the wavelengths of the large impact basins,
like Hellas, Utopia, and Argyre. By using the spectral bandwidth of degree and order 9-30 this set of models tends
to overpower the global fitting, favoring low elastic thickness values. When we reduce the bandwidth and only use
degree and order 15-30 for the fitting of the elastic thickness and mantle density, this extra local minimum in the
residual plots disappears. Furthermore, the effect of the uncertainty in crustal thickness is also reduced (See
Table 2). The Fj,, value also reduces from 3.981 to 3.1623 10*! m* after removing the long-wavelength signals in
the fit.

The Fj,, factor nicely illustrate the relationship of the elastic thickness and the mantle density. The best fitted
models for different 7, and p,, in Figure 8, seem to lie on the same value for Fy,, = 3.3981 10?! m3 for models
with crustal thickness of 55 km. This ambiguity clearly explains why gravity alone cannot come up with a
consistent elastic thickness (7,) and mantle density (p,,) values. The Insight mission did drastically reduce the
ambiguity of the average crustal thickness, allowing to determine the average crustal density and an optimal value
for Fy,,. A combination of the T, and p,, parameters in the form of Fy,, (Equation 9) does have a single minimum
in the gravity residual plot. We select the following scenario for the further modeling with the dynamic signal in
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Figure 8. The elastic-rigidity-buoyancy factor from Equation 9 varied for the T, and p,, parameters in the flexure modeling.
Good fitting models are obtained for Fy,, between 3.1623 and 3.981 10?! m3 (black line), where best fits depend on the
spectral bandwidth of the gravity field. The best fit model when using the spectral bandwidth degree and order 8-30 is denoted
with a blue triangle (7, is 100 km and p,, is 3,750 kg/m?). When using shorter wavelengths of the gravity field due to the
misalignment from the large impact basins, the best fit model when using the spectral bandwidth degree and order 15-30 is
denoted with a red triangle (7, is 75 km and p,, is 3,350 kg/m?).
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Figure 9. Full parameter search for the mass anomaly in the mantle underneath Tharsis Rise and its effect on the gravitational
signal. The parameters are density anomaly of the disk with respect to the surrounding mantle, the radius of the disk, the
thickness of the disk and the depth of the center of the disk. These values are shown with respect to the total mass anomaly of
the mantle structure. The color scale and size of the marker show the Chi-square value in logarithmic scale of the degree
variance of the SH coefficients between 2 and 8°. The best fitting model is shown with the red triangle.

the mantle: 100 km for elastic thickness and 3,750 kg/m? for the mantle density which are comparable to previous
studies and have the preferred value for Fy,, in the comparison with the observed gravity field.

4.2. Full Models With Deep Mass Anomaly

We will now analyze the model results obtained with the full modeling approach, using the flexure modeling
together with the mantle convection code to compute the effect of the deep mantle anomaly. The parameters for
the lithosphere are assigned the values determined in the previous section. The four parameters that characterize
the deep mantle anomaly are: the density contrast with the surrounding mantle, the depth, the radius, and thickness
of the disk as shown in Figure 3. In comparison to the observed gravity field, we focus on the long-wavelength
part of the gravity field. We calculate the y-squared value of the degree variance of the SH coefficients between 2
and 8°. The Chi-square fitness value is defined as:

N 2
5 0; —m;
A =Z l ( ,O-i 1) _)(iestfit (22)
i=

The number of elements (N) depends on the spectral domain that is chosen, here N = 7 for d/o 2 to 8. The
observed values (o0;) minus the modeled values (m;) are divided by the formal uncertainties of the observed values
(o), retrieved from the gravity model. In Figure 9, models with equal significance (1o: y* = 4.6, p = 0.66) have
larger marker size. The color scale is capped for models further away to the best fit model than 30: y? = 13.3,
p =0.99. The Ay fitness value is shown with respect to the four mantle anomaly parameters are represented in
Figure 9.

The results show a complex fitting of the geometry and characteristics of the mantle density anomaly. However,
its mass anomaly seems to be constrained between —80 and —250 10'® kg. A less negative mass anomaly per-
forms worse, so this shows that a deep mass anomaly is present in the mantle of Mars, in order to explain the
gravity field. For the preferred mass values the structure is located at depths between 1,300 and 800 km, but with
best results obtained at 1,200 km. The radius of the disk is between 1,300 and 1,800 km. The density contrast and
thickness of the structure are less well constrained, but needs to be between —30 and —100 kg/m3. The thickness
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Figure 10. The resulting depth (with respect to 0 m topography) of the crust-mantle interface of the model. The clear
dichotomy boundary in the crustal structure is indicated by the solid line. The Southern hemisphere shows two regions with
thin crustal structure, produced by massive impacts: the Hellas and Argyre Basins. The dichotomy boundary at the Tharsis
Rise is an estimate, with all late volcanism north of the line and limited to old volcanism only below the line. Other dashed
lines could also be interpreted as dichotomy boundary.

of the disc is greater than 100 km, but realistic flatness estimates of the disc require the thickness of the structure to
be less than 400 km. Figure S2 in Supporting Information S1 shows flatness estimates (R/7) values to be between
0.05 and 0.3.

The best fitting mass anomaly, meaning with the lowest chi-square value, is at a depth of 1,200 km, the radius of
the disk is 1,500 km with a thickness of 400 km and the density anomaly with respect to the surrounding mantle is
—60 kg/m?. These values fall within the lower values of the Chi-square values presented in Figure 9. In Figure 4
the maximum positive dynamic topography is around 1.5 km and the negative topography, the ring around
Tharsis, is about —0.5 km, with respect to the non-dynamic topography. The peak of Tharsis Rise, excluding the
volcanoes, is around 7 km high, so around 20% of the topography is due to dynamic topography. This is similar to
Zhong and Roberts (2003). The gravity residual with respect to our model (presented in Figure S1 in Supporting
Information S1) has in total around 900 mGal variations (+639.0 mGal and —249.7 mGal), but the global signal
around Tharsis Rise is no longer present in the residual signal (see Figure 12). Small-scale signals are visible that
are related to regional density differences in the crust.

Figure 10 presents the resulting geometry of the crust-mantle interface of our lithosphere/mantle dynamic model.
The crustal boundary shows a clear dichotomy with the Tharsis volcanoes on the dichotomy boundary. Compared
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Figure 11. Crustal density variations with respect to the mean crustal density of 3,050 kg/m® from the flexure modeling. The
dichotomy boundaries are plotted in black solid/dashed lines. The volcanoes are shown in red circles. Major impact craters of
diameter larger than 300 km are shown in black circles. In the northern polar regions positive gravity anomalies are shown
with black lines.
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Figure 12. Gravity residual of our selected model. The size of the mantle plume with respect to the surface is shown in dotted
green lines. Other anomalous mass regions are: Tempe Terra (dashed green), Elysium High Mass Lens (dashed red), High
Mass Midlands (dashed blue), South Polar Area (dashed black), North Polar High Mass anomalies (solid black). Shield
volcanoes are depicted by red circles. Large impact craters (>240 km) and basins are shown with black circles. The residual
color map is saturated to 300 mGal to enhance the small gravity features. Positive gravity anomalies go up to 666.7 mGal at
Isidis Basin.

to other crustal models (Goossens et al., 2017; Neumann et al., 2004; Wieczorek & Zuber, 2004; Zuber
et al., 2000), the crust-mantle interface underneath the northern part of the Tharsis Rise (—50 km) is similar. The
southern hemisphere (—75 km) appears to be slightly deeper than the estimates from (Neumann et al., 2004; Zuber
et al., 2000). With the newer crustal model from Wieczorek et al. (2022), we see that our crustal boundary re-
sembles Wieczorek et al. (2022) large scale crustal thickness. They also predict a shallower crustal thickness in
Arabia Terra, than the rest of the southern hemisphere. And similar variations crustal thickness patterns are seen in
the Tharsis region. The thickest crust for both models are located underneath Arsia Mons.

The crustal thickness models of Wieczorek et al. (2022) predict the thinnest crust to be located in the Isidis Basin.
The crust-mantle interface depth in Figure 11 shows that Hellas basin is the most shallow region. This, plus the
fact that the lowest topography is at Hellas basin, results in the fact that our models tend to have the thinnest crust
in Hellas Basin. Isidis Basin is much smaller and would therefore experience the rigidity of the thin shell much
more, and would have a smaller crust-mantle anomaly, experiencing relatively thicker crust. The crustal thickness
only depends on the topography of Mars in our approach. Wieczorek et al. (2022) compute their crust-mantle
interface to solely be consistent with the observed gravitational field of the planet after correcting for the
topographic, polar cap, and manual added lateral density variations. This explains why they estimate that Isidis
Basin has the smallest crustal thickness. In our second step, we compute crustal structure with the residual gravity
signal (everything our thin shell model cannot explain, gravitationally speaking) and we see the largest gravity
residual at Isidis Basin. We interpret that as 75% intrusive mantle material. But Wieczorek et al. (2022) interpret
that as crust-mantle interface changes, resulting in the thinnest crust at Isidis Basin. In all likelihood, a combi-
nation of both interpretations is very probably, and more regional studies of the crustal structure of Isidis Basin are
needed to confirm this.

Underneath the huge volcanoes, the crust locally has large thickness values, but these are more spread out
compared to previous models. The upward flow of the mantle plume is an extra force holding up the Tharsis Rise,
negating the need for extra buoyancy and therefore sharp crustal thickness fluctuations. Hellas basin is the region
with the shallowest crust-mantle interface (—30 km). Compensation of the deep basin is needed to explain the
observed gravity signal, but from Figure 12 the crust-mantle interface should be even more shallow. The average
crustal thickness estimate could be reduced as it is now larger than the InSight seismological data predicts
(Knapmeyer-Endrun et al., 2021). However, reducing it to the thin values from Knapmeyer-Endrun et al. (2021)
would create a negative crustal thickness in the Hellas Basin region and increase the mismatch of the data between
the models and the gravity field observations. In conclusion, there still remains a mismatch between the
seismological-derived and our gravity-based average crustal thickness estimates.
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The crustal dichotomy, the difference in thickness between the northern and southern hemisphere, boundary of
Neumann et al. (2004) is placed north of the Tharsis Rise, following the topographical zero height line. Zuber
et al. (2000) introduced a boundary located further south, especially in the western part of the Tharsis Rise. Our
model, shown in Figure 10, favors a crustal thickness that is much thinner underneath the northern part of the
Tharsis Rise, as this can be explained by the dynamic topography of the deep mantle anomaly. The disconnection
with the Tharsis Rise topography indicates that the dichotomy was present before the dome and is independent to
the volcanic region. It is more in line with the dichotomy boundary by J. C. Andrews-Hanna et al. (2008), where
the dichotomy boundary also crosses the Tharsis Region. An explanation could be that the older Martian di-
chotomy settled into isostatic equilibrium when the crust/lithosphere was still young and less rigid, supporting the
top loads purely by buoyancy forces. When the lithosphere became older, it cooled down, and therefore increased
both in thickness and rigidity, but freezing the local compensation of the dichotomy. This particular process can
also explain the local compensation (McGovern et al., 2002; McGovern, Solomon, & Smith, 2004) of Hellas
Basin, Argyre Basin, and probably the buried impact crater underneath Utopia Basin (Searls et al., 2006).
Moreover, it seems to also explain the complex faults and graben systems covering the Tharsis Region and its
surrounding (Banerdt et al., 1982). The cooling down and increasing rigidity of the lithosphere has resulted in the
complex crustal structure that is seen today.

4.3. Crustal Density Inversion Using Residuals From the Our Global Model

Our model produces a gravity residual that shows no geologically correlated long-wavelength signal around the
Tharsis Rise anymore. The residual map in Figure 12 shows gravity residuals that cannot be interpreted by a
flexural lithosphere model and large deep mantle anomalies. These could be seen as sub-lithospheric mass
anomalies, but due to the short-wavelength appearance it seems they are more related to crustal structures. For
example, heavy basaltic crustal deposits in the Tharsis Region due to apparent volcanism compared to aeolian
sandy deposits could result in several 100s kg/m? differences between the two regions.

Figure 12 shows the residuals of our best fitting model. There are several distinct regions and objects identified in
this map. The Southern Hemisphere seems to contain overall higher mass anomalies than in the Northern
Hemisphere, but the Northern Polar plains contain several local High Mass anomalies (NPHM). Several large
impact basins are characterized with positive gravity anomalies: Hellas, Utopia, Isidis, and Argyre Basin. With
the strongest residuals found at Isidis Basin. Most of the larger impact craters (>300 km diameter, depicted by
black circles) seem to show a local increase in mass signature. Other localized high mass features are seen at
locations of major shield volcanoes, depicted in red circles. Only Alba Mons and Peneus Patera seem to have
limited positive mass signature. A lot of varying mass structures can be seen in the Tharsis region, showing young
and maybe active geological restructuring of the crust. Most prominent are Olympus Mons, The Tharsis Vol-
canoes, and Tempe Terra, which are seen as high mass regions. Lower mass regions are Alba Mons and Acheron
Fossae, and the southern region of the Tharsis Rise. Two other high mass features stand out, namely the Elysium
High Mass Lens (EHML) and the High Mass Midlands (HMM) centered between Tharsis, Argyre Basin, Terra
Sabaea, and Acidalia Planitia.

Figure 11 shows the crustal variations from the residual inversion from our flexure model. The density variations
are plotted with respect to the mean density of 3,050 kg/m>. Most of the density estimates fall within 200 kg/m3
variations, except for the large impact basins, which can go up to 300 kg/m>. Furthermore, the northern plains
overall seem to contain lighter crustal rocks, except for small regional areas with high density because of the
positive residual gravity anomalies in those regions. The Tharsis Region contains slightly heavier crustal rocks,
reflecting the basaltic outflows of the several volcanoes in the region.

5. Discussion

The InSight mission has provided the scientific community with a better constrained view of the interior of Mars,
which proved essential to carry out a reanalysis of combined flexural and deep mantle dynamic study. Especially
the reduction in crustal thickness values has helped a lot, as it allowed us to get the crustal thickness parameter out
of the procedure. Our flexure experiment shows, as many other studies (McGovern, Solomon, et al., 2004;
McKenzie et al., 2002; Belleguic et al., 2005; Beuthe et al., 2012; Broquet & Wieczorek, 2019), that the observed
Martian gravity field cannot be represented by a flexure lithosphere model alone. We were able to better capture
the long-wavelength spectral content by combining flexural models and dynamic mantle estimates. Thin shell

ROOT ET AL.

20 of 31

85US017 SUOWILLIOD SAIERID 3|qed! [dde du1 Ag pauBAOD e S9RILe YO (38N JO SBINJ 0} Akeuq 1 3UI|UO AB|IA UO (SUOIPUOD-PLE-SLLLIBILIOD"AB | 1M ALe1q 1 BU1UO//SdNY) SUOIPLOD PUe SULB | 8U3 39S *[9202/20/6T] uo ARiqiautiuo Ao|im ‘ea N1 Ad 59/800301202/620T 0T/10p/wodA5| 1M Aseiq it |uo sgndnBe/sdny wo.y papeo|umod ‘Z ‘920 ‘00T669TC



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2024JE008765

flexural models show significant improvement in the long-wavelengths of the gravity field, but fail to fully
describe the pattern of the long-wavelength region between degree 2 and 8. The crustal thickness has always been
a limiting parameter in the flexural studies, making the models ambiguous in selecting the average crustal
thickness parameters. Our modeling took the range from Knapmeyer-Endrun et al. (2021) of 24-72 km as input
but found that values below 45 km were not realistic, creating a negative crust in the Hellas Basin but reasonable
values for the other parameters. Therefore, we worked with a value of 55 km, which is in between the seismic
crustal thickness. Sensitivity analysis showed that an uncertainty of £10 km did not significantly affect our
conclusions. All of our models align with the crustal thickness estimate at the InSight location within the lower
bound of 31 km and an upper bound of 47 km (Knapmeyer-Endrun et al., 2021). The value of the crustal thickness
at the InSight location is 46.2 km for our model. This value is slightly higher compared to the estimate of
39 + 8 km of Knapmeyer-Endrun et al. (2021), but falls within the estimates of crustal thickness of Kim
et al. (2023).

5.1. Flexure Model of Mars

The spectral sensitivity helps in decoupling the flexural parameters. McKenzie et al. (2002) showed that the short
wavelengths are suitable for determining the average crustal density, as we also found in our sensitivity study.
Moreover, their crustal density of 2990 kg/m? is close to our estimate, supporting the idea that the average crustal
density of Mars is higher than that on Earth. The crustal density in Goossens et al. (2017) is much lower but is
based on gravity data starting from d/o 50 and higher. We show that only below degree 30 the sensitivity of the
crustal density to the gravity data overlaps with the mantle density, crustal thickness, and elastic thickness. This
means that d/o 30-50 can also be used to determine the crustal density. This changes the sensitivity of the gravity
data used in Goossens et al. (2017) and can explain the higher estimate of the crustal density. When we look at
studies that use a broad spectral domain we see the crustal density estimate is more related to our estimate
(Wieczorek et al., 2022).

Other studies also use the mid wavelengths to estimate the Moho density contrast (or mantle density, when crustal
density is already set) and the elastic thickness. McKenzie et al. (2002) modeled line-of-sight MGS data above the
Tharsis bulge, estimating the elastic thickness to be 70 km for Tharsis, with a crustal density contrast of around
500 kg/m® for a top loading model. Other regional studies tend to keep the elastic thickness values roughly
between 50 and 110 km with some exceptions. From admittance observations McGovern et al. (2002) found that
most Martian volcanoes have 7, = 20 — 160 km (Olympus Mons larger than 140 km), several of the Chasma are
above 120 km, but Hellas basin is mostly below 25 km (except southern rim 60-200 km), reflecting more local
isostatic equilibrium in the lithosphere structure. Lowry and Zhong (2003) show a 7, of less than 200 km for
Tharsis using bottom loading up to 420 km depth. However their crustal density estimate is quite low compared to
our value, but they use a substantially larger crustal thickness that could explain this. Our flexure model show
similar estimates, and can explain the ambiguity in the results, because the flexural-rigidity-buoyancy (Fy,,) value
is dependent on both T, and p,,. The average mantle density of 3,750 kg/m? is on the high side, compared to upper
mantle density estimates from Smrekar et al. (2019). The F,, value shows that the topography and gravity have
less sensitivity for the exact value of the mantle density, but that the combination of the parameters can be
estimated. The high value could also be explained by the fact that the spherical harmonic degrees 8-30 of the
gravity field, which are used to fit the mantle density, are sensitive to the lower mantle density and the deflections
made by the pressure of the lithosphere.

More localized studies, like Belleguic et al. (2005), find that the densities of the Tharsis volcanoes seem to be
about 3,200 = 100 kg/m?>. This is in line with our findings, where we see that with an average crustal density of
3,050 kg/m?® but most of the volcanoes need a slightly higher crustal density (100-200 kg/m?) after the gravity
residual inversion. The elastic thickness estimates of Belleguic et al. (2005) are 56 + 20 km (Elysium Rise),
93 + 40 km (Olympus Mons), 66 + 20 (Alba Paterra), and 105 £ 40 km (Ascracus Mons) for the Tharsis vol-
canoes. These values are slightly higher than the estimates of McGovern, Solomon, et al. (2004). A similar elastic
thickness range was found by Beuthe et al. (2012) with values for Martian volcanoes above 80110 km, except for
Ascraeus Mons with 7, = 20 — 60 km. Grott and Wieczorek (2012) estimated the T, of Tyrrhena Patera to be
lower than 30 km using the admittance of degree 47-57. This low value could be attributed to the small spectral
domain that was used and more sensitive to the local flexure structure. Figure 12 shows a substantial residual
signal at this location, so volcanoes might have a lower local value for 7,. Independent modeling using tectonic
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evidence of loading in the Tharsis region finds that the elastic thickness of the Tharsis Region is approximately
100 km to explain all the faulting (J. C. Andrews-Hanna et al., 2008). An extensive study re-evaluated the regional
T, values for different volcanoes and estimated 7, ranges of 0—100 km with uncertainties ranging from 200 km
with and without bottom loading (Broquet & Wieczorek, 2019). Although most of these studies use regional
analysis, our estimate 7, remains within their uncertainty limits, reflecting the fact that the average elastic
thickness of Mars is between 75 and 100 km, depending on the actual mantle density. Our result for the rigidity of
the lithosphere does conflict with local values for large impact basins. Hellas basin and Utopia basins seem to be
best described with a low T, value or even local isostasy in our modeling and previously found (McGovern
etal., 2002). However, recent admittance studies (Deng et al., 2023) found larger and comparable 7', values to our
global model. Nevertheless, it shows that the flexure model might not accurately capture all the physics involved
of large impact basins on Mars or that a regional lower T, estimate must be used, because of the reduced rigidity of
the subsurface due to the impact.

5.2. Mantle Mass Anomaly

Hot mantle plumes could be the explanation for volcanic activity and local thinning of the lithosphere (Redmond
& King, 2004). To explain late-to present-day melt Mars needs a substantial hot mantle and high activation energy
of the mantle rock (Murphy & King, 2024). If confirmed, this would result in partial melting pockets in the mantle
penetrating through the crust, which was seen to be difficult to reconcile with large elastic thickness estimates that
suggest Mars is a cooled and sub-chondritic planet (Grott & Breuer, 2010). Our results show that it is plausible
that a dynamic signature is needed to explain the topographic and gravity signature of the Tharsis Region.

If a thick elastic lithosphere of more than 150 km is considered, as proposed by flexure studies (McGovern
et al., 2002; Zuber et al., 2000), a plume structure only had to account for a small part of the observed geoid
(Phillips et al., 2001). Zhong and hong (2002) argued that the dynamical effects of mantle flow was over-
predicted by earlier modeling, because of the omission of an elastic lithosphere constraining the mantle shell.
Later modeling finds slightly stronger contributions of the mantle plume to the geoid (15%) and topography (25%)
when a smaller elastic thickness is used (Zhong & Roberts, 2003). All these studies place the plume in the most
shallow part of the upper mantle. Moreover, a thick lithosphere and crust might not be able to produce the magma
volume required from the recent geological past observed on the surface of Mars (Kiefer, 2003). More realistic
heating from the core can produce enough buoyant material to generate a plume that would cause enough melt
beneath the surface that explains recent and historical lava flows (Li & Kiefer, 2007). By combining the
dynamical plume model with a volcanic-constructed lithosphere, Redmond and King (2004) showed that both can
and need to be taken into account to correctly reproduce the gravity, topography, and a source for melt to explain
the recent lava flows.

Our study suggests that there is a light mass structure in the mantle underneath the Tharsis Rise, responsible for a
significant part (ranging between 15 — 20 percent) of the topographic uplift and gravity signal observed. We
subtract dynamical topography from the observed topography first, before it is used in the flexure model. If the
uncorrected topography is used for the flexure modeling only, any dynamic topography would leak into the
modeled crustal structure. Linking residual topography then to dynamic models would underestimated the effect
of mantle flow. The high topography at the Tharsis Region would otherwise always result in a thick lithosphere
explaining the large gravity field, and there would not be any need to have dynamic topography. However, using
also the information of the negative ring around Tharsis (fitting the complete spectrum) shows the need for a deep
mantle anomaly. The resulting anomaly typically has a flatness ratio of 0.2 in our modeling, which could also be
interpreted for the mantle plume heads (Ratcliff et al., 1998). This could suggests that a plume head is currently
flowing upward toward the lithosphere to generate active volcanism in the geological future. Steinberger
et al. (2010) suggested that there is a CMB structure, similar to the Large Low Seismic Velocity structures
observed on Earth (Torsvik et al., 2008). Our flexure-only model structures cannot correctly produce the observed
gravitational and topographic long-wavelength signature. A dynamic plume head seems therefore more plausible.

Other interpretations of the deep mantle mass anomaly could be the lithosphere as bottom loading, but Figure 9
shows a reduction in gravity fit for shallow anomalies. This is mostly due to the negative gravity ring around the
Tharsis. For lithospheric or shallow sub-lithospheric mass anomalies it is more difficult to reproduce this feature.
Recently, Huang et al. (2022) showed a seismic discontinuity at 1,006 £ 40 km by modeling the triplicated
waveforms. The transition of olivine to wadsleyite not only induces a discontinuity in seismic velocities, but also
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generates a density contrast. With a slightly higher adiabatic thermal profile underneath Tharsis this density
contrast would happen at a lower depth generating a region with a thin negative density anomaly with respect to
the average thermal state of Mars. This increase in thermal profile could be a hint to an ongoing plume or large
local upwelling, also explaining the dynamic topography partly supporting the Tharsis Region.

Stable plumes are difficult to form in the current known mantle conditions, but seem possible to still exist (Plesa
et al., 2018). For example, a lower magnesium number of the primitive mantle rock forming Mars causes the
solidus to be 30-40° lower, enhancing the plume generation by 2-3 times (Kiefer et al., 2015). In addition, the
abundance of water decreases the solidus, stimulating more plume activity in the Martian mantle (Kiefer &
Li, 2016). These plumes will be responsible for large heat-flux values at the surface, but are difficult to observe
since the crustal signature continues to dominate (Plesa et al., 2016). Unfortunately, the heat flow experiment
onboard InSight did not go nominally, denying the validation of heat-flux model estimates reconciling plumes in
the Martian mantle. Future missions should plan for more of these experiments also in the Tharsis Region. The
current possibility of a mantle plume underneath the Elysium region, adjacent to the Utopia Planitia (Broquet &
Andrews-Hanna, 2023) could suggest a more pronounced mantle plume activity in the current state of Mars. Our
results show some residual signal south of the Elysium region but due to its smaller scale feature and proximity to
the dichotomy boundary it is difficult to interpret.

The rather high density difference of the plume disk (—60 kg/m?) could result in too high upward velocities
(Steinberger & Antretter, 2006). However, the density of the disk is coupled with the size of the disk, so slightly
increasing the disk size can reduce the density to lower values. The upward velocities for this mantle plume would
be about tens to several cm/y, depending on the viscosity structure of the mantle. The consequence of allowing
such a velocity is that the plume could travel the whole mantle from CMB to lithosphere in approximate 10—100
million years. A preference for an active plume head that flows upward can also be linked to the periodicity of
volcanism observed in the geological record on Mars (Carr & Head, 2010). The first-order calculated rise time has
a similar order size as the determined periodicity of volcanism on Mars. Recent volcanism, which can be linked to
shergottites (Neukum et al., 2004), needs substantial melt that could suggest an active plume beneath the Tharsis
Rise in the recent past. Localized high radiogenic heating (Schumacher & Breuer, 2006) could also explain the
recent magmatism. If a plume is currently located at about the depth of the mid mantle, it is expected to have a new
volcanism in the near geologic future. Therefore, new measurements are needed to determine whether the recent
magmatism has a deep dynamic origin or whether it is related to shallower processes. A dynamic origin would
imply more seismicity in the region, a change in long wavelength gravity field, and variations in the rotation rate
of the planet. Recent observation of the Mars rotation rate (Le Maistre et al., 2023) could explain our estimates of
a negative mass anomaly (=50 to —250 10'8 kg) rising upward. The change of internal density would affect the
moment of inertia of the planet and that would affect the rotation of the planet. The rotation has been increasing
since the Viking observations such that the Martian day length decreased by 7.6 x 10~* ms/yr, which can be
linked to an upward rising negative mass anomaly in the mantle. We show in the Supporting Information S1 that
this rotation rate acceleration in first order could be explained by our estimated mass anomaly. More precise
analysis is needed to take into account the huge uncertainty in flow velocity in the mantle of Mars.

A major uncertainty in dynamic mantle flow studies is the viscosity structure of the mantle (Plesa et al., 2018;
Samuel et al., 2021; Steinberger et al., 2010). In this study, we have used a 4 layer constant viscosity structure to
reduce the unknown variables in the modeling, but the viscosity structure of Mars needs to be better constrained as
it can drastically change the outcome of the geodynamic modeling. Preliminary studies (Thieulot et al., 2023)
show that the variation of current viscosity models estimated from seismic data can almost remove or substan-
tially increase the effect of dynamic topography generated by a plume body. From InSight data, a basal melt layer
on top of the core was hypothesized (Khan et al., 2023; Samuel et al., 2021), which could have extra implications
of the mantle flow and source of plume formation regions. In our modeling, we have chosen to neglect this
hypothesis, but did introduced a free-slip boundary condition at the bottom of the mantle. This basal layer would
have a reduced gravity effect, because the density contrast would be much smaller. The gravity effects due to the
CMB deflections in our models are already small, so we expect that the basal layer will not have a drastic impact
on our conclusions. We do suggest more modeling is needed to confirm this and more viscosity structures need to
be explored. In order to truly find out whether there is an active plume underneath the Tharsis region, a dedicated
satellite mission need to be sent to Mars to capture the gravity change. If a plume is moving, the time evolution of
this mass anomaly due to its shear size could be captured by a sensitive gravity mission. The gravitational signal

ROOT ET AL.

23 of 31

25UB01 SUOLUWIOD SAIERIO 3 |cedldde ) Ag PaUBACD 312 A1 YO 8N J0'S3INI 0} AXRIGIT BUNIUO /B]IA UO (SUO1IPLIOD-PUE-SULBYLIOD' A3 | 1M Ae.q1 U IUO//STNY) SUONIPUOD PUE S | 84} 39S *[9202/20/6T] Uo A%eiqiauliuo Ao|im ‘BPd N1 AQ §9/800301202/620T OT/10p/W0d" A | AReq1jpujuo'sandnBe//sdiy wou pepeo|umod Z ‘9202 ‘00166912



/. Yeld )
M\ Journal of Geophysical Research: Planets 10.1029/2024JE008765

(a) Hellas Basin

-15 —— , = ine A-
= B L T 60 ! - _(@lineA-B
300 5
20 . r < 8 4ot g
K H = g 20¢ ]
-25 H i 200 @ =. OF =
e P £E £ 20 | . : I I
30 F o 1 . 3 x 60 55 50 45 -40 35 30 25 20
o F 100 3 p
Tt 2 2
g 8
S0 oz 0
= = =
£
§as ) & 5 em N ———— ~
3 [0}
-50 2 kel e === —— \
) 2-40 e s
. E -
_55 200 £ g L~ S —
= |l =
60 -60
-300
o5 . ! . y ’ 80 | | | | | J
40 50 60 70 ) 80 9 100 110 60 55 50 -45 40 35 30 25 20

(d) Ii;\e C-D

'm
v

ISy

S

RS
8 ¥
8 8
percent)
NS

57288
3

5US01"] SUOWILLIOD BAIERID) 3Gt dde L) Aq pauBAOB ale a1 YO ‘98N JO' SN 10} A1 8UIUO AB]1AA UO (SUOTIPUD-DUE-SLLLBIWI0D"AB | IW ARG [BU1|UO//SdIY) SUONIPUOD U L | au) 885 *[9202/20/6T ] Uo ARiqiauliuo A81im ‘WA N1 Ad §9/80030vZ02/620T 0T/I0pLI0Y A3 |1 Aseiq 1putjuo'sqndnBey/sdiy WoJy papeojumod ‘Z ‘920z ‘00T669TZ

En
€
£
g x
E w0 0 50 60 70 80 90 100
c- £ 0 ‘
Y 100 S
3 s
27 > — 20 T
£ % 3 E / T~
& < =3 -———————— ——
o & ° -40 P ~ =S 1
h ksl 2 2 Ss<
50 & s 60 ——Topography
S < Thin Shell crustal bound
100 -80 Airy crustal bound
—— Volume mantle rock
| e 150 100 . . T T . .
40 50 60 70 80 90 100 110 40 50 60 70 80 920 100

Longitude (°)

Figure 13. (a) Residual gravity anomalies for the Hellas Basin region. (b) The inverted crustal densities from the residual
gravity anomalies. (c) Cross section A—B showing the volume percentage of mantle rock in the crust (blue). The topography
(solid black), the geometry of the crust mantle interface from the thin shell model (dashed black) and the Airy model (dashed
red). Horizontal axis represents the latitude of the cross section (d) similar to c, but for cross section C—D. Horizontal axis
depicts the longitude of the cross section.

could already be present in several decades of satellite tracking data of missions such as MRO, MGS, and Mars
Odyssey. A new mission proposal has been proposed (Worner et al., 2023) in which a Satellite to Satellite
Tracking type of mission is proposed using Quantum sensors for the laser link between the two spacecraft.
This would result in very precise gravity data over several years and would be able to detect the changing
mantle plume. Verification of an active mantle plume in Mars would have a huge impact on understanding the
evolution of terrestrial planets. Moreover, it would results in better gravity and geodetic constraints for the
polar caps mass changes (Wagner et al., 2024) and its Glacial Isostatic Adjustment effects to better constrain
the interior viscosity structure of Mars (Broquet, Plesa, et al., 2025).

5.3. Residual Interpretation for 3D Crustal Structure

The residual anomalies presented in Figure 12 are mainly correlated with known topographic and geologic re-
gions. Most prominent in the gravity residual are the large impact basins, Hellas and Utopia, with their high
crustal density patterns. The modeling misfit of the gravitational effect of Hellas and Utopia basin by the thin shell
model seems to affect the degree 4-10 spherical harmonic coefficients. Earlier study showed that these impact
basins (McGovern et al., 2002; McGovern, Solomon, & Smith, 2004) are best modeled by a very low 7, or even
with local isostasy (7, = 0). Figures 13a and 13b show the gravity residual with the thin shell model. A sig-
nificant gravity residual is seen in the middle of the basin. This corresponds to a positive crustal density that was
computed by inverting this residual. The densities are 200-300 kg/m?> higher crustal rocks than the surrounding
regions. There is a sharp and clear boundary between the average- and high-density crust.

Figures 13c and 13d show a South-North and a West—East cross section of the Hellas basin. The geometry of the
crustal bounds from the flexure model are compared to a fitting local isostasy model (Airy). Also, we plot the
volumetric percentage of mantle rock in the crust that needs to be present to explain our inverted densities. The
following formula computes this volumetric percentage (X,,) related to the mantle and crustal average densities
and the density anomalies (seen in Figure 13b).

A
X, = —"— (23)
pm_pc
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There is a clear correlation between the deviation of our model, the local isostatic model, and the volumetric
mantle rock concentration. The average mantle rock percentage is 35 = 5 percent. We performed similar com-
putations for Utopia and Argyle basins (Figures S10 and S11 in Supporting Information S1) and found the same
average mantle rock percentage in our crustal model. This could confirm the fact that Hellas, Utopia, and Argyle
basin are locally compensated and are related to similar formation processes and conditions (age). Utopia basin is
also thought to be linked to a major meteorite impact, then later buried by what seems more volcanic material and
covered with a sedimentary layer from the northern ocean (Searls et al., 2006). Similar effects, however less
pronounced, are assumed in the crustal structure of the Argyre basin, where crustal densities are estimated to be
200 kg/m? above average. Here, the basin is overprinted with a (aeolian) sedimentary layer, making the crustal
anomaly interpretation more difficult. Therefore, higher-resolution gravity residuals could help to explore the
geometry of the mantle rock in the crust.

Isidis basin has a more extreme value of 50 + 25% of mantle rock in the crust (Figure S9 in Supporting Infor-
mation S1). This high value, needed to describe the positive gravity anomaly in the area, suggests a larger igneous
component than the other three basins. The residual gravity map in Figure 12 shows that Isidis basin has the
largest gravity residual for the whole planet. As with Hellas and Utopia basin, some isostatic or even uncom-
pensated crustal structure might be present in the current Martian crust. However, it seems that more extreme
dynamics have played a role in the formation of Isidis, maybe even a secondary mantle upwelling. This is re-
flected in the crustal density map (Figure 11) by high density values up to more than 300-400 kg/m? with respect
to the average crustal density. This high density signal could be interpreted as recent large magmatic chambers, or
a volcanically infilled basin (Wagner & James, 2025). More regional modeling of these areas will provide insight
into different crust-mantle interfaces or hidden magmatic regions underneath the basins. Ghent et al. (2012) and
Ivanov et al. (2012) predicted magma flow fields and identified the eruption points. This correlates with the
location of the largest residual gravity signal in that area, corroborating the magma chamber hypothesis.

The two large high mass regions, EHML and the HMM, are not visibly present in the density map. This indicates
that those high-mass regions are due to the thinning of the crust. Despite the fact that they are separated by the
young terrain of Tharsis region, it could be envisioned that these two blocks were linked in earlier geologic time
and were created in a similar event. The Elysium volcanic fields might be much younger and have not yet a
sufficiently strong mass signature to make the two geologic blocks seem different from the standpoint of grav-
itation modeling. South of the EHML we see a negative density region. This area resembles the high concen-
trations of thorium found in Bouley et al. (2020). It does not cover the entire Cimmeria-Sirenum crustal block, but
only the regions with high potassium and thorium concentrations of that block. The negative density could be due
to the higher thermal flux in the crust, making the rock material slightly less heavy. This could explain the lighter
crustal density in the southern highlands.

As was already observed in the gravity residual plot (Figure 12), almost all major shield volcanoes are related to a
high mass anomaly centered at the crater mount. This high mass is also transformed into a high density estimate of
100 kg/m® higher than surrounding terrain in most cases or even 200 kg/m? in the case of Olympus Mons. This
high density could be related to intrusive magma into the crust which results in overall higher crustal density at
those locations. The Northwest flanks of Olympus Mons show further increased density of the crustal material.
This is related to the large collapse and flow fields of the west flank, which compact and deposit heavy basaltic
material (McGovern, Smith, et al., 2004). Two volcanoes show a reduced version of this typical high-density
signal: Alba Mons and Peneus Patera. Alba Mons is situated in a less dense region, which makes the high-
mass intrusive magma less visible as is seen in Figure 12. Moreover, Alba Mons is quite shallow but has a
large diameter. This could also explain why the intrusive magma is less visible in the data as a substantial high
density value. The amount of intrusive magma is more spread out over a larger area, therefore reducing the bulk
crustal density compared to volcanoes with a much smaller diameter. More regional and precise data is needed to
map the intrusive magma for Alba Mons. Peneus Patera is located on the rim of the Hellas Basin. This major event
has compacted the surrounding crustal structure so much that the high density of the intrusive magma does not
have a high contrast with the surrounding crustal structure to be visible. Only one shield volcano has a different
gravitational signature and that is one of the Elysium volcanoes, Hecates Tholus. We see in this case a negative
gravity anomaly surrounded with positive crustal gravity signature. It is unclear why this reversed feature is seen,
which could be related to its small size or a collapsed magma chamber, resulting in a void space in the volcano.
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Comparing the densities of these volcanoes with the estimates of Broquet and
Wieczorek (2019), we see that they are similar to the density values of the
L = 0 models, or non-bottom loading models. Our local density estimates
seem to fall within, or overlap with their uncertainty estimates with the
exception of for Elysium Mons, where we estimate a density of 3,050 kg/m?,
but Broquet and Wieczorek (2019) arrive at larger densities (3,320 + 20 kg/
m?) for their non-loaded models, and even higher for the loaded models.
Other strongly correlated positive gravity signatures are large impact basins
(>300 km diameter). Of the 21 large impact craters, 75% of them show a
positive gravity residual of 50-250 mGal. This surplus mass could be related
to impact-induced excavation of the crust and mantle uplift. It could also be
explained by compaction of the crustal rock by the impact or some sort of
limited magma intrusion caused by the event. This could be seen as a similar
process, but on a smaller scale, as with large impact basins, like the Hellas and
Isidis Basin, and mascons on the Moon (Zhao et al., 2021). More regional
research is needed to understand the relation of this high mass signal
compared to the size of the impact crater. A very recent study suggests a re-
analysis of the volcanic intrusive to extrusive magma deposition determined
by gravity and topography studies (Wagner & James, 2025). Our iterative

approach (Figure S5 in Supporting Information S1) described in the Sup-

-5500 -5000 -4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0 porting Information S1 shows limited effect to the crustal density (<2 kg/m?),

Figure 14. Northern Polar plains showing the North Polar High Mass
(NPHM) structures on the topographic map of the region. The NPHM (solid
gray line) are all located in the Borealis Basin and they seem to be mostly

Topography (km)

which could be interpreted as intrusive magmatism.

The polar regions show no correlation between the gravity residual and the
geometry of the polar ice caps. The models by Khuller and Plaut (2021b) and

concentrated in the Borealis back-arc Basin and The Acidalia Basin. The Nerozzi et al. (2022) seem to capture the gravitational attraction of the ice

gray dashed line on the left is depicting the high mass Tempe Terra Region. caps well enough. In the northern planes, some interesting positive gravity

anomalies arise (NPHM), not correlated to the ice cap, the largest of which is
located 60° east and 70° north of the boundary between Utopia and Acidalia Planitia and Planum Boreum. This
was also seen in the density perturbations predicted in the first 50 km by Arkani-Hamed and Riendler (2002).
However, more positive anomalies are scattered around (also in Arcadia Planitia) the northern region of Mars.
These anomalies do not have a strong topographical component and therefore cannot be explained by the flexure
model or isostatic uplift.

Figure 14 shows the contours of these anomalies with respect to the topography of the northern hemisphere. All
buried mass structures seem to be located in the Borealis basin (Buczkowski, 2007). Two concentrations are seen
in the Acidalia basin and the back arc Borealis basin. Most of the subsurface mass structures can be found there.
The thick sedimentary cover could explain why they do not have any topographic signature. The largest North
Polar High Mass (NPHM) anomaly is on the border of the Borealis basin and is partly overlaying Terra Arabia.
This area is the boundary between the Utopia and Borealis basins. Smaller mass features are seen and could be
structurally altered crustal blocks due to the large impact that made Utopia. The large NPHM anomaly also seems
to be composed of several crustal structures, with the highest mass located in the Borealis basin. Tempe Terra
shows similar positive density/gravity signatures. Its proximity to some of the NPHM anomalies in the Acidalia
basin could suggest a similar nature, but further geological research is needed to confirm this. The round character
of some of the NPHM anomalies can indicate buried craters as well. Several smaller anomalies are seen in the
northern planes, but the resolution of the gravity data makes it difficult to identify them as such. The northern
hemisphere has many buried impact craters, named Quasi-Circular Depressions (QCDs), that are indications of an
Early Noachian age, maybe going back to the primordial crust, now overprinted by southern erosion deposits
(Buczkowski et al., 2005; Frey et al., 2002). This explains the partial overprinting by the Tharsis Rise of the
northern hemisphere. When the QCDs are interpreted as impact craters and taken into account in the determi-
nation of the age by crater counting, the northern basement underneath the sedimentary layers seem to be older
(Frey, 2006; Frey et al., 2002) than the southern highlands. This supports an evolutionary model that suggests the
southern highlands were created by a huge basaltic deposit (Roberts & Zhong, 2007), compared to the huge
impact theory (Ballantyne et al., 2023). It is therefore important to verify and analyze the nature of these QCDs
more, with techniques that could also study the subsurface structure of the identified regions of Frey et al. (2002).
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Most large surface impact craters show a high mass anomaly centered with the impact crater. A detailed study of
the gravity signature for these types of impact craters is needed while taking into account that these craters are
later covered by oceanic sediments, reflecting the geologic environment of the northern hemisphere of Mars.

Finally, other geological areas of Mars stand out. Archeon Fossea seems to be relatively lighter than the sur-
rounding crustal rocks. This old feature could be having large tectonic restructuring, due to the adjacent Olympus
Mons, fracturing the rock and introducing many crack and void that would lower the averaged density of that
structure. The surface of Archeon Fossae is highly fractured and shows many valleys. Furthermore, Valles
Marineris is modeled well as the low wavelength scale of that feature is captured by uncompensated model
response. It does not seem to be related to a major density contrast of the crustal structure. Moreover, the large but
relatively thin canyons have little to no effect on the crust-mantle interface in that region, suggesting a shallow
cause of the creation of this canyon. This corroborates the idea the Valles Marineris was created by substantial
igneous intrusions responsible for the removal of ice, carbonates or magma (J. C. Andrews-Hanna, 2012a; J. C.
Andrews-Hanna, 2012b, 2012¢) or a huge dike insertion creating the topography signature of the Valley (Ozeren
et al., 2014).

6. Conclusion

The InSight mission to Mars has provided the community with new observations that can be used to better un-
derstand the interior of Mars. This new information made it possible to better constrain the properties of the
lithosphere and mantle dynamics of the Martian interior. Our study shows that the presence of a substantial
negative mass anomaly deep in the mantle underneath the Tharsis region is a plausible explanation for the
observed long-wavelength gravity field and topography. The best fitting mass anomaly has the following di-
mensions: the radius is 1,500 km, the thickness is 400 km, the density anomaly of —60 kg/m?, and at a depth of
1,200 km. The geometry of the anomaly could be interpreted as a huge plume head that is traveling upwards,
dynamically supporting the region. The resulting Martian lithosphere was modeled by a thin shell model. The
Martian crust has a crustal thickness of 55 + 10 km and an average density of 3,050 kg/m>. The flexural rigidity
and buoyancy effects can be modeled by mantle density ranging between 3,300 and 4,050 kg/m?, and elastic
thicknesses between 70 and 120 km. The preferred flexural-rigidity-buoyancy factor is between 3.1623 and
3.3981 10%! m3.

The gravity residual between the observed and modeled gravity fields appears to be strongly correlated with
Martian crustal geology. We identify several distinct high- and low-mass regions associated with specific
geological provinces. Large impact basins appear to have higher densities than the average crustal rock, while the
large shield volcanoes are also characterized by high-mass anomalies. The large impact basins Hellas and Utopia
appear to be in isostatic equilibrium, suggesting an early formation. The Isidis basin shows strong gravitational
evidence for magma chambers within the crust. Buried mass anomalies are detected in the northern polar plains by
inspecting the residual gravity anomalies. The origin of these anomalies is unclear but seems to have two possible
geological explanations: (a) they could represent structures similar to those in the Tempe Terra region, based on
the similar gravity signatures and their proximity to Tempe Terra; or (b) they could correspond to large, ancient
impact craters, similar to previously identified QCDs in MOLA data, suggesting an older geological history for
the northern hemisphere of Mars than previously recognized.

Our lithosphere and mantle model of Mars introduces opportunities to study the planet's subsurface. Moreover, it
suggests that the time is ripe for a dedicated gravity mission to Mars to follow up on the success of GRACE- and
GRAIL-type missions and to further advance our understanding of the Martian interior.
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