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Abstract Multiple lines of evidence indicate that liquid water‐rock interactions occurred on ancient Mars,
particularly within the crust, where hydrothermal systems have been hypothesized. Such hydrothermal
circulation (HC) can significantly lower temperatures in the crust, thereby restricting the viscoelastic relaxation
of impact craters. Craters with minimal relaxation are characterized by their large depth‐to‐diameter ratio and
prominent Bouguer gravity anomalies. Additionally, HC can induce magnetic anomalies through chemical
remanent magnetization (CRM). Consequently, if HC was widespread on Mars, the gravitational signatures of
unrelaxed craters may correlate with their magnetic signatures. To investigate how HC influenced the magnetic
characteristics of the Martian crust, we focus on the region surrounding several unrelaxed craters in the southern
highlands, where hydrothermal activity was likely prevalent. We use a newly developed joint inversion
approach and model magnetization and density in such regions to investigate how hydrothermal systems affect
those parameters. The inversion approach makes use of a mutual information term in which models with a
parameter relationship are favored, that is, models in which magnetization and density distributions are
correlated. Despite showing large Bouguer gravity anomalies and forming over 3.75 billion years ago, when the
Martian dynamo was most likely active, investigated craters and surrounding regions exhibit minimal magnetic
anomalies. We propose that this lack of magnetic signatures is most likely due to demagnetization of the crust
through CRM, induced by HC long after the Martian dynamo ceased. Our findings suggest that deep, long‐lived
hydrothermal systems—likely fueled by heat‐producing elements—were present, potentially creating habitable
conditions on early Mars.

Plain Language Summary Ancient Mars has been shown to have hosted liquid water on the surface,
but also within the crust in the form of active hydrothermal systems. Accelerated crustal cooling due to
circulating crustal water after impacts can lead to pronounced gravity anomalies because the crust does not have
time to fully relax. Such gravity anomalies can thus serve as proxy to identify regions where hydrothermal
alteration was active at the time of the impact. Because water‐rock interactions also lead to magnetic signatures
by forming magnetite as an alteration product, one would expect such regions to exhibit magnetic field
signatures. Here, we focus on regions in which hydrothermal systems were likely active to investigate
magnetization and density variations. Using unrelaxed craters as proxy, we find that such regions are distributed
along the dichotomy and are collocated with morphological and mineralogical indicators for water activity. In
those regions, hydrothermal alteration was likely active for longer than the Martian dynamo and affected large
portions of the crust. Thus, our results indicate long‐lasting and deep hydrothermal alteration, suggesting
favorable conditions for habitable environments on early Mars, temporally and spatially.

1. Introduction
1.1. Water and Crustal Magnetization on Mars

Mars was once a much more habitable world. Morphological features, such as valley networks, show unequivocal
signs of water on the surface. These are remnants of fluvial and/or glacial activity (e.g., Grau Galofre et al., 2020;
Hynek et al., 2010) likely under fluctuating climatic conditions (Wordsworth et al., 2021). In addition, the
mineralogical record provides evidence for rock alteration in the presence of water (e.g., Carter et al., 2015;
Ehlmann et al., 2011). The exact timing of climate events is not well constrained; however, peak fluvial activity is
ascribed to the late Noachian and early Hesperian, 3.5 to 3.7 Ga (Ga = billion years ago) (Fassett & Head, 2008).
Additionally, we note that the planetary‐scale magnetic field directly influences the climatic state of a planet. This
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is because the presence of a magnetic dynamo is linked to atmospheric escape and thus how efficiently and on
which pathways atmosphere is lost to space (Chassefière et al., 2007; Ramstad & Barabash, 2021). A further
interesting aspect of interplay is the effect that liquid water ‐ rock reactions would have on the magnetic field
record.

Today, Mars has no active dynamo field, but strongly magnetized crustal rock indicates that it once operated,
likely since early Martian history, ∼4.5 Ga (e.g., Acuña et al., 1999; Lillis et al., 2013; Mitteholz & John-
son, 2022; Mittelholz et al., 2020). The latest evidence for a dynamo at 3.7 Ga is derived from the crustal magnetic
field record of Lucus Planum, a pyroclastic flow unit (Mitteholz & Johnson, 2022; Mittelholz et al., 2020; Ojha &
Mittelholz, 2023). The paleomagnetic record provided by the Martian meteorite ALH 84001 (Steele et al., 2023)
further puts constraints on an active dynamo at 4.1 and 3.9 Ga. Thus, a long‐lived dynamo from 4.5 Ga to at least
3.7 Ga is possible (Mittelholz et al., 2024; Steele et al., 2024), but interruptions in dynamo activity cannot be ruled
out. Either way, the timing of liquid water activity on the Martian surface coincides with an active dynamo.

As a result, the Martian crustal magnetic field record might be related to a process called chemical remanent
magnetization (CRM) (Chassefière et al., 2013; Quesnel et al., 2009; Scott & Fuller, 2004). CRM arises from
chemical processes such as magnetic mineral creation, modification of the oxidation state, phase changes, and the
growth of magnetic minerals within the crust at temperatures below the Curie point of the rock's magnetic carriers,
and in the presence of an external magnetic field. A notable geological process responsible for CRM on Earth is
serpentinization, a high‐temperature fluid‐rock reaction that typically occurs in ultramafic rocks of oceanic crust
(Toft et al., 1990), ophiolites (Bonnemains et al., 2016), and in ultramafic intrusions (He et al., 2016). The
serpentinization process leads to the oxidation of ferrous minerals (poor magnetic carriers) into Fe3+ rich ser-
pentines and magnetite (Andreani et al., 2013), which are considered the most significant cause of remanent
magnetization in crustal rocks on Earth (Dunlop & Özdemir, 2001) and possibly Mars (Dunlop & Arkani‐
Hamed, 2005). As a magnetic grain produced by serpentinization below its Curie point grows through a critical
volume, its magnetic moment becomes blocked, that is, it acquires a CRM.

Hence, the presence of liquid water on Mars during the Noachian might have played an important role in creating
the observed magnetization. In the presence of a magnetic field, CRM reactions would have led to magnetization
in the direction of the external (dynamo) field. Alteration or crystallization in the absence of a field would have in
turn demagnetized crust, that is, magnetic carriers would be magnetized with random directionalities (due to a
lacking directing dynamo field) resulting in net zero magnetization.

This leads to the question, which regions on Mars would have been affected by water‐rock interactions, and more
importantly, mechanisms leading to CRM? In general, a broad spatial correlation between valley networks and
the crustal magnetic field has been noted (Harrison & Grimm, 2002). However, given the general increased
geological activity in the Noachian and early Hesperian, the question arises if this correlation is in fact due to
water‐related processes or collocated due to similar timing of events. Further, surface runoff leading to valley
networks might have been short‐lasting, surficial, and thus not an efficient mechanism for described alteration
processes. On the other hand, catchment areas with longer lasting water interaction are more likely to host
alteration processes, but those have a relatively small spatial footprint (Goudge et al., 2021) likely below or at the
level of currently resolvable magnetic field signatures (maximum global resolution: ∼130 km). In addition,
alteration is generally more efficient in low‐to‐mid temperature environments. On Earth it is typically observed
along the mid‐oceanic ridge (Mével, 2003), where CRM provides a mechanism for magnetizing crustal rock
(Draeger et al., 2006). This suggests that instead of focusing on regions in which surface water was likely active,
one should focus on regions in which indications for subsurface, crustal water and hydrothermal activity exist.

1.2. Hydrothermal Systems on Mars

Hydrothermal circulation has been proposed to occur on Mars. The three main ingredients necessary for hy-
drothermal circulation and serpentinization are: olivine‐rich ultramafic rocks (e.g., Edwards et al., 2008; Ham-
ilton & Christensen, 2005; Ody et al., 2013), liquid water (e.g., Ehlmann & Edwards, 2014), and high surface heat
flows (Ojha et al., 2021; Plesa et al., 2016). All of those were readily available onMars during the Noachian, when
the majority of the crustal magnetization is postulated to have been acquired.

Groundwater interactions with magma in Elysium Planitia are thought to have formed the Athabasca Valley
outflow system (Keszthelyi et al., 2007; Miller et al., 2024). The highly altered nature of the Martian crust

Journal of Geophysical Research: Planets 10.1029/2024JE008832

MITTELHOLZ ET AL. 2 of 19

 21699100, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JE

008832 by D
tsch Z

entrum
 F. L

uft-U
. R

aum
 Fahrt In D

. H
elm

holtz G
em

ein., W
iley O

nline L
ibrary on [07/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(Lognonné et al., 2020) further suggests that groundwater circulation could have extended to great depths
(>10s km; Clifford, 1993; Hanna & Phillips, 2005). Recently, abundant intra‐crustal water at 10–11 km was
shown to be a possible, although debated (Jakosky, 2025), scenario based on InSight seismic data in combination
with rock physics models (Wright et al., 2024). Additional evidence of serpentinization in the deep crust is
provided by the spectral detection of minerals associated with serpentinization across the Noachian highlands,
particularly within impact basins, through the uplift of deep crustal rocks (Amador et al., 2018; Carter
et al., 2013).

Several studies suggest that in the presence of groundwater, heat from various sources could have led to con-
ditions favorable for hydrothermal activity, including impacts (Osinski et al., 2013), magmatism (Harrison &
Grimm, 2002), or radiogenic elements (Ojha et al., 2021). Furthermore, H2 is released in the serpentinization
process and the released H is then lost to space. Chassefière et al. (2013) demonstrate that a significant portion of
the water present on early Mars may have been sequestered in subsurface serpentine through serpentinization,
also contributing to atmospheric loss and shaping Mars' geochemical and isotopic evolution. Additionally, Bultel
et al. (2025) recently modeled the required magnetite abundance to explain observed magnetic field strengths and
then simulated magnetite production through aqueous alteration of various Martian rock compositions using a
thermodynamic model. Their findings suggest that serpentinization of dunite at low water‐to‐rock ratios could
account for even the strongest anomalies, while alteration of shergottites and pyroxenites at higher ratios could
explain weaker anomalies. Thus, hydrothermal circulation and subsequent serpentinization of the Martian crust
and subsequent CRM may have been a key contributor to the strong magnetic anomalies on Mars (Quesnel
et al., 2009; Scott & Fuller, 2004).

Having established that hydrothermal alteration was likely an important process ‐ how can we identify affected
regions to be further investigated? While the location of a surface drainage system is observable, signs of hy-
drothermal activity are more difficult to identify. However, a likely location for long‐lasting hydrothermal sys-
tems has been proposed in places where excess subsurface mass, that is, positive Bouguer gravity anomalies, are
associated with craters. While craters usually relax viscoelastically and become isostatically compensated over
time, some observed dominant Bouguer gravity signatures are thought to result from accelerated cooling of the
crust subsequent to the impact, which hinders relaxation (Mohit & Phillips, 2007). Accelerated cooling can be
facilitated by the presence of hydrothermal systems (Parmentier & Zuber, 2007), resulting in efficient heat
transport due to the water circulation and thus limited relaxation of the crust. Parmentier and Zuber (2007) show
the effect of increasing water circulation in the crust and the associated decreasing effect of the relaxation rate
over time to explain preservation of ancient and sharp crustal thickness variations. Long‐lived heat producing
elements (HPEs) have been proposed as potential energy source for sustaining active hydrothermal systems over
geological time scales over 100–1,000Ma (Ojha et al., 2021). In that framework, the lack of relaxation would lead
to a mass surplus associated with uplifted mantle material, leaving the basin in a state of superisostasy. Spe-
cifically in the Eridania basin, for craters such as Newton and Copernicus, pronounced Bouguer anomalies within
the crater interior have been observed and mineralogical and morphological properties in the region corroborate
the hypothesis that the location was affected by hydrothermal alteration (Ojha et al., 2021). Typically, such re-
gions also show craters with high depth‐to‐diameter ratios, also due to the effect of a quickly cooling crust and
limited crustal relaxation. Regions with active hydrothermal alteration can thus be identified in the gravity record
and provide ideal locations for investigating the effect of water‐rock interactions on observed magnetic
signatures.

1.3. 3D Geophysical Modeling of the Crust

Satellite data have been used to model the crustal magnetic field of Mars (e.g., Langlais et al., 2019; Mittelholz
et al., 2018; Morschhauser et al., 2014). Magnetization models can be derived from magnetic field models (e.g.,
Vervelidou et al., 2017) or are a direct product of the inversions (e.g., Langlais et al., 2019), where the estimated
quantity is the dipole moment from which magnetization is derived. In both cases, a layer thickness has to be
assumed, typically a 40 km thick crust. Solving for 3D crustal magnetization is highly non‐unique and the satellite
data record does not allow for such robust models. Here, we present a first attempt to address this issue, by
including a further source of information on the crust, the gravity field. In the inversion, we jointly evaluate
magnetization and density from these data sets. Because no physical relationship exists for varying magnetization
and density distributions (e.g., Blakely, 1996), we propose a method that is driven by matching parameter re-
lationships (Moorkamp, 2021). As such, the models aim to describe all individual data sets by minimizing the
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misfits between data and model (with their respective regularization terms) in addition to favoring solutions that
lead to parameter relationships between the models, that is, the coupling. Because CRM reactions should affect
both density and magnetization compared to surrounding material, this method is particularly suitable in rep-
resenting Martian 3D crustal magnetization and density for the first time.

In this study, we globally identify craters exhibiting notable superisostatic Bouguer gravity anomalies, which we
interpret as the result of accelerated crustal cooling driven by hydrothermal circulation. We perform joint in-
versions of observed gravity and magnetic anomalies to constrain the subsurface properties in identified regions.
This joint analysis sheds light on possible correlations between the gravity and magnetic field, constrains 3D
crustal structure, and allows unraveling the investigated craters' hydrothermal and evolutionary history. We
introduce data and models used for the analysis in Section 2 and describe the methods used in Section 3. Section 4
presents a global analysis of Bouguer gravity signatures to identify regions of interest followed by a more detailed
analysis facilitated by regional joint inversions. Lastly, in Section 5 we provide a discussion of our results and
provide recommendations on possible future geophysical investigations that could enhance presented models.

2. Data
The main input data for this study consist of three components of a magnetic field model and the gravity signal
associated with the local crustal structure which we aim to investigate.

Magnetic data are extracted from a global crustal magnetic field model (Langlais et al., 2019) to avoid
contamination from external magnetic field sources that may affect individual data tracks. We use spherical
harmonic coefficients and evaluate two random data points per horizontal bin of 60 × 60 km from two different
altitudes, 130 and 200 km for all three components of the magnetic field. Because the input model incorporates
Mars Atmosphere and Volatile Evolution (MAVEN; Jakosky et al., 2015) and Mars Global Surveyor (MGS;
Acuña et al., 1999) data with nearly global coverage down to those altitudes (Mitteholz & Johnson, 2022), we
consider the model to be stable and to provide best available resolution while not introducing artifacts from
downward continuation.

Gravity anomalies originate from multiple sources, including relief variations at the top and base of the crust.
Classical crustal thickness inversions assume that observed Bouguer anomalies (i.e., topography‐corrected free‐
air gravity) originate solely from relief variations at the base of the crust (Wieczorek et al., 2022). For the
identification of unrelaxed craters, we thus use Bouguer anomalies which allow to identify signatures associated
with the crust‐mantle interface. For our joint inversion of the gravity and magnetic field, however, we are
interested in density variations within the crust. To highlight intra‐crustal density variations, we remove long‐
wavelength gravity anomalies associated with the crust‐mantle interface and isolate the gravity signal coming
from short‐wavelength anomalies.

We use the GMM3 spherical harmonic model of the gravitational potential (Genova et al., 2016). From the
observed free air gravitywe subtract gravity contributions from (a) surface topography and (b)modeled relief of the
base of the crust. This is achieved by computing the Bouguer correction using topography data fromMars Orbiter
Laser Altimeter (MOLA) topography (MarsTopo2600 model of Wieczorek (2015)) and forward modeling the
gravity originating from the crust‐mantle reliefmodel ofWieczorek et al. (2022), which assumes an average crustal
thickness of 57 km, density of 2,800 kg m− 3 and a degree‐50 half wavelength downward continuation filter. These
calculations use theDSPpackage ofBroquet (2024). The result is amap of short‐wavelength gravity anomalies that
we assume to be mostly unrelated to crustal thickness variation and rather originate from crustal density anomalies
(as discussed for theMoon by Jansen et al. (2017)). In the following, we will refer to this pre‐processed data set for
the inversion as residual gravity data, while the topography‐corrected data will be referred to as Bouguer gravity
and used for the identification of unrelaxed craters as a proxy for hydrothermal activity.

For the inversion discussed in the next section, we assign uncertainty of magnetic and residual gravity data of 1 nT
and 1 mGal. These uncertainties are low, but justified because, in the case of magnetic data, the use of a crustal
field model ensures that the input data are not contaminated, for example, by fields of ionospheric origin and the
model will have extracted crustal field information as well as possible. For residual gravity, we use data up to
degree 90, which corresponds to the degree strength and signal‐to‐noise ratio of 1 that however drops off
significantly for longer wavelengths. We thus assign 1 mGal uncertainty to the residual gravity field. While these
uncertainties affect the RMS misfit value of the final model, assessment of appropriate fit is done by visually
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inspecting the correspondence between observed and synthetic data to select the final model. Therefore, the
inversion result only marginally depend on the value of the assigned uncertainty.

Further data incorporated in the analysis consists of a catalog of mapped weathering sequences (Carter
et al., 2015), and valley networks as mapped by Hynek et al. (2010). Those are used to provide further regional
context on the area. We also use MOLA topography for plotting and to assess depth‐diameter ratios. We analyze
the 109 craters with diameter greater than 150 km in the catalog of Robbins and Hynek (2012), and a subset of
those craters has been dated (Supp. Table 3 in Robbins et al. (2013)).

3. Method
3.1. Global Analysis

For all 105 craters with diameter greater than 150 km and excluding the large basins Hellas, Utopia, Isidis and
Argyre (HUIA), we evaluate the Bouguer gravity and topography profiles transecting the crater every 30° in
azimuth and get the median transect from the center of the crater out to 2 radii. We use topography to adjust the
crater rim for cases in which the topographic rim of the transect is slightly inconsistent with the diameter listed in
Robbins et al. (2013). This is done by evaluating peaks in the median transect and adjusting the position if a
prominent rim is within 10% distance of the rim, where 100% corresponds to the crater diameter. We then evaluate
the depth diameter ratio (d/D) by selecting the difference between the minimum transect value within
0.2 × Rcrater and the median transect value between 1 and 1.2 × Rcrater for the depth divided by the crater
diameter. We also assess if the crater is associated with a high Bouguer gravity anomaly by subtracting the median
within 0.2 × Rcrater from the median outside the crater and between 1 and 1.2 × Rcrater of the transect. We will call
this quantity gravity difference for the remainder of the paper. We evaluate the 90th percentile of those values to
define the most extreme cases of craters with large d/D ratios and gravity differences (Figure 1). This analysis

Figure 1. Global analysis of Bouguer gravity signatures associate with craters larger than 150 km (except HUIA) (a) the
gravity difference, that is inner minus the outer Bouguer gravity anomaly, (b) depth diameter (d/D) ratios and, (c) only the
90th percentile of these distributions corresponding to the gravity difference (red), and d/D ratios (green). The white boxes
highlight regions we focus on later and are shown in Figure 3 where boxes from left to right correspond to panels 3g–3i, 3j–
3l, 3a–3c and 3d–3f, respectively. Valley networks as mapped by Hynek et al. (2010) are shown in blue. Ancient clay
formation as mapped by Carter et al. (2015) are shown in yellow. The background maps in panels (a)–(c) are shaded MOLA
topography maps. Histograms of those distributions and with the 90th percentile marked by the vertical dashed bar are shown
in panel (d) gravity and (e) d/D.
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allows identifying craters that experienced limited relaxation, which we interpret as proxy for hydrothermal
circulation. Based on this analysis, we select regions for more detailed modeling.

3.2. Joint Inversion of Density and Magnetization

Inversions of potential fields are inherently non‐unique. However, individual magnetic and gravity inversions
sense structures differently and thus have different trade‐offs in the model structure. For this reason, a joint
inversion of the two data sets can reduce the set of acceptable models and lead to improved results (Bosch
et al., 2006; Moorkamp et al., 2016). On Earth, such methods are widely employed for different combinations of
geophysical data (e.g., reviewed in Gallardo and Meju (2011), Haber and Holtzman Gazit (2013), and Moor-
kamp (2017)). A crucial ingredient in joint inversion approaches that involve different physical properties, for
example, density and magnetization, is the coupling term that defines the expected relationship between those
properties. The impact of the choice of coupling on the inversion results has been discussed previously
(Bosch, 2016; Meju & Gallardo, 2016; Moorkamp et al., 2011).

The method of choice in this study employs a variation of information constraint that prefers models in which
parameters are related. Correlations of the data sets are expected in cases where the same process has led to the
density and magnetization signature. In cases where no such solution exists, it is not possible to fit both observed
data sets while simultaneously fulfilling the imposed similarity criterion (Moorkamp, 2022). For gravity and
magnetic field data, recent studies have shown how such a joint inversion can significantly improve the results
and lead to better interpretations (Lösing et al., 2022; Lowe et al., 2024; Wansing et al., 2024). Thus, our approach
allows us to evaluate whether gravity and magnetic signatures are related, in our case due to hydrothermal cir-
culation, and if so, how magnetization and density are affected. A clustering analysis can highlight regions of
parameter relations and provide a useful tool for subsequent analysis.

3.2.1. Joint Inversion

We use the inversion framework jif3D (Moorkamp et al., 2011) with a recently developed coupling constraint
based on variation of information (Moorkamp, 2021) to jointly invert for magnetization and density structure.
Variation of information (VI) was only recently adapted for geophysical inversions (Moorkamp, 2021, 2022) and
is a measure of the amount of information that one variable carries about another variable. The joint inversion
solves a non‐linear optimization problem and the objective function, Φ, consists of data misfit terms for residual
gravity, Φd,grav, and the vector magnetic field components, Φd,Bi, where i represents the three components x, y, and
z in Cartesian coordinates, regularization terms, Φreg,grav and Φreg,Bi, and the coupling terms between density and
each of the magnetic field components, ΦVI,grav − Bi. The coupling term represents the added constraint that
connects density with the three components of magnetization and will be discussed in the following. The reg-
ularization terms aim to minimize the gradients of adjacent cells of resulting density and magnetization models
and thus favors models with smooth lateral variations. The objective function reads as,

Φ = Φd,grav + ∑
i=x,y,z

Φd,Bi + λreg,gravΦreg,grav + ∑
i=x,y,z

λreg,BiΦreg,Bi + ∑
i=x,y,z

λVIiΦVI,grav− Bi, (1)

where λ are respective weighting terms. The variation of information is quantified by the Shannon entropy
(Shannon, 2001) that is equal to

H(a) = − ∑
M

i
p(ai) log p(ai); (2)

and the probability density distribution p(ai) of a variable a in each cell i = 1…M. Information shared by two
variables is called mutual information and is described as

MI(a,b) = H(a) + H(b) − H(a,b). (3)
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If the variables a and b are completely independent, the mutual information term,MI, is large. If however they are
related, MI is small. Finally, this information can be incorporated in the objective function as a variation of
information term, VI, which can be minimized to favor results in which parameters are related:

VI(a, b) = 2H(a,b) − H(a) − H(b) = H(a) + H(b) − MI(a,b) (4)

Parameters a and b represent the normalized density and magnetization components, that is, the inversion favors
model with parameter relationships in density with each magnetization component. An iterative non‐linear
optimization method based on the limited memory quasi‐Newton method (Avdeev & Avdeeva, 2009) is used
for the inversion and is described in detail in Moorkamp et al. (2011).

We run the inversion starting with a high degree (106) of coupling, that is, large λVIi, until the data root mean
square misfit does not improve further and reaches a plateau (Step 1 in Figure 2 and misfit plots Figures S2–S5 in
Supporting Information S1). This ensures that the inversion initially produces models with a high degree of
similarity. If the misfit is not satisfactory at this point, we lower λVI by one order of magnitude, which results in
less coupling and allows for lower misfits. Such a reduction is required because the data cannot be adequately fit
with such similar models and thus we have to allow for some degree of discrepancy between density and
magnetization structures. We repeat this procedure three times lowering λVIi to 103; this has shown to reach a
reasonable data misfit with no substantial improvements even when lowering the coupling term. Regularization

Figure 2. The different steps performed for each region: Step 1 includes the joint inversion of the data solving for model
magnetization and density until, after n iterations, an acceptable rms and coupling of the model is reached. The initial high
coupling weight of 106 is lowered one order of magnitude and down to 103 once the inversion plateaus to improve the rms
misfit (shown by vertical dashed lines in the rms misfit/coupling plots). These are tracked in the rms misfit and coupling. The
final model fits the data, while also preserving parameter relationships, that is, coupling. Step 2 shows the resulting model, a
final 3D model of the magnetization components and density. In step 3, a clustering analysis of magnetization amplitude versus
density highlights distinct regions in the 3D space that provide the basis for further analysis.
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weights for magnetization and density remain constant for all runs. They are low, 10 for magnetization and 100
for density, so that the coupling term dominates. This strategy initially enforces strong coupling, but then releases
this constraint allowing for limited parameter relationships if required by the data.

The outcome of the inversion is a 3D model of the three components of magnetization and density variations
around the mean within the given area (Step 2 in Figure 2). Because directionality of magnetization is non‐unique
and we are investigating strength of magnetization only, we focus on the amplitude of the derived 3‐component
magnetization for the following analysis. The model resolution is 60 × 60 km with a vertical resolution, that is,
crustal layer thickness, of 1 km increasing by a factor of 1.1 with depth. Maximum depth is 40 km for all regions
but Eridania, which is in an area of particularly thick crust. There, thickness is set to 72 km. We note, that
changing of the thickness layer results in weaker/strong magnetization for a thicker/thinner crust, but does not
change the overall relative distribution of magnetization within the crust.

3.2.2. Clustering

To evaluate how density and magnetization are related, we perform a clustering analysis in the density/magne-
tization space of the final model (Step 3 in Figure 2). We use a k‐means clustering algorithm which represents an
unsupervised machine learning algorithm used for partitioning a data set into k distinct, non‐overlapping clusters
(Hartigan & Wong, 1979). It operates by iteratively assigning each data point to the nearest cluster centroid and
then recalculating the centroids based on the mean of the data points assigned to each cluster. This process
continues until convergence, resulting in clusters that minimize the within‐cluster sum of squared distances. The
amount of clusters (k) is pre‐selected based on visual inspection of the magnetization versus density plot. Note
that the main goal is to extract data associated with anomalous craters, and with the chosen clustering, we can
achieve this well.

4. Result
4.1. Identifying Unrelaxed Craters

In our global population of large craters, the distribution of observed Bouguer gravity differences (Figure 1a) has
a mean of 28 mGal with a standard deviation of 52 mGal. The 90th percentile of the distribution is at 104 mGal
with a maximum at 204 mGal at Ladon crater. We similarly evaluate the mean d/D ratio (Figure 1b), and the
highest values are in proximity to regions with high Bouguer gravity anomalies. Generally, most craters have low
d/D ratios and their interior versus exterior gravity differences is around 0, that is, they do not exhibit Bouguer
gravity signatures (Figures 1d and 1e).

While there is a bias of large craters being located in the Southern highlands, we still observe clustering of
unrelaxed craters in certain areas. Thus, we next select craters that show Bouguer gravity differences larger than
the 90th percentile of the 105 evaluated crater signatures to identify regions of interest (Figures 1c–1e and 3). Note
that because the size of the crater affects its gravity signature, we have also taken this into account by dividing the
Bouguer gravity anomaly by diameter. This results in the same selection of large anomalies when taking into
account the 90th percentile (see Figure S1 in Supporting Information S1). The observation of regional clustering
of high d/D and large gravity differences is indicative of a common origin and is consistent with these charac-
teristics resulting from a lack of relaxation due to hydrothermal circulation. Anomalous craters are located in
places in which ancient clays and fluvial networks are mapped (Figure 1c), indicators that water rock reactions
were at least active on the surface. In addition to the region around Eridania (central box) and Ladon (right box),
we select regions around Schiaparelli and Huygens craters (left boxes) for the subsequent analysis. In those model
regions, the gravity anomalies associated with individual craters stand out quite clearly (Figures 3b, 3e, 3h, and
3k), whereas their magnetic signature is less pronounced (Figures 3c, 3f, 3i, and 3l).

4.2. Magnetization and Density Models From Joint Inversions

Combined modeling using a variation of information constraint allows driving inversion results toward a solution
in which density and magnetization are related if the data allow for it. We can therefore uniquely focus on
identifying parametric relationships between those properties. We perform multiple iterations, 636 for Schia-
parelli, 623 for Huygens, 530 for Ladon, and 973 for Eridania, to ensure a low misfit in combination with strong
coupling (misfit plots for all inversions are shown in the Figures S2–S5 in Supporting Information S1).
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Figure 3. Regions in which high Bouguer gravity anomalies associated with crater were identified: (a–c) The Eridania region
with Newton and Copernicus, (d–f) the region around Ladon, (g–i) around the Schiaparelli crater and (j–l) the Huygens
crater. The left column shows topography, with valley networks plotted on top (Hynek et al., 2010; blue) and craters
highlighted, the second column shows residual gravity and the last column, magnetic field amplitude at 130 km.
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4.2.1. Eridania

The first region of interest encompasses Eridania, for which hydrothermal alteration has been suggested previ-
ously (Ojha et al., 2021). It is situated within some of the strongest magnetic field anomalies on Mars (Mitteholz
& Johnson, 2022) and shows morphological evidence for multiple episodes of volcanism (Michalski et al., 2024).
A so‐called Eridania sea has been hypothesized in the area (Michalski et al., 2017) and shorelines have been
suggested between 700 and 1,100 km in MOLA topography.

Our joint inversion and subsequent clustering approach shows several clusters (cluster abbreviated by C) that are
mostly driven by density variations (Figure 4a). Dominant high density features associated with craters can easily
be identified (C5) and dominantly correspond to magnetization of average and lower than average amplitude
within the model region. This cluster is generally found in the lower half of the crust and the corresponding mass
surplus is consistent with an uplifted crust‐mantle interface, as discussed earlier. For the shown model with a total
vertical extent of 75 km, this is deeper than 35 km depth. Note that reducing the total extent of the crust resulted in
a similar relative depth distribution (not shown). Most of the upper crust represents material of average density
and weakest magnetization (C4). The strongest magnetization (C2) is located at the SW edges of the modeled
region and falls outside the topography isolines, representing suggested shorelines of a putative Eridania Sea
(Figure 5). Material of similar density, but with weaker magnetization (C1) is broadly distributed and along the
shoreline transition. Lowest density material (C3) is also found in the lower crust and seems to be present around
regions of high density (C5), that is, around craters. The magnetization of the vertical column above marked
craters, but also in general within the region of the proposed Eridania Sea is comparably small (Figure 5).

4.2.2. Huygens

The next region encompasses Huygens crater and south of it Schroeter crater (Figure 6). Similar to the Eridania
region, the high residual gravity signature and derived density is very pronounced and up to 300 kg m− 3 higher
than the average density for the overall region (C3). Surrounding material again tends to show lower than average
density (C2), with mostly average, but partially large magnetization up to 7 A/m. The magnetization signature in
regions of high density however is comparable to the overall region. Strongest magnetization (C5) occurs west of
Huygens unrelated to any obvious surface feature and together with C1 it covers magnetizations from 2 to 8 A/m
mostly in the mid‐crust, but also covering the full vertical extent. Similar to other regions, the upper crust is
mostly of average density and minimal magnetization (C4). Similar to the Eridania region, the area stands out in
their notable lack of magnetization associated with anomalous craters and surroundings.

4.2.3. Schiaparelli

Schiaparelli and its surroundings are once again similar in the pronounced density signal at depth (Figure 7; C1).
The crater associated magnetization is however slightly higher than average especially for regions in the lower

Figure 4. Eridania Cluster—(a) Magnetization versus density and clusters from the ks clustering analysis. Points falling
within the red circled craters in later panels are black. The red shaded region indicates the mean ± standard deviation of the
regional magnetization. (b)–(f) Color indicates the number of voxel points within clusters C1 to C5 (a) with longitude and
(upper) latitude/(lower) depth to showcase the spatial distribution of clusters within the region. The upper row represents a top‐
view and the lower a side‐view of the region. Highlighted craters include Newton, Copernicus, and Eridania I, II and III craters
(from right to left), that are associated with gravity anomalies.
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half of the crust. Other more strongly magnetized regions are distributed
across the region and are mostly of average density (C2) and in the lower and
mid crust. The last cluster (C3) corresponds to average density and near‐zero
magnetization dominating the upper crust, but also deeper sections.

4.2.4. Ladon and Surroundings

Lastly, the region encompassing Ladon (Figure 8) shows distinct residual
gravity anomalies that are linked to two distinct magnetic signatures and
magnetization within the cluster is more than a standard deviation higher than
the average magnetization (C1). While these anomalies are mostly associated
with the deeper crust, they are also visible at shallow depths. One anomaly is
localized in the inner region of Ladon, a large multi‐ring basin with a total
diameter of >1,000 km. The second anomaly is located NE of Holden crater.
The anomaly encircles what is listed as crater in the Robbins et al. (2013)
database, but was mapped because of its gravity anomaly rather than its
topographic expression and might not actually represent a crater. Note that
some higher magnetizations are also related to some regions of average and
lower than average density (C2). Again, most of the upper crust defines the
average density and is associated with very weak magnetization. Generally,
average magnetization in this region is lower compared to other investigated
locations.

5. Discussion
5.1. Global Distribution of Bouguer Gravity Anomalies

While individual craters or regions have been shown to exhibit peculiar
superisostatic gravity anomalies (Mohit & Phillips, 2007; Ojha et al., 2021),
Figure 1 shows the global distribution of such signatures.

Previously, Mohit and Phillips (2007) showed that most basins with diameters
between 275 and 1,000 km exhibit very shallow depths and limited crustal
thinning, indicating that viscoelastic relaxation was a dominant geological
process. Consistent with this, our results show that the majority of large
craters on Mars display shallow depth and small interior‐to‐exterior Bouguer
gravity anomalies (Figures 1d and 1e), further suggesting that crustal relax-
ation occurred after most impact events. Only a few craters show a lack of
notable viscoelastic relaxation, with Newton, Copernicus, and Ladon being
notable exceptions previously identified (Mohit & Phillips, 2007). These,
along with others, also stand out in our analysis (center and right box in

Figure 5. Eridania ‐ Models of (left) density and (right) magnetization at
variable depths. Topography lines at 1,100 km indicate proposed shorelines
of a standing body of water in the region (Michalski et al., 2017).
Corresponding figures for other regions are in the supplement (Figures S6–
S8 in Supporting Information S1).

Figure 6. Huygens Cluster—equivalent to Figure 4.
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Figure 1). Additionally, a cluster of craters with “anomalous” gravity and topographic signatures is observed
south of Arabia Terra, encompassing craters such as Schiaparelli and Huygens (left boxes).

On the Moon, large basins have distinct gravity signatures that are, however, different from Martian ones. This is
because the so‐called lunar mascons (frommass concentrations), generally form from upward displacement of the
crust/mantle interface and infilling from dense mare basalts. In addition to a positive Bouguer anomaly within the
inner peak ring followed by a negative Bouguer anomaly of the outer ring up to the crater rim, lunar basins show
distinct free‐air anomalies (Neumann et al., 2015). This gravitational signature is not observed for most Martian
basins (e.g., Mohit & Phillips, 2007; Ojha et al., 2021). On the Moon described gravity anomalies are common,
while on Mars, we identify only few craters with large Bouguer anomalies that are distinctly different from the
rest of the crater population (Figure 1). As such, a direct comparison with the Moon is not appropriate, and instead
the origin of such signatures on Mars points toward more local geological processes.

Rapid cooling of the crust due to hydrothermal circulation following the impact event has been proposed as an
explanation for the lack of compensation (Mohit & Phillips, 2007). A subsequent study focusing on the Eridania
region including Newton and Copernicus corroborated those findings (Ojha et al., 2021). This study combined
geochemical, gravity, and topography data with numerical models, confirming that radiogenically driven
hydrothermalism was likely a dominant process in the region. Clays in the vicinity of Eridania (Figure 1c; Carter
et al., 2015), but also of the other investigated regions, as well as indications of water run‐off in the form of valley
networks, point toward water ‐ surface interactions. This is indicative of water present not only in the subsurface
but also at the surface.

Figure 7. Schiaparelli Cluster—equivalent to Figure 4.

Figure 8. Ladon Cluster—equivalent to Figure 4.
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Interestingly, the distribution of anomalous craters follows the equator if one takes into account subsequent true
polar wander due to the emplacement of Tharsis as suggested by Bouley et al. (2016). The authors explained the
high concentration of valley networks in the paleo‐tropical band by Tharsis‐driven polar wander, a scenario in
which large‐scale volcanism was active after the emplacement of the majority of valley networks. This is also
later than the latest indications of an active dynamo (Mitteholz & Johnson, 2022) and could be related to increased
heat flux, possibly in addition to increased HPEs as drivers for hydrothermal circulation.

5.2. Association With Magnetic Signatures

In general, for all craters selected based on their anomalous gravity signatures, a distinct density signal is observed
(Figures 4 and 6–8). In all regions, elevated density originates in the lower half of the crust and deeper, consistent
with a lack of relaxation, that is, superisostasy, of the crust–mantle interface. The areas surrounding the craters
tend to exhibit lower crustal densities than average, which may be attributed to increased porosity from impact‐
induced brecciation, highly porous impact ejecta, and/or crustal thickening. In particular, impact‐induced brec-
ciation has been the focus of a recent modeling study that showed an increase in porosity within the area around
the crater (Wiggins et al., 2022). In addition, Venkatadri and James (2020) showed that 76% of their population of
studied lunar craters showed high porosities down to 10s of km in the vicinity of craters, while the interior showed
relatively low porosities due to pore‐closure from impact melt. These observations are consistent with our models.
High porosity from impact‐induced brecciation or crustal thickening can generate pathways for water, and thus
increased CRM or simply more crustal magnetizable material in the presence of a dynamo.

Magnetic field signatures are not as clearly discernible and the use of the joint inversions allows us to test whether
any possible parameter relationships between residual gravity and magnetic fields are permissible by the data. The
unclear association of residual gravity anomalies with magnetic signatures is not surprising, because magnetic
anomalies are related to the absence or presence of a dynamo field, along with potential post‐impact modifications
to the magnetic signature that are unrelated to the impact event itself. In general, and not limited to crater sig-
natures, the strongest magnetization is found within the lower crust, consistent with previous estimations of
source depth, which indicated deep magnetic sources in the southern hemisphere crust (Gong & Wiec-
zorek, 2021). In contrast, the upper crust is typically weakly magnetized. Additionally, magnetization within the
craters is relatively weak and close to the crustal average, which generally corresponds to the least magnetized
areas, particularly in regions around Eridania and Huygens. In contrast, Schiaparelli shows elevated magneti-
zation compared to the crustal average, but dissimilar to other regions in the mid and lower crust. For Ladon,
magnetization within the crater is notably higher and distinct from surrounding magnetization.

All investigated craters are older than 3.75 billion years (see Figure 9) and were likely formed when a dynamowas
active. If impact‐related processes, that is, heating and shock, had a significant effect, one might expect either a
“demagnetization” signature, which is lower interior magnetization compared to the surroundings, or a
“magnetization” signature, where interior magnetization is higher, depending on the dynamo's activity at the time.
Similarly, if hydrothermal activity was dominant, CRM in the presence of a dynamo field would have resulted in a
magnetization signature. While Ladon shows a potential magnetization signature, no distinct magnetization
signature is observed in the other regions. What are possible reasons for a dominant lack of such signatures?

Recent study showed that most craters, not only the ones studied here, do not exhibit distinct magnetization
signatures, with demagnetization signatures being far more common (Mittelholz et al., 2024). Excavation, where
crustal material with higher susceptibility compared with most mantle mineralogies within craters is removed
(Mittelholz et al., 2024), or cooling in a reversing field (Steele et al., 2024), are both plausible explanations for the
presence of demagnetization signatures, even in the presence of a dynamo field that should otherwise result in a
magnetized crater interior. These effects are particularly important for large craters that excavate major portions
of crustal material and cool slowly, but they also heavily depend on local mineralogy, crustal thickness, and
reversal timescales. However, such processes should still produce distinct signatures associated with crater
topography, rather than affecting the overall region, as observed in the craters studied here.

Despite the inversion process favoring models with distinct crater signatures (i.e., distinct clusters), we observe a
mostly non‐distinguishable crater magnetization from the immediate crater surroundings, with the exception of
Ladon and Schiaparelli. This observation is consistent with long‐lasting hydrothermal alteration. If the crust was
hydrothermally altered through rock‐water interactions at the time of the impact and after, CRM might have been
an ongoing process and possibly overprinted any pre‐existing magnetization of the crater, but also of the
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surroundings. In absence of a dynamo, this process would remove any magnetization. For Eridania, this scenario
is further supported by the absence of magnetic signatures beyond investigated craters within what has been
hypothesized to have been the Eridania sea, a region within a topographic low (Michalski et al., 2017). A standing
body of water, likely percolating through the crust and pooling in the form of groundwater could have been
responsible for demagnetizing the entire Eridania basin compared with its surroundings (Figure 5). Observed
lower than average density around the crater anomalies and associated crater induced brecciation could be
enhanced by serpentinization reactions because of crustal percolation. Serpentinization has shown to lead to
decreased densities (Quesnel et al., 2009); this might be a further indicator that such reactions were occurring
within the region and at depth.

If the observed depth distribution of magnetic anomalies in model regions is truly due to hydrothermal circulation,
then this could mean that hydrothermal circulation on Mars and associated alteration could have reached sub-
stantial depths leading to magnetization or demagnetization within the area, particularly interesting around
Eridania, which is located in a region of extremely thick crust but shows a regional demagnetization. Note that the
crustal thickness for the Eridania and Huygens regions is thicker than for the other two regions (Wieczorek
et al., 2022). While the absolute value of crustal thicknesses varies depending on assumptions on crustal density,
crustal thickness around Ladon and Schiaparelli are only approximately 80% of thicknesses around Eridania and
Huygens for the suite of models published by Wieczorek et al. (2022). This could support the hypothesis that
observed hydrothermalism is strongly coupled to the presence of HPEs of which a larger amount is available in
regions of thicker crust (Frizzell et al., 2023). One of the lines of evidence for radiogenically driven hydro-
thermalism came from the observation of large amounts of HPE in the shallow subsurface of Eridania basin,
which was argued to be associated with elevated regional heat flux in the Noachian (Ojha et al., 2020, 2021). How
does this compare with the other investigated regions? We adapt the same heat flow model from the previous
study (see Text S1 in Supporting Information S1) and evaluate the other regions investigated in this study. High
heat flux associated with Eridania clearly stands out (Figures 10c and 10e). Ladon, the only region with a clear
magnetization signature is the one with the lowest Noachian heat flux and HPE concentrations (Figure 10), even
below the average between − 60 and 60° latitude. The region around Schiaparelli shows only slightly increased
heat flux compared to the average. Interestingly, the region around Huygens that shows magnetization within the
area, even if not clearly associated with the Schiaparelli crater itself is characterized by relatively high heat flux.

Figure 9. Timing of major events on Mars (modified from Ehlmann & Edwards, 2014). The gradient indicates uncertainty in
the data. For the magnetic dynamo, stars indicate specific times for which evidence for a dynamo exist (Mittelholz
et al., 2020; Steele et al., 2023) to clarify that weaker or interrupted periods between are theoretically possible. Valley
Network timing constraints come from Fassett and Head (2008). The timing of the large basins Hellas, Isidis and Argyre are
shown in green (dark is for Hartmann (2005) and light for Neukum et al. (2001) chronology). Other timed basins (a subset of
all craters larger than 150 km; Robbins & Hynek, 2012) are shown with their corresponding difference in gravity inside
minus outside the crater. The red dashed line highlights the 90th percentile of the distribution. Blue/Red shows ages from
Hartmann (2005) and Neukum et al. (2001) chronologies respectively. The blue box highlights the time frame of impacts for
the high Bouguer gravity signature craters that provides a timing constraint on hydrothermalism.
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The significant enrichment of thorium and potassium has been interpreted as evidence that hydrothermalism in
the Eridania region was powered by radiogenic heat (Ojha et al., 2021) with these concentrations following a trend
of greater enrichment in areas with weaker magnetization compared to their surroundings. A recent study by
Frizzell et al. (2023) also showed that the shallow subsurface concentrations of heat‐producing elements (HPE)
such as Th, K and U, as measured by the Mars Odyssey Gamma Ray Spectrometer Suite (GRS; Boynton
et al., 2007), must increase with crustal depth to align with seismic data from the InSight mission. Additionally,
they found that variations in crustal heat flow are most significantly influenced by changes in crustal thickness. In
conclusion, the observed trend of high heat flux and elevated Th and K concentrations in areas of reduced
magnetization supports the interpretation that increased crustal thickness enhances the availability of HPEs. This
reinforces the idea that radiogenic heating driving hydrothermal activity in the crust may modulate the degree of
magnetization signatures observed on Mars.

The percolation of liquid water to significant depths may be facilitated by rock fracturing caused by impact
events, which creates pathways for water circulation. The increased availability of HPE could then sustain long‐
term hydrothermal systems over geological timescales. This process could potentially lead to demagnetization
down to the crustal base, as observed in the Eridania and Huygens regions. Alternatively, the high heat flux in
some areas may have raised crustal temperatures above the Curie temperature of certain magnetic minerals
(Dunlop & Arkani‐Hamed, 2005), particularly at greater depths, allowing for magnetization or demagnetization
processes to occur. This could either mean that magnetization observed in potentially hydrothermally affected
regions, such as around Ladon or Schiaparelli, may result from a dynamo that persisted longer than the hydro-
thermal system due to limited HPE availability and regional crustal cooling. Alternatively, the limited depth of
percolation could have demagnetized only the upper and mid crust, while the deeper demagnetization observed in
Eridania and Schiaparelli may be attributed to thermal effects occurring after dynamo cessation, possibly
facilitated by a higher concentration of HPEs. Either way, these observations constrain the timing of hydrothermal
activity to periods after the dynamo ceased to operate. The most recent evidence for an active dynamo comes from
the crustal field signature at Lucus Planum in the Medusae Fossae Formation, dated to 3.7 Ga (Mittelholz

Figure 10. (a) Th and (b) K concentration in the shallow subsurface every 5° in longitude and latitude from the Mars Odyssey
Gamma Ray Spectrometer suite. (c) Surface heat flow estimates for Noachian Mars. (a)–(c) Increasing H abundance results
in numerical uncertainty for HPE concentrations in the polar latitudes and such areas are excluded. (d) Th (green) and K
(orange) box diagrams representing areas within outlined boxes around Schiaparelli, Huygens, Eridania and Ladon (from left
to right) compared with the (unmasked) global average. Box car plots show the median (orange) in a box ranging from the
first to the third quartile. Minimum and maximum, and outliers (black circles) are shown. (e) Equivalent to (d) but for heat
flow.
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et al., 2020; Ojha & Mittelholz, 2023). The absence of magnetic anomalies in the region of a plume in Elysium
Planitia suggests that the dynamo shut down before volcanism ceased in this region, approximately 3.5 Ga
(Broquet & Andrews‐Hanna, 2023). If hydrothermal circulation is indeed responsible for demagnetizing large
portions of the crust, it must have been active past 3.7 Ga and possibly persisted for longer periods throughout
large portions of the crust. This is a notable finding, as hydrothermal systems are considered key environments for
sustaining conditions conducive to early life on Mars.

Lastly, Ladon stands out in terms of magnetization due to the distinct magnetization signature within the basin, as
previously noted by Lillis et al. (2013). Ladon is the oldest and largest of all the investigated craters.
Geographically it is at the eastern edge of Valles Marineris and hydrothermal activity on Mars and associated
magnetic signatures have previously been suggested at this location (Gurgurewicz et al., 2022). Hydrothermal
activity in this area was dated to Pre‐Noachian and it is feasible that this activity ceased earlier compared to the
other regions, allowing for the crater to record a magnetization signature. As mentioned, a contributing factor
could be related to the thinner crust right at the dichotomy with less heat producing elements, thus a shorter period
of hydrothermal activity.

We briefly address the magnetic field signatures of a crater in hydrothermal settings on Earth, specifically the
Chicxulub crater; this can give some further insight on magnetization signatures due to additional data sets such as
cores and higher resolution geophysical data. The 180 km Chicxulub peak‐ring crater displays a small central
positive gravity anomaly, attributed to Moho uplift beneath the impact site (Gulick et al., 2013), surrounded by a
negative anomaly ring corresponding to the peak ring location. Note, however, that the gravity anomaly is small
and this region would not have stood out as anomalous (Figure 1). Long‐wavelength magnetic anomalies at
Chicxulub are explained by strongly magnetized sources in the uplifted lower crust (Ortiz‐Alemán & Urrutia‐
Fucugauchi, 2010; Pilkington & Hildebrand, 2000). These magnetic features are thought to be pre‐impact in
origin, but recent studies (e.g., Kring et al., 2020) suggest that post‐impact hydrothermal systems played a sig-
nificant role in modifying the crust down to 5–6 km over several million years, further altering the magnetic and
structural properties of the impact zone. Paleomagnetic data even indicate that the system persisted for more than
2 million years, spanning a geomagnetic polarity reversal. Of course in case of the Earth, this happened in the
presence of a dynamo field. Deep magnetized sources and signs of a hydrothermal system are mostly comparable
with the case of Ladon; this is consistent with the hypothesis that hydrothermal circulation and dynamo timing
might have been largely happening at the same time in that region.

Finally, local investigations are currently limited by available data sets. For gravity data, a dedicated gravity
mission like GRAIL on the Moon or GRACE on Earth would enable a highly improved data set and should be on
the list for most wanted missions to Mars (e.g., Genova, 2020; Wörner et al., 2023). While the magnetic field has
excellent coverage from orbit, regional studies would allow investigation of features with wavelengths smaller
than 100s of km (Mittelholz et al., 2023). Such data sets would enable a more detailed understanding of the 3D
crustal structure on Mars. The importance of hydrothermal systems due to their possible association with life on
Mars would make any of the investigated regions particularly interesting areas for such missions.

Data Availability Statement
The joint inversion framework jif3D is available under a GNU General Public License (Moorkamp, 2024). All
input models are available online (Genova et al., 2016; Langlais et al., 2019) and are also part of the SHTools
package (Wieczorek, 2019). The residual gravity data was generated using the DPS package of Broquet (2024).
We thank the developers of PyGMT (Uieda et al., 2021) that was used for all map plots in this study.
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