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Abstract Strong magnetic fields have been measured from orbit around Mars over parts of the ancient
southern highlands crust and on the surface at the InSight landing site. The geological processes that are
responsible for generating strong magnetization within the crust remain poorly understood. One possibility is
that intense aqueous alteration of crustal materials, through the process of serpentinization, could have produced
magnetite that was magnetized in the presence of a global core-generated magnetic field. Here, we test this idea
with geophysical and geochemical models. We first determine the magnetizations required to account for the
observed magnetic field strengths and then estimate the amount of magnetite necessary to account for these
magnetizations. For the strongest orbital magnetic field strengths, about 7 wt% magnetite is required if the
magnetic layer is 10 km thick. For the surface field strength observed at the InSight landing site, 0.4-1.1 wt%
magnetite is required if the magnetic layer corresponds to one or more of the three crustal layers observed in the
InSight seismic data (with thicknesses from 8 to 39 km). We then investigate the minerals that are produced by
aqueous alteration for various possible crustal compositions and water-to-rock ratios using a thermodynamic
model. Magnetite abundances up to 6 wt% can be generated for dunitic compositions that could account for the
strongest magnetic anomalies. For more representative basaltic starting compositions, however, more than 0.4
wt% can only be generated when using high water-to-rock ratios, which could account for the weaker
magnetizations beneath the InSight landing site.

Plain Language Summary The core of Mars once generated a global magnetic field that magnetized
portions of the crust. Locally, these magnetic anomalies are surprisingly strong, with field strengths about 10
times larger than those associated with remanent magnetization of the Earth's crust. The origin of the Martian
magnetic anomalies has long been debated, and we investigate whether aqueous alteration of Martian rocks (by
the process of serpentinization) can generate sufficient quantities of magnetite to account for orbital and surface
magnetic field observations. We first show that the strongest magnetic anomalies detected from orbit can be
accounted for by about 1-7 wt% magnetite in a layer that is more than 10 km thick, and that the measured surface
field strength at the InSight lander can be accounted for by 0.4—1.1 wt% magnetite in a crustal layer that is more
than 8 km thick. Aqueous alteration of dunites at low water-to-rock ratios can generate sufficient magnetite to
account for the strongest magnetic anomalies, whereas aqueous alteration of shergottites and pyroxenites at
higher water-to-rock ratios can account for the InSight measurements.

1. Introduction

Magnetic field observations from the orbiting Mars Global Surveyor and Mars Atmosphere and Volatile Evo-
lution spacecraft (Acuiia et al., 1999; Connerney, 2015; Langlais et al., 2010; Mittelholz et al., 2023) have shown
that the planet Mars is surprisingly magnetic. While Mars does not possess a global dipolar magnetic field that is
generated by its core today, portions of its crust are associated with strong magnetic fields that far exceed the
lithospheric field strengths of Earth. Magnetic field observations vary globally with a mean field amplitude of
64 nT at 130 km altitude above the surface of Mars, but the strongest field strengths reach about 1,541 nT
(Langlais et al., 2019). At the same altitude, terrestrial lithospheric field strengths are about 10 times weaker. The
orbital observations are resolution limited by the lowest altitude data available (Mittelholz et al., 2023), and
measurements of the magnetic field on the surface of Mars by the InSight lander were found to be higher than

BULTEL ET AL.

1 of 29


https://orcid.org/0000-0002-7084-9574
https://orcid.org/0000-0001-7007-4222
https://orcid.org/0000-0002-5603-7334
https://orcid.org/0000-0001-6084-0149
https://orcid.org/0000-0002-1639-7140
https://orcid.org/0000-0001-5207-304X
mailto:benjamin.bultel@universite-paris-saclay.fr
mailto:benjamin.bultel@universite-paris-saclay.fr
https://doi.org/10.1029/2023JE008111
https://doi.org/10.1029/2023JE008111
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JE008111&domain=pdf&date_stamp=2025-01-18

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2023JE008111

predicted using crustal magnetic field models. Surface measurements at the InSight landing site show a magnetic
field amplitude of ~2,000 nT, compared to 200-300 nT as predicted from models (Johnson et al., 2020; Smrekar
et al., 2019).

Since the discovery of the strong Martian magnetic anomalies, numerous investigations have been undertaken to
elucidate their origin, but there is little consensus. On the most fundamental level, the magnetic minerals
responsible for these anomalies are not known with certainty. Magnetite, titanomagnetite, pyrrhotite, hematite,
maghemite, and titanomagnetite have all been proposed, with single-domain pyrrhotite and magnetite being the
most plausible candidates (e.g., Dunlop & Arkani-Hamed, 2005). Both pyrrhotite and magnetite are known to be
present in the Martian meteorites (e.g., Rochette et al., 2005), but with rare exceptions, these meteorites are not
representative of the bulk crust of Mars (cf., McSween & McLennan, 2014; Humayun et al., 2013). Even if the
predominant magnetic mineral responsible for the Martian magnetic anomalies could be identified, there are
several potential origins for these minerals, including primary minerals that formed during magmatic processes,
impactor contamination in impact deposits such as on the Moon (Oliveira et al., 2017; Wieczorek et al., 2012), and
the formation of new magnetic minerals during aqueous alteration of crustal materials. It is the last of these
hypotheses that will be addressed in this work.

Hydration of the Martian crust was first advocated by Quesnel et al. (2009) as a means to generate large quantities
of magnetite that could perhaps account for the strong magnetic anomalies observed from the orbit. Serpenti-
nization is a process where mafic silicates (olivine and pyroxene) react with water, leading to the formation of
magnetite and hydrous minerals such as serpentine and brucite. If an ambient magnetic field were present when
the alteration was occurring, the magnetite that was produced could retain a remanent magnetization through a
process known as chemical remanent magnetization (see chapter 13, Dunlop & Ozdemir, 1997). As surface
materials on Mars are composed primarily of mafic basalts that contain high quantities of olivine and pyroxene,
serpentine formation is an appealing process for explaining the Martian magnetic anomalies (although the process
would be more limited than in more mafic rocks such as dunite). This process could potentially represent an
important sink of water in the crust, and the methane and H, gases that are produced as reaction by-products (e.g.,
Chassefiere et al., 2013; Chassefiere & Leblanc, 2011) could help to account for the greenhouse conditions
responsible for early clement conditions on the planet (e.g., Ramirez et al., 2020; Turbet, 2018). Furthermore, an
overall correlation between surface runoff in valley networks and magnetic anomalies has been observed
(Harrison & Grimm, 2002). The InSight mission has shown that the upper 10 km of the crust beneath the lander
has extremely low seismic velocities, and one interpretation of this observation is that these materials represent
aqueously altered materials (Lognonné et al., 2020).

In the early work of Quesnel et al. (2009) and Chassefiére & Leblanc, 2011, simplified chemical reactions were
used to estimate the possible amounts of magnetite that could be produced by serpentinization. Their models,
however, were developed for the alteration of a more mafic crust with a composition close to that of dunite and
pyroxenite. These compositions are not representative of the bulk Martian crust, which is likely to be more felsic
than the basaltic shergottites (e.g., Wieczorek et al., 2022). Furthermore, neither of these studies used a ther-
modynamic model to properly define the conditions needed for the proposed chemical reaction to occur. In
addition to the composition of the host rock, other important parameters that influence magnetite production, and
that were not previously considered, are temperature and the magnesium number (hereafter, Mg#) of olivines and
pyroxenes (see Klein et al., 2014; Evans, 2008, respectively). The Mg# corresponds here to the molar percent of
the Mg-endmember mineral part of the solid solution considered (olivine with an Mg# of 90 corresponds to a solid
solution of 90 mol% forsterite and 10 mol% fayalite). Low-temperature serpentinization (less than about 180°C) is
known to generally favor the formation of Fe**-serpentine rather than magnetite as well as the formation of Fe-
brucite rather than Mg-brucite (Klein et al., 2014). In addition, Martian olivines and pyroxenes are expected to be
more iron-rich than their Earth counterparts, which could potentially affect the amount of magnetite that is
produced. This was studied by geochemical models in McCollom et al. (2022), which shows that for an Mg# of
100 to ~70-60, the amount of magnetite increases while it decreases for lower Mg#. It is also likely that the
alteration would lead to some amount of substitution of Fe by Cr or Ti into the produced magnetite, and this could
affect the overall magnetic properties of the magnetic minerals (e.g., Dunlop & Ozdemir, 2015; O’Reilly, 1984).

These considerations suggest that the efficiency of magnetite production by aqueous alteration might have been
overestimated in previous studies, and this compels us to re-evaluate whether aqueous alteration could generate
enough magnetite to account for the Martian magnetic anomalies. In this study, we first reassess how much
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magnetite is required to account for the strongest magnetic anomalies observed from the orbit and the magnetic
field strength measured at the InSight landing site. We then use a thermodynamic code to estimate how much
magnetite can be produced by aqueous alteration of Martian rocks, using compositions that range from ultramafic
to felsic. In addition to investigating the effects of bulk rock composition and magnesium number, we also
assessed the influence of temperature and the water-to-rock ratio on magnetite production.

The remainder of this paper is organized as follows. First, we describe our approach for determining the
magnetization that is required to account for a given magnetic anomaly, and how we determine the associated
abundance of magnetite from these estimates. In the same section, we then describe how the thermodynamic code
EQ3/6 (Wolery, 2010; Wolery et al., 1990) is used to model the aqueous alteration of crustal rocks and discuss the
rock compositions that will be investigated. Next, in Section 3, by focusing on both the strongest magnetic
anomaly detected from orbit and the field strength at the InSight lander, we estimate the required magnetizations
and abundances of magnetite within the crust. In Section 4, we present our aqueous alteration results, highlighting
the factors that influence the efficiency of magnetite production. Lastly, in Section 5 we discuss several aspects of
our work, including how our results compare with the magnetic properties of Martian meteorites and rocks,
whether aqueous alteration could be responsible for Martian magnetization, and how our simulated alteration
products compare with aqueous alteration signatures detected from orbit in remote sensing data.

2. Methods
2.1. Crustal Magnetization

It is possible to estimate how the magnitude and direction of magnetization vary within the crust by using
magnetic field measurements. Such inversions, however, are inherently non-unique, and it is necessary to make
simplifying assumptions to arrive at a solution. One approach developed by Parker (2003) allows estimating a
minimum value of the magnetization within the crust by use of a single magnetic field measurement. This
approach is mathematically “ideal” in that the directions of magnetization in the surrounding crust are chosen to
maximize the magnetic field strength at the measurement location. The benefit of this approach is that only a
single measurement is required and the only free parameters in the model are the thickness of the magnetic layer
and the depth of this layer below the surface of the planet. The downside is that the assumed magnetization
directions are not geologically plausible: a core-generated magnetic field would be approximately unidirectional
in the vicinity of the analysis region. When the magnetic field is known either regionally or globally, it becomes
possible to invert for variations in the direction and magnitude of magnetization within the crust. With these
approaches, however, one generally needs to assume the thickness of the magnetic layer and apply a regulari-
zation constraint (e.g., Butler, 1998; Langlais et al., 2019; Lesur & Vervelidou, 2019; Parker, 1991; Thébault
et al., 2021, and references therein).

To obtain bounds on the magnitude of magnetization within the crust of Mars, we make use of a model that is
likely to be appropriate for many geologic processes. We assume that the crust is regionally non-magnetic except
for a single compact source that has a constant magnitude and direction of magnetization. For simplicity, the
compact source is here taken to be a thick spherical cap that is described by its angular radius, the depth to the top
of the cap, and the cap thickness. Such a geometry could correspond to a surface lava flow, an impact crater melt
sheet, or a magmatic intrusion. For a given depth and thickness, we then vary the cap radius to determine the
minimum magnetization that can account for a specified value of the magnetic field strength at a specified height
above the surface.

In practice, we first compute the spherical harmonic coefficients of a magnetized thick spherical cap using the
equations in Wieczorek (2018) for the case where the magnetization is set equal to 1 Am™". Since we are
interested in obtaining the minimum magnetization, we assume that the direction of magnetization is vertical. For
a given set of parameters, the maximum value of the predicted magnetic field intensity is computed at the altitude
of the magnetic field measurement, and the initial magnetization is then rescaled to match the observed field
strength. Repeating this process for a range of angular radii of the magnetized body (from just greater than O to
several hundred km) allows us to determine the minimum required magnetization. This model with compact
sources is likely to provide a more realistic minimum value for the magnetization than the idealized approach
developed by Parker (2003).
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2.2. Abundance of Magnetic Minerals From Magnetization

The conversion from a rock's magnetization to the abundance of magnetic minerals in the rock requires making
several assumptions, including the predominant magnetic species that is responsible for the magnetization, the
intrinsic magnetic properties of these minerals, and the ambient magnetic field when the rock was magnetized.
Here, we assume that only a single magnetic species is present in the crust and that all magnetic minerals were
magnetized in a steady ambient magnetic field. For this scenario, Oliveira et al. (2017) showed that the volume
fraction of the magnetic mineral, ¢, could be obtained using the equation

a

™ (1)

c

Here, a is an empirical constant that quantifies the efficiency of magnetizing a rock in a specified magnetic field,
which depends upon the magnetization process and the magnetic mineral and domain state. The quantity s
represents the ratio of the rock saturation remanent magnetization M, and rock saturation magnetization M, that
can both be measured in the laboratory, and that largely reflects the domain state of the magnetic minerals. B is the
strength of the ambient magnetic field when the remanent magnetization M, was acquired. Lastly, MI is the
saturation magnetization of the magnetic mineral. The volume% of the magnetic carrier can be converted to
weight% by assuming densities of the magnetic mineral and silicates.

By using the derived crustal magnetization for M, as described in the previous subsection, it is possible to estimate
the concentration of magnetic minerals in the magnetic layer if the other constants in Equation 1 are known. The
constant a has been determined empirically for the case of chemical remanent magnetization by Maurel and
Gattacceca (2023), and we use their log-normal average of 3,629 pT that has a multiplicative uncertainty of a
factor of 1.9. We note that chemical remanent magnetization is less efficient than thermoremanent magnetization
by a factor of almost two, and that the required magnetic mineral abundances are thus about two times larger than
for the case of thermoremanent magnetization. In particular, the log-normal average of single- and pseudo-single
domain magnetite samples tabulated in Weiss and Tikoo (2014) for thermoremanent magnetization is 1,470 pT.

For the ratio, s, we make use of 33 measurements of Martian meteorites tabulated in Rochette et al. (2005),
Gattacceca et al. (2014), Herd et al. (2017), and Krédmer Ruggiu et al. (2020), along with 13 new measurements
presented in Table S4 in Supporting Information S1. The average s for these meteorites is 0.28, with the individual
meteorites possessing a limited range from 0.11 to 0.49. These values indicate that the magnetic minerals are
predominantly in the single- to pseudo-single domain states. By using the S_;, ratio to discriminate between
meteorites that are dominated by magnetite or pyrrhotite (see Appendix A in Supporting Information S1), we find
that the magnetic mineralogy of these rocks has little influence on the value of s (s is respectively 0.26 and 0.34).

Based on the results of our aqueous alteration simulations that will be discussed in the following section, we
assume that magnetite is the predominant magnetic mineral responsible for the remanent magnetic fields observed
from orbit and on the surface of Mars. The saturation magnetization of magnetite, MI, is known to be
48 x 10° A m™! (e.g., Dunlop & Ozdemir, 2015). Nevertheless, we acknowledge that both pyrrhotite and
titanomagnetite are known to be important magnetic minerals for many of the Martian meteorites. In particular,
whereas (titano)magnetite is generally the predominant magnetic mineral for the nakhlites, chassignites, and
NWA 7034 (and its pairs), pyrrhotite is the predominant phase for most of the basaltic meteorites, though there are
many exceptions to this rule (e.g., Gattacceca et al., 2014; Rochette et al., 2005). The saturation magnetization of
titanomagnetite and pyrrhotite are respectively 4 and 5 times lower than for pure magnetite (e.g., Dunlop &
Ozdemir, 2015), and to obtain the same rock magnetization, it would thus be necessary to have 4 to 5 times higher
concentrations of these minerals. Nevertheless, it should be noted that both titanomagnetite and pyrrhotite have
significantly lower Curie temperatures than magnetite (respectively 150 and 320°C, in contrast to 580°C for
magnetite) and that this places restrictive limits on the depth range in the crust where they could retain a remanent
magnetization (Dunlop & Arkani-Hamed, 2005). The magnetic mineral maghemite, which is present in the NWA
7034 meteorite, has a saturation magnetization and Curie temperature that are close to those of magnetite.
However, maghemite often transforms to hematite at low temperatures of 250-550°C, losing most of its initial
magnetization in the process (Dunlop & Ozdemir, 2015).
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The last value that is required in Equation 1 is the magnetizing field strength B. This has been constrained by
analyses of the ancient ALH84001 meteorite by Weiss et al. (2008), who obtained a value of 46 pT using the
isothermal technique of normalizing the natural remanent magnetization by the saturation isothermal remanent
magnetization. Nevertheless, they noted that subsamples of this rock gave paleo-field strengths that varied by
about a factor of 6. Lacking better knowledge of the surface field strength and how it might have varied with time,
we assume a value of 50 pT.

2.3. Water-Rock Interaction Modeling

Our aqueous alteration simulations were performed using the software code EQ3/6 (version 8.0, Wolery
et al., 1990). We make use of a customized database for the temperature range 0-300°C that was initially used by
Viennet et al. (2017) and that proved itself reliable in reproducing hydrothermal conditions (Appendix B in
Supporting Information S1). To allow studying the water-rock interaction in detail, and to allow investigation of
our initial protolith compositions, we added a few solid solutions constructed from the pure endmembers in this
thermodynamic database (see Table S3 in Supporting Information S1 for more details on the mineral compo-
sitions). Most of these concerns oxides. In particular, we included four iron oxide solid solutions formed of
chromite and magnesiochromite, magnetite and ulvospinel, spinel and hercynite, and hematite and ilmenite. A
solid solution of the hydroxide brucite with both its iron and magnesium endmembers was also implemented. An
additional solid solution was used for the phyllosilicate serpentine with the Al endmember kaolinite, the Fe**
endmember cronstedtite, the Fe>* endmember greenalite, and the Mg endmember chrysotile. Note that to discuss
the water-rock interactions and formation of magnetite, all solid solutions of iron (hydro-)oxide are investigated
and are described in the results section.

For all models, the fluid was initially specified by using the code EQ3 with a temperature of 25°C. We con-
ducted two kinds of models, one with pure water of neutral pH and one with a simulated Martian water
composition from Catling (1999) in equilibrium with 1 bar of CO,. The code EQ6 was then used to simulate the
alteration using a water-to-rock ratio of 1, 10, 100 or 1000. A water-to-rock ratio of 1 is typically taken as being
representative for the conditions where water flows through a fracture in a rock (see Seyfried & Bischoff, 1977,
1979, 1981). A “pure water-neutral pH” solution was used for this low water to rock ratio. Our hypothesis here
is that the water was not in contact with the atmosphere and did not interact with any rock before. For low water-
to-rock ratios (<10), the initial solution composition should not have an important influence on the reaction and
this hypothesis should thus not affect the simulation outcome. In this case, it is the composition of the rock that
controls the alteration products that are formed. In contrast, a water-to-rock ratio of 10 or more is typically taken
to represent the conditions of alteration that occur in porous rock, in an aquifer, or at the interface between a
standing body of water and the surface. In these high water to rock systems, we hypothesize that the water could
have previously interacted with both rocks and the atmosphere before the model reactions took place. That is
why for these high water to rock models we use the water composition of Catling (1999). Nevertheless, in the
case of a water-to-rock ratio of 10, the effect of the initial composition of the water on final alteration products is
limited. For water-to-rock ratios much greater than 100, the system would be completely dominated by the water
composition. We note that the effective water-to-rock ratio of a system can be increased by either increasing the
rock porosity, by increasing the time of the interaction, or by lowering the rock permeability (see Lyons
et al., 2005). As an example, using typical values in the equations of Lyons et al. (2005), we find that increasing
the interaction time from 1000 to 100,000 years increases the effective water-to-rock ratio from about 100
to 10°.

The next step of the simulation includes heating of the aqueous solution to the desired temperature in the EQ6
code. Two temperatures were chosen (100°C and 200°C) to study the alteration of both olivine and pyroxene and
to quantify how temperature affects the formation of magnetite. As estimates of the temperature gradient during
the Noachian and Hesperian periods are between 20 and 30 K km ™", these temperatures would be encountered in
the upper 10 km of the crust when the Martian dynamo was operating (Hauck & Phillips, 2002). Finally, we model
the interaction between the heated solution and the rock using the EQ6 code. A reaction path is applied with the
“reaction progress mode,” and the progress of the reaction is visualized by using the percentage of the dissolved
rocks. We applied an arbitrary kinetics in a closed system. This means that all processes are constrained by
relative rate expressions and that no time variable is at play in the model (see Wolery & Jarek, 2003 for more
details). In all of our models, backward reactions (such as the dissolution of the product) are permissible, as is the
formation of solid solutions. We suppress the formation of methane and methanol as these reactions are
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kinetically slow and not well tested, and also vermiculite because it should form mainly from mica, which is not
present in the protoliths used here (Barshad, 1948). The formation of monticellite and garnet (when not present in
the starting material) is also suppressed because they should not form in the geological context we investigate.
When we do allow for their formation, we note that they are only present in trace quantities (<0.1 wt%) and absent
at the end of the reaction (100% dissolution of the protolith). Throughout this paper, we use the term “trace” to
describe mineral abundance below 2 wt%, which is below the detection limit of many analytical techniques
commonly used, including X-ray diffraction and Near-Infrared spectroscopy.

2.4. Initial Rock Compositions

We consider a wide range of initial rock compositions that could potentially be found within the crust of Mars.
The compositions are presented in Table S1 in Supporting Information S1 and here we discuss their most relevant
features. Our first suite of rocks focuses on ultramafic compositions with high olivine contents, i.e., dunites. Three
values for the magnesium number of the olivine were used to represent a range of plausible compositions. First,
we use an Mg# of 90, which is representative of typical mantle olivine on Earth (McDonough & Sun, 1995), but
also consider lower magnesium numbers of 75 and 79 that are based on the bulk Mars compositions of Winke and
Dreibus (1994) and Yoshizaki and McDonough (2020), respectively. This range encompasses the average
magnesium numbers of Martian meteorites and orbital remote sensing results (Ikeda, 1994; McSween & Lau-
retta, 2006; Ody et al.,, 2012) as well as a recent geophysical estimate from InSight seismic data (Khan
et al., 2022). We assume that the dunite is composed of 90 wt% olivine and includes 2.5 wt% each of low calcium
pyroxene (Mg# 75), high calcium pyroxene (Mg# 75), plagioclase (60 wt% albite) and chromite, which are typical
accessory minerals of such rocks.

We next consider a mafic pyroxenite with a composition that is based on data in Treiman (2005) for nakhlite
meteorites. This protolith contains 44.6 wt% low calcium pyroxene (Mg# 58), 29 wt% high calcium pyroxene
(Mg# 58), 17 wt% olivine (Mg# 75), 6.8 wt% plagioclase (66 wt% albite), 0.75 wt% K-feldspar and 0.3 wt%
chromite. This protolith composition allows us to study the alteration of a pyroxene-dominated system and to
compare our results with the alteration seen in nakhlite meteorites where both magnetic minerals and serpentine
are present (Changela & Bridges, 2010; Hicks et al., 2014).

We also consider an ultramafic composition that is representative of the upper Martian mantle. Several mantle
compositions have been suggested in the literature, and we select one that is described in Semprich et al. (2022)
that has a fluid-rich mantle. This composition will later be referred to as “Mantle-garnet” and is composed of 55.9
wt% olivine (Mg# 75), 27.3 wt% low calcium pyroxene (Mg# 75), 12.6 wt% high calcium pyroxene (Mg# 55), 3.8
wt% garnet (50 wt% andratite-50 wt% grossular), and 0.8 wt% spinel.

Finally, we consider both mafic and felsic rock compositions that are likely common in the crust of Mars. For the
mafic compositions, we consider a basaltic rock with a shergottite lithology. This protolith is composed of 34.5
wt% high calcium pyroxene (Mg# 60), 27 wt% olivine (Mg# 66), 22 wt% low calcium pyroxene (Mg# 60), 15.5
wt% plagioclase (65 wt% albite), and 1 wt% chromite. The more felsic composition is representative of some of
the felsic rocks analyzed by the Curiosity rover in Gale crater (e.g., Sautter et al., 2015), as well as some of the
felsic clasts within the Martian breccia meteorite NWA 7034 and its pairs (e.g., Humayun et al., 2013; Santos
et al., 2015). In particular, we used a trachyte protolith with 54.6 wt% plagioclase (95.4 wt% albite), 22.9 wt% K-
feldspar, 10 wt% quartz, 7.6 wt% low calcium pyroxene (Mg# 60), 4 wt% diopside and 1 wt% ilmenite.

3. Crustal Magnetization Results
3.1. Strongest Orbital Magnetic Anomaly

We first determined the magnetization that is required to account for the strongest magnetic fields measured from
the orbit using the methodology outlined in Section 2.1. The strongest fields are located above the southern
highlands of Mars in the region of Terra Cimmeria and Terra Sirenum, where we compute a maximum field
strength of 1,197 nT at an altitude of 150 km above the mean planetary radius using the spherical harmonic model
of Langlais et al. (2019).

In Figure 1, we show the minimum required magnetization to account for this field strength as a function of the
thickness of the magnetic materials for two scenarios.
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Figure 1. The minimum magnetization (top) and minimum abundance of magnetite (bottom) required to account for the
strongest magnetic field strength, IBl, measured from orbit as a function of the thickness of the magnetized layer. Curves in
blue and orange plot results where the top of the magnetic layer is at the mean planetary radius and at a depth of 20 km below
the mean planetary radius, respectively. The strongest field strength was taken from the global model of Langlais

et al. (2019), which is 1,197 nT at an orbital altitude of 150 km. In the upper figure, the maximum magnetization from the
global magnetization model of Langlais et al. (2019) is shown for comparison.

In the first scenario, the top of the compact magnetized spherical cap is placed at the mean planetary radius, and
the thickness of the cap is allowed to vary up to a maximum of 65 km. For the second scenario, we placed the top
of the spherical cap 20 km below the surface and allowed the base of the cap to vary up to the same maximum
65 km depth below the surface. The 20 km burial depth for the second scenario is based on the localized magnetic
field spectral analysis study of Gong and Wieczorek (2021), who showed that much of the magnetization in the
southern highlands is located below this depth. The maximum depth of magnetization of 65 km that is used for
both scenarios corresponds closely to the average thickness of the southern highlands crust in the constant-density
crustal thickness model of Wieczorek et al. (2022). Nevertheless, we note that magnetization is likely to be
confined to shallower depths than this, as we don't expect hydrothermal alteration to occur this deep in the crust
and the temperatures at this depth are likely to be above the Curie temperature of magnetite.

The assumed depth to the top of the magnetic materials has little impact on the computed magnetizations, which is
aresult of the spacecraft altitude being much greater than the assumed burial depth of the magnetic sources. As the
thickness of the magnetized layer decreases, the required magnetization increases. As an example, for a thickness
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Table 1

Summary of Remanent Magnetizations, Saturation Remanent Magnetizations, and Concentrations of Magnetite Required to
Account for the Strongest Orbital Magnetic Field Strength 150 km Above the Mean Planetary Radius and the Observed Field
Strength at the InSight Lander

Magnetization scenario Magnetization (A m™") M, (A m™) vol.% magnetite wt% magnetite

Strongest orbital magnetic field

5 km thickness (20 km burial) 172 5,063 8.4 14
10 km thickness (20 km burial) 87 2,568 42 7.1
20 km thickness (20 km burial) 45 1,320 2.2 3.7
40 km thickness (20 km burial) 24 696 1.2 2.0
InSight lander
0-8 km depth 11 323 0.53 0.91
0-20 km depth 59 172 0.29 0.49
0-39 km depth 4.5 130 0.22 0.37
20-39 km depth 14 407 0.67 1.1

Note. All values should be considered minimum values. If the magnetic mineral was in the form of titanomagnetite, the
concentrations could be up to four times larger than quoted. The saturation remanent magnetization M, is estimated using an
assumed magnetizing field strength of 50 pT.

of 10 km, the required magnetization to account for the strongest magnetic anomaly is 87 A m™" for a 20 km burial
depth. In contrast, when the thickness of the magnetized layer is 40 km, consistent with the results of Gong and
Wieczorek (2021), the required magnetization is 24 A m™~'. We note that our computed magnetizations compare
favorably with the global magnetization model of Langlais et al. (2019), who obtained a maximum magnetization
of 19 A m™" by assuming a 40 km thick magnetized layer. For a summary of these results and those that follow,
see Table 1.

3.2. Insight Landing Site

Next, we performed the same calculations using the measured magnetic field strength at the InSight landing site,
which is 2013 nT about 80 cm above the surface (Johnson et al., 2020). Analyses of the InSight seismic data show
that the crust beneath the lander is broadly layered, with major discontinuities being located at 8, 20, and 39 km
depth (the latter of which is interpreted as the crust-mantle interface). We thus consider three scenarios, where the
top of the magnetization coincides with the top of each of these crustal layers. For the surface scenario, we
assumed that the magnetization starts at 170 m depth to account for the presence of a reworked regolith, young
sediments, and thin Amazonian to Early Hesperian lava flows (see Warner et al., 2022) that are likely
unmagnetized.

The results in Figure 2 show that if the magnetization extended from 170 m to the base of the crust at 39 km depth,
the minimum magnetization required to account for the surface field strength would be just over 4 A m™'. In
contrast, if the magnetization was located only in the lowermost layer, between 20 and 39 km depth, the
magnetization would need to be 14 A m™'
Wieczorek (2021) showed that only the upper two layers of the northern lowlands crust are likely to magnetize,

. Using a localized magnetic field spectral analysis, Gong and

and our results imply that the minimum magnetization of these upper two layers would need to be about 6 A m™".

We note that Johnson et al. (2020) previously used the Parker (2003) ideal body formalism for estimating the
minimum magnetization in the crust beneath the InSight lander. As noted in Section 2, that model makes use of a
geologically implausible ensemble of magnetization directions in the crust, and we find that the ideal body model
thus predicts minimum magnetizations that are between 4 and 18 times less than those predicted by our model that
uses compact unidirectionally magnetized sources.

3.3. Equivalent Abundances of Magnetite

In the lower panels of Figures 1 and 2, we plot the minimum abundances of magnetite that are required to account
for the strongest magnetic anomaly observed from orbit and the observed field at the InSight lander. In converting
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Figure 2. The minimum magnetization (top) and minimum abundance of magnetite (bottom) required to account for the
surface field strength at the InSight landing site as a function of the thickness of the magnetized materials. The three curves
correspond to the cases where the top of the magnetization is at 170 m, 8 km, and 20 km depth. The dots plotted on each curve
correspond to the depths of the major seismic discontinuities for each scenario. The inset in the lower plot illustrates the
distribution of magnetized materials for each of the dots plotted on the curves, with magnetized materials in color and
unmagnetized materials in gray.
volume% magnetite to weight% magnetite, we assumed densities of 5,150 and 3,000 kg m™ respectively, for
magnetite and the silicate minerals. For the case of the strongest orbital magnetic field above the southern
highlands crust, we find that if the magnetic materials were buried 20 km below the surface and if the thickness of
the magnetic layer was 40 km, 2 wt% magnetite would be needed. For a thinner magnetized layer, the required
amount of magnetite could be significantly higher. For a 20 km thick layer, almost 4 wt% magnetite would be
required while about 7 wt% would be required for a 10 km thick magnetic layer.
The required concentrations of magnetite to account for the magnetic field strength at the Insight lander are
somewhat less. If the magnetic materials encompassed the entire 39 km thick crust, then just under 0.4 wt%
magnetite would be required. In contrast, if only the deepest layer is magnetized, then about 1.1 wt% magnetite
would be required.
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4. Aqueous Alteration Results

Our aqueous alteration simulations focus on the formation of magnetite as rock dissolution progresses. Because
we find that the amount of magnetite produced is strongly dependent on the assumed water-to-rock ratio, we
discuss our results separately for a low ratio of 1, and for high ratios of 10, 100, and 1000. For each of these
scenarios, the amount of magnetite produced is compared with the abundances required to account for the
strongest magnetic field strengths measured from orbit and at the Insight landing site. We also briefly describe the
other minerals that are formed. We also provide in the supplementary material figures showing the evolution of
the mineralogy during the reactions (Figures S1-S13 in Supporting Information S1) and the composition of the
rock at the end of the reaction in tabular form (Table S2 in Supporting Information S1) (Bultel, 2024). This allows
us to compare later with what is known about the aqueous mineralogy present in the Martian crust. Note that to
discuss the hydrothermal reactions and formation of magnetite, all solid solutions of iron (hydro-)oxide were
investigated.

4.1. Low Water-To-Rock Ratios
4.1.1. Dunite

Our first simulations use a water-to-rock ratio of 1 with pure water. In Figure 3a, we present the abundance of
magnetite that is produced during the dissolution of ultramafic dunite protoliths with various magnesium numbers
and temperatures. More details of these reactions are given in Figure S1 in Supporting Information S1 detailing
the evolution of the composition of the rock during the reaction. In all cases, the weight percentage of magnetite
increases with increasing dissolution, achieving a plateau value between 30% and 65% dissolution depending on
temperature. After this stage of alteration, only olivine remains among the primary minerals. Magnetite pro-
duction is seen to increase with decreasing Mg#. In particular, for Mg#s of 90, 79, and 75, the amount of magnetite
generated after complete dissolution at 200°C was 1.7, 4.7, and 6.3 wt%, respectively. For our simulations at
100°C, we find that the amount of magnetite produced is lower by a factor of about two relative to the 200°C
calculation. These abundances of magnetite are sufficient to account for the strongest magnetic anomalies
observed from orbit for magnetic layer thicknesses between about 10 and 40 km (see Table 1). These abundances
are also more than sufficient to account for the magnetic field strength at the InSight landing site, even for the
most unfavorable case where the magnetization is located in the lowest crustal layer.

Figure 3b and Figure S1 in Supporting Information S1 show how the abundances of the other major phases evolve
as the dissolution of the dunite protolith proceeds. Below 10% dissolution, minerals produced in at least trace
quantities (up to ~2 wt%) are chlorite and secondary clinopyroxene. Near 10%-20% dissolution, saponite is
produced as well in trace quantities. Serpentine is formed when both pyroxenes are exhausted. At ~15%
dissolution, serpentine is the main mineral to form and after ~30% dissolution, both serpentine and brucite are the
main minerals to form. Saponite formation starts when plagioclase is exhausted. Before this, chlorite is the main
mineral that uptakes the Fe and Mg released by the dissolution of dunite. During the formation of serpentine, the
chlorite is almost Mg-pure in all dunite models while it is around half daphnite-half clinochlore beforehand
(Figure S2 in Supporting Information S1).

Changing the temperature of alteration and composition of the olivine does not affect the amount of serpentine
produced but does somewhat impact how much brucite is formed. It also changes when and which minerals that
are present in at least trace quantities start to form. The total amount of serpentine after full dissolution is about 80
wt%, whereas brucite only attains between 5 and 15 wt%. The compositions of the serpentine and brucite are
shown in Figures 3¢ and 3d and Figure S3 in Supporting Information S1 as a function of dissolution. The wt%
ratio Fe/Mg of serpentine starts high, near 90%, and depending on temperature and starting composition decreases
to about 10%-30% at 60% dissolution, after which the Fe/Mg ratio remains relatively constant. In contrast, the
Fe**/Fer,,, ratio of the serpentine starts low, near 10% (meaning 10 wt% of the Fe-serpentine is cronstedtite) and
increases to about 30%—-50% at 30% dissolution, after which it remains relative constant. Brucite starts to form
after about 30% dissolution, with its Fe/Mg being relatively constant throughout dissolution. Depending on the
starting composition and temperature, the Fe/Mg of the brucite is between 30% and 75%. Alteration at 100°C
leads to higher Fe/Mg in the serpentine and brucite and to lower Fe**/Fer,,, in the serpentine compared to the
reactions at 200°C. The lower temperature also leads to higher amounts of brucite that are formed (see Table S2 in
Supporting Information S1). Lastly, we note that a higher Mg# of the starting olivine leads to a lower Fe/Mg of the
serpentine and brucite, a higher amount of brucite and a higher Fe**/Fe,,, in the serpentine.
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Figure 3. Composition and abundance of the dunite protolith alteration products as a function of dissolution. Alteration
occurs at temperatures of 100 and 200°C and the Mg#s of the dunite protoliths are 75 and 90. (a) Abundances of magnetite in
wt%, (b) abundances in wt% of serpentine and brucite, (c) the Fe/Mg ratio of the produced serpentine, which corresponds
here to the ratio of masses of cronstedtite and greenalite to chrysotile, and (d) the Fe34/FeTotal ratio of the serpentine which
corresponds here to the ratio of masses of cronstedtite to greenalite.

4.1.2. Pyroxenite and Mantle-Garnet

We next focus on the alteration of two other very mafic rocks: a pyroxenite and the mantle-garnet composition.

The amount of magnetite that is produced as a function of dissolution for each of these is plotted in Figure 4a and

the evolution of the rock composition is shown in Figure S4 in Supporting Information S1. For the pyroxenite, the
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Figure 4. Composition and abundance of the pyroxenite and mantle-garnet protolith alteration products as a function of
dissolution. (a) Abundance of magnetite in wt%, (b) abundance in wt% of serpentine, olivine, and pyroxene, (c) the Fe/Mg
wt% ratio of the produced serpentine which corresponds here to the ratio of masses of cronstedtite and greenalite to
chrysotile, and (d) the Fe*>*'FeTotal ratio of the serpentine which corresponds here to the ratio of masses of cronstedtite to
greenalite. Alteration occurs at a temperature of 200°C.

amount of magnetite produced is seen to be low, and remains mostly stable at around 0.01 wt%. The magnetite
abundance can reach values as high as 0.04 wt% near 40% dissolution when olivine is the main mineral being
altered, but even this maximal value is about two orders of magnitude lower than the amount produced when
altering dunites. When considering the mantle-garnet model, the amount of magnetite produced is several orders
of magnitude less than that produced by altering the pyroxenite. Thus, the amount of magnetite produced by
altering pyroxenites or upper mantle compositions at 200°C and with a water-to-rock ratio of 1 is vastly insuf-
ficient to account for the magnetic anomalies observed on Mars.
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The abundances of the other major phases produced by altering these two compositions are plotted in Figure 4b
and Figure S4a in Supporting Information S1. In the case of the pyroxenite, chlorite and clinopyroxene are formed
from the start of the dissolution. Between ~20 and ~30% dissolution, prehnite is predicted as trace, then albite
(low pressure) and then talc and saponite. At 30%—40% dissolution, chlorite and secondary clinopyroxene
represent up to ~10 wt% of the rock and saponite and talc are present but remain below 10 wt%. After 40%
dissolution, when the pyroxene is exhausted, chlorite abundances slightly decrease and talc disappears, while
secondary clinopyroxene, saponite and serpentine increase.

The abundance of serpentine increases to a maximum of 33 wt% at full dissolution. As demonstrated in Figures 4c
and 4d for our 200°C simulations, the serpentine is iron-rich (i.e., Fe/Mg of ~90%) and between 5% and 10% of its
iron is Fe>*. The chlorite, which is the other main mineral to uptake iron, remains at Fe/Mg around 50 before
serpentine formation and is then around 45-55 when the serpentine is formed (Figure S5 in Supporting
Information S1).

For the mantle-garnet composition, the main minerals to form from the start are chlorite and secondary clino-
pyroxene (Figure S4b in Supporting Information S1). The serpentine production starts earlier than for the py-
roxenite at around 19% dissolution and attains an abundance of about 80 wt% at full dissolution. While the
serpentine Fe/Mg is high at first (84%), it decreases to about 34% at full dissolution. The Fe**/Fery,,, of the
serpentine varies between 13% and 37%. No brucite is formed for either of these starting compositions. The
magnetite production remains low (<107 wt%). It increases from the start until garnet is exhausted, and then it
decreases until the orthopyroxene is exhausted.

In comparison to the dunite protolith, magnetite production is not favored in the pyroxenite and mantle-garnet
compositions for several reasons. For the pyroxenite, the formation of serpentine is limited with a maximum
of about 33 wt% being produced after full dissolution. This is compared to about 70% serpentine being produced
by altering the mantle-garnet composition, and 80% when altering the dunite compositions. Furthermore, altering
the pyroxenite composition produces only Fe-rich serpentine, which hinders magnetite production. While
serpentine is a major product of alteration for the mantle-garnet starting composition, the serpentine is Fe>*-rich,
which disfavors magnetite production. The high concentration of Fe (including Fe**) in the serpentine produced
during pyroxenite and mantle-garnet alteration leads to having a lower Fe/Si in the system to form other minerals
and therefore does not promote the formation of iron (hydr-)oxides such as Fe-brucite and magnetite.

4.1.3. Shergottite and Trachyte

For our last set of simulations with a low water-to-rock ratio, we consider two possible crustal rocks, one that is
similar to a basaltic shergottite and the other a trachyte. As shown in Figure 5a and Figure S6 in Supporting
Information S1, alteration of the shergottite protolith leads to a progressive increase in the amount of magnetite to
a maximum of about 0.09 wt% near 50% dissolution. After this, the magnetite abundance decreases somewhat to
about 0.05 wt% at full dissolution. The main minerals that form up to 40% dissolution are talc, albite, chlorite and
secondary clinopyroxene. At 40% dissolution, the plagioclase is fully exhausted and saponite is formed at more
than 1% wt. Further dissolution leads to decreasing abundances of talc and albite, while saponite, secondary
clinopyroxene and chlorite increase. At ~65% dissolution and until 100% dissolution, serpentine, chlorite,
saponite and secondary clinopyroxene are present at more than 10% wt. As shown in Figures Sc and 5d and Figure
S6 in Supporting Information S1, serpentine and chlorite are the main Fe-rich minerals formed. Among the
minerals predicted to form, serpentine is the only one to have Fe**. The chlorite amount remains low.

When altering the trachyte protolith, the main minerals to form are sanidine, albite, secondary clinopyroxene and
saponite. Talc starts to be present at more than 1% wt at ~20% dissolution and chlorite at ~30% dissolution when
the plagioclase is exhausted. At 100% dissolution, sanidine and albite are present at more than 10% wt, whereas
chlorite and secondary clinopyroxene are present at more than 1% wt. The quartz proportion continuously in-
creases during dissolution to a maximum of ~10% wt. We note that only extremely trace quantities of magnetite
are produced and no serpentine is produced at all.

4.1.4. Summary

Our results demonstrate that magnetite is an important accessory product when altering dunitic rocks at a low
water-to-rock ratio of 1. Lower Mg#s and higher temperatures of alteration give rise to the highest abundances,
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Figure 5. Composition and abundance of the shergottite and trachyte protolith alteration products as a function of dissolution.
(a) Abundance of magnetite in wt%, (b) abundance in wt% of serpentine, olivine, and pyroxene, (c) the Fe/Mg ratio for
serpentine (which corresponds here to the ratio of masses of cronstedtite and greenalite to chrysotile) when altering the
shergottite protolith, and (d) the Fe**/Fer,,, ratio for serpentine (which corresponds here to the ratio of masses of
cronstedtite to greenalite) when altering the shergottite protolith. Alteration occurs at a temperature of 200°C.

reaching up to just over 6 wt%. Such high quantities of magnetite could in principle account for the strongest
magnetic anomalies observed from orbit, as well as the fields observed at the InSight landing site. However, when
altering the other protoliths, magnetite is at most a trace element, even for rocks with a high amount of olivine, as
in the mantle-garnet protolith (55 wt%), or with high amounts of pyroxene. After dunite, the next highest
abundances of magnetite that are generated are for the alteration of a shergottite protolith. But at no more than
0.09 wt%, this could only account for surface field strengths that are weaker than those at the InSight landing site
by more than a factor of 2. We note that a small amount of Fe-rich serpentine is predicted to form from the
alteration of the shergottite protolith (<20 wt%). Up to about 35 wt% serpentine is also predicted to form from
pyroxenite alteration and it is also Fe-rich. Finally, a large amount of serpentine is predicted when the ultramafic
mantle-garnet protolith is dissolved (up to 70 wt%), but it contains a high proportion of Fe** (about a third of the
iron in the serpentine). Serpentine is not predicted to form at all for alteration of the trachyte protolith.

BULTEL ET AL.

14 of 29

95U9017 SUOWIWIOD SAIIS1D) 9|qed![dde ayy Aq peusenob aJe sap e YO ‘85N Jo Sa|nJ Joj Aeiqi] aUIUQO AS]IAR UO (SUONIPUOI-pUR-SWB)W0D A8 |ImAleIq Ul |Uo//:SdNy) SUONIPUOD PUe SWIS 18U 89S *[5202/T0/62] U0 AriqiT auluO A3|IM ‘soueld aueIyo0D Aq TTT8003CEZ02/620T OT/I0pAL0d A3 1M Akeidijpuluo sgndnBe//:sdny wolj pepeojumod ‘T ‘5202 ‘00T669TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2023JE008111

4.2. High Water-To-Rock Ratios

We next consider water-to-rock ratios that are higher than 1. We start by testing the alteration of shergottite and
mantle-garnet protoliths that were shown to favor the formation of serpentine at low water-to-rock ratios, but
without obtaining significant amounts of magnetite. After this, we test the alteration of the pyroxenite protolith. In
contrast to the previous simulations that used pure water, these simulations will make use of the simulated Martian
water composition from Catling (1999) that is in equilibrium with 1 bar of CO,.

4.2.1. Shergottite

In Figure 6a, we show the amount of magnetite that is produced when altering a shergottite protolith at various
water-to-rock ratios. While we found a maximum production of about 0.1 wt% magnetite at a low water-to-rock
ratio of 1, values between 0.25 and 0.4 wt% are attained for a water-to-rock ratio of 10, with the maximum value
occurring near 87% dissolution. The evolution of the rock composition during these reactions is shown in Figure
S7 in Supporting Information S1. Chlorite, carbonate and quartz are the main minerals formed during alteration.
At ~10% dissolution, saponite starts to form along with secondary clinopyroxene. At ~40% dissolution, when
plagioclase is exhausted, the abundance of quartz strongly decreases; chlorite and carbonate slightly decrease at
this point while talc and saponite start to form. At ~90% dissolution, when olivine is exhausted, serpentine (Fe-
rich) is formed. At this point talc decreases, saponite increases, carbonate and chlorite values reach a plateau and
magnetite slightly decreases.

For a water-to-rock ratio of 100 (see Figures S7, S8, Table S2 in Supporting Information S1), magnetite abun-
dances of about 1 wt% are attained beyond 50% dissolution with small amounts of hematite (<0.5 wt%) being
produced during the first 5% of dissolution. Chlorite, nontronite and magnetite start to form at the beginning of the
dissolution. At ~50% dissolution, nontronite decreases, magnetite slightly increases and a low proportion of talc
forms and then strongly increases. At ~80% dissolution, pyrite increases to reach 4% wt and only talc, chlorite and
carbonate reach more than 10% wt. Both chlorite and talc are the main minerals that contain Fe.

For an even higher water-to-rock ratio of 1000, chlorite, carbonate and hematite are formed at the beginning of the
dissolution. At ~40% dissolution when plagioclase is exhausted, hematite decreases while magnetite and non-
tronite increase. At ~90% dissolution, when olivine is exhausted, pyrite and talc increase. Magnetite production
increases with dissolution, starting at about 1 wt% at 40% dissolution and reaching a maximum of around 4 wt%
near 70% dissolution. For this latter simulation, we note that between 5 and 8 wt% hematite is also produced
between 0% and 40% dissolution, after which it progressively decreases and disappears near 70% dissolution.
Thus, aqueous alteration of the shergottite protolith could potentially account for the field strengths at the InSight
lander if the water-to-rock ratio was 10 or higher. The strongest magnetic anomalies seen from orbit could also be
accounted for, but only for extremely high water-to-rock ratios near 1000 and if the magnetic layer was more than
20 km thick.

Figure 6b and Figure S7 in Supporting Information S1 show how the other major phases evolve during the
dissolution of the shergottite protolith for the case of a water-to-rock ratio of 10. Both pyroxene and olivine
gradually decrease with increasing dissolution, disappearing entirely at full dissolution. Serpentine begins to
appear only after 87% dissolution and attains a maximum of about 10 wt% at full dissolution. The serpentine is
iron rich with an Fe/Mg wt% ratio of about 90% and with about 20% of its iron as Fe>* (Figures 6¢ and 6d). Thus, a
large part of the iron from olivine and pyroxene is concentrated in the serpentine, talc and chlorite near the
terminal stages of alteration (Figure S8, Table S2 in Supporting Information S1). Although the composition of the
serpentine is similar to that obtained using a low water-to-rock ratio of 1, we note that significantly less serpentine
is produced (10 vs. 25 wt%) and that serpentine first appears after a much higher dissolution (87 vs. 50%). We also
note that serpentine is not produced at all for our simulations with water-to-rock ratios of 100 and 1000 (see Table
S2 and Figure S7 in Supporting Information S1). The other main alteration minerals that contain Fe** are chlorite,
talc and carbonates (Figures S7 and S8 in Supporting Information S1).

A notable difference between the low and high water-to-rock ratio simulations is the presence of CO, in the fluid,
which leads to the formation of carbonates in (at least) trace abundances. The abundance and composition of the
carbonates are presented in Figure 6e as a function of the dissolution of the shergottite protolith. While carbonates
are found in only trace amounts (<2 wt%) for a water-to-rock ratio of 10, they constitute a major product at the
highest water-to-rock ratio of 1000, progressively increasing from 7 to 44 wt% as dissolution proceeds. For a
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water-to-rock ratio of 10, the Fe/(Fe + Mg + Ca) wt% ratio of the carbonates is close to 20% when the rock
dissolution is less than 20% and is close to 5% for higher dissolutions. In contrast, for a water-to-rock ratio of
1000, Fe/(Fe + Mg + Ca) progressively increases from about 0% to 6% at full dissolution (Figure 6f). As the
water-to-rock ratio increases, the abundance of carbonates formed also increases. This is due to the fact that the
alteration reactions are progressively controlled by the composition of the solution.

4.2.2. Mantle-Garnet

We next assess the alteration of the ultramafic mantle-garnet protolith at various water-to-rock ratios (Figure 7,
Figure S9 and Table S2 in Supporting Information S1). For a low water-to-rock ratio of 1, magnetite is only
produced in extreme trace quantities, and higher water-to-rock ratios of 10-1000 produce even lower amounts
(Figure 7a). For the lowest water-to-rock ratio, the maximum amount of magnetite produced is about 10™* wt%,
and for the higher water-to-rock ratio, the magnetite abundance is lower by several orders of magnitude. Similar to
the case of the shergottite protolith, we note that hematite is predicted to be a major phase for the highest water-to-
rock ratio of 1000, being close to 10 wt% at all stages of dissolution. For a water-to-rock ratio of 100 (not plotted),
magnetite abundances of only about 10~7 wt% are reached, with small amounts of hematite (around 1 wt%) being
produced during the first 10% of dissolution.

The abundance of serpentine is shown in Figure 7b and Figure S9 in Supporting Information S1 as a function of
dissolution of the mantle-garnet protolith for a water-to-rock ratio of 10. The abundance of olivine and pyroxene
is seen to progressively decrease, disappearing entirely at full and 80% dissolution, respectively. Chlorite and
carbonate are formed from the start of dissolution, and quartz and nontronite are only predicted between ~15%
and ~18% dissolution. At ~20% dissolution, talc, amphibole, serpentine and secondary clinopyroxene first
appear. Talc is then dissolved at ~30% dissolution when olivine is fully exhausted. Serpentine reached a
maximum of 80 wt% at full dissolution. Before 25% dissolution, the serpentine is Fe-rich with a Fe/Mg wt% ratio
close to 90% and with up to 46% of its iron as Fe>* (Figures 7¢ and 7d). The serpentine Fe/Mg then decreases with
increasing dissolution, with about 50% at 40% dissolution and ending at about 40% at full dissolution with about
25% of the iron as Fe>*. Magnetite formation is favored during the dissolution of olivine and during an important
increase in talc and serpentine. After that, the magnetite proportion slightly decreases and then stabilizes. Note
that the amount of magnetite remains very low.

At a water-to-rock ratio of 100, chlorite and carbonate are predicted to form from the start as major phases.
Nontronite is predicted to dissolve between 5% and 30%, after which, talc is predicted to increase when olivine is
exhausted. Hematite is also formed from 0% to 10% dissolution as well as between 30% and 45% dissolution.
Pyrite forms between 45% and 55% dissolution. We note that serpentine starts from at 55% dissolution and
reaches up to 44 wt% at 100% dissolution. At a water-to-rock ratio of 1000, carbonate, hematite and chlorite are
the main minerals formed. At ~30% dissolution, olivine is exhausted and magnetite increases. From 40% to 70%
dissolution, nontronite is predicted and from 50% to full dissolution, talc is predicted to form.

Talc, chlorite, carbonate, nontronite and serpentine are the main minerals that have Fe?* in these simulations. No
serpentine is predicted to form for a water-to-rock ratio of 1000 (Table S2 and Figures S9, S10 in Supporting
Information S1).

The abundance and composition of the carbonates produced when altering the mantle-garnet type rocks are shown
in Figures 7e and 7f. Although only trace amounts (<2 wt%) are produced for a water-to-rock ratio of 10, they
constitute up to 48 wt% of the rock at full dissolution for a water-to-rock ratio of 1000. For a water-to-rock ratio of
10, Fe/(Fe + Mg + Ca) of the carbonates is always close to 20%, but for a water-to-rock ratio of 1000, this
progressively increases to about 50% at full dissolution.

4.2.3. Pyroxenite

Next, we investigate the alteration of a pyroxenite protolith at high water-to-rock ratios (Figure S11 in Supporting
Information S1). At a low water-to-rock ratio of 1, we previously found that a maximum of 0.04 wt% magnetite
was produced. In Figure 7a, it is seen that increasing the water-to-rock ratio leads to progressively higher amounts
of magnetite. A water-to-rock ratio of 10 increases the abundance of magnetite by almost an order of magnitude,
attaining a maximum of 0.26 wt% at around 30% dissolution, after which it decreases to 0.06 wt% at full
dissolution.
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Carbonate and chlorite form at the beginning of the reaction up to 100% dissolution. A few other minerals are
predicted to form from the start as well, but then their abundance decreases and they completely dissolve. Among
them are quartz (up to 40% dissolution), beidellite (up to 10% dissolution), and nontronite (up to 25% dissolution).
Sanidine is predicted between 10% and 35% dissolution. Albite low forms between 20% and 25% dissolution and
prehnite between 15% and 25% dissolution. Secondary clinopyroxene forms from 20% dissolution and then in-
creases up to 25wt% at 65% dissolution. Saponite forms from 25% dissolution and reaches 10 wt% at 65%
dissolution.

The abundances of serpentine, olivine and pyroxene are shown in Figure 7b as a function of dissolution of the
pyroxenite protolith for a water-to-rock ratio of 10. The abundance of olivine and pyroxene is seen to progres-
sively decrease, disappearing entirely at around 60% and full dissolution, respectively. Serpentine first appears
near 50% dissolution and increases to a maximum of 20 wt% at total dissolution. The serpentine is Fe-rich with a
Fe/Mg wt% ratio close to 90% and with up to 35% of its iron as Fe*>* (Figures 7c and 7d). The Fe/Mg of the
serpentine decreases to about 75% at total dissolution with about 20% of the iron as Fe**. From 60% to 100%
dissolution, the assemblage is mainly constituted of serpentine, secondary clinopyroxene, chlorite, carbonate and
saponite with traces of magnetite and chromite.

For a water-to-rock ratio of 100, carbonate and chlorite are predicted to form from the start of the reaction and
increase during the first 20% dissolution to a plateau value around 15-20 wt%. Hematite is also predicted in trace
quantities (<1wt%) at the beginning of the reaction but disappears at 5% dissolution. Diaspore is predicted as trace
(<1wt%) only between 5% and 10% dissolution. At 5% dissolution, nontronite is formed and reaches a few wt%
and then decreases at 80% dissolution and is absent after 90% dissolution. Magnetite appears at 5% dissolution. It
reaches 1 wt% near 85% dissolution with a maximum of around 2 wt% at 100% of dissolution (not plotted, see
Figure S2, S7, and Table S2 in Supporting Information S1). It decreases slightly between 10% and 20% disso-
lution when beidellite is formed as trace (<1wt%) but then increases to a plateau value until 70% dissolution when
it increases again continuously until the end of the reaction. Quartz is formed from 15% dissolution and reaches
around 4 wt% and then decreases from 40% dissolution and is absent after 70% dissolution. Talc forms at 30%
dissolution and increases until becoming the major secondary mineral present after 40% dissolution. It reaches up
to 67wt% at the end of the reaction.

A water to rock ratio of 1000 gives rise to a maximum of 2.5 wt% magnetite near 80% of dissolution. Like our
previous simulation with a water-to-rock ratio of 1000, we note that hematite is also predicted to be a major phase,
especially below 50% of dissolution, with abundances between 5 and 8 wt%. The abundance of hematite decreases
as dissolution progresses, disappearing near 70% dissolution. Chlorite, carbonate and hematite form at the
beginning of the reaction. Nontronite appears at ~40% dissolution when the hematite is decreasing. Pyrite forms
at ~70% dissolution but remains minor. Talc is predicted to form at ~80% dissolution. For a water-to-rock ratio of
10, serpentine, chlorite and talc are the main minerals that integrate iron (Figure 7 and Figure S12 in Supporting
Information S1). For both water-to-rock ratios of 100 and 1000, talc is the main secondary mineral containing
iron, while chlorite and carbonate that also contain iron are predominantly Mg and Ca rich respectively (Figure 7
and Figure S12 in Supporting Information S1). No serpentine is predicted to form for water-to-rock ratios of 100
and 1000.

The abundance and composition of the carbonates produced when altering the pyroxenite composition are shown
in Figures 7e and 7f. Although only trace amounts (around 2 wt%) are produced for a water-to-rock ratio of 10,
they constitute up to 18% for a water-to-rock ratio of 100 and up to almost half of the rock at full dissolution for a
water-to-rock ratio of 1000. Throughout the dissolution process, the predominant carbonate present is magnesite,
comprising 64%—75% of the total carbonate content, while siderite makes up less than 6%.

Figure 7. Composition and abundance of the pyroxenite and mantle-garnet alteration products as a function of dissolution and water-to-rock ratio. (a) Abundance of
magnetite and hematite in wt% for water-to-rock ratios of 1, 10, and 1000, (b) abundance of olivine, pyroxene, and serpentine in wt% for a water-to-rock ratio of 10,
(c) the Fe/Mg ratio for serpentine (which corresponds here to the ratio of masses of cronstedtite and greenalite to chrysotile) for a water-to-rock ratio of 10, (d) the Fe3+/
FeTotal ratio for serpentine (which corresponds here to the ratio of masses of cronstedtite to greenalite) for a water-to-rock ratio of 10, (e) abundance of carbonates in
wt% for water-to-rock ratios of 10 and 1000, (f) the Fe/(Fe + Ca + Mg) ratio of the carbonates (which corresponds here to the ratio of masses of siderite to siderite,
calcite and magnesite) for water-to-rock ratios of 10 and 1000. Note that the Fe/(Fe + Ca + Mg) ratio of the carbonates is not shown for a water-to-rock ratio of 10
because they are present in only trace quantities. Alteration occurs at a temperature of 200°C.
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4.2.4. Trachyte and Dunite

We considered the alteration of the trachyte protolith at higher water-to-rock ratios, but these conditions did not
lead to a significantly increased production of magnetite compared with the low water-to-rock simulations.
Because the total abundance was extremely low (<1072 wt%), we do not plot the results or discuss these
simulations. Furthermore, we do not present the alteration of dunitic protoliths with higher water-to-rock ratios.
Although these simulations produce more magnetite than the low water-to-rock simulations, magnetite pro-
duction at low water-to-rock ratios is already sufficient to account for the strongest Martian magnetic anomalies.
It is also probably unlikely that dunites would be found in an environment with a high water-to-rock ratio. Such
rocks would likely form at a great depth in the crust, away from any large standing body of water, and would also
form with a low porosity and thus have a low water-holding capacity. Nevertheless, we note that locally on Mars
surface rocks with high amounts of olivine, such as olivine cumulates, have been documented at the surface of the
planet. These rocks, however, are not representative of the crust where strong magnetic anomalies are seen (Liu
et al., 2022).

4.2.5. Summary

The amount of magnetite that is produced during aqueous alteration generally increases as the water-to-rock ratio
increases (Table S2 and Figure S13 in Supporting Information S1). For shergottite protoliths, and for respective
water-to-rock ratios of 1, 10, 100 and 1000, it is possible to produce up to 0.1, 0.4, 1, and 4 wt% magnetite. Similar
results were obtained for pyroxenite protoliths, where using the same water-to-rock ratios, up to 0.04, 0.26, 2, and
2.5 wt% magnetite were produced. In contrast, only trace quantities of magnetite were produced for the mantle-
garnet and trachyte protoliths at high water-to-rock ratios. Shergottites and pyroxenites could thus potentially
account for the measured magnetic field strength at the InSight lander if alteration occurred with a water-to-rock
ratio of 10 or more. These protoliths could potentially account for the strongest orbital magnetic field strengths if
alteration occurred with an extremely high water-to-rock ratio of 100, but only if the magnetic layer was more
than about 40 km thick. The amount of serpentine that is generated at water-to-rock ratios of 1 and 10 are broadly
similar. However, given that the initial fluid was assumed to be in equilibrium with the Martian atmosphere,
significant quantities of carbonates can be produced at high water-to-rock ratios. Although carbonates make up
only a few wt% at a water-to-rock ratio of 10, they can make up almost half of the rock at a water-to-rock ratio of
1000.

5. Discussion
5.1. Magnetization of Martian Rocks and Meteorites

The Martian meteorites are, with few exceptions, Amazonian in age (<3 Ga) and hence likely formed when the
core dynamo field of Mars was no longer active (see McSween and McLennan (2014) and Udry et al. (2020) for
reviews of these meteorites). While these rocks are unlikely to sample the magnetized materials that are
responsible for the observed magnetic anomalies, one can test if these lithologies could account for the observed
field strengths if they formed earlier when a dynamo field was present. The large number of meteorites with such
measurements (about 50) ensures that these rocks sample many different locales on Mars.

To address this, we make use of the approach employed by Rochette et al. (2005) and Gattacceca et al. (2014) that
relies on the measured saturation remanent magnetization of the rock. In particular, we make use of an empirical
relation between acquired remanent magnetization, the ambient field strength, and the rock saturation remanent
magnetization.

=

i

_B €)

=
Q

where the constant a is the same as in Equation 1. The saturation remanent magnetization, M,,, is the maximum
remanent magnetization that the rock can acquire and is easily measured in the laboratory. It depends upon both
the saturation remanent magnetizations of the magnetic minerals in the rock and their abundances. Using
Equation 1, we first estimated the minimum saturation remanent magnetizations that are required to account for
the strongest orbital magnetic field and the observed field at the InSight landing site, assuming a magnetizing field
strength of 50 pT. These values are tabulated in Table 1 for the same scenarios that were previously investigated.
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Figure 8. Histogram of Martian meteorite saturation remanent magnetizations, M, whose values are taken from Table S4 in
Supporting Information S1. The cross-hatched region represents the minimum values that would be required to account for
the observed magnetic field at the InSight landing site if one or more of the three crustal layers there obtained a chemical
remanent magnetization in a 50 pT field. The four dashed vertical lines correspond to the minimum thicknesses of
magnetized crust to account for the strongest orbital magnetic anomaly for the same conditions of magnetization acquisition.
Colors differentiate the different meteorite classes.

We next compared these values with those obtained from analyses of Martian meteorites. These were taken from
the measurements tabulated in Rochette et al. (2005), Gattacceca et al. (2014), Herd et al. (2017), and Kramer
Ruggiu et al. (2020), and we included 13 new measurements. The complete database is described in Appendix A
and Table S4 in Supporting Information S1. In total, there are M, measurements for 48 distinct meteorites, and
these were converted from units of A m*> kg~' to A m™~! by using an appropriate rock density. The meteorite
saturation remanent magnetizations, as well as the required values to account for the orbital and surface magnetic
field measurements, are summarized in Figure 8.

We first consider the strongest magnetic field strengths observed from orbit over the southern highlands of Mars.
If the magnetic layer there was 40 km thick, which is implausibly high for the case of hydrothermal alteration, we
find that just over one-fifth (11 of 48) of the meteorites could potentially account for the required minimum
magnetizations. If the thickness of the magnetic layer was 20 km, then 5 of the 48 meteorites could account for the
observed magnetizations (2 shergottites, 2 nakhlites, and NWA 7034). For a magnetic layer thickness of 10 km,
the number of meteorites reduces to 3: Two of these are shergottites that do not show evidence for hydrothermal
alteration, and the third is the NWA 7034 highland breccia. NWA 7034 is sufficiently magnetic that only a 5 km
layer composed of this material is necessary to account for the strongest orbital magnetic anomaly.

NWA 7034 is unique among the Martian meteorites in that it contains zircons and igneous lithologies that date
from 4.39 to 4.47 Ga and that its bulk composition is similar to the bulk crustal composition of Mars (e.g., Agee
et al., 2013; Bellucci et al., 2015; Bouvier et al., 2018; Humayun et al., 2013; McCubbin et al., 2016; Nyquist
et al., 2016). It contains a combined amount of about 15 wt% magnetite and maghemite, of which the latter was
formed by low-temperature aqueous alteration (Agee et al., 2013; Gattacceca et al., 2014). This meteorite contains
about an order of magnitude more water than the other Martian meteorites (Agee et al., 2013) and materials of this
composition are plausibly responsible for the strong remanent magnetic fields observed in the southern highlands
of Mars (Gattacceca et al., 2014).

In contrast to the strongest magnetic fields that are found over the southern highland crust, there are many more
Martian meteorites that could account for the weaker field strength measured at the InSight landing site in the
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northern lowlands of Mars. If the magnetic layer there comprised the entire 39 km thick crust, then about two-
thirds of the Martian meteorites (32 of 48) would have the required minimum saturation remanent magnetiza-
tions to account for the observed surface field strength if they formed in the presence of a 50 pT ambient field. Of
these, about one-third are shergottites, with most of the remainder being nakhlites. It must be noted that nakhlites
are strongly overrepresented compared to shergottites in the database used for Figure 8, with a nakhlite/shergottite
ratio of 0.83 (20/24) compared to 0.11 (32/300) in the entire Martian meteorite collection. If only the lowermost
layer of the crust (from 20 to 39 km depth) were magnetized, then just under half of the Martian meteorites (19 of
48) could potentially account for the observed field strength. Thus, lithologies comparable to the known Martian
meteorites could likely account for the observed magnetic field strength at the InSight landing site, and by
analogy, elsewhere in the northern lowlands.

Lastly, we note that the abundance of magnetite has been measured in situ for some rocks in Gale crater by the
Curiosity rover and in Gusev crater by the Spirit rover. As summarized in Rampe et al. (2020), some of the
sandstone deposits in Gale crater contain up to 11 wt% magnetite. This magnetite is interpreted to be the result of
complex near-surface aqueous alteration processes that involved the dissolution of olivine. Even though the
abundance of magnetite in these sedimentary rocks is high, with deposit thicknesses on the order of 100 m, they
would not be able to account for the strongest magnetic anomalies measured from orbit. They would also make
only a small contribution to the surface field strength in comparison to the field strengths measured at the InSight
landing site. High abundances of magnetite have also been reported for some basalts within the Gusev crater. The
average abundance of magnetite for 16 rocks is about 3 wt%, with the highest values being close to 9 wt%
(McSween et al., 2008). Based on their Ti content, this magnetite is interpreted to be a primary magmatic mineral
(Morris et al., 2008). Taking into account the reduced saturation remanent magnetization of titanomagnetite with
respect to pure magnetite, basalts with these compositions could potentially account for the strongest magnetic
anomalies measured from orbit if the deposits were 10s of km thick.

5.2. Can Magnetite Production by Hydrothermal Processes Explain the Martian Magnetic Anomalies?

Hydrous alteration of known rock types that are found on Mars can, in certain circumstances, lead to the gen-
eration of high quantities of magnetite. For almost all the scenarios that we considered, magnetite is the only
magnetic mineral that is produced. Minerals such as pyrrhotite or maghemite are never observed, and hematite is
only observed in the most extreme cases when the water-to-rock ratio is near 1000. When the protolith is dunitic,
sufficient magnetite can be generated to account for the strongest observed magnetic anomalies when using low
water-to-rock ratios. In contrast, alteration of compositions similar to the basaltic shergottites and pyroxenites
with higher water-to-rock ratios can account for the field strengths observed at the InSight landing site.

When considering a low water-to-rock ratio of 1%, 30%—40% dissolution of a dunite protolith can generate about
2 wt% magnetite for a variety of protolith Mg#s and alteration temperatures. With this abundance, the strongest
magnetic anomalies on Mars could be accounted for by a magnetic layer that is about 40 km thick. Our simu-
lations show that magnetite production is favored when the alteration occurs at high temperatures and for
decreasing Mg# of the olivine. This phenomenon is supported by the observation of terrestrial samples (Klein
et al., 2014), laboratory experiments (i.e., McCollom et al., 2020) and geochemical models (i.e., McCollom
et al., 2022). By changing the Mg# of the olivine from 90 to 75, we find that the amount of magnetite that is
produced can be increased by about a factor of two. In particular, just over 6 wt% magnetite can be generated after
about 50% dissolution of a dunite protolith at 200°C for the lowest Mg# that we considered. This abundance is
comparable to the amount of magnetite in the most magnetic Martian meteorite NWA 7034. Furthermore, at 6
wt% magnetite, the strongest magnetic anomalies could be accounted for by a layer of this material that was about
10 km thick.

For a water-to-rock ratio of 1, none of the other protoliths that we investigated could generate enough magnetite to
account for the strongest magnetic anomalies detected from orbit or at the InSight landing site. When increasing
the water-to-rock ratio to 10, none of the other protoliths generated enough magnetite to account for the strongest
magnetic anomalies either, but some could account for the weaker anomaly at the InSight landing site. In
particular, hydrous alteration of our pyroxenite protoliths generated up to 0.3 wt% magnetite, and alteration of the
shergottite protoliths generated up to 0.4 wt% magnetite. With these abundances, the magnetic field strength
observed at the InSight landing site could be accounted for if the entire 39 km thick crust was magnetized.
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By increasing the water to rock ratio to 100, alteration of the shergottite and pyroxenite protoliths generated even
more magnetite, between about 1 and 2 wt%. At an even higher water-to-rock ratio of 1000, alteration of the
shergottite protolith generated up to 4 wt% magnetite. Though 4 wt% could in principle account for the strongest
magnetic anomalies detected from orbit if the magnetic layer was more than 20 km thick, such water-to-rock
ratios are probably unrealistically high for geologic units that are 10-100s of kilometers in size in the southern
highlands. Aqueous alteration of the upper mantle protolith never generated enough magnetite to account for
either the strong fields measured from orbit or at the InSight landing site. This suggests that mantle materials
excavated by large impact basins are unlikely to be responsible for any of the Martian magnetic anomalies.
Similarly, aqueous alteration of the felsic trachyte protolith only generated trace amounts of magnetite and is
unlikely to be responsible for any of the Martian magnetic anomalies.

5.3. Previous Predictions of Magnetite Production by Alteration of the Martian Crust

While numerous studies already model hydrothermal reactions of the Martian crust, none of them focus primarily
on the production of magnetite. All these studies already noted the general trend reproduced in our study, which is
the increase in the production of magnetite with increasing water-to-rock ratio, temperature and amounts of mafic
minerals in the starting composition. Griffith and Shock (1995, 1997) studied several starting rock compositions
for Mars with temperatures (150°-250°C) close to the work presented here. As in our models, magnetite is
predicted to form in small amounts when a rock with a Shergottite composition is altered at 200-250°C. More
magnetite is predicted to form for higher water-to-rock ratios. More notable amounts of magnetite (10s mol %) are
predicted to form when altering a rock with a Chassigny (dunitic) composition, with the abundance increasing
with increasing water-to-rock ratio. These trends of higher amounts of magnetite with a higher water to rock ratio
and for more (ultra)mafic compositions fit well with the models presented here. Our models include starting
compositions more representative of the diversity of the Martian crust and do not consider whole rock chemistry
but instead mineralogical compositions and therefore the thermodynamic constant of minerals. It also considers a
more complete database for possible secondary products (e.g., solid solution of serpentine and carbonate). These
improvements seem to lower the amount of magnetite predicted for both shergottite (around 10 mol% in Griffith
& Shock, 1997 and around 2 mol% here for W/R of 1000) and dunitic (10s mol% in Griffith & Shock, 1997 and
around 1 mol% here for W/R of 1000 of pyroxenite) compositions and to increase the amount of Fe-bearing clay
minerals.

The study by Schwenzer and Kring (2009) that focused on impact generated hydrothermal systems also reported
trends that fit our models. The iron oxide predicted to form increases with the water-to-rock ratio and even
dominates for a water-to-rock ratio >10,000. They also note an increasing amount of hematite at high water-to-
rock ratios, while magnetite is rather formed at water-to-rock ratios between about 30 and 100. Hematite pro-
duction is also predicted in Bridges and Schwenzer (2012) for high water-to-rock ratios (>10) when altering a
rock with a Nakhla composition (which is close to the pyroxenite used in our model). We confirm this here and
additionally show that magnetite is favored over hematite for lower water-to-rock ratio for most of the compo-
sition seen for the martian crust.

Focusing on the alteration mineralogy seen at Gale Crater, Bristow et al. (2015) predicted high amounts of
magnetite (up to 6.8 wt% at 130°C and W/R of 100) and Fe-rich clay minerals for water-to-rock ratios from 10 to
100 at temperatures between 50 and 130°C). Magnetite production was found to increase with increasing tem-
peratures and water-to-rock ratios (from traces to 5.2 wt%) as it does in most of our models. This trend is also
reported in Zolotov (2007, 2012) who shows for a CI composition an increase of magnetite production with an
increase of temperature of alteration at a water-to-rock ratio of 1. Our results suggest that this is also valid for a
wide range of starting compositions. However, we also show that magnetite is not predicted as more than a trace
for trachyte or mantle-garnet compositions as starting materials.

5.4. Comparison With Aqueous Alteration Products Observed on Mars

Throughout most of this study, we have focused on the amount of magnetite that could be generated by altering
various rock types. Here, we focus instead on the other minerals that are produced and then compare these with the
mineral assemblages of altered rocks that have been detected on the surface of Mars. For simplicity, we review the
mineralogy of the alteration products when the protolith is fully dissolved. Though the relative proportions of the
alteration products would be slightly different at partial dissolution, this would not affect the overall results
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discussed here. Furthermore, we neglect phases with abundances that are less than one weight %, as these would
be difficult to detect by most remote sensing techniques. It is important to keep in mind that when discussing
detection by remote sensing, our view of the surface of Mars is biased notably by the uneven coverage of surface
images and that the surface is often hidden by dust (Carter et al., 2013).

The case of altering the trachyte protolith found at Gale Crater stands out compared to our other results for a low
water-to-rock ratio. It is the only case where the main products of alteration are not hydrated but are instead low-
temperature phases of feldspar (albite-low and sanidine), with the other products in decreasing order being quartz,
secondary clinopyroxene, and chlorite. Chlorite is the main hydrated mineral, but it represents less than 6 wt% of
the final mineralogical assemblage. Hydrothermal alteration of a trachyte will therefore generate only low
abundances of hydrated material (di-tri-Fe, Mg-phyllosilicates) and this coincides well with the mineralogy of the
alteration products that have been documented so far at Gale Crater (Bristow et al., 2018). The only exception is
the detection of several sulfates, akaganeite and carbonates that were reported in the crater (McAdam et al., 2020),
suggesting that S, Cl, and C, which were not included in our model, would be necessary to better represent the
entire mineralogical assemblage seen at Gale Crater. Regardless, we note that the minerals missing in our models
are all suggested to come from later diagenesis processes possibly involving warm saline fluid in a lacustrine
environment (e.g., McAdam et al., 2020) and are unlikely to be hydrothermal alteration products. Sulphide
alteration has led to limited sulfate formation or mobilized S, Cl and other mobile elements (Berger et al., 2017,
Yen et al., 2021) and formation of hydrothermal feldspar, silica and some clays have been documented at Gale
Crater (Morris et al., 2016, 2020; Rampe et al., 2020). However, these observations are sparse and are not
accompanied by detection of prehnite, chlorite, serpentine, or other typical hydrothermal minerals.

The case of dunite alteration at low water-to-rock ratios is also particular in that these are the only protoliths that
produce hydroxide brucite (up to about 10 wt%). Serpentine, chlorite, secondary pyroxene and oxides are also
predicted to form (in decreasing order of abundances), with serpentine representing more than 79 wt% of the
resulting rock. Known serpentine detections on Mars are usually found in association with large quantities of the
clays saponite, chlorite, nontronite, and talc, along with possible carbonates (Amador et al., 2018; Bishop
et al., 2013; Bultel et al., 2015; Ehlmann et al., 2010; Michalski & Niles, 2010). This suggests that dunite is
probably not the main starting protolith where serpentine is found on the surface. If hydrous alteration of dunites is
responsible for the generation of large quantities of magnetite, then these materials would need to be buried at
some depth in the crust in order to avoid detection by remote sensing techniques. Note that most studies reporting
observations of serpentine on Mars rely on impact craters in order to have access to deep crustal material, yet no
observations match the assemblages seen here for dunites.

Similar to dunites, the alteration of the mantle-garnet protolith at low to moderate water-to-rock ratios also
produces serpentine as the dominant major product (about 70-80 wt%), which is associated with secondary
clinopyroxene, amphibole, carbonate, and chlorite. The low abundances of other phyllosilicates besides
serpentine and the presence of amphibole are unusual for Martian serpentine detection at the surface. At the
highest water-to-rock ratios, alteration of the mantle-garnet protolith generates mainly carbonates, talc, hematite
and chlorite. This corresponds well to the carbonated serpentine reported locally in the Nili Fossae region by
Brown et al. (2010), though it should be noted that saponite was also detected there. Nili Fossae is adjacent to the
Isidis impact basin that has an extremely thin crust in its interior and upper mantle materials could have been
excavated there by this impact event (Wieczorek et al., 2022). Thus, even though some differences in the observed
alteration products exist, the carbonated serpentine at Nili Fossae could potentially be representative of local
alteration of upper mantle materials at extremely high water-to-rock ratios.

The alteration of pyroxenite at low water-to-rock ratios produces serpentine, saponite, secondary pyroxene, and
minor chlorite (<5 wt%). Increasing the water-to-rock ratio to 10 increases the amounts of all the hydrated/hy-
droxylated minerals and further leads to the formation of small quantities of carbonates (about 2 wt%). This
mineral assemblage better represents most of the serpentine-rich outcrops that have been described on Mars (e.g.,
Brown et al., 2010). Interestingly, this assemblage also matches some of the alteration products reported in
nakhlites when serpentine is present (Changela & Bridges, 2010). Thus, hydrous alteration of a pyroxenite
protolith could potentially account for much of the hydrous alteration products found on Mars. For high water-to-
rock ratios typical of a system dominated by the fluid chemistry, carbonate is the main alteration product followed
by nontronite, talc, chlorite and oxides (hematite and magnetite). When reported on Mars, carbonates are always
present in a mixture with phyllosilicates and these phyllosilicates are mainly saponite or nontronite (Bridges
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et al., 2019). We thus consider such detections of carbonates and phyllosilicates as being potentially a result of
CO,-rich aqueous processes that affected locally the crust of Mars. We note that such a high water-to-rock ratio is
unlikely to occur in a hydrothermal system inside the crust along fractures, and that this would instead require a
large aquifer or standing bodies of water along with long interaction times (>10,000 of years).

Finally, the alteration products of shergottite protoliths at low water-to-rock ratios are secondary pyroxene,
saponite, serpentine, and chlorite. At intermediate water-to-rock ratios, the same assemblage is predicted but with
the addition of talc. These mineral assemblages are comparable to those on Mars where serpentine has been
detected, but also where altered crust has been detected without serpentine, such as in the southern highlands (e.g.,
Bultel et al., 2015) or in altered crust excavated by impact craters (e.g., Sun & Milliken, 2014). Interestingly,
strong magnetic anomalies are found between the Hellas and Isidis impact basins where serpentine was detected.
Alteration of a shergottite protolith at low to moderate water-to-rock ratios could thus explain many observed
hydrous mineral assemblages on Mars. In the case of higher water-to-rock ratios, we obtained similar mineral
assemblages as with the alteration of pyroxenite protoliths (mainly carbonates). This is because the reaction is
mainly controlled by the composition of the fluid. As for pyroxenite alteration at extremely high water-to-rock
ratios, we consider this to be potentially representative of some hydrothermally altered crust on Mars.

6. Conclusions

Mars at one point in its past was able to sustain a core generated dynamo and thus a global magnetic field. Portions
of the crust were magnetized during this time, and the present day lithospheric magnetic anomalies on Mars are
strong in comparison to those on Earth. The origin of these anomalies has long been debated. The magnetic
minerals responsible for crustal magnetization are not known with certainty, though magnetite and pyrrhotite are
the most likely candidates (e.g., Dunlop & Arkani-Hamed, 2005). Further, magnetization acquisition processes
are also uncertain, and primary magmatic processes, aqueous alteration, and impact processes all could have
played a role. The depth and thickness of magnetic sources are notoriously difficult to constrain from orbital
magnetic field data alone, though the sources are probably shallower in the northern lowlands than in the southern
highlands (e.g., Gong & Wieczorek, 2021). Lastly, the strength of the magnetizing field is poorly constrained, and
is based on only a single Martian meteorite (Weiss et al., 2008).

In this study, we first derived a lower bound on the magnetization that is required to account for the strongest
magnetic field strengths measured from the orbit and the magnetic field strength measured at the InSight lander.
Our model employed a geologically plausible compact magnetic source that is unidirectionally magnetized, and
the depth and thickness of the magnetic source were constrained from crustal models based on InSight seismic
data. The abundance of magnetite required to account for these magnetizations was determined by assuming an
Earth-like ambient magnetic field when the magnetic minerals formed. Assuming a magnetic layer thickness
between 10 and 40 km, we found that between 2 and 7 wt% magnetite was required to account for the strongest
orbital magnetic field strengths. In contrast, only 0.4 to 1 wt% magnetite was required to account for the measured
field strengths at the InSight lander when the magnetization was confined to one or more of the three major crustal
layers imaged by the InSight seismometer.

We next investigated whether the aqueous alteration of known Martian rock types could generate the required
abundances of magnetite. In almost all cases, the only magnetic mineral that was generated was magnetite. When
considering low water-to-rock ratios, the only investigated protolith that could account for the strongest orbital
magnetic fields was dunite. Between 1 and 6 wt% magnetite could be generated when considering a range of
olivine compositions and alteration temperatures. While serpentinization of dunite is a possible origin for the
strongest magnetic anomalies, accounting for an equivalent layer of dunite that is more than 10 km thick is
geologically problematic. In this regard, we note that the aqueous alteration of dunite generates mostly serpentine
with only low abundances of other clay minerals, which is not consistent with the mineralogy of the serpentine
deposits found on Mars. Nevertheless, dunitic source rocks on Mars are likely to form deep in the crust, and would
only be found rarely at the surface when excavated by large impact craters.

When the water-to-rock ratio was increased to 10, we found that the alteration of pyroxenites and shergottites
could generate up to 0.3 and 0.4 wt% magnetite, respectively. These abundances could account for the measured
magnetic field strength at the InSight lander if the magnetization is confined to one or more of the three major
crustal layers detected by InSight. For both protoliths, the alteration products include serpentine, saponite,
chlorite, and carbonates, which are usually found at serpentine outcrops on Mars. Thus, the hydrous alteration of
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pyroxenites or basaltic shergottites is a plausible origin for many of the moderate strength magnetic anomalies on
Mars. Altering these protoliths at even higher water-to-rock ratios of 100 or 1000 can generate even more
magnetite (up to 4 wt%), but such water-to-rock ratios are probably unrealistically high when considering
magnetic sources that are 10-100s of km in size.
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