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Abstract Understanding the Martian soil water budget is crucial not only for in situ resource utilization in
future human missions to Mars, but also for reconstructing the geological and climatic history of the planet, as
well as to assess the potential of ancient or even present microbial life. Here, we present a methodology to study
near-surface water using albedo protons, based on measurements from the Radiation Assessment Detector
(RAD) onboard the Mars Science Laboratory (MSL). With this approach, water can be investigated beneath
dust layers at approximately 1-6 cm, representing a new observational depth range compared to existing
methods. In combination with data from the Dynamic Albedo of Neutrons (DAN) experiment, also part of MSL,
we show that MSL/RAD has so far been unable to resolve small variations in regolith water of 2%—7%.
However, supporting simulations suggest that larger water reservoirs, such as those at higher latitudes or locally
near the equator, may be detected by MSL/RAD with measurement times of approximately two to 3 months. We
demonstrate that a future Mars detector, specifically redesigned to measure albedo protons, could detect changes
in near-surface water content of about 20% within roughly 6-16 days, and variations exceeding 40% within only
a few days, with statistical significance. We therefore propose including albedo proton measurements in future
missions to Mars or other extraterrestrial bodies, as they represent a promising complement to existing methods
for probing near-surface water.

Plain Language Summary Studying water on Mars is essential for understanding the planet's
history, assessing its habitability and microbial activity, as well as supporting future crewed missions. Sample
collection methods are the most promising but require significant effort. Therefore, we focus on detecting water
signatures in upward-directed radiation produced by interactions between Martian surface radiation and the soil.
Upward-directed neutrons have been extensively studied, but upward-directed protons could also be promising,
as fewer protons are expected in hydrated soil compared to dry soil (Schwadron et al., 2016, https://doi.org/10.
1016/j.icarus.2015.12.003). That is why we developed a procedure to measure upward-directed protons with the
Radiation Assessment Detector (RAD) onboard Mars Science Laboratory (MSL) and link them to the soil's
water content determined by the Dynamic Albedo of Neutrons (DAN) experiment. Although our measurements
do not allow conclusions about small variations in soil water content so far, simulations suggest that larger near-
surface water reservoirs could likely be identified with MSL/RAD with sufficient measurement time. A detector
specifically designed to measure albedo protons can resolve variations in soil water content within significantly
shorter measurement times, making it a promising complement to existing methods for probing water in soil in
future Mars missions.

1. Motivation and Introduction

Geological features, such as apparent river scars, deltas, and possible shorelines (Carr, 1986; Carr & Head, 2003;
Di Achille & Hynek, 2010; Parker et al., 1989), together with the discovery of coral-shaped rocks (Arm-
strong, 2022), indicate that Mars likely hosted a warm, wet environment over 3 billion years ago (Jakosky &
Phillips, 2001; Ramirez et al., 2020). However, today Mars appears to be a cold, arid, and inhospitable desert
planet, implying that most of its water reservoir has vanished over time. The driving mechanism of Martian water

LOWE ET AL.

1 of 23


https://orcid.org/0009-0007-3569-0119
https://orcid.org/0000-0002-7388-173X
https://orcid.org/0000-0002-7221-8602
https://orcid.org/0000-0002-8707-076X
https://orcid.org/0009-0001-3068-9692
https://orcid.org/0000-0002-5956-5722
https://orcid.org/0000-0001-8830-1200
https://orcid.org/0000-0003-1507-0143
https://orcid.org/0000-0003-3319-5740
https://orcid.org/0000-0001-5045-0761
https://orcid.org/0000-0002-1737-141X
https://doi.org/10.1016/j.icarus.2015.12.003
https://doi.org/10.1016/j.icarus.2015.12.003
mailto:loewe@physik.uni-kiel.de
mailto:wimmer@physik.uni-kiel.de
https://doi.org/10.1029/2026JE009697
https://doi.org/10.1029/2026JE009697
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2026JE009697&domain=pdf&date_stamp=2026-06-05

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2026JE009697

loss is commonly attributed to sputtering, reported for example, by NASA's “Mars Atmosphere and Volatile
Evolution” (MAVEN) mission (Jakosky et al., 2015), where the absence of a global magnetic field allows the
solar wind to penetrate deeply into the unprotected atmosphere, physically knocking atoms into space (Jakosky
etal., 2018). Because liquid water is not stable on the Martian surface and water vapor continuously dissociates in
the atmosphere, hydrogen can also escape into space (Chaffin et al., 2021; Donahue, 1995; Villanueva et al., 2015;
Webster et al., 2013). Recent studies on the atmospheric deuterium-to-hydrogen ratio (Scheller et al., 2021),
however, indicate that a substantial fraction of Mars' initial water might not have escaped into space but may
instead have been incorporated into minerals in the planet's crust, later becoming buried.

Studying Mars' subsurface water content is crucial for assessing the possibility of microbial life on ancient Mars
or even its potential persistence to the present day (Atri et al., 2025; Dartnell et al., 2007; Hurowitz et al., 2025).
Additionally, it has important implications for future Mars colonization, both for in situ resource utilization and
for providing humans with indirect radiation shielding (G. A. Morgan et al., 2021; Rostel et al., 2020). Under-
standing the abundance and distribution of underground water in potential Mars landing zones is also paramount
for future crewed or robotic missions for two reasons. First, hidden subsurface ice could affect surface roughness
and traction, endangering a safe landing (G. A. Morgan et al., 2021). Second, landing sites must comply with the
COSPAR planetary protection policy (Olsson-Francis et al., 2023) to avoid inadvertently contaminating potential
Martian life in water with terrestrial organisms (Rummel et al., 2014). Finally, by understanding the underground
and surface water budget on Mars, it may be possible to reconstruct its history, including past climate conditions,
the development of geological landforms, and past and present global water cycles (Mellon & Jakosky, 1995;
Steele et al., 2017).

Therefore, the subsurface water budget on Mars has been studied intensively for over half a century. Near the
equator, within the +45° latitude range, the abundance of subsurface water is generally estimated based on
measurements from the “Mars Odyssey Neutron Spectrometer” (MONS; Mesick et al., 2020) to be between
2 wt.% and 10 wt.% (Feldman et al., 2004). Similarly, the “Observatoire pour la Minéralogie, I’Eau, les Glaces, et
I’ Activité” (OMEGA) instrument aboard Mars Express detected water stored in hydrated silicates, with a spatial
average of 5.2 + 2.8 wt.% over the surface between —60° and 60° latitude (Riu et al., 2023). Measurements from
the “Dynamic Albedo of Neutrons” (DAN; Litvak et al., 2008) instrument, part of the “Mars Science Laboratory”
(MSL; Grotzinger et al., 2012), support these findings: In Gale Crater (latitude: —5.4°, longitude: 137.9°),
subsurface water is estimated to range from almost zero up to (6.1 + 0.7) wt.% (Nikiforov et al., 2020; Tate
et al., 2015). Soil analyses from both Viking missions (Klein, 1979) Viking 1 (latitude: 22.3°, longitude: —48.2°)
and Viking 2 (latitude: 47.7°, longitude: 134.1°) yielded roughly 1-3 wt.% water (Anderson & Tice, 1979).
Similarly, Mars Pathfinder (Golombek et al., 1997) alpha proton X-ray spectrometer data (latitude: 19.3°,
longitude: 33.6°) indicate the average water mass fraction for soil ranging up to 1.7% and for rocks ranging up to
(4.3 £ 1.3)% (Foley et al., 2003). However, MONS also identified small regions at low and mid latitudes with
elevated underground water content, including ~10 wt.% on the flanks of Tharsis Montes (latitude:—20°-20°,
longitude: 230°-260°) and >40 wt.% at the Medusac Fossae Formation (latitude: —15°-15°, longi-
tude:130°-240°) (Wilson et al., 2018). The western lobes of the Medusae Fossae Formation, including Aeolis,
Zephyria, and Lucus Planum, also contain WEH contents exceeding 10 wt.% (Wilson et al., 2018). Results from
Pathare et al. (2018) further indicate low-latitude water reservoirs exceeding 15 wt.% in several regions, including
Arabia Terra (latitude: —18.07°-45.36°, longitude: —29.69°-49.44°). In addition to Arabia Terra and the
Medusae Fossae Formation, Malakhov et al. (2022) identified another localized water-rich region with
approximately 20 wt.% WEH in Arcadia Planitia (latitude: 33.9°—64.2°, longitude: 165.9°-210.4°). Poleward of
approximately £60° latitude, analyses of MONS data reveal large reservoirs of subsurface water ranging from 25
wt.% to nearly 100 wt.% (Boynton et al., 2002; Feldman et al., 2002, 2004; Mitrofanov et al., 2004; Wilson
et al., 2018), depending on location and model. These results are interpreted as water—ice layers within the up-
permost meter of Martian soils, with layers at high northern latitudes located near the surface, whereas in the south
they are overlain by a desiccated, relatively thick soil layer (10-20 cm) (Litvak et al., 2006). In these latitude
regions, the Phoenix lander (latitude: 68.21°, longitude: 234.25°) scooped samples, in which Smith et al. (2009)
also found a layer of ice at depths of 5-15 cm. At Planum Boreum itself, the northern pole, “Mars Reconnaissance
Orbiter Shallow Radar” (MRO/SHARAD; Seu et al., 2004; Seu et al., 2007) detected alternating subsurface
layers of ice and sand, with water volume fractions estimated at approximately 62%—88%. These results are
interpreted as remnants of the former ice caps, protected from complete sublimation during warmer periods by
aeolian sand and/or sublimation residues (Nerozzi & Holt, 2019). Ojha et al. (2019) analyzed gravity and
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topography data, also suggesting that the northern polar cap may contain 55 + 25% water ice. At Planum Australe,
the Martian south pole, the “Mars Advanced Radar for Subsurface and Ionosphere Sounding” (MARSIS) on the
Mars Express spacecraft (Picardi et al., 2005) has unveiled multiple subglacial bodies of liquid water beneath
layers of solid ice and dust (Lauro et al., 2021; Orosei et al., 2018). The exposed surface H,O ice is also present in
Planum Australe, as observed with the Mars Odyssey Thermal Emission Imaging System (THEMIS; Christensen
etal., 2004, cf. Titus et al., 2003). This exposed surface ice varies seasonally due to condensation and sublimation,
as indicated by measurements from the Emirates Mars Infrared Spectrometer aboard the Emirates Mars Mission
(EMM; Amiri et al., 2022), affecting surface frost even down to equatorial latitudes (Stcherbinine et al., 2023). A
comprehensive overview of the approaches and results in the search for water on Mars can be found in Nazari-
Sharabian et al. (2020).

In this paper, we present a novel investigation of Martian subsurface water based on protons originating from the
soil. This technique has already been applied and studied on the Moon (see e.g., Schwadron et al., 2016; Wilson
et al., 2012; Xu et al., 2022), and here we transfer the concept to Martian conditions. The proton-based approach
could provide a new window for studying the regolith water budget on Mars, complementary to existing tech-
niques. It is potentially sensitive to different depths of the Martian soil and, if successfully applied, could serve to
verify or challenge existing findings.

The paper is structured as follows: First, we describe the radiation environment on Mars in Section 2, with a
particular focus on the interaction of radiation with the Martian soil depending on its water content. Next, in
Section 3, we introduce the instruments used and the necessary datasets for our study. Since our measurements are
supported by model calculations, Section 4 describes the simulation tool and the setup employed. Section 5
outlines our methodology for probing near-surface water using protons, followed by the measurement results in
Section 6 and the simulation results in Section 7. Both are discussed and limitations are addressed in Section 8.
Finally, we summarize and conclude our findings in Section 9.

2. The Radiation Environment on the Surface of Mars

In addition to sporadically occurring Solar Energetic Particle (SEP) events, the radiation environment at the
surface of Mars is primarily dominated by Galactic Cosmic Rays (GCRs), which originate outside the solar
system, presumably from supernovae and neutron star mergers (Baade & Zwicky, 1934; Butt et al., 2002;
Ginzburg & Syrovatskii, 1964; Takami et al., 2014). GCRs consist predominantly of protons (~87%), but also
include alpha particles (~12%), electrons (~1%), and traces of fully ionized heavier nuclei (~1%-2%). Their
energies range from below 1 MeV/nuc to a maximum intensity around 300-500 MeV/nuc, extending up to
hundreds of TeV/nuc, essentially following a power-law distribution (Engelmann et al., 1990; Mewaldt, 1994;
Simpson, 1983; Wiebel-Sooth et al., 1998).

Within the solar system, variations in GCR flux and energy spectrum are modulated by the Sun's varying activity,
including periodic variations associated with the ~11-year solar cycle and the ~27-day heliospheric rotation
(Cane, 2000; Jokipii & Thomas, 1981; Potgieter, 2013; Usoskin, 2023). Non-relativistic GCR protons below
100-200 MeV are most responsive to changes in solar conditions, while higher-energy protons exhibit pro-
gressively smaller effects. At energies above 30-50 GeV, the effect of solar modulation on GCRs can be
considered negligible (Heber & Potgieter, 2006; Strauss & Potgieter, 2014; Vos & Potgieter, 2015). Upon
reaching Mars, GCRs can penetrate deep into the Martian atmosphere because Mars lacks a global magnetic field.
Given the thin atmosphere of Mars, with an average surface density of py.s ~ 0.016 kg/m’ (~1% of Earth's)
(Alexander, 2001), GCR protons with energies above approximately 140—190 MeV can reach the surface directly
(Guo, Wimmer-Schweingruber, et al., 2019). Heavy ions have even higher MeV/n atmospheric cutoff thresholds
(Guo, Slaba, et al., 2017; Guo, Wimmer-Schweingruber, et al., 2019). GCRs without sufficient energy to reach
the surface can still produce secondary particles through nuclear reactions such as spallation and fragmentation,
which may themselves reach the surface. Consequently, protons and heavier nuclei dominate the surface radiation
environment above a few hundred MeV, whereas at lower energies, secondary neutral particles (neutrons and
y-rays) prevail (Ehresmann et al., 2014; Gongalves et al., 2022; Matthid & Berger, 2017). However, both the
cutoff energy and the production of atmospheric secondaries are closely linked to the variability of the Martian
atmosphere, which undergoes diurnal and seasonal changes. Diurnal pressure fluctuations are caused by strong
thermal tides, excited by direct solar heating of the dayside (decrease in atmospheric surface pressure) and strong
infrared cooling on the nightside (increase in atmospheric surface pressure) (S. C. R. Rafkin et al., 2014). Seasonal
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Figure 1. Simplified schematic of a Galactic Cosmic Ray (or a particle produced in the atmosphere) reaching the surface of Mars, interacting with the nuclei of the
regolith, generating particles including neutrons T protons '? and gamma rays 'g‘ The number and energy of albedo particles depend on the physical processes in the

soil, which are influenced by the hydrogen content in the regolith. Processes that occur more frequently or produce more particles in a hydrous subsurface compared to a
dry subsurface are indicated with @ whereas the opposite is indicated with e Each interaction occurring in the subsurface is represented by a flash point % in the

diagram. Other cascade interactions that occur in the atmosphere are not shown.

variations in surface pressure are driven by the sublimation and deposition cycles of the CO, polar ice caps (Guo,
Slaba, et al., 2017).

Upon reaching the Martian surface, both primary GCRs and atmospheric secondaries can interact with the
regolith, penetrating to depths of up to ~1 m (Jun et al., 2013; Rostel et al., 2020). They collide with nuclei in the
soil, either scattering elastically or generating showers of energetic particles through nuclear evaporation, pre-
dominantly neutrons and protons (see central collision in Figure 1). Upward-directed particles that re-emerge
from the soil into the atmosphere are referred to as “albedo” particles. Neutrons may either escape directly as
fast neutrons (1-20 MeV) without undergoing significant interactions in the soil, or as epithermal (0.025-0.4 eV)
and thermal (~0.025 eV) neutrons after being moderated through elastic collisions with other nuclei in the
regolith. The majority of neutrons escaping the surface originate from depths of ~60 cm (Jun et al., 2013).
Neutrons that do not escape as albedo particles gradually lose energy until they approach thermal equilibrium with
the surrounding material. They are eventually absorbed through neutron capture, which produces gamma rays.
Additional gamma rays can be generated by inelastic collisions of fast neutrons with soil nuclei (Martinez Sierra
et al., 2023; Prettyman et al., 2006), potentially contributing to the albedo gamma-ray flux. Protons, either
produced in nuclear interactions within the soil or by simple backscattering of incident GCR protons, can also
emerge as albedo particles. Unlike neutrons and gammas, protons continuously lose energy through strong
ionization in addition to elastic and inelastic scattering due to their electric charge. Consequently, the production
depth of albedo protons is assumed to be much shallower than that of neutrons and gammas, presumably only a
few centimeters (Schwadron et al., 2018).
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The hydrogen content in the regolith can significantly affect the physical processes occurring in the subsurface
and, consequently, the production of albedo particles. A higher subsurface water content reduces nuclear
evaporation, as there is no excited residual nucleus after a collision with a hydrogen nucleus, and therefore no de-
excitation (Schwadron et al., 2016). Hydrogen is also lighter than other atoms in the soil, reducing the average Z
of hydrated material compared to dry regolith. The result is more forward-directed interactions and reduced
backscattering (Schwadron et al., 2016). Another consequence is that elastic and inelastic collisions are more
frequent in hydrated material, as both depend on the target nucleus mass, with more energy transferred to lighter
nuclei. Consequently, hydrogen is highly effective at causing incident particles to lose energy, leading to stronger
modulation to lower energies and an increased likelihood of particles trapping within the regolith. For different
albedo particle species, this implies that a higher soil water content is expected to:

1. Reduce the yield of fast and epithermal albedo neutrons, while increasing thermal neutrons, as more elastic
collisions occur in the soil and neutrons are more frequently moderated from fast to epithermal to thermal
energies, respectively (Drake et al., 1988; Kim & Kim, 2026; Tate et al., 2019).

2. Increase albedo gamma rays, since neutron capture in the soil becomes more probable and more inelastic
collisions can occur (Boynton et al., 2002; Prettyman et al., 2006).

3. Reduce the albedo proton yield, because nuclear evaporation is suppressed and more incident energy goes into
forward-directed interaction products (Schwadron et al., 2016).

The GCR-soil interaction, contrasting dry and hydrated regolith, is schematically depicted in Figure 1. Sub-
surface water detection via albedo neutrons and gamma rays is well established (e.g., MSL/DAN, Mars Odyssey
GRS (Boynton et al., 2004), MONS). In contrast, albedo-proton-based studies of Martian subsurface water
remain unexplored and are addressed in this paper. Although albedo particle measurements can apparently
provide information on soil water content, they do not reveal whether hydrogen is present as liquid water, ice, or
within hydrated minerals. Therefore, in the following, we use the commonly adopted terminology in the literature,
“Water-Equivalent Hydrogen” (WEH) content. Nevertheless, since hydrogen is generally assumed to be pri-
marily associated with water molecules, its detection is typically interpreted as an indication of the presence of
water (Malakhov et al., 2022; Mitrofanov et al., 2022).

3. Instruments and Data Sets

In this study, we use measurements from two instruments located on the surface of Mars, both onboard MSL's
Curiosity rover. The first, the Radiation Assessment Detector (RAD; Hassler et al., 2012), is currently the only
Martian detector capable of resolving the directionality of protons. Its key advantage lies in its surface location:
unlike instruments orbiting Mars, MSL/RAD can detect albedo protons coming from the soil, which are otherwise
shielded by the Martian atmosphere. Based on these data, we develop a method to identify albedo protons and link
them to near-surface WEH content. The second instrument, MSL/DAN, is specifically dedicated to determining the
water content in the Martian regolith. Since MSL/DAN is mounted on the same rover as MSL/RAD, it provides the
ideal reference to validate or falsify our findings. It is worthwhile to note that a drilling campaign, as documented by
Abbey et al. (2019), could in principle also serve as a cross-check of the regolith water content. However, because
the data points are spatially irregular and sampling of wet or sticky material is intentionally avoided due to its
potential to clog the system (Abbey et al., 2019), the MSL/DAN data provide a more suitable basis for comparison.

3.1. The Radiation Assessment Detector

MSL/RAD is mounted on top of the Curiosity rover, and its configuration is schematically shown in Figure 2. It
consists of three silicon diodes (A, B, and C) at the top of the detector stack, followed by a thallium-doped cesium
iodide scintillator (D) and a plastic scintillator (E). The inner segment of detector A is designated A2, while the
outer segment is A1. Scintillators D and E are surrounded laterally by an additional plastic scintillator (F1) and are
enclosed at the bottom by another plastic scintillator (F2), both serving as anticoincidence detectors. A detailed
description of MSL/RAD is given in (Hassler et al., 2012).

In addition to the primary dosimetric quantities (cf. Guo et al., 2015; Guo, Zeitlin, et al., 2021) and neutral particles
(cf. Guo, Zeitlin, et al., 2017; Kohler et al., 2014), MSL/RAD also measures charged particles. A coincidence
trigger on detectors A and B is used to define the acceptance angle for incoming charged particles: the inner field of
view (FOV) is A2 X B = 36° and the combined inner and outer FOV is (A1 + A2) X B = A X B = 60° (Zeitlin

et al., 2013). The former results in a geometry factor of Gy, = 0.17 cm? sr, while the latter yields a geometry
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AxB factor of Gia1 4+ a2yxg = 0.90 cm? sr (Hassler et al., 2012). The inner FOV not

K only ensures that all charged particles cannot exit the detector stack from the

Ao B~ sides, but also allows MSL/RAD to distinguish between stopping and pene-

oy A2xB i ’ trating charged particles. The maximum energy that a stopping ion coming to

A _,_ rest in detectors B, C, D, or E can deposit ranges from approximately

10-100 MeV for protons up to ~400 MY for iron ions. Higher-energy ions

nuc

penetrate the detector stack. For protons, this occurs at primary energies of
approximately E,;;, = 100 MeV. Each penetrating particle event is flagged by
requiring an energy deposit of >100 keV in each silicon detector A2, B, and C,
>1MeV in the plastic scintillators D and E, and >1 MeV in the anticoincidence

detector F2. In addition, MSL/RAD can resolve the direction of penetrating
MeV
nuc

energy deposition in MSL/RAD of ~45 — 100 MeY) that is, whether they

nuc

particles with primary energies of B, = 100-200

(corresponding to an

enter the detector stack from above or below (Appel et al., 2018).

MSL/RAD has been monitoring the radiation environment on the surface of
Mars since landing on 6 August 2012. Over time, instrument calibration has
occasionally changed (Zeitlin et al., 2016), with the last major adjustment
occurring on 9 June 2017. Since calibration prior to this date was changed
more frequently, we exclude this earlier period to ensure a consistent analysis.
After 2017 June 9, calibration was modified only once more, on 26 June 2018,

F2

which we carefully account for in our analysis.

Figure 2. Schematic of Mars Science Laboratory/Radiation Assessment 3.2. The Dynamic Albedo of Neutrons Experiment

Detector, adopted from Lowe et al. (2025). The detector stack consists of
three silicon detectors (A, B, and C) followed by two plastic scintillators

The core components of the MSL/DAN instrument are two high-pressure *He

(D and E). Two additional plastic scintillators (F1 and F2) serve as proportional counters. The first counter is unshielded and detects neutrons with
(anti)coincidence detectors. The segmentation of detector A into Al and A2 energies up to ~1 keV. The second counter is wrapped in cadmium, which
defines two fields of view: A2 X B = 36° and A X B = 60°. strongly absorbs neutrons with energies up to ~0.4 eV and therefore detects

neutrons in the range ~0.4 eV to ~1 keV (Jun et al., 2013; Tate et al., 2019).

Thus, MSL/DAN measures thermal and epithermal neutrons continuously in
the so-called “passive mode,” originating from the interactions of GCRs and secondary atmospheric particles with
the Martian soil. As described in Section 2, a higher hydrogen content in the soil leads to a relative decrease in
epithermal neutrons and an increase in thermal neutrons. By measuring this ratio, MSL/DAN can infer the WEH
content of the Martian soil down to depths of ~50-60 cm (Dibb et al., 2024; Jun et al., 2013).

In addition, MSL/DAN is equipped with a neutron generator that produces 14.1 MeV neutrons. In this “active
mode,” MSL/DAN emits short pulses of about 2—3 microseconds of these high-energy neutrons toward the soil,
and the *He counters record the time profile of thermal and epithermal neutrons returning from lateral distances of
up to about 1-1.5 m and depths of up to roughly 60 cm in the subsurface (Czarnecki et al., 2023). This enables not
only an estimate of the total water content but also of its depth distribution. A more detailed description of the
MSL/DAN instrument is provided in (Mitrofanov et al., 2012).

4. Simulation Tool and Setups

In this paper, we support our methodology and results on studying near-surface water with albedo protons with
model calculations. For this purpose, we use “GEometry ANd Tracking” (Geant4) version 10.7.4 (Agostinelli
et al., 2003; Allison et al., 2006, 2016), which is a Monte Carlo radiation transport code. We employ the
FTFP_BERT_HP physics list, which combines the Bertini cascade model for hadrons at intermediate energies
(510 GeV) and the Fritiof string model at higher energies, ensuring accurate modeling of the broad GCR
spectrum interacting with the regolith. The High Precision extension provides detailed neutron transport down to
thermal energies, which is likewise essential for modeling secondary particle cascades in the soil.

The primary objective is to understand how the surface radiation environment interacts with the Martian soil, with
specific focus on two key questions: (a) at which depths within the soil albedo protons are generated, thus up to
which depths the WEH content can be probed, and (b) how strong the impact of the regolith water content is on the
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albedo proton flux. The latter will subsequently help characterize the measurement duration required by, for
example, MSL/RAD to obtain a statistically significant estimate of the WEH content.

To address these questions, we simulate a 2 X 2 m section of Martian soil with a depth of 60 cm. This thickness of
the regolith is sufficient to capture all protons capable of becoming albedo, ensuring that no upward-escaping
secondary particles produced by primary or secondary interactions are lost through the back of a slab that is
too thin (see Section 7, Figure 8). We model the Martian soil using pure quartz (SiO,), as it is a major component
of all igneous rocks found on Mars and on Earth. Although it is normally not present in its pure form, Zaman
etal. (2021) have shown that the precise composition of heavier elements (>Oxygen) in dry soil (excluding water)
has no significant effect on the spectra of charged albedo particles, which justifies our simplified scenario. This
dry Martian soil is then combined with four different homogeneously distributed water contents, see Table 1,
representing various possible scenarios found on Mars. Since WEH is defined as the weight percent of water that
would be present if all hydrogen were in the form of H,O (Tate et al., 2015), the densities p,,, of the hydrous
scenarios are calculated as

_ My — (fQuartZ + fWater )—1 , (1)

P Quartz PWater

where py,., = 1.0g/cm® and PQuarz = 2-8 g/cm®. The latter value was adopted for consistency with the
simulation setup presented by Rostel et al. (2020). The respective weight fractions are denoted by f and satisfy the
condition fivyer + fouarz = 1. All WEH values reported in the following refer to weight percent unless stated
otherwise.

We test the response of the different subsurface scenarios to GCR protons and neutrons produced in the Martian
atmosphere, as both together represent the major contribution to the radiation environment on the surface of Mars
(see Section 1). Both particle types are simulated with an isotropic E~' power-law distribution between 100 keV
and 1 TeV to obtain a general response of albedo protons to incoming neutrons and protons. The source is a
2 X 2 m patch placed directly above the soil. The resulting albedo particles are captured by an infinitesimally thin
detector, positioned centrally above both the surface and the source. The detector cannot have the same di-
mensions as the source and soil, as this would introduce undesired boundary effects, such as non-uniform surface
exposure or non-isotropic detection of albedo particles. In a preliminary study, we found that a 40 X 40 cm
detector is sufficient to maximize statistics without introducing such boundary effects.

Subsequently, we weight the proton and neutron input spectra with the corresponding realistic surface spectra
presented in (Matthid & Berger, 2017) to obtain realistic Martian albedo proton spectra. We do not use an at-
mospheric- or solar-cycle—varying input spectrum, as these effects can be corrected in our measurements (see
Sections 5 and 6). Moreover, the rover body is not included in our simulations. On the one hand, because the exact
composition of the rover body is not precisely known, and on the other hand, this allows the simulation results to
remain as generally applicable as possible. Nevertheless, the influence of the rover body on the simulation results
is addressed in Section 8.

5. Methodology

Signatures of protons with different directionalities in MSL/RAD have previously been investigated by Appel
et al. (2018), using a methodology developed by McDonald and Ludwig (1964). Here, we adapt and refine this
methodology for measurements on the surface of Mars. We exploit the fact that, according to the Bethe—Bloch
equation (Bethe, 1930),

dE  mZ?
_—~ 2

Rt @
particles of the same species (identical mass m and atomic number Z) deposit more energy in a detector at lower
velocities v, that is, the lower their kinetic energy. The protons entering MSL/RAD from above already deposit
energy in detector D, denoted Ep, and consequently are slowed down, depositing more energy in detector E,
denoted Eg. Protons entering MSL/RAD from below as albedo protons first deposit energy in detector E, are
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Table 1
Quartz as the Martian Soil Material, Combined With Different Water Contents Added in Weight Percent Relative to the
Quartz Mass, to Represent Various Scenarios at Different Latitudes on Mars

Soil fouartz Water budget fivager Scenario Latitude Density p [g/cm’]

100% SiO, 0% H,0 Equator (dry) ~0° 2.8
80% SiO, 20% H,O Near equator +45° 2.058
60% SiO, 40% H,O Local formations +45° 1.628
40% SiO, 60% H,0 Poleward +60° 1.347
20% SiO, 80% H,O Planum Boreum & Planum Australe +90° 1.147

Note. The density of each scenario, shown in the last column, is calculated according to Equation 1.

subsequently slowed down, and thus deposit more energy in detector D. From the ratio of Ep, to Eg versus the total
energy deposited in MSL/RAD, E., = En, + Eg + Ec + Ep + Eg, the directions of protons can be
distinguished in a so-called “fishplot.” Since our analysis requires a hit in both detectors D and E, we use only the
inner FOV A2 x B of MSL/RAD, where this condition is satisfied. Accordingly, we also apply the penetrating
particle mask introduced in Section 3.1.

The MSL/RAD measurement between 13 January 2021 and 10 June 2022 (arbitrary time range for demonstration)
is shown in Figure 3. Between E,,, ~ 45-100 MeV, the upward branch, resulting from albedo protons, can be
clearly distinguished from the downward branch, resulting from downstreaming protons. This corresponds to a
primary proton energy of about ., ~ 100-200 MeV, where “primary proton energy” refers to the proton
energy before entering MSL/RAD. For primary proton energies Ey, 2 200 MeV, corresponding to Ey, $45
MeV in MSL/RAD, the two branches merge into the “Minimal Ionizing Particle Species” (MIPS) peak. These
particles are too energetic for directional dependencies to be inferred from the D-to-E ratio.

Using the same explanation as for protons, downstreaming and MIPS alpha particle signatures, as well as the
branch of downstreaming deuterons, can also be identified in Figure 3. Although predicted by model results from
Guo, Banjac, et al. (2019), no signatures of albedo deuterons or albedo alpha particles resulting from GCR and
atmospheric-secondary interactions with the soil are observed at the Martian surface with MSL/RAD, suggesting
that these particles are fully absorbed within the rover body.

A major challenge in isolating albedo protons is their contamination by the MIPS peak of alpha particles. Since we
aim to study albedo protons exclusively in relation to the WEH content in the soil, this contamination must be
effectively filtered out. To achieve this, we introduce a two-level procedure. First, we define a polygonal mask to
separate albedo protons from downstreaming protons and to remove the majority of alpha particles. The
polygonal mask is depicted as the highlighted region in Figure 4. The alpha particle contamination that falls
within the polygonal mask is filtered out in a second step using an integration line technique. The tip of the alpha
particle MIPS contamination is modeled with a quadratic Bézier curve (Baydas & Karakas, 2019), computed
separately in the x and y directions as follows:

P(t) = (1 = )°Py + 2(1 — DtP, + 1P, 3)

where P, and P, are the respective start and end points, and P; defines the curvature of the contamination. This
modulated integration line is then shifted from lower to higher E, effectively moving the integration line from
the region of pure albedo proton counts to the part of the proton counts contaminated by alpha particles. The
shifting procedure of the integration line is illustrated in Figure 4, and the resulting counts per integration slice are
shown in the subplot above. A clear separation between the pure albedo proton signal and the alpha
particle—contaminated albedo proton signal can be observed.

On larger timescales, as shown in Figure 4, both components can be well fitted with Gaussian functions to es-
timate the statistics of albedo protons as well as the alpha particles that still fall within the first-level selection
polygonal mask. However, the Curiosity rover is constantly moving and may therefore traverse regions where the
water content varies considerably over short periods. Due to the limited statistics on such timescales, we therefore
choose to introduce a cutoff between the two signals instead. Although this approach does not capture all possible
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Figure 3. The energy deposit ratio Ep/ Eg, versus the total energy deposit E\,, measured by Mars science laboratory/radiation assessment detector over approximately one
and a half years during solar minimum. Distinct signatures of protons, alphas, and deuterons can be identified.

albedo protons, it ensures a more purified albedo proton signal for studying the WEH content in the regolith on
shorter timescales. The purple-shaded region in Figure 4 contains the albedo counts that are missed by this cutoff
methodology. The green-shaded region represents the part that remains contaminated by alpha particles even after
the two-level cutoff procedure. Although the Gaussian fitting is not applied further, it still helps to estimate the
latter. We perform a Monte Carlo integration of this region over different time intervals on Mars of approximately
one and a half years each, rather than over the entire measurement period, since the contamination may vary over
time and under different solar conditions. The resulting uncertainty is then assigned to our measurements, ranging
from 4.45% to 7.23% of the total albedo proton counts. Due to the two-level cutoff procedure, the specific choice
of the polygonal mask in the first level has only a minor influence on the resulting albedo proton signal. Toward
lower E\, the mask is constrained by the simulation results of Appel et al. (2018). Extending the mask toward
higher E,, increases contamination, that is, the alpha peak becomes larger. However, this contribution is fitted
and removed in the second-level cut. Although this does not affect the albedo proton counts itself, it may influence
the uncertainty assigned to the measured albedo protons through the Monte Carlo integration. As a cross-check,
we applied a broader polygonal mask and obtained uncertainties of the same order of magnitude as reported here.
The applied polygonal masks are available on Zenodo for reproducibility (Lowe, 2026).

In order to investigate the water content in the Martian regolith we additionally have to ensure that the albedo
protons are not influenced by other effects such as atmospheric pressure variations on Mars or solar modulation or
that we can correct these unwanted variations. Therefore, we also capture the downstreaming and MIPS proton
component, highlighted and labeled as “GCR Protons” in Figure 4, to normalize these effects. Since MSL/RAD
can detect albedo protons with energies of approximately 100-200 MeV, the particles interacting with the Martian
soil must possess at least this energy or higher. All downstreaming and MIPS protons within the highlighted mask
satisfy this condition and are thus representative of the particles capable of producing albedo protons on Mars.
The idea is that any variation in these input particles has a proportional effect on the albedo proton spectrum,
allowing us to filter out such variations (see Section 6). Thus, the higher the input flux, the higher the albedo
proton flux, and vice versa. With this framework, we have assembled all the necessary ingredients to measure
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Figure 4. Same spectra plot as in Figure 3, but with a focus on the MIPS and downstreaming proton part, labeled as “GCR Protons,” as well as an illustration of the two-
level selection procedure used to obtain albedo protons. A clear separation between albedo protons and alpha particles after the two-level selection procedure is visible in
the subplot. The green-shaded area represents the residual alpha-particle contamination of the albedo protons after the applied cutoff.

albedo protons with MSL/RAD as a single instrument, ensuring that they presumably depend solely on variations
in the Martian soil composition.

6. Results

The daily MSL/RAD measurements from 6 March 2016 to 3 April 2025 are plotted in Figure 5. The first panel
shows the integrated flux of downstreaming and MIPS protons 7, gcr- The dependence on solar activity is
evident, resulting in a higher flux during solar minimum and a lower flux during solar maximum.

The second panel in Figure 5 shows the integrated albedo proton flux 7 ;. derived using the two-level cutoff
method described in Section 5. A weak dependence on solar activity is also observed, although it is less pro-
nounced than for 7} gcr. The reason is that albedo protons observed here are produced by mainly GCR protons
with higher energies which do not significantly depend on the solar cycle. Irregular spikes in the measurements
may occur due to microphonics, typically associated with rover drilling activities or movements of the rover arm
during, for example, operation of the dust removal tool or measurements with the Alpha Particle X-ray Spec-
trometer (APXS; Gellert et al., 2009). SEP events do not always appear to affect the albedo proton flux. However,
we exclude them as a precaution, since the increased particle flux during an SEP event could, in theory, also lead
to an enhanced albedo proton flux independent of the soil composition. A total of 12 SEP events occurred during
our observation period from 6 March 2016 to 3 April 2025, as documented in (Lowe et al., 2025; Posner
et al., 2025). Consequently, 31 days were removed in total from the data set spanning more than 9 years of
measurements.
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Figure 5. The first panel depicts the integrated particle flux from MIPS and downstreaming protons 7; cr, including all particles falling within the highlighted “GCR
Protons” mask in Figure 4. The second panel shows the integrated albedo proton flux % .. Peaks in the measurements represent outliers, mainly associated with rover

drilling or arm activity, as well as solar energetic particle events. The error band is too small to be resolved visually and is therefore omitted. The third panel shows the
integrated albedo proton flux corrected for solar modulation and pressure changes F; . . More details on the detrending are provided in the text. For clarity, the error band

p,alb*

after correction is plotted only for the red 27-day average. Variations in F 9, are assumed to depend primarily on changes of the WEH content in the soil.

p,alb

The third panel in Figure 5 depicts the albedo proton flux measured by MSL/RAD, with outliers removed as well
as corrected for solar modulation and long-term atmospheric effects. The latter is obtained by plotting the input
flux, F, gcr» against the albedo proton flux, % .1, using a 27-day moving average over a solar Bartels rotation
(Bartels, 1934), as shown in Figure 6. The error bars of 7; e represent the statistical uncertainty, while the error
bars of F; 1, account for both the statistical uncertainty and the estimated contamination from alpha particles. The
statistical uncertainty was derived from Poisson counting statistics of the detected events within each 27-day
interval and propagated to the corresponding flux values.

As anticipated in Section 5, both fluxes exhibit a clear linear correlation. The best-fit line is determined using
orthogonal distance regression (Boggs & Rogers, 1990), taking into account the uncertainties in both fluxes 7; gcr
and 7 .- The Pearson correlation coefficient and its uncertainty are r = 0.823 + 0.021, computed using a
bootstrapping method (Efron & Tibshirani, 1994; Hall, 1992), in which the data uncertainties are randomly
resampled 5,000 times following a normal distribution to estimate their impact on the correlation. The p-value
corresponding to the correlation coefficient is obtained by propagating the uncertainty in r, yielding
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Figure 6. Linear correlation between the MIPS and downward proton flux st™'s™!. The associated uncertainty ranges from 4% to 12% and is shown only
Fo.er and the albedo proton flux %, .. This analysis is used to remove the for the 27-day averaged curve for clarity, with a mean error of 6.3%. It is

effects of solar modulation from 7,

P:

,alb e

derived by propagating the uncertainties in Equation 4, taking into account the
fit uncertainty of the slope, the statistical error of 7 cr, and the combination
of statistical and alpha particle contamination uncertainties for 7 ;-

As a sanity check, we compared the albedo proton flux both before and after correction with 7, cg to atmospheric
pressure data measured by the Rover Environmental Monitoring Station (REMS; Gémez-Elvira et al., 2012), also
onboard MSL. In both cases, no correlation was found. The latter is expected, as this effect cancels out through the
correction with the input spectrum. The former indicates that atmospheric pressure variations do not significantly
influence the albedo proton flux measured by MSL/RAD in the first place, since albedo protons are detected at
energies of 100200 MeV, which can only be produced by interactions of higher-energy particles with the
regolith. As noted in Section 2, this corresponds exactly to the GCR energy range that reaches the Martian surface
directly, without significant interaction with the atmosphere. Consequently, the variations shown in the third
panel of Figure 5 are assumed to depend solely on the water budget in the soil, rather than on other effects.

or
p,all

we group our measurements according to different local and global formations traversed by the Curiosity rover,

To determine whether the small fluctuations in 79, can be attributed to variations in the WEH content of the soil,
within which the WEH content of the soil is presumed to remain approximately constant. Flf";ﬁb assigned to the
local formations is depicted in the first panel of Figure 7, with the global formations color-coded. The black line
within each box represents the mean value of the local formation, while the box itself corresponds to the inter-
quartile range (IQR). The whiskers extend from the 5Sth to the 95th percentile of the measurements.

The highest corrected albedo proton flux is measured at the Stimson Formation (¥, 5, [Stimson] = 9.76 - 107*
2

sr™' s7") and at Catrimani (F; 9, [Catrimani] = 9.85-107* cm™ sr™! s™"). The former deviates by +9.7%

cm™
and the latter by +10.7% from the mean flux over the entire measurement period. The lowest corrected albedo

proton flux is observed at Pettegrove Point (¥, 5 [PettegrovePoint] = 8.18 - 107* ecm=2 sr~! s7!) and Amapari

(Fyop[Amapari] = 8.22-107* cm™ sr™! s™"). The former deviates by —8% and the latter by —7.6% from the
mean flux over the entire measurement period. As discussed in Section 2, this would suggest that the soil in the
Stimson Formation and in Catrimani is relatively drier, whereas the soil at Pettegrove Point and Amapari appears
more hydrous compared to the other local formations. However, when the measurement uncertainties are taken
into account, these variations between the formations are not statistically significant.

Furthermore, we compare the MSL/RAD measurements with MSL/DAN observations of subsurface WEH
content in the same formations, as shown in the second panel of Figure 7. The WEH content is derived from MSL/
DAN passive measurements According to these results, subsurface WEH varies only weakly among the for-
mations, ranging from approximately 2% to 7%. The highest water content is measured in the Catrimani For-
mation with 5.7%, while the lowest (excluding Pahrump Hills, where no MSL/RAD data are available) is
observed in the Stimson Formation with 2.5%. MSL/RAD should measure a higher corrected albedo proton flux
when MSL/DAN observes a lower subsurface WEH content, and conversely, a lower corrected albedo proton flux
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Figure 7. The upper panel shows the corrected albedo proton flux F<°, measured by Mars science laboratory (MSL)/radiation assessment detector (RAD) across

p,alb

different local formations, with global formations color-coded. The lower panel presents the subsurface WEH content measured by MSL/dynamic albedo of neutrons
(DAN) and is an extended data set presented in Nikiforov et al. (2024), provided by the MSL/DAN team itself. The boxes indicate the interquartile range, and the
whiskers correspond to the S5th and 95th percentiles of the measurements. If MSL/DAN measures a lower WEH content, MSL/RAD is expected to observe a higher
albedo proton flux, and vice versa.

when MSL/DAN measures a higher subsurface WEH content. However, no anticorrelation between the MSL/
RAD and MSL/DAN measurements can be observed within the individual formations. For example, the mea-
surements in the Stimson Formation even exhibit the opposite trend to that expected. We also compared the daily
measurements from MSL/RAD and MSL/DAN, as well as the MSL/RAD measurements grouped according to
the different WEH contents measured by MSL/DAN. In both cases, no significant anticorrelation was observed.

The lack of an observed anticorrelation between MSL/RAD and MSL/DAN may be explained as follows: One
possible reason is that MSL/RAD and MSL/DAN probe the soil WEH content at different depths, which can lead
to differing results. MSL/DAN measures the WEH content via albedo neutrons, which are sensitive to depths of
up to approximately one m, whereas MSL/RAD measures the WEH content via albedo protons, which are
sensitive to the uppermost regolith layer of a few centimeters, see Section 4. Another explanation is that variations
in soil WEH content of 2%-7% may simply be too small to be detected by MSL/RAD albedo protons, probably
because (a) the albedo proton flux does not respond significantly to such small WEH variations, (b) changes in the
albedo proton flux due to these small WEH variations are overlapped by other effects unrelated to soil compo-
sition that we cannot filter out, (c) MSL/RAD's restricted FOV and continuous rover motion limits the counting
statistic, although longer measurement durations might have allowed MSL/RAD to resolve these small WEH
differences, or (d) MSL/RAD is mounted on top of the Curiosity rover, and shielding by the rover body limits the
attribution of the albedo proton flux to the soil WEH content. A more detailed discussion of the measurement
results, including relevant caveats, is provided in Section 8.
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tions to investigate the depths to which albedo protons can provide infor-
mation on the regolith water budget and to determine the sensitivity limits of

5%_T_ _T_ MSL/RAD with respect to the WEH content.

7. Simulation Results

In this section, we use the simulation setup described in Section 4. First, we

investigate the depths at which albedo protons are produced, that is, up to
| which depths conclusions about the WEH content in the soil can be drawn. In
Figure 8, the depths at which albedo protons are produced are shown for the
two boundary cases of soil with 0% and 80% WEH content. These protons,
expected at the Martian surface as a result of interactions of GCR protons and
atmospheric secondary neutrons with the soil, are indicated in gray and or-
ange, respectively. Analogous to Figure 7, the boxes represent the IQR, and
the whiskers indicate the 5%-95% percentile of the data. The results include
all albedo protons, regardless of their energy when leaving the soil. As a first
result, the production depth of albedo protons is nearly independent of
whether they are generated by an incoming proton or neutron. This is initially
surprising, since protons have a much shorter range in soil due to ionization

losses than neutrons, which can penetrate deeper into the ground. However,
upward-directed protons at greater depths must still traverse the same distance
upward to escape the soil. Due to their high energy loss, they consequently
remain trapped within the soil rather than becoming albedo protons, resulting
95% in only minor differences in production depth compared to those generated by
- 1 incident GCR protons. The average production depth at 0% WEH content is

0% WEH

80% WEH approximately 3.5 cm, with the IQR ranging from 0.7 to 5 cm. Only occa-
sionally do albedo protons originate from greater depths of about 12 cm

Figure 8. Production depth of albedo protons for the two boundary cases of (upper 95% percentile) or from the very top layer at depths as shallow as
0% and 80% soil WEH content, distinguishing between interactions of 0.7 mm (lower 5% percentile). The production depth depends only slightly on
Galactic Cosmic Ray protons and atmosphere-produced neutrons with the the WEH content in the soil. For the extreme case of 80% WEH content, the

Martian soil.

mean production depth of albedo protons is 4.9 cm, with an IQR ranging from

approximately 0.9-6.6 cm. The lower 5% percentile is around 0.9 mm, while
the upper 95% percentile reaches 16 cm. Thus, at a higher WEH content, albedo protons may originate from
slightly greater depths, although this effect remains marginal.

The dependence of the production depth on albedo proton energy shows only a very minor effect and is discussed
in Supporting Information S1. The observed trend indicates that for low albedo proton energies below 100 MeV
(mean 2.5 cm at 0% WEH and 3.6 cm at 80% WEH) and for high albedo proton energies above 1 GeV (mean
2.7 cm at 0% WEH and 3.2 cm at 80% WEH), the production depth becomes smaller. The former occurs because
the primary particles do not penetrate deeply into the soil, while the latter results from the primary particles
penetrating so deeply that the produced upward-directed protons remain trapped in the soil and do not become
albedo protons. Albedo protons with energies between 100 and 500 MeV are produced at the greatest depths. This
range also includes the MSL/RAD-sensitive energy interval of 100-200 MeV, where at 0% WEH content they are
generated within an IQR depth range of 0.95-5.44 cm (mean: 3.96 cm), and at 80% WEH content within an IQR
depth range of 1.43-7.68 cm (mean: 5.65 cm).

Albedo protons are therefore suitable for investigating near-surface water because of their ability to probe beneath
an upper dust and rock layer that hinders optical detection of WEH content. Moreover, this study provides access
to different depth ranges compared to existing methods using albedo neutrons or albedo gamma rays, both being
sensitive to depths of about 60 cm below the Martian surface (see Section 2).

The differential flux of albedo protons on the surface of Mars resulting from the simulation setup is shown in
Figure 9, color-coded for the different subsurface water scenarios from Table 1. These fluxes arise from the
combination of the downward neutron spectrum (solid gray line) and the downward GCR proton spectrum (solid
black line) modeled by Matthid and Berger (2017) on the surface of Mars. The dashed black line represents the
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Figure 9. Differential particle fluxes on the surface of Mars. Solid lines show the downward neutron and proton spectra from (Matthid & Berger, 2017), while the colored
spectra represent our resulting albedo proton fluxes for different WEH contents. The zoomed-in plot highlights the 100-200 MeV range, where albedo protons can be
clearly identified in Mars science laboratory/radiation assessment detector.

simulated albedo proton spectrum from (Matthid & Berger, 2017) and serves as a cross-check for our simulation.
Our results agree well with the literature, particularly for energies up to 100 MeV. The small deviations of the
spectra at energies above 100 MeV are due to our simulation including only neutrons and protons, while addi-
tional heavier ions considered in (Matthid & Berger, 2017) were omitted. These heavier ions can further
contribute to albedo proton production, leading to a slightly higher flux.

The albedo proton spectra for the five different soil water scenarios support the trend described in Section 2: A
suppression of albedo proton fluxes at higher WEH content, particularly visible in the zoomed-in plot in Figure 9.
The expected integrated albedo flux in the MSL/RAD-sensitive energy range of 100-200 MeV for the four
different water scenarios is listed in Table 2.

With a model predicted integrated flux of approximately 3.74-1073 c¢cm™2 sr~!s™! for the 0% WEH content
scenario, representative of conditions along the MSL path, this value exceeds the flux measured by MSL/RAD,
2 sr~!s~!. This discrepancy is expected because the measurement is not performed

in the idealized environment of the simulation. Instead, it is affected by contamination from alpha particles, which

which averages 0.9-1073 cm™

Table 2
Expected Albedo Proton Flux in the MSL/RAD-Sensitive Energy Range From 100 to 200 MeV on the Surface of Mars for
Different Soil WEH Contents

WEH content Scenario Integrated flux (100-200 MeV) Reduction (vs. dry)

0% Equator (dry) 370 x 107 em~2s~! 7! 0.0%

20% Near Equator 3.47 x 1073 cm™2s ! sr! —6.2%

40% Local Formations 3.25 x 1073 em ™25~ ! sr! —12.2%

60% Poleward 3.04 X 1073 cm 25! sr! —17.8%

80% Planum Boreum & Planum Australe 2.78 X 1073 cm™2 s~ ! sr! —24.9%
LOWE ET AL. 15 of 23
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Figure 10. Matrix of measurement time required to achieve a 3¢ detection of variations in the water content of Martian soil.
The five scenarios from Table 1 were considered. Numbers in the white boxes correspond to measurements with Mars
science laboratory/radiation assessment detector, while numbers in the green boxes correspond to a potential future detector.

are removed in our two-step procedure, leading to the rejection of some albedo protons. In addition, and in
contrast to the simulation, albedo protons penetrate the rover body before being detected by MSL/RAD, which
may further reduce the measured flux (see Section 8 for further discussion).

Nonetheless, a clear suppression of the integrated flux between 100 and 200 MeV is evident. For instance, the
albedo proton flux is expected to decrease by approximately 6% if MSL transitions from completely dry soil to a
water-rich formation with 20% WEH, as found, for example, in Arabia Terra or Arcadia Planitia. In local for-
mations with about 40% WEH, such as the Medusae Fossae Formation, our model predicts a suppression of
approximately 12%. A reduction of the albedo proton flux between 100 and 200 MeV of approximately 25% is
estimated at the hydrous polar regions compared to the dry near-equatorial regions (cf. Table 2).

The question now is how long measurements would need to be accumulated in order to statistically distinguish the
differences in albedo proton fluxes between the various soil water scenarios. We perform a two-sample hy-
pothesis test assuming Poisson statistics, which allows the required measurement time 7 for a 3¢ detection of
varying WEH content to be calculated as

S RAE + [, ™ FdE )

Z2
T =G Eonax 2’
(g FAE = [ FAE)

where z = 3, G is the geometrical factor of the detector, and 7;; are the albedo proton fluxes for two different
WEH contents in the Martian soil. The energy limits within which albedo protons can be measured are denoted as
E.;, and E ... Using the geometrical factor and energy range of MSL/RAD, as described in Section 3.1, we
calculate the required measurement time for different soil water budgets. These are illustrated as a combination
matrix of the different scenarios from Table 1 in Figure 10.
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The simulation results shown in Figure 10 suggest that a 20% variation in soil WEH content could be detected at
the 3¢ level by MSL/RAD within approximately two to 3 months. Specifically, if MSL/RAD were to traverse
from its current location with approximately 0% WEH content to a latitude of 45°, local soil WEH contents of
about 20% could be detected after roughly 83 days. This explains why signatures of water content changes of only
2%-7% could not be resolved in the MSL/RAD measurements, as detecting such small variations would have
required substantially longer measurement times. Consequently, alongside comparisons with MSL/DAN data,
this provides further evidence that the already statistically insignificant variations observed in MSL/RAD
measurements of the albedo proton flux do not indicate real changes in WEH content, but are purely driven by
statistical fluctuations.

A measurement period of approximately 3 months to resolve 20% variations in soil WEH content may initially
appear long. However, it remains reasonable for an extended mission such as MSL/RAD, which has been
operating for over 12 years. Moreover, localized water-rich formations with up to 40% WEH content, such as
Tharsis Montes or the Medusae Fossae Formation, could likely be detected much earlier, requiring measurement
times of only ~20 days as the rover traverses these regions. If the rover were to travel from the dry equator toward
the poles, soil water contents of approximately 60% and potentially up to 80% could be detected within only
~9 days and ~5 days, respectively. However, this represents a somewhat idealized scenario that is not achievable
within the MSL mission.

MSL/RAD was not originally designed for albedo particle detection or for the investigation of WEH content in the
Martian soil. Nevertheless, the simulation results suggest promising measurement times for resolving different
water budget scenarios on Mars using MSL/RAD. Therefore, we also investigated the expected measurement
times of a realistically redesigned MSL/RAD detector that would be better suited for the detection of albedo
protons. This conceptual detector would have a geometry factor of 0.9 cm?sr, adapted from the alternative FOV
A X B of MSL/RAD, and would be capable of measuring albedo protons over a broader energy range from 20 to
200 MeV. Furthermore, we require a clear FOV directed toward the soil, unobstructed by, for example, the rover
body. The measurement times obtained with this conceptual detector are additionally shown in green in Figure 10.
Such a detector would require only about 7 days of measurements to detect a change in soil WEH content of 20%,
which is realistic, for example, for regions such as Arcadia Planitia or Arabia Terra. Local formations with 40%
WEH content, such as the Medusae Fossae Formation, could accordingly be identified within approximately
2-3 days. Both correspond to reasonable distances traversable by rover or rotorcraft. Even larger variations of
60% or more would be detected almost instantaneously within about one day at the 3¢ level.

8. Discussion

Measuring soil WEH content using albedo protons is a highly sensitive analysis. Therefore, both the measure-
ments and the simulation results must be discussed and carefully contextualized.

Starting from the measurement results (see Section 6), we show that the albedo proton flux 7, ,;, can be corrected
for solar modulation and potential atmospheric effects using the GCR proton flux F; gcr- The Pearson coefficient
r = 0.823 £ 0.021 indicates a clear correlation between them. Although such effects are not expected to be
significant, contributions from heavier ions, which can also generate albedo protons and cause deviations from the
GCR proton flux, are not explicitly included in the analysis. We subsequently assume that the corrected albedo
proton flux depends solely on the WEH content of the Martian soil. However, rover inclination and surface
roughness may induce small variations in the albedo proton flux that are not accounted for in this study. Addi-
tional topographic effects on the albedo proton flux, such as parking near or traversing past buttes (cf., e.g., Dibb
etal., 2024; Guo, Khaksarighiri, et al., 2021), must be treated with caution to avoid misinterpreting these effects as
variations in WEH content. A further limitation is that albedo protons must first penetrate the rover body before
reaching MSL/RAD. This shielding can both modulate the incoming albedo proton flux and produce secondary
protons that are indistinguishable from primary albedo protons associated with the WEH content. Such effects
cannot be separated using measurements alone and may introduce additional uncertainties.

The simulation results were obtained under idealized conditions and are only valid within this framework. The
rover is assumed to be on a perfectly flat surface, so surface roughness, topography, and rover inclination are not
considered. Additionally, the water content is assumed to be homogeneously distributed within the soil. In reality,
near-surface water may be in-homogeneously distributed, which could affect the albedo proton flux. Additionally,
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both quartz and typical Martian soil are assumed to have densities lower than the value of 2.8 g/cm? used in the
simulation (Goossens et al., 2017; Mellon et al., 2022; P. Morgan et al., 2018). This difference has only a minor
impact on the production depth of albedo protons (see Figure 8), but may lead to a smaller reduction in albedo
proton flux between dry and hydrous soil than reported in Table 2. Furthermore, the rover body was not included
in our simulation because its composition is not precisely known and we aimed to keep the results as general as
possible. Nevertheless, Appel et al. (2018) demonstrated that the rover body can significantly reduce the albedo
proton flux below 300 MeV compared to the unshielded flux, including the 100-200 MeV range measured by
MSL/RAD. The rover body could also modulate albedo protons to lower energies. Consequently, the upward-
directed protons detected by MSL/RAD likely do not correspond exactly to 100200 MeV albedo protons
leaving the soil, but rather to slightly higher-energy protons. In addition, the simulation assumes that MSL/RAD
can detect all 100-200 MeV protons. As shown in Section 5, MSL/RAD measurements are contaminated by alpha
particles, which we remove using the two-level cutoff procedure to obtain a pure albedo proton signal. This
procedure inevitably results in the loss of a portion of the albedo proton data, which is not accounted for in the
simulation. Both the influence of the rover body and the contamination by alpha particles are the main factors
causing the measured albedo proton flux to be lower than the simulated flux (see Section 7). Therefore, the
expected measurement times for MSL/RAD to resolve different WEH contents, shown in Figure 10, should be
treated with caution and considered conservative lower limits, which would likely be significantly longer in
reality.

Complementary, for the conceptual detector, an unobstructed FOV toward the soil and uncontaminated mea-
surements of albedo protons are assumed, so the measurement times shown in Figure 10 are more reasonable. In
reality, these times could even be shorter, because our simulation only accounts for albedo protons produced by
the interaction of GCR protons and atmospheric neutrons with the soil, and not those from heavier ions, which
would slightly increase the albedo proton flux (see Figure 9). Accordingly, we consider detecting variable WEH
content with MSL/RAD using albedo protons highly challenging. A realistically redesigned detector could,
however, provide a highly promising complement to other methods for investigating soil water content on Mars,
the Moon, or other extraterrestrial bodies.

9. Conclusion

Investigating the water budget in the Martian soil has important implications, particularly for future manned
missions to Mars, for understanding the history of the planet, and for the potential detection of ancient or extant
microorganisms. In this study, we investigate whether albedo protons generated by the interaction of GCRs with
Martian soil can be used to detect near-surface water reservoirs. A lower albedo proton flux is expected for higher
soil water content and vise versa. Our results show that albedo protons are generated at depths of roughly 3—7 cm,
allowing near-surface water to be probed even beneath dust layers that hinder optical detection. This would
establish a new sensitivity depth range complementary to existing albedo neutron and gamma-ray measurements.

Therefore, we developed a methodology to detect albedo protons in the 100-200 MeV range using the RAD
onboard the MSL. Contamination from alpha particles is removed via a two-level cutoff procedure. Subsequently,
effects independent of soil composition, such as solar modulation and atmospheric pressure variations, are
corrected using the GCR proton flux measured simultaneously by MSL/RAD. The result is a 9-year data set of
albedo proton measurements spanning 6 May 2016 to 3 April 2025, which is assumed to depend solely on the
near-surface water content of the Martian soil. By correlating MSL/RAD measurements with data from the DAN
instrument, also onboard MSL, we show that changes of 2%—7% in soil water content cannot yet be resolved
significantly using albedo protons.

However, supporting model calculations suggest that under ideal measurement conditions, MSL/RAD could
detect increases in water content of 20% after approximately two to 3 months. Although this required mea-
surement time may seem long, it remains feasible for extended missions like MSL. Variations of 40% in soil WEH
content, as may occur near equatorial locations, could be resolved at the 3¢ level within roughly 20 days.
Poleward, large water reservoirs of 60% and 80% could be detected in about 9 and 5 days, respectively. Since
MSL/RAD was not originally designed to measure albedo protons, we additionally considered the expected
measurement times for a conceptual detector with a geometry factor of 0.9 cm?sr and a sensitivity range of
20-200 MeV. Such a detector could detect changes in near-surface water content of 20% and 40% after
approximately 6—16 and 2 days, respectively. Both scenarios can occur locally, for example, in the Medusae
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Fossae Formation, Arabia Terra, or Arcadia Planitia, and therefore represent realistic cases that could be traversed
by a future rover or rotorcraft. Even larger variations of 60% and 80% in soil WEH content could be detected
almost instantaneously, in less than a day, with statistical significance.

Even though the modeled measurement times for both MSL/RAD and the conceptual detector should be
considered conservative lower limits, they nonetheless demonstrate the potential of investigating near-surface
water using albedo protons. We therefore propose including albedo proton measurements in future missions to
Mars or other extraterrestrial bodies, as they represent a promising complement to existing methods for probing
water in soil.
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