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crust due to atmospheric interactions
likely involving water
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Abstract The Perseverance rover has sampled mm-size lithic fragments containing olivine likely from at
least two source regions from the surface of an inactive megaripple surface, and fine-grained material from the
surface and to a depth of ~4—6 cm. Some of the mm-size grains lack a coherent diffraction pattern measured by
PIXL, consistent with the presence of poorly ordered secondary phases that have been altered. Analysis of these
materials on Earth will allow examination of materials that have experienced aqueous, potentially habitable
environments that could contain biosignatures. Fluorescence of three different patterns was detected, consistent
with inorganic emissions from silica defects or rare earth elements in certain mineral phases, although organic
origin cannot be excluded. Analysis of Autofocus Context Imager and Wide Angle Topographic Sensor for
Operations and eNgineering images of the subsurface material and MEDA thermal inertia measurements
indicate average grain sizes of ~125 and ~150 pm, respectively, for the bulk material within the megaripple.
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The fine-grained material in the sampling location indicates chemical compositions similar to previously
proposed global components as well as airfall dust. In situ and associated atmospheric measurements provide
evidence of recent processes likely including water vapor in soil crust formation. The sampled material will
therefore help elucidate the formation of Martian soils; current surface-atmosphere interactions; the
composition, shape, and size distribution of dust grains valuable for studies of past and present Martian climate
and for assessing potential health and other risks to human missions; and ancient, aqueously altered
environments that could have been habitable, and, if Mars contained life, possibly contain biosignatures.

Plain Language Summary The first samples of soil/regolith/loose sediment have recently been
collected from Jezero crater Mars. The Perseverance rover is able to sample loose material less than 8 mm in
size from the surface to a depth of ~4—-6 cm, which is then sealed in a sample tube and either deposited on the
surface of Mars or stored in the rover similarly to the rock samples for potential return to Earth by the planned
Mars Sample Return campaign. Soil samples include mm-size grains that are aqueously altered, are likely from
at least two different source regions, and indicate potentially habitable environments that, if Mars contained life,
could potentially contain biosignatures. Fluorescence of three different patterns was detected, which could be
due to inorganic emissions from silica defects or rare earth elements in certain mineral phases, though organic
origin cannot be excluded. The 125-150 pm fine grains appear similar to a previously proposed global soil
component, and the collection of airfall dust and soil crust components includes material that has been affected
by interactions with the atmosphere, and sheds light on topics ranging from climate to the safety of future human
missions.

1. Introduction

Much of the surface of Mars observed from orbiters, landers, and rovers is covered by a discontinuous surface
layer of mostly unconsolidated material up to several meters thick (e.g., Christensen & Moore, 1992; Golombek
et al., 2008). The material of this surface layer integrates products of physical and chemical weathering over the
course of Martian history, and reflects aeolian, fluvial, and impact processes that have emplaced these products.
The porous, uppermost part of this material is also affected by ongoing chemical exchanges and interactions with
the atmosphere.

Throughout this manuscript, the term “regolith” is used similarly to the E2E-iSAG report Planning for Mars
Returned Sample Science: Final report of the Mars Sample Return (MSR) End-to-End International Science
Analysis Group (McLennan et al., 2012): “the entire layer of fragmental and loose, incoherent, or unconsolidated
rock material of any origin, that mantles more coherent bedrock (Gary et al., 1972). It includes: soil, defined as
any loose, unconsolidated material that can be distinguished from rocks, bedrock, or strongly cohesive sediments
but has no singular origin; airfall dust, which is fine-grained material that has settled from the atmosphere; and
aeolian deposits, which represent any accumulation of windblown sediment that occurs in recognizable bedforms
or as sand sheets” (McLennan et al., 2012).

Regolith is also sometimes interpreted as implying that the material has not been transported (i.e., G. Taylor &
Eggleton, 2001). Consistent with the E2E-iSAG report (McLennan et al., 2012), this interpretation is not used in
this work. However, larger grains present in the sampled material that are likely to have been locally derived are
discussed throughout this work. In addition, since the sample goals for a regolith sample previously documented
within the E2E-iSAG and iMOST reports have discussed the sample goals for the constituent components,
including locally derived material, aeolian sediment, and airfall dust, these components are separately described
throughout the manuscript (Beatty et al., 2019; McLennan et al., 2012).

The Mars 2020 regolith samples, together with collected rock samples (Bosak et al., 2024; Farley and
Stack, 2023a, 2023b, 2023c; Simon et al., 2023), will address goals previously established for MSR objectives
(Beatty et al., 2019; McLennan et al., 2012; Mustard et al., 2013; NRC, 2011). The recent International MSR
Objectives and Samples Team (iMOST) report identifies seven objectives for MSR (Beatty et al., 2019), which
include a number of objectives relevant to collection of regolith samples, such as Objective 1: Interpret the
primary geologic processes and history that formed the Martian geologic record, with an emphasis on the role of
water, Objective 2: Assess and Interpret the Potential Biological History of Mars, Including Assaying Returned
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Samples for the Evidence of Life, Objective 6: Understand and quantify the potential Martian environmental
hazards to human exploration and the terrestrial biosphere and Objective 7: Evaluate the type and distribution of
in situ resources to support future Mars exploration. The collected regolith samples have been compared to the
iMOST goals and desired samples in Table S7 in Supporting Information S1 as well as evaluated for their ability
to reach these goals (Czaja et al., 2023).

In order to best achieve the goals previously identified for MSR, a megaripple (different from a dune) about 48 m
long, 8 m wide, and 1 m high was selected for the regolith sampling site (Figure 1). Unlike dunes, megaripples
have poor particle sorting (Lammel et al., 2018; Sharp, 1963), thus allowing collection of both coarser, likely
locally derived material, along with a continuous range of finer particles having increased potential for more
distant origins, ideally also including Jezero watershed materials not yet included in the Mars 2020 rock core
sample collection. Besides several morphological indicators of inactivity, the megaripple also displayed evidence
of a soil crust, suggesting that stability (or non-activity) of the megaripple should have allowed airfall dust to
accumulate within near-subsurface pore space, and also indicating that the soil crust itself would be able to be
collected.

Previous work from several landing sites has indicated that much of the finer component of Martian regolith
potentially represents a ubiquitous compositional average (e.g., Clark et al., 1982; S. R. Taylor &
McLennan, 2009; Yen et al., 2005). Previous summaries (e.g., S. R. Taylor & McLennan, 2009) have described
Martian regolith as including potentially global components with differing contributions from volatiles and
locally derived materials (e.g., Figure 2). Details of the variations among landing sites in Figure 2 are given in
Supporting Information S1. Explanations for apparent global silt- and sand-sized components are uncertain (Clark
etal., 1982; S. R. Taylor & McLennan, 2009; Yen et al., 2005); one possibility is that Martian crust fundamentally
varies relatively little in its (mafic) composition so that weathering products of these materials result in regolith
having relatively minor compositional variations from place to place around the planet. Another possibility is that
whatever compositional variation that might exist in source rocks, active aeolian mixing of dust, silt- and very fine
sand-sized grains over the long arid history of the planet has resulted in widespread, near-global particle mixing,
even if individual regolith particles might express compositional variation from each other. Analyses of a returned
regolith sample will help better understand the formation of the potentially global, local, and volatile components.

2. Methods
2.1. Selection of Sampling Location

Only a single Martian regolith sample is currently intended to be returned to Earth. Ideally, this small sample
volume would represent the diverse regolith unit that covers much of the Martian surface. Regolith includes a
wide range of particle sizes (dust, silt, sand, and larger components) of different compositions, and has been
affected by surface-atmosphere interactions such as wind transport, crust formation, and volatile exchange within
near-subsurface porosity (e.g., Arvidson et al., 2010; Blake et al., 2013; Hausrath et al., 2023; Johnson et al., 2007;
Mellon et al., 2008; Ming et al., 2006; Minitti et al., 2013; O’Connell-Cooper et al., 2017; Sullivan & Kok, 2017;
Vaughan et al., 2023; Wang et al., 2006, 2008). It was also hoped that the regolith sample might include Jezero
watershed materials not yet included in the Mars 2020 rock core sample collection. Careful selection of the
regolith sampling location was conducted to achieve as many of these science goals as possible.

Technical and operational factors applied constraints on where regolith sampling could occur. Regolith sampling
capability was certified for use late in the Prime Mission (one Martian year duration), just before the Prime
Mission cache was to be deposited at the Three Forks depot location (Czaja et al., 2023), which restricted
available sample locations. Regolith collection involved several technical risks that could be reduced by choosing
an appropriate collection site. The regolith collection system (Section 2.2) uses a hollow drill bit designed to
penetrate ~6.5 cm beneath the regolith surface and sweep back and forth through the regolith to collect material
through two 8 mm X 8 mm openings (Moeller et al., 2021; Section 2.2). Accordingly, terrain-related fault risks
included: (a) the bit striking unseen buried rock or rubble during initial downward penetration into the regolith, or
while the spinning bit swept back-and-forth through the regolith sampling volume; and (b) partial or complete
blockage of the regolith bit access windows by stones too large to pass through them. For these reasons, regolith
collection sites were preferred that had a reduced probability of rocks or rubble hidden just beneath the surface,
and a greater probability that all regolith components would fit through the 8 mm X 8 mm windows of the hollow
regolith bit.

HAUSRATH ET AL.

3 of 51

3SUBO 1T SUOWILIOD AR 3|qedt|dde ays Aq pausenoh ale sapiie YO ‘esn Jo sajnJ J0j Akeiqi]auluQ AS|IAA UO (SUOIIIPUOD-pUR-SWBIWO0D A8 | IM" AReiq 1 U |UO//SdNY) SUOIIPUOD pue SWB | 83U} 88S *[5202/20/90] uo AfiqiauluQ A8|1An ‘9ouelH aUeIyooD AQ 9v080030E202/620T OT/10p/w0d A8 1m AR lq 1 puljuosgndnfe//sdiy wo.j papeojumod ‘Z ‘520z ‘00T669T2



Y ad
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Jezero Crater

Journal of Geophysical Research: Planets

SNSRI
¥ Belval :l/‘n

Craterg)t S
St

oy

N Observation
i \Mﬁ‘duntain
N

Yo
S

10.1029/2023JE008046

-,
N
(VEER2
Formation|

Lorenoeel

o C.)t‘:tayi%
=== E}Butlerg
landingfsite!

[Formation,

s el R White]Rocks
Hogwallow: F..Iat’s,_é) e

| 5 5
o X\, G 5
Hawksbill S DevilSiTanyard

11iad

$ (.
7l (Sourcé/Redio
T

Cape’ Nukshak7
O, 5 y
S VAlagnak?
&
K

# Mountain. = 24

{ SEnchantedil:ake
oo,
o

HAUSRATH ET AL.

¥
n)

—

/1/

Formative/Paleo winds

|

Saf'mple Focation
o
f | -

undisturbed surface

Topographers_Peak
L3

Geographic_Harbor,

o
N
<

Granite_Peak ,
Atmo_Mountain
L

N
C&\ ® Funnel_Creek
¢

undisturbed surface

«Marmot_Bay
JCrosswind_Lake

FliltonsfFalIs

S
© track

undisturbed surface

N
g
38
8
&
N
o
s
N
B8
)
3
3
£
7
&
E
13
E
g
g
3
B
2
8
S
S
g
8
:
;§;
g
(o]
g
2
@
3
H
o
s
2
o
=
3
g
8
ES
2
8
8
£
3
|
2
3
3
=
g
=
2
E
2
g
g
g
2
B
2
8
ES
o]
Z
3
e
g
2
S
z
2
g
5
C
g
g
g
=
1
Qo
8
2
2
[}
1]
Q
(3
8
2
8
g
3
3
=
g
Q
g
5
g
3
3
s
e




NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2023JE008046

The surface of a large, inactive aeolian megaripple was recognized as a setting that could reduce technical risks as
well as optimize the science objectives of regolith sampling. Megaripples are aeolian bedforms comprised of
poorly sorted materials (different from dunes) (e.g., Bagnold, 1941, pp. 153-157; Fryberger et al., 1992; Jer-
olmack et al., 2006; Lammel et al., 2018). Volumetrically, megaripples are dominated by sand-sized grains
capable of saltating along the ground during strong wind events, but they also include coarser grains that move
only in short, creep-like motions, driven by high-speed impacts of the finer, saltating sand. Grain mass grows
rapidly as the cube of grain radius, so the largest, creep-only grains of a megaripple have a fairly sharp cut-off
maximum grain size. Bedform migration dynamics concentrate these coarsest grains at the bedform surface,
especially near the megaripple's crest. This feature allows maximum grain size throughout the megaripple volume
to be observed and compared with the size of the regolith bit access windows before regolith sampling might be
attempted. Megaripples, like other aeolian bedforms, are perched on the ground that they migrate across; this
minimizes the risk of the regolith bit colliding with subsurface rocky material. The possibility of the regolith bit
colliding with a large rock buried within a megaripple was evaluated prior to sampling by assessing the size and
abundance of any perched surface rocks in the area surrounding the candidate megaripple; locations where such
rocks were scarce suggested lower risk and were preferred. This risk could be reduced further by choosing to
sample a larger megaripple and by sampling as close to its crest as possible, thereby maximizing the megaripple
thickness above the projected underlying ground plane.

The surface of a large, inactive, aeolian megaripple also offered excellent opportunities to pursue the science
goals of regolith sampling. On Mars, surface water has been scarce over the last half of Martian history (e.g., Carr
& Head, 2010), leaving wind transport as the dominant mode of grain transport. Figure 3 summarizes Martian
aeolian transport modes as a function of grain size, and how grains could gradually evolve to smaller sizes through
high-speed collisional attrition (cf. Bristow & Moller, 2018; Kuenen, 1960). Wind tunnel tests, at Mars-
equivalent atmospheric pressure with low-density grains simulating Martian gravity, indicate that 80-200 pm
grains should be easiest for the wind to mobilize on Mars (Greeley et al., 1980; Iversen & White, 1982; Swann
et al., 2020). Thus, grains of 80-200 pm are most frequently mobilized into high-speed saltation trajectories
where impacts with hard ground are assumed to gradually cause grain attrition by spalling off much smaller dust-
sized particles. This is why the notional grain attrition history shown in Figure 3 has the most rapid reduction in
grain size for these sand-sized grains. However, as grain size continues to be reduced through collisional attrition,
numerical experiments show that collisional kinetic energy declines over two orders of magnitude as grain size
decreases from 150 to 50 pm, thereby greatly reducing the potential for continued attrition and slowing further
evolution to smaller grain sizes (Figure 4) (see Bristow & Moller, 2018 for terrestrial comparison). This effect is
primarily due to grain mass decreasing more rapidly than grain radius. Partly for the same reason, grains <150 pm
are increasingly susceptible to short-term suspension during strong wind events, thus reducing collisions during
transport and further slowing grain attrition. Wheel excavations along previous rover traverses (Opportunity at
Meridiani Planum, Spirit at Gusev crater, and MSL at Gale crater) have revealed that, volumetrically, grains
<150 pm are most common in near-surface regolith (Arvidson, Anderson, Bartlett, Bell, Blaney, et al., 2004;
Arvidson, Anderson, Bartlett, Bell, Christensen, et al., 2004; Arvidson, Poulet, et al., 2006; Arvidson, Squyres,
et al., 2006; Sullivan et al., 2005, 2008, 2011, 2020; Minitti et al., 2013; Weitz et al., 2018, 2022). Overall, these
lines of reasoning are consistent with grains <100 pm representing an evolutionary end-state in Martian regolith
development. After aeolian transport reduces grain sizes to <100 pm, further reduction in size is much more
difficult, implying that many of these grains might have a long transport history.

The 50-150 pm size range was a prime goal for regolith sampling also for compositional reasons. A review of
regolith compositions at other Mars mission sites, provided in Supporting Information S1, reveals intriguing

Figure 1. Context of regolith sampling. Jezero crater region on Mars (top left panel) showing Jezero Fan location (inset). Top right panel depicts inset of Jezero Fan
including the Octavia E. Butler landing site and the Mdaz and Séitah formations relative to the Observation Mountain regolith sampling location. Center left panel
depicts the Fan Front area with Observation Mountain in the west and formative/paleo wind directions and sediment source regions, including the western Séitah
formation, in/from the east. Close up of Observation Mountain megaripple and the potential localized source region, Knife Creek is shown in the center right panel.
Lower panels depict regolith sampling locations in Navcam (lower left, sequence ncam00301 from Sol 632), and Front Hazcam (lower right, sequence fhaz02008 from
Sol 593) images. (Sol = number of Martian days since landing.) Image credits: Top left panel basemap from European Space Agency Mars Express High Resolution
Stereo Camera (ESA MEx HRSC) images mosaic (Freie Universitit Berlin/DLR/ESA). Image data available at https://maps.planet.fu-berlin.de, Lon. 77.70, Lat. 18.40.
Navcam and Hazcam images were acquired from the Perseverance rover (https://pds-imaging.jpl.nasa.gov/volumes/mars2020.html). All other panel basemaps are
Mars Reconnaissance Orbiter HiRISE color mosaics (Credit: NASA/JPL/University of Arizona). Base image data available in the Planetary Data System https://pds-

imaging.jpl.nasa.gov/.
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Figure 2. Summary of the total amount of rock-forming oxides measured for the different soils analyzed in past missions on
Mars. Comparison between different soils shows the difference in the total amount of volatiles, revealing substantial
differences between some of the soils. The data are contained in Tables S1 and S2 in Supporting Information S1, Table S9
and S10, and in the Planetary Data System: https://pds-geosciences.wustl.edu/missions/mer/mer_apxs_oxide.htm.

compositional variations, but it is important that many of these bulk compositions (e.g., at the 17-38 mm footprint
resolution of a rover APXS sensor, Gellert et al., 2006, 2009) are more similar to each other, across and between
mission sites, than to local rock compositions at each site (e.g., Clark et al., 1982; Yen et al., 2005; O’Connell-
Cooper et al., 2017). This argues that mobility of Martian aeolian regolith particles commonly overwhelms the
erosional release rate of similarly sized grains from local bedrock outcrops, so that regolith compositions
duplicating the compositions of those adjacent outcrops have been rare. In addition to a possibly narrower range
of source bedrock compositions on Mars compared with Earth, a long history of aeolian mobility for the dominant
50-150 pm regolith grain size-fraction might have resulted in widespread mixing of these grains leading to
similar bulk regolith compositions at many locations around the planet, yet within these mixtures individual
grains have varied compositions (Clark et al., 1982; O'Connell-Cooper et al., 2017; Yen et al., 2005). For these
reasons, a prime scientific goal for the Mars 2020 regolith sample was obtaining an abundance of 50-150 pm
grains as an important representative of a possible global Martian regolith unit. Previous experience has shown
that the interiors of Martian megaripples are dominated by this size-fraction (e.g., Arvidson, Anderson, Bartlett,
Bell, Blaney, et al., 2004; Arvidson, Anderson, Bartlett, Bell, Christensen, et al., 2004; Arvidson, Poulet,
et al., 2006; Arvidson, Squyres, et al., 2006; Cabrol et al., 2014; Herkenhoff et al., 2008; Jerolmack et al., 2006;
Soderblom et al., 2004; Sullivan et al., 2005, 2008, 2011, 2022; Weitz et al., 2018, 2022).

Dust-sized grains could represent physically irreducible regolith particles, and are a fundamental regolith
component for sampling. Dust particles are lofted into suspension during strong wind events, including by strong
winds around the core of low-pressure vortices (or “dust devils”) in which “suction” and other effects may also
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Figure 3. Regolith particles smaller than a few mm have been susceptible to aeolian transport during long arid periods of
Martian history. Aeolian abrasion very likely plays a dominant role in the evolution of regolith particles toward smaller sizes.
This process accelerates as grain size reduces to 80-200 pm, the size range that wind tunnel experiments indicate should be
the easiest to mobilize (Greeley et al., 1980; Iversen & White, 1982; Swann et al., 2020). The rate of grain size reduction then
probably slows as decreasing grain size reduces collisional kinetic energy (Figure 4), and short-term suspension becomes the
more likely transport mode. Attrition products contribute to the population of dust and finer silt within the regolith (notional
horizontal arrows).

help to raise dust (e.g., Neakrase et al., 2016). During major storms, dust particles can circulate for weeks before
settling back to the ground (e.g., Cantor, 2007; Guzewich et al., 2019). Numerous global dust storm events over
the last half of Martian history imply that dust-sized components within a regolith sample could have been
sourced from rock units anywhere around the planet, and represent an essential component of the global regolith
unit. However, targeting a dust mantle at Jezero for sampling by the regolith bit was not practical. Visible dust
mantles on regolith are uncommon at Jezero, found only in small, wind-protected areas, such as within complex
crest topography of the largest megaripples. Such locations generally were not reachable by the rover. As an
alternative, dust grains infiltrating the near-subsurface pore space were relied upon for sampling. As an example
of subsurface dust present in a relatively non-dusty surface environment, Figure 6 shows a wheel trench into
aeolian sands on the floor of Eagle crater at Meridiani Planum. Like Jezero, Meridiani Planum is a relatively low
dust site, with rare continuous dust mantle deposits found only in protected areas (not shown). Wheel track fidelity
on the surface in Figure 6 shows no evidence of surface dust. However, wheel tracks on disturbed subsurface
material (e.g., trench floor and tailings) have higher fidelity and higher albedo, indicating the presence of
abundant very fine particles that had previously infiltrated the near-subsurface regolith.
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Figure 4. Numerical experiments of equilibrium saltation trajectories (Grainwind.c; Sullivan & Kok, 2017) over hard ground (bounce coefficient 0.8) show how grain
kinetic energy at rebound decreases by two orders of magnitude as grain size decreases from 150 to 50 pm. So as grain size decreases, the rates of grain attrition and grain
size reduction should slow. Green curves are grain trajectories. Test conditions: atmospheric pressure P = 6.7 mb, temperature 7' = 250°K, aerodynamic roughness
Zo = 0.0001 m, wind friction speed u. = 1.0 m/s (equivalent to wind speed u ~ 24 m/s at height z = 1.5 m), and constant bounce rebound angle of 50°. Note different
vertical exaggeration between 150 pm case (a) and 50 pm case (b). Purple curves are KE. KE of 150 pm grain at rebound ~5 x 10~ J. KE of 50 um grain at rebound

~4 % 107° 1.

For megaripples at Jezero, the abundance of dust particles within near-subsurface pore space was expected to
correlate inversely with bedform activity. This prompted a search to identify the least active, most indurated
megaripple surfaces that might be available for sampling. This search was motivated also by the desire to sample
compositional components of fully developed cohesive surface crusts (even though such crusts would be broken
up by the action of the regolith bit). Previous lander and rover missions have observed that light cohesion is a
pervasive characteristic of Martian regolith (e.g., Arvidson, Anderson, Bartlett, Bell, Blaney, et al., 2004;
Arvidson, Anderson, Bartlett, Bell, Christensen, et al., 2004; Arvidson, Poulet, et al., 2006; Arvidson et al., 2009;
Clark et al., 1982; Moore et al., 1987; Sullivan et al., 2011; Weitz et al., 2020), including at Jezero where cohesive
surface crusts are very common (Hausrath et al., 2023). Development of surface cohesion probably involves
exchanges of volatiles between the atmosphere and near-surface regolith (e.g., Hausrath et al., 2023; Ming
et al., 2006; Wang et al., 2006, 2008). Understanding these processes better was an important science goal for
regolith sampling.

Guidance for identifying inactive megaripple surfaces at Jezero was obtained from: (a) observations that meg-
aripples with distinct surface characteristics did not migrate during one or more strong, sand-driving wind
event(s) associated with a regional dust storm that began around Sol 313 of the mission (Lemmon et al., 2022),
while other megaripples in the same area did migrate; (b) evaluation of the uniquely complex crests of large
Jezero megaripples; and (c) previous terrestrial work comparing lee versus stoss (windward) megaripple flanks.

A regional dust storm passed over Jezero beginning around Sol 313, and was associated with strong winds and
active dust lifting (initially by both linear wind gusts and vortices) (Lemmon et al., 2022). This aeolian activity
was strong enough to saltate large quantities of sand on to the rover deck, to damage the MEDA (Rodriguez-
Manfredi et al., 2021) wind sensors, and to cause some megaripples close to the rover to migrate (Lemmon
et al., 2022). This is the first known instance of Martian megaripple migration observed in situ, although meg-
aripple migration elsewhere on Mars has been previously observed from orbit (Silvestro et al., 2020). However,
other megaripples in the same area with more rounded crests and somewhat coarser surface grains did not migrate
during the same period, and their surface grains remained stable (Movie S1). Grain size measurements (Figure 7)
reveal that megaripple surfaces covered with <2 mm grains were active, while surfaces that included abundant
coarser grains, commonly up to 3 mm, were not. Thus, a stable, inactive megaripple desirable for future regolith
sampling could be identified by having an abundance of grains >2 mm on its surface.
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Figure 5. (a) This Sol 598 Autofocus Context Imager image is a 10.1 pm/pixel, flat-fielded, focus-merge view of the tailings
pile (Topographers Peak) created by a wheel scuff into the Observation Mountain megaripple regolith collection site
(sequence srlc10402). The bulk of the two regolith samples (Afmo Mountain and Crosswind Lake) are composed of similar
material that is mostly <150 pm (see also Section 3.2 and Figure 15). (b) Close inspection reveals bright 10.1 pm pixels
scattered throughout; these likely represent bright dust grains or aggregates of dust, many of which might not fully span the
dimensions of each pixel.

Megaripple crest morphology provided a second indicator of relative inactivity. Many of the largest megaripples
along the Mars 2020 traverse have complex crest morphologies not seen previously on Mars or, to our knowledge,
on Earth (Figure 8). These morphologies typically involve smaller secondary megaripples with sharper, more
sinuous crests perched near but commonly not centered along the main megaripple crest. The secondary meg-
aripple crests seem to represent reactivation of only part of the surface population of coarse grains (likely <2 mm)
“harvested” from the original megaripple surface. In this interpretation, most of the population of Jezero meg-
aripples near the rover's Prime Mission traverse grew to enormous sizes visible from orbit. However, at some later
stage, perhaps after a period of inactivity, strong wind events became characterized by somewhat weaker sand
flux (involving reduced atmospheric density, reduced peak wind strengths, and/or smaller available sand grains
saltating from upwind). This reduced sand flux has been capable of moving mostly <2 mm grains, harvesting
these grains from the original coarse grain population of megaripple surfaces to form the secondary megaripples.
On this basis, crest complexity on large megaripples indicates greater age and inactivity, where effects of
atmosphere-regolith interactions (e.g., crust development) are likely to be well-developed.
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Figure 6. MER Opportunity rover color-stretched Pancam mosaic of a wheel trench on the floor of Eagle crater at Meridiani Planum, from the 26th Sol of that mission.
Like Jezero crater, the Meridiani Planum landing site has relatively little surface dust, with dust mantles present only in areas well-shielded from wind. However, trench
wheel track morphology and albedo indicate the presence of dust in the near-subsurface. Wheel track is 16 cm across for scale. This enhanced-color mosaic was acquired
on Sol 26, Pancam sequence ID 2385, using Pancam 753, 535, and 432 nm filters. Data for the Opportunity mission are available on the Planetary Data System: https://
pds-geosciences.wustl.edu/missions/mer/index.htm.

Finally, megaripple migration involves accumulation of grains on the lee side, simultaneously with erosion of
grains from the stoss (windward) side. For this reason, surface material exposed on the stoss side will have been in
place longer than material exposed on the lee side surface. While not the most important factor when a given
megaripple has become indurated and stable, nevertheless stoss sides were preferred for regolith sampling.

To summarize, regolith sampling site criteria that would minimize technical risks and address science goals
included: the stoss slope of a large megaripple displaying complex crest morphology and abundant >2 mm
surface grains, with the surrounding area having few surface boulders. Figure 1 shows the location of the
megaripple selected for sampling, designated “Observation Mountain.” The Observation Mountain megaripple is
located at the Enchanted Lake section of the Shenandoah formation (Stack et al., 2024). The section was targeted
between investigations of the Amalik member (fine-grained sandstone) and Alagnak member (coarse-grained
sandstone) next to the Knife Creek member (mudstone) (Stack et al., 2024).

Data from the Mars 2020 science payload were acquired at Observation Mountain to provide scientific context for
the regolith samples (two samples were acquired, intended as compositional and textural twins), analogous to
contextual data sets acquired for all rock samples. Previous observations on other missions showed that Martian
regolith right at the surface generally is different, either in composition, grain size-frequency, or both, from
regolith in the near-subsurface (e.g., Arvidson, Anderson, Bartlett, Bell, Blaney, et al., 2004; Arvidson, Anderson,
Bartlett, Bell, Christensen, et al., 2004; Arvidson, Poulet, et al., 2006; Arvidson, Squyres, et al., 2006; Arvidson
etal., 2010; Minitti et al., 2013; Stein et al., 2018; Sullivan et al., 2011; Wang et al., 2006, 2008; Yen et al., 2008).
Near-subsurface materials would compose most of the collected regolith sample volume (Section 2.3). On this
basis it was desirable to make subsurface regolith accessible to the science payload, to provide relevant scientific
context for the regolith samples. This was facilitated by digging a small wheel-scuff trench (e.g., Sullivan
etal., 2011). Trenching created a “roadcut” exposure that displayed an in situ soil depth profile (Figure 10, target
“Fultons Falls”). The arm turret is too bulky to fit down into a wheel-scuff trench (although 34-98 pm/pixel Wide
Angle Topographic Sensor for Operations and eNgineering [WATSON] images were obtained), so remote-
sensing instruments Mastcam-Z (Bell et al., 2021; Hayes et al., 2021) and Supercam (Maurice et al., 2021;
Wiens, Maurice, Robinson, et al., 2021) recorded compositional and physical properties of the trench wall and
interior (Sections 3.1 and 3.3-3.5). For proximity science instruments mounted on the arm, the tailings pile of the
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Figure 7. Comparison of grain sizes between active and inactive megaripples during the Sol 313-318 regional storm. See Movie S1, which compares Navcam views
from sol 286 sequence ncam03286, and sol 321 sequence ncam03321, and shows surface effects of the Sol 313-318 regional storm. (a) Sol 286 Navcam (ncam03286;
Maki, Deen, et al., 2020) view of megaripples showing locations of panels (c) and (d). Movie S1 shows megaripple migration at (c), and a stable megaripple surface at
(d) (including individually stable surface grains). (b) Grain size-frequency measurements presented as percentage of grain counts per size bin, for the active (blue) and
inactive (green) megaripples. Panels (c) and (d) are the Mastcam-Z images utilized in the measurements (individual grain spans are shown in red on each pane, so are
seen more easily by magnifying the figure) (Sol 312, sequence zcam08336). The images were obtained at slightly different ranges from the camera, so the image in pane
D has been reduced in size proportionally to present both images at the same scale.

wheel scuff (Figure 9, target “Topographers Peak”) provided an accessible target of subsurface material, having
sufficient positive relief to allow close approach by WATSON and SHERLOC (Bhartia et al., 2021), and PIXL
(Allwood et al., 2020). The tailings pile also served as an additional remote-sensing target (Sections 3.1, 3.4, and
3.5). The MEDA suite of meteorological instruments (Rodriguez-Manfredi et al., 2021) monitored environmental
conditions during regolith sample collection and evaluated thermal inertia (TI) of the Observation Mountain stoss
flank (Section 3.6).

The two regolith samples from Observation Mountain were the last to be collected before the rover proceeded to
the Prime Mission “Three Forks Depot” caching site. However, the penultimate “Mageik” rock sample, acquired
before traversing to Observation Mountain, failed to seal properly on-board. This caused an extended delay
between when most of the scientific context data for Observation Mountain were acquired (Sols 593-606) and
when actual collection of the regolith samples (Atmo Mountain and Crosswind Lake) and final scientific context
observations were conducted (Sols 632-641). The Atmo Mountain regolith sample was collected on Sol 634, and
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Figure 8. Two Navcam views from Sol 538 (ncam03538) show examples of complex megaripple crest morphology, an indicator of megaripple induration and stability.
(a) Looking into the formative sand-driving wind direction, several smaller, somewhat darker, sharp-crested, sinuous secondary megaripples have migrated from the
crest area of the largest megaripple closest to the rover down the lee side (toward the viewer), partly into the wind shadow of the main crest, so perhaps partly stalling
there (blue arrows). (b) Looking in the downwind direction of formative sand-driving winds (note well-developed wind tails streaming from rocks, encircled in red), a
small fraction of the original large megaripple surface is interpreted to have been “harvested” to form a smaller secondary megaripple (blue arrows) that has moved away
from the viewer, partly into the wind shadow beyond the main crest. The protected area between the main, older megaripple crest and the smaller secondary megaripple
beyond hosts a narrow mantle of bright dust (yellow arrows). Unfortunately, dust mantles in positions like these were not directly reachable by the rover.

Crosswind Lake on Sol 639. On Sol 641, the rover drove toward the Three Forks sample cache location, where
Crosswind Lake was deposited as part of a 10-sample tube depot. Atmo Mountain remains aboard the rover for
deposition as part of a more extensive cache later in the mission. Table 1 lists observations collected by each of the
instruments, and analyses are reported in Results Section 3.

The Observation Mountain megaripple satisfied the regolith sampling site criteria and associated scientific goals.
(a) Observation Mountain displays complex crest morphology (Figure 9), consistent with long-term stability and
induration of the stoss side, where sampling occurred. (b) The standing exposure of the wheel-scuff “roadcut”
indicates cohesion in the near-subsurface (Figure 10). (c) An Autofocus Context Imager (ACI) image of disturbed
subsurface material (the wheel scuff tailings pile, target “Topographers Peak”) is comprised mostly of the crucial
50-150 pm grain size range (Figures 5 and 15, Section 3.2) that also likely comprises most of the volume of the
Atmo Mountain and Crosswind Lake regolith samples. (d) Numerous bright 10.1 pm pixels in the same view very
likely represent bright dust grains or aggregates of these, many of which probably do not fully fill the dimensions of
each pixel. (e) Coarse, creep-only grains >2 mm were distributed across the megaripple surface (Figure 11), and on-
board Cachecam images (Maki, Gruel, et al., 2020) show some of these very coarse grains at the top of the Atmo
Mountain sample, and hints of similar coarse material near the top of the Crosswind Lake sample (Figure 12).

2.2. Regolith Sample Acquisition Process

Regolith sampling is performed by the rover's Sampling and Caching Subsystem (SCS). This system consists of a
robotic arm with a rotary percussive drill on the end, and a suite of assemblies inside the body of the rover to store
and manipulate drill bits and sample tubes (Moeller et al., 2021). The system was primarily designed to collect
core samples from consolidated rock, and the intent of the regolith collection process was to function as similarly
as possible to that operation. To that end, any of the sample tubes can be used to collect either a rock core or
regolith sample.

The regolith bit is the only unique hardware involved in the regolith sampling process (compared with rock
sampling). The bit is made of titanium alloy, and the interior and exterior surfaces are nitrided (Moeller
etal., 2021). The internal features that interact with the sample tube and the rear features that interact with the drill
are identical to those on the coring bit. The internal features hold the sample tube, while the rear features interact
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Scale:

Wheel tracks (upper left) span 2.7 m
Point A to point B spans 46.2 m
Point C to point D spans 6.5 m

Figure 9. Sol 632 color-stretched Navcam (Maki, Gruel, et al., 2020) image tiles (ncam00430), obtained after the Mageik rock core sealing anomaly was resolved and the
rover was returning to Observation Mountain to finish regolith collection. The stoss (dominantly upwind) side of the megaripple is facing the rover. Smaller secondary
megaripples have developed from the original large bedform, resulting in crest complexity. The rover carried out the first part of regolith sampling (Sols 593-606),
accomplishing most of the science context observations, at the wheel trench site at upper left (where the rover returned, Sols 632—641, to complete sampling). At upper
left, near the trench site, the megaripple crest is distorted by a long secondary megaripple that has migrated to the right and partly down into the wind shadow of the
original megaripple crest, suggesting stability of the original megaripple stoss surface where the two regolith samples were acquired.

with the drill chuck, spindle, and percussion mechanisms. The unique features are on the front of the bit: (a) the
front is hollow but enclosed, except for two small openings on the side; and (b) there is a tooth at the tip
(Figure 13). The openings are sized so that any grain entering the bit will fit in the sample tube. The internal
volume under the openings is 8 cm?, the desired volume of sample to collect.

Regolith sampling operations begin by using the SCS to load a sample tube into the regolith collection bit, and
present the bit to the exterior of the rover. The regolith bit (with sample tube) is then picked up using the robotic
arm and drill. The drill is then positioned above the target location. Although rock core collection involves
contacting the drill stabilizers to the surface of a rock, regolith collection hovers the drill above the surface and
only contacts the surface with the bit.

When the drill is positioned above the target, the drill feed extends the bit until it contacts the surface. Due to the
shape of the bit tip, this is not done using sensing; instead, previous images and positioning accuracy are relied
upon. The bit is then inserted down into the regolith using the feed, rotation, and percussion motions, to a target
depth of 65 mm for the tip of the bit (leaving the windows at less than 65 mm depth). At the target depth, rotation
and percussion continue while the turret rotates on the wrist of the robotic arm, 5° in each direction. This causes
the bit to sweep through the regolith. The rotation, percussion, and sweep all act to liquify the surrounding regolith
and encourage material to flow into the hollow bit through the two access windows. Without all of these activities,
it is possible in some types of regolith for the material to be compacted away from the bit and form consolidated
walls, resulting in insufficient collected sample. Throughout these sampling activities, the robotic arm and drill
sensors are monitored. Any spike in force or current that could be caused by a submerged rock or higher than
expected regolith consolidation will cause the rover to stop motion until assessment by rover engineers verifies it
is safe to resume.

After the sweep motions are completed, percussion stops and the drill retracts the bit from the regolith. The
robotic arm moves the drill away from the surface and points it down relative to gravity. A short burst of per-
cussion is then used to level the sample, so that any material stuck to the outside of the bit or that was above the
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windows in the bit is expelled. This prevents overfilling the sample tube. The sampling process means that the
grains are mixed during sampling, and not retained as an intact depth core.

The turret then begins moving the bit to point up relative to gravity, ensuring the windows point in the direction of
motion so no sample is spilled. This inversion combined with intermittent percussion encourages the sample to
flow from the tip of the bit into the sample tube.

The bit and tube are then returned to the interior of the rover, where the tube is removed from the bit, imaged by
Cachecam (Maki, Gruel, et al., 2020), and sealed. Unlike rock coring, no volume assessment is performed—a
volume estimate is obtained solely from the images.

2.3. Regolith Sample Acquisition Process Laboratory Experiments

To test the depth beneath the megaripple surface from which the regolith samples were collected, as well as the
extent of collection of coarse surface grains and finer, subsurface material, experiments were performed at JPL
using the Vehicle System Test Bed (VSTB). These experiments revealed that, during the laboratory sampling,
both the fine-grained material beneath the surface, and the coarser material at the surface were sampled, and that
maximum depth of sampling was 4-6 cm beneath the surface.

In order to capture different aspects of the natural Martian soil environment, two experiments were performed,
referred to as the “jewelry box” and the “chocolate cake” (Figures S2 and S3 in Supporting Information S1). The
“jewelry box” experiment was prepared by filling a test bin with a mixture of <2 mm Mojave Mars Simulant sand
mixed with MMS dust (Peters et al., 2008). During the filling process, mono-layers of 2 mm glass beads, each
mono-layer a different color, were emplaced at 2 cm depth increments within the sand. The “chocolate cake”
experiment consisted of two layers of sieved MMS. A 4 cm-thick surface layer of 500-2000 pm sieved sand
overlay <500 pm material, so that the collected sample could be re-sieved to determine the amount of material
extracted from each layer. Each layer was compacted by light compression before placing the next layer upon it.

The horizontal, layered “jewelry box™ and “chocolate cake” were sampled by VSTB using the same sequence of
events as the sampling performed on Mars. The laboratory results suggest that on Mars the regolith is sampled to a
depth of at least 4 cm, but no deeper than 6 cm, and that substantial amounts of both the grains at the surface and
material from all depths to 4-6 cm is sampled (Table S9).

2.4. Measurements Associated With Sampling

The Standardized Observation Protocol (STOP) list details the measurements to be made for each sample (Simon
et al., 2023). The STOP list varies slightly for each sample, and the detailed STOP list for each sample is listed as
part of the Sample Dossier on the Planetary Data System (PDS) (Farley & Stack, 2023c) and a detailed list of the
regolith sampling activities are given in Table S12. The measurements associated with regolith sampling are
given in Table 2.

Figure 10. Regolith sampling location. (a) WATSON image acquired at 40.7 cm standoff of Atmo_Mountain_637_SCAM showing the undisturbed surface on Sol 633,
sequence id srlc04004. (b) Front Hazcam of Atmo Mountain and Crosswind Lake sampling holes, sequence id thaz05001. (c) Mastcam-Z image showing soil crust
similar to those that have been observed on the Jezero crater floor and elsewhere on Mars on Sol 596, sequence id zcam03464. (d) Natural color SuperCam Remote
Micro-Imager (RMI) of Fultons_Falls 600 on Sol 600 (sequence id scam01600) showing the crust and fine to coarse-grained material. (¢) Mastcam-Z image of
Topographers Peak showing a portion of the tailings on Sol 606, sequence id zcam08609. (f) Mastcam-Z image of Funnel Creek showing disturbed/compressed soils
from rover wheels, sequence id zcam03466. Also shown is the Funnel Creek SuperCam 10-position raster (holes in regolith from Laser Induced Breakdown
Spectroscopy (LIBS) measurements) on Sol 602. Hazcam (https://pds-imaging.jpl.nasa.gov/volumes/mars2020.html), WATSON (Beegle et al., 2021), Mastcam-Z
(Bell et al., 2021) and RMI (Wiens, Maurice, Deen, et al., 2021) data are available on the Planetary Data System. (a) SHERLOC Imaging (WATSON) of Atmo
Mountain; Activity ID: 1e680a3a-1491-4430-b23b-1161bbb728b6, sequence ID: srlc04004 (b) ECAM Front Hazcam Left (RCE-A); Activity ID: 356f02f1-83b1-42al-
20e6-450a3625£596, sequence ID: fhaz05001 (c) Mastcam Z Left of Fulton_Falls_600; Activity ID: £274f245-39ad-48fc-b8bf-75¢7d6d3979c¢, sequence ID:
zcam03464 (d) SuperCam 1 X 10 D VISIR LIBS MIC RMIS Fulton_Falls_600; https://pds-geosciences.wustl.edu/m2020/urn-nasa-pds-mars2020_supercam/data_
special_rmi/sol_00600/ascam_so0l0600_scam01600_mos_{r08_aft_rgb_Iri_fultons_falls_600___ pOl.png (e) Mastcam Z Left of Topographers_Peak; Activity ID:
bf368239-f18¢-48e5-853¢c-3b88042bSefb, sequence ID: zcam08609 (f) Mastcam-Z Mosaic Funnel Creek; s3://m20-sops-ods/ods/surface/sol/00602/ids/rdr/mosaic/
LZLRGB_0602_RAS_0300000_CYL_S_BLFUNLCJO1.IMG.
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Figure 11. Grain size characteristics on the undisturbed stoss flank of the Observation Mountain megaripple, using the Atmo Mountain sampling target as representative.
(a) Navcam view showing location of Atfmo Mountain relative to the wheel trench and tailings pile (Sol 596, sequence ncam00709). (b) Color-stretched Mastcam-Z view
of the Atmo Mountain area, with individual grain size measurement locations marked in red; grain size measurements are very fine scale and best observed by zooming
into the image (Sol 594, sequence zcam03463). (c) Grain size-frequency measurements presented as percentage of grain counts per size bin, comparing Atmo Mountain
(red) to active (blue) and inactive (green) megaripples observed with the same instrument at similar resolution earlier in the mission (Figure 7 for details). The regolith
sampling surface is endowed with abundant grains >2 mm, so resembles the inactive megaripple with surface grains observed to be stable during the Sol 313-318
regional storm. (D) Color-stretched WATSON view of Afmo Mountain before sampling, 17.5 pm/pixel, showing diversity of grain sizes, shapes, and colors (Sol 598,
sequence srlc00364 and srlc00071). This surface contrasts with dominantly much finer material in the near-subsurface (compare with Figure 5).

2.4.1. SuperCam RMI

The SuperCam Remote Micro-Imager (RMI) uses a 2048-pixel square CMOS sensor outfitted with a Bayer filter
for color imaging (Maurice et al., 2021). Its pixel angular resolution is 9 microradians, or ~20 pm at a distance of
2.0-2.3 m from SuperCam in the arm work area. However, the telescope optics are optimized for Laser Induced
Breakdown Spectroscopy (LIBS), so are the limiting factor in overall resolution and allow identification of
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Figure 12. Cachecam (Maki, Gruel, et al., 2020) subframes showing the (a) Atmo Mountain and (b) Crosswind Lake regolith
samples on-board the rover, before each was sealed (Sol 634 sequence cach00227, and Sol 639 sequence cach00227,
respectively). These images (contrast-enhanced, and represented here in grayscale due to artificial illumination) represent the
only images of the regolith that was actually sampled, and show only the top surface of each regolith sample volume. Each
sample appears to be dominated by fine grains <150 pm, as expected, but much coarser grains similar to those in Figure 11 D
are visible at the top of Atmo Mountain and might also be visible at the top of Crosswind Lake, slightly protruding next to the
wall at upper left.

mineral grains in color at sizes down to <200 pm in front of the rover. RMI images are corrected for flat field and
color balanced using on-board targets.

An image is taken prior to performing LIBS on the first point of the raster, and subsequently at other points along
the LIBS raster, concluding with an image after the final LIBS on the last point. The images can be merged to
create a mosaic showing the undisturbed surface prior to LIBS, using the earlier images for the immediate region
of the spectral observation points. They can also be merged in such a way as to show the surface with all of the
LIBS pits, using the later images for the immediate region of the points.

2.4.2. Combined VISIR Measurements by SuperCam and Mastcam-Z

Visible and near-infrared spectral data were collected by both the Mastcam-Z and SuperCam instruments, with
Mastcam-Z providing visible to near-infrared (VNIR) multispectral data through 12 narrowband filters covering

hollow tip

—— sample tube

g

Figure 13. Left image is of the regolith bit before installation into the rover, with labels indicating the major sampling features. Middle image is of a cross section of the
regolith bit, showing the hollow tip and inner sample tube. Right image is of the regolith sampling bit (in the center between the drill stabilizers) after collecting a sample
on Mars (Mastcam-Z Camera image from Sol 634 (zcam05134)).
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Table 2

Measurements Associated With Regolith Sampling; Atmospheric and Environmental Measurements Described in Section 3.6

Sol STOP list measurement Target Name/description Sequence Ids
593  *Pre-bump Mastcam-Z Context Mosaic Observation Mtn Megaripple zcam08608
593  *Ripple scuff/trench mobility activity Observation M Megaripple NA
593  Post-bump, post-trench creation Mastcam-Z Observation Mitn Megaripple workspace zcam07101
Workspace Mosaic (arm partially occluding)
594  Mastcam-Z multispectral of undisturbed surface Granite Peak/undisturbed surface zcam(03463
material
594  WATSON target assessment Atmo Mountain/undisturbed surface, Crosswind Lake/ srlc00704
undisturbed surface, Marmot Bay/undisturbed
surface, Topographers Peak/disturbed tailings
Fulton Falls/disturbed trench wall srlc01504
sr1c02504
594  SuperCam LIBS VISIR RMI Granite Peak/undisturbed surface scam01594
596  SuperCam LIBS VISIR RMI Fulton Falls/disturbed trench wall scam01596
596  Mastcam-Z multispectral Fulton Falls/disturbed trench wall zcam03464
596  Mastcam-Z workspace mosaic reshoots (witharmoutof ~ Observation Mtn Megaripple workspace zcam08610
the way)
598 SHERLOC ACI and 10 x 10 point Scan Topographers Peakl/disturbed tailings srlc11420.0003a.survey_table_2_max
598 PIXL 5 mm X 5 mm map scan Topographers Peak/disturbed tailings pix105598
599  SuperCam LIBS VISIR RMI Geographic Harbor/disturbed tailings scam01599
599  Mastcam-Z Multispectral Topographers Peak and Geographic Harbor/disturbed zcam03465
tailings
600 SuperCam LIBS, VISIR, RMI Fulton Falls/disturbed trench wall scam01600
600 SHERLOC ACI and 10 X 10 point Scan Marmot Bay/lundisturbed surface srlc11420.0003a.survey_table_2_max
600  PIXL map (3.5 mm X 7 mm) and grid (21 mm X 21 mm)  Marmot Bay/undisturbed surface pix105601
scans pix105600
602  SuperCam LIBS VISIR RMI Funnel Creek/disturbed trench floor scam1602
602  Mastcam-Z Multispectral Funnel Creek/disturbed trench floor zcam03466
632  Mastcam-Z Workspace Mosaic (upon return to site) Observation Mtn Megaripple workspace zcam08632
633  WATSON 40 and 7 cm standoff Atmo Mountain/undisturbed surface srlc00746
srlc04004
634  Sample Acquisition Atmo Mountain NA
638  WATSON 40 and 7 cm standoff Crosswind Lake srlc00701
srlc04001
639  Sample Acquisition Crosswind Lake NA
641  Mastcam-Z post-sampling multispectral Crosswind Lake/disturbed sample tailings zcam03499
641  SuperCam LIBS VISIR RMI post-sampling Atmo Mountain/disturbed sample tailings scam01641
Crosswind Lake/disturbed sample tailings scam02641

Note. NA No sequence IDs for these activities. * indicates activities that occurred before the final positioning for all subsequent imaging. The bold values indicate the
instrument and sample acquisition activities.

442-1,022 nm, and SuperCam spectrometers covering 0.39-0.48 pm (ultra-violet spectrometer, UV), 0.55—
0.86 pm (visible spectrometer, VIS) and 1.3-2.6 pm (Infrared Spectrometer, IRS). The SuperCam range enables
the identification of different minerals, including mafic igneous minerals (olivine, pyroxene) and secondary
phases such as phyllosilicates, sulfates, or carbonates. Mastcam-Z multispectral data enable the identification of
absorption bands of minerals of interest not centered in the SuperCam range (e.g., the 0.86 pm hematite band, or
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one of the pyroxene bands near 1 pm). Hence, combining the two data sets allows for a better discrimination of the
different minerals present in a target, and this combination is presented below.

Combined Mastcam-Z and SuperCam reflectance spectra were produced following the method in Mandon
et al. (2024): for targets measured by the two instruments, data were calibrated to relative reflectance using the
processing described in Merusi et al. (2022), Mandon et al. (2023), and Royer et al. (2023). The Supercam spectra
(1-10 point spectra for each measurement) were averaged, then compared with average Mastcam-Z spectra
extracted from the corresponding region of interest (ROI). In the combined spectra generated in this work, the
Mastcam-Z spectra were offset to fit the reflectance measured by SuperCam at 754 nm (L2 filter). For regolith
targets, SuperCam reflectance spectra were acquired before LIBS bursts to avoid shadowing related to the LIBS
pits. In some observations, the Mastcam-Z observation was performed after SuperCam (and hence LIBS), so the
original surface measured by the SuperCam VISIR spectrometers wasn't observable anymore. In that case, we
assumed the regolith targets were homogeneous and used a Mastcam-Z ROI slightly shifted from the LIBS pits
locations.

2.4.3. Laser Induced Breakdown Spectroscopy (LIBS) Analyses

Major and trace element quantification was performed by LIBS measurements (Maurice et al., 2021; Wiens,
Maurice, Robinson, et al., 2021). Measurements of LIBS usually consist of rasters of 5-10 observation points on a
target using a focused laser beam of 100-450 pm in diameter at 1.5-7m distance (Maurice et al., 2021). In each
point, 30 to 50 laser pulses (“shots”) are generally taken. Analysis of either the individual “single shot” spectra
can be performed, or averages of all spectra for the point can be analyzed for improved statistics (generally
excluding the top five shots to remove the impacts of dust). The SuperCam targets used in this paper are listed in
Table 2, and SuperCam data are available on the PDS (Wiens, Maurice, Deen, et al., 2021).

To best document the in situ regolith for future analyses of the returned sample on Earth, the LIBS measurements
were analyzed by (a) examining the changes in the hydrogen score (Forni et al., 2013) as a function of shot to
identify potential differences with depth (b) Principal Component Analysis (PCA) of the shot-to-shot LIBS major
element oxide composition (MOC) data and the hydrogen, chlorine, and sulfur scores were examined for the fine-
grained soils from Observation Mountain (excluding the top 5 points to remove the effect of dust), and (c) both the
averages of the spectra (minus the top 5 shots) and the first shots as indicators of the composition of airfall dust
(Lasue et al., 2018, 2023) were compared to other measurements of soil and dust in the discussion.

2.4.4. MEDA Measurements

MEDA nominal measurements consist of 65 min long blocks starting at odd local mean solar time (LMST) hours
on odd Sols, and even LMST hours on even Sols (Martinez et al., 2023). However, MEDA measurements on
sampling Sols 634 and 639 were restricted to the first 15 min of each hour because of power constraints during
sampling Sols, although three additional 15-min-long floating sessions were scheduled during sample sealing and
over the sunrise before and after sampling, with the sunrise measurements (a time of minimum temperature hence
peak relative humidity, RH) used to calculate the near-surface water vapor abundance most accurately.

2.4.5. SHERLOC Measurements

Scanning Habitable Environments with Raman and Luminescence for Organics and Chemicals (SHERLOC) has
three subsystems: WATSON, SHERLOC ACI, and the SHERLOC spectrometer. SHERLOC ACI provides
10.1 pm/pixel grayscale images that are co-boresighted with the spectrometer, and WATSON full color images
with variable standoffs and can go down to ~13 pm/pixel (Bhartia et al., 2021). SHERLOC scans were performed
on Topographers Peak (wheel trench tailings pile dominated by subsurface material) and Marmot Bay (undis-
turbed surface near sampling locations Afmo Mountain and Crosswind Lake). The scans utilized for this study
were 7 X 7 mm with 10 X 10 analysis points (~110 micron diameter annuli) and 780 micron spacing between
points. For Topographers Peak, measured on Sol 598, the Raman spectrum is the trimmed mean (2%) of all 100
points in the scan. The fluorescence spectra are mean averages each representing a selected ROI for the three
distinct signals. The cosmic rays were partially removed and data were laser normalized in Loupe (Uckert, 2022),
the mean calculated in Excel (Microsoft), and then the spectra were plotted in Igor Pro 9 (Wavemetrics).
Similarly, for the Marmot Bay spectra taken on Sol 600, the Raman average spectrum included all 100 points in
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Figure 14. Mastcam-Z stereo imaging 3D product of the Atmo Mountain sample hole indicates that (a) the measured depth of the sample hole is 3.8 cm, which, since
some material may have fallen into the hole during sampling, represents a minimum depth, and is reasonably consistent with the measurements of the depth of sampling
obtained in the laboratory experiments at JPL (4-6 cm). The 17 mm scale bar indicates the depth of the second rim compared to the undisturbed surface, the white line is
the outline of the sample hole region, and the blue line is the projection of this outline up to the undisturbed surface (Sol 594, not shown here). (b) Depths from the
original megaripple surface of Laser Induced Breakdown Spectroscopy (LIBS) measurements are indicated, showing that the LIBS measurements acquired on Sol 600,
and the top ~6 LIBS measurements acquired on Sol 596, measure material likely from a similar depth range as that collected in the sample tubes. The Mastcam-Z image
and spectral data are available in the Planetary Data System (Bell et al., 2021), and the 3D processing is described in Paar et al. (2023).

the scan, processed and plotted as above. The fluorescence spectra are mean averages each representing a selected
ROI for the two distinct signals. The same processing and plotting procedure was used as above.

3. Results of Instrument Observations

Results of instrument analyses associated with regolith sample collection include physical measurements with
stereo Mastcam-Z images of the depth of one of the sampling holes and the LIBS measurements on the Fulton
Falls trench wall (Section 3.1), the grain size and sedimentary textures analyzed using WATSON data (Sec-
tion 3.2), and the evidence for dust analyzed by the SuperCam RMI camera (Section 3.3). Chemical analyses
are then presented, including VISIR analyses from both Mastcam-Z and SuperCam (Section 3.4), the Super-
Cam LIBS analyses (Section 3.5), followed by the MEDA relative humidity and temperature analyses (Sec-
tion 3.6), the SHERLOC Raman and fluorescence analyses (Section 3.7), and the PIXL geochemical analyses
(Section 3.8).

3.1. Mastcam-Z 3-Dimensional Measurements

Mastcam-Z is a pair of zoomable (26—-110 mm focal lengths), focusable, stereoscopic cameras located atop the
rover mast (Bell et al., 2021; Hayes et al., 2021; Kinch et al., 2020). Three-dimensional analysis of the soil
disturbed during sampling was performed using color Mastcam-Z images using the techniques of Paar
et al. (2023). Results of the 3D imaging yield a minimum depth of the sample hole of 3.8 cm (which includes
effects from the collapse of the surface around the hole, and tailings partially filling it), and the depths from the
original megaripple surface of the LIBS measurements on the Fulton Falls trench wall “soil profile” (Figure 14).
Additional results of the 3D modeling showing the unsampled surface of the bedform, followed by sampling, are
included in Supporting Information S1.

3.2. WATSON Grain Size and Sedimentary Textures
3.2.1. Undisturbed Surface Analyses

An initial grain size analysis of the undisturbed surface (Farley & Stack, 2023b; see also Figure 11) reported a size
range from ~80 pm (very fine sand) to ~5.5 mm (pebble; Wentworth, 1922), with the sample dominated by
coarse sand. In a separate analysis, the roundness and sphericity of the coarse particles was measured. Roundness
is an estimate of the smoothness of the grain surface and is described as well-rounded, rounded, subrounded, sub
angular, angular, or very angular (Powers, 1953). Sphericity, described from high sphericity to low sphericity, is
an estimate of how close the grain is to a sphere in shape (Powers, 1953). The roundness and sphericity analysis
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Table 3 utilized the highest resolution WATSON images with resolutions of ~18 pm/

Description of Roundness and Sphericity of Grains at Crosswind Lake and pixel (see Figures S6 and S7 in Supporting Information S1). Within these

Atmo Mountain

images, 106 grains were considered for Atmo Mountain and 154 for Cross-

wind Lake. Grain roundness ranged from well-rounded to very angular

Crosswind Lake Atmo Mountain

(Table 3). The percentage of grains with high sphericity is 59% for both Atmo
High sphericity (%) 59 59 . . .

Mountain and Crosswind Lake (Table 3). Because these grain textures were
Low sphericity (%) 41 41 described with 2D images and the 3D views of the grains were not possible,
Very angular (%) 15 1559 there is likely a small amount of error in the determinations of sphericity and
Angular (%) 7 17 roundness.
Sub-angular (%) 19 23 These results may be interpreted as supporting the hypothesis that these grains
Sub-rounded (%) 22 20 were deposited by a moderate amount of energy in a relatively short period
Rounded (%) 25 14 and from a low to moderate distance from the source region. However, this is
Well rounded (%) 13 13 based on several assumptions: (a) that all grains were deposited at the same

time, (b) that all grains underwent the same previous transport processes; and
(c) that all grains had composition similar enough to give them comparable resistance or vulnerability to physical
and chemical weathering. Based on the above, one potential depositional environment is a mid-fan deposit
perhaps closer to the mid-fan to distal fan transition given the relatively low amount of gravel-sized grains (Blair
& McPherson, 1994). However, additional evidence such as sedimentary structures, 3D geometry of the deposit,
and syndepositional diagenetic features are required to evaluate this hypothesis.

The larger grains in both Atmo Mountain and Crosswind Lake appear to have a pink-reddish color while the
smaller grains appear to be white-gray colored. Additionally, the larger pink-reddish grains appear to be more
embedded than the other coarse grains, which appear to simply be lying on the surface. This could suggest two
separate periods of deposition with the pink-reddish color grains being deposited first followed by the white-gray
colored grains at a later time.

3.2.2. Disturbed Surface Analyses

Grain size measurements were performed on ACI images of Topographers Peak, the tailings pile target composed
mostly of subsurface material. Due to the natural topography of the tailings pile surface, ACI images from 31
focal distances were combined into a single merged z-stack image that was also flatfielded. For grain size de-
terminations, a grid of 20 X 20 pixel squares (each pixel is 10.1 pm) with a random origin was overlaid onto the
flatfield image using ImagelJ Fiji. Discernible grains at grid crossings were outlined by polygon for measurement.
This was done twice (i.e., two random origin grids of 20 X 20 pixel squares were placed). From the resulting data,
the major axis of each grain, in both pm and Phi, was designated as the grain size and the combined data were used
to determine an overall estimated grain size population of the disturbed surface of Topographers Peak.

Determining grain sizes from two-dimensional image analysis presents numerous challenges. Grains are often
partially occluded by other finer grains. Much of the natural sample is in shadow or is natural void space. Further,
single grains can appear as multiple grains due to dust or contrast effects from rough surfaces. Multiple grains can
appear to be single grains because of lack of contrast. Therefore, only grains which could be clearly discerned
(i.e., not occluded by other grains, complicated by lighting issues, or otherwise obscured) were measured. To
assist with this, the individual ACI slices used to make the flatfield image were referred to, as well as a WTSN
color image. The WTSN color image is of lower resolution, however, the color data could sometimes help
distinguish between grains of similar grayscale contrast. Final measurements, however, were done on the ACI
merged image.

The mean grain size estimate here was ~125 pm (43.0 phi) with a median of ~95 pm (+3.4 phi), a unimodal
distribution (Figure 15) and a standard deviation of Phi of 0.7. This included measured grains >1 mm. The
standard deviation places the sorting on the boundary of moderately to moderately well sorted (Folk &
Ward, 1957). The grain size result is slightly finer than measurements from active ripple field targets (107—
414 pm medians) and linear dunes (110129 pm medians) measured at Gale crater using similar methods (Weitz
et al., 2018). The finer results for Topographer's Peak suggest relatively longer transport distances for the aeolian
materials at this location in Jezero compared to Gale. However, it is worth noting that the ACI resolution
(~10 pm/pixel) is finer than the MAHLI image resolution (16-28 pm/pixel) reported by Weitz et al. (2018) in the
Gale crater study, and this could increase the counts of finer grains for the ACI image. In addition, given the
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Figure 15. Grain size distribution of the disturbed surface of Topographers Peak. Mean measured grain size was ~125 pm
(Phi = 3.0) inclusive, or ~110 pm (Phi = 3.2) for <1 mm grains. Dashed line indicates the likely resolution limit where
uncertainty in small grain sizes begins to increase substantially. See Table S8 in Supporting Information S1 for the bin values
in this figure.

imaging difficulties noted above, a particle size analysis on the returned sample, possibly by a more traditional
mass fraction method, will provide a more definitive determination.

3.3. SuperCam RMI

SuperCam's RMI provides visual contexts to complement the elemental composition and mineral detail provided
by its spectral techniques. An image showing changes between the RMI images taken prior to performing LIBS
on Granite Peak, and after taking the LIBS measurements on Granite Peak in the red channel shows a dark path
across the LIBS points, consistent with the removal of likely Fe-rich dust (Figure 16). This Fe-rich dust is
therefore likely present in the regolith sample that was collected (Granite Peak was located between the regolith
sampling sites of Atmo Mountain and Crosswind Lake, and served as a representative of these two targets to spare
them from any effects of Supercam LIBS or PIXL activities.)

3.4. VISIR Measurements of Grains in the Sampling Area and Comparison With Rock Measurements

Mastcam-Z multispectral imaging of the natural surface of the Observation Mountain megaripple (target Granite
Peak) shows a diversity of coarser clasts armoring the megaripple, which has a finer-grained interior. Enhanced
color and decorrelation stretch images show larger (3—5 mm), angular light-toned fragments, angular dark-toned
fragments, and smaller (1-2 mm), rounded dark-toned grains (Figure 17). Spectra of the light-toned fragments
show steep red edges and absorption bands at 528 and 866 nm, consistent with ferric iron. They are similar to
nearby Knife Creek outcrop spectra, indicating a possible proximal source (Figure 17). Figure 18 shows that of all
targets sampled on the Observation Mountain megaripple, these light-toned angular clasts exhibited the strongest
528 nm band depths, and most pronounced 866 nm band depths (shown by the 866/978 nm ratio) and were likely
therefore the most oxidized component collected in the regolith sample.
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Figure 16. Remote Micro-Imager (RMI) mosaics of Granite Peak (sol 594; ASCAM_SOL0594_scam01594_MOS_FR0O8_AFT_RGB Granite_

Peak PO1) before the Laser Induced Breakdown Spectroscopy (LIBS) activity (top left), and after the LIBS activity (bottom left). Right pane shows the
difference between the two RMI mosaics of Granite Peak in the red channel. The dark path across the difference RMI image indicated with arrows is consistent with the
removal of airfall dust, which is likely Fe-rich, and therefore well-visualized in the red channel.

Neither population of dark-toned clasts has spectral features indicative of olivine in the Mastcam-Z data, despite
the olivine-dominated nature of the nearby Séitah region and the olivine-bearing coarse regolith observed
throughout the Jezero Crater Floor Campaign (Vaughan et al., 2023). This could be explained by either (a) no
olivine being present in the coarse material armoring the megaripple; or (b) the olivine being sufficiently altered
or mixed with other phases to mask its signature (e.g., through stronger absorbers such as ferric iron-bearing
phases or orthopyroxene).

Given data collected on the chemistry of these coarse clasts by other instruments presented in this paper, the
second option is well supported. SuperCam IRS and PIXL (Section 3.8) measurements indicate the presence of
olivine as either a component of a mixture (SuperCam), or as individual altered olivine grains (PIXL).

The fine-grained regolith component exhibited lower albedo than the coarser grains discussed above. Figure 18
shows that all fine-grained regolith targets within the trench and sample tailings exhibited intermediate ferric
spectral features compared to the light-toned coarser fragments (more ferric) and the dark-toned coarser clasts
(less ferric). As the point colors (shaded by 866/978 nm ratio) in Figure 18 illustrate, there was some variability in
the presence of an 866 nm absorption. For example, the natural surface (Granite Peak) fine-grained regolith
exhibited an 866 nm absorption (possibly attributable to airfall dust), but most disturbed fine-grained regolith
targets (e.g., Fultons Falls, Topographers Peak, and the Crosswind Lake sample tailings) exhibited band minima
between 900 and 1,000 nm, more consistent with a low-calcium pyroxene (Figure 17). Topographers Peak and
Fulton Falls were consistent with the average fine-grained regolith spectrum from the Jezero Crater Floor
Campaign (Vaughan et al., 2023), suggesting that this material has a greater areal extent and could represent a
regional, or even global, component.

Mastcam-Z and SuperCam combined spectra of the disturbed regolith targets and Crosswind Lake tailings show a
broad ~0.8—1.7 pm Fe>* absorption band centered near 0.9-1 pm, as well as another Fe** broad and shallow 0.7—
2.4 pm absorption centered near 2 pm (Figure 19). This is similar to the spectra of fine soils measured along the
rover traverse (Hausrath et al., 2023; Mandon et al., 2023; Vaughan et al., 2023) and consistent with the presence
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Figure 17. Mastcam-Z Multispectral Data. (a) Left-eye Bayer (LO filter) enhanced color image of the undisturbed surface of the Observation Mountain megaripple at
target Granite Peak taken at 110 mm focal length acquired on Sol 594 (zcam03463). (b) Decorrelation stretch image using wavelengths 754 nm (L2 filter), 528 nm (L5
filter), and 442 nm (L6 filter) to illustrate color diversity of material. (c) Representative spectra of coarse material armoring the megaripple as identified in (b) and
compared to nearby outcrop Knife Creek and the average coarse regolith from the Jezero Crater Floor Campaign, (d) the fine-grained regolith of both natural and
disturbed targets compared to the fine-grained regolith of the Jezero Crater Floor Campaign (offset shown in legend).

of pyroxene. Because the ~1 pm absorption is significantly deeper than the ~2 pm, a mixture with olivine is
likely. These regolith targets also exhibit weak absorption features related to hydrated minerals: the 1.93 pm water
absorption is observed at 5% max. relative to the continuum (Figures 19 and 20), and the phyllosilicate and
carbonate bands in the 2.3-2.5 pum range are observed near noise levels (Figure 19). This is also in agreement with
previous observations of fine soils having very low content of secondary minerals compared to the surrounding
rocks (Hausrath et al., 2023; Mandon et al., 2023).

Undisturbed regolith (Granite Peak target) shows different spectral features compared to disturbed regolith: a
band centered near 0.86 pm (instead of >0.9 pm) and indicative of hematite, as well as a stronger 0.54 pm band
depth (Figures 19 and 20) indicative of more ferric materials. Additionally, the undisturbed regolith spectra
exhibit clear absorptions at 1.93, 2.31, and 2.39 pum (and perhaps 2.53 pm; Figure 19), in agreement with the
presence of Fe/Mg-phyllosilicates (and possibly weak content of carbonates). These absorption bands, along with
the 0.86 pm absorption are deeper in the redder lighter-toned pebbles, and observed in the local bedrock (target
Knife Creek; Figure 19). This shows that the hematite and phyllosilicates are present in the redder pebbles at the
surface (as opposed to the fine fraction of the soils), and that these pebbles could have been sourced locally from
the Devil's Tanyard/Knife Creek member bedrock.

SuperCam VISIR raster locations sampled light-toned and dark-toned grains on the undisturbed regolith target
Granite Peak (Figure 21). Figure 20 shows the spectral parameters calculated for Granite Peak compared to the
disturbed soil targets and the nearby outcrop Knife Creek. In Figure 20, Knife Creek exhibited the strongest
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Figure 18. Mastcam-Z spectral parameter plot. All circles represent a spectrum from a unique region of interest collected in the Observation Mountain workspace. The
parameters identified on each axis are representative of ferric iron spectral features such that the most ferric material is located in the upper right portion of the plot and

redder circles.

545 nm band depths, indicative of ferric-bearing materials. On Granite Peak, light-toned grains sampled at lo-
cations 2, 4, and 6 exhibited high 670/440 nm ratios and strong 545 nm band depths that trended toward Knife
Creek's values. Darker-toned grains sampled at locations 7 and 8 exhibited the weakest 545 nm band depths and
highest 600/700 nm ratios, indicative of less ferric materials. Locations 3 and 9 exhibited the most elevated
1,930 nm hydration bands among the soil targets, but slightly different 1,350—1,800 nm slopes. This could be
attributable to minor variations in alteration among the ferrous components in darker-toned grains and/or fine-
grained regolith. Disturbed soil spectral parameters tended to cluster with similar values, although the Amo
Mountain and Crosswind Lake sample tailings and Funnel Creek rover track exhibited the weakest 670/440 nm
and strongest 750/840 nm values, indicative of less ferric (or less dusty) materials.

Spectral modeling of the SuperCam IRS data was performed using non-linear unmixing (see Poulet et al. (2009)
for the methodology). Application of this spectral modeling shows that spectra of the fine-grained regolith are
best fit by a mixture of pyroxenes, olivine and plagioclase. A very tiny amount of hydrated minerals (smectites
being a potential candidate) is required for some spectra to reproduce the very weak 1.9 pm band. This basaltic
composition is consistent with the LIBS observations (See Section 3.5). For the undisturbed regolith, olivine,
pyroxene, plagioclase and a more substantial amount of alteration products including serpentine, Fe-smectite, and
Mg-carbonate is required to reproduce both the hydration band (1.4 and 1.9 pm) and the 2.3 pm signatures
(Figure 22) well. The alteration phases serpentine, smectite, and carbonate are quite common in the Fan C
sediments especially in Amalik rocks, which suggests locally derived contributions (Dehouck et al., 2023;
Hurowitz et al., 2023; Royer et al., 2023).

3.5. Laser Induced Breakdown Spectroscopy (LIBS) Analyses

Previous work has demonstrated that the hydrogen score of the soil surface is generally higher than in the deepest
shots, and that this increased near-surface hydrogen signal may be related to the formation of soil crusts (Hausrath
etal., 2023). Although the soil crust will not be preserved intact in the sample tube, its components will be present.
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Figure 19. Combined Mastcam-Z and SuperCam spectra, along with corresponding areas of spectral measurement over Mastcam-Z enhanced colors images (R: L2 filter
(754 nm), G: L5 filter (528 nm), b: L6 filter (442 nm)). SuperCam raster points averaged and Mastcam-Z regions of interest used to produce the spectra are shown in red.
Granite Peak inset is a SuperCam Remote Micro-Imager image, with the yellow and red circles indicating the locations of the field of view accounting for 68% of signal
measured by the UV + VIS and IRS SuperCam spectrometers, respectively.

Therefore, in order to examine the soil crust present on Observation Mountain (Figure 10) that will be in the
material returned to Earth, we similarly compared the top 6 to 10 shots (similar to previous work, the top 5 shots
were removed to avoid the effects of loose dust) with the deepest 10 shots. The change in H scores from shots 6—
10 to the bottom 10 shots shows that most fine points (39 out of 55) show a statistically significant difference,
which may indicate that the LIBS beam is penetrating through a hydrated crust that is thinner due to the decreased
time it has had to form since disturbance (Figure 23).

PCA of the shot-to-shot data from the fine-grained materials of Observation Mountain shows a correlation be-
tween S, H, Cl, and K,O (Figure 24). This is similar to what has previously been observed for fine-grained
material along the crater floor (Hausrath et al., 2023), suggesting the presence of hydrated salts in these materials.

3.6. MEDA

Of particular relevance for the regolith samples were MEDA's measurements of ground temperature and relative
humidity described in Section 2.4.4. Figure 25 (top) shows the field of view of MEDA's ground temperature
sensor (green shaded area) and the location of the regolith samples (white arrows). While the sampling locations
were not within MEDA's field of view, measurements of ground temperature (Figure 25, bottom) should be
representative of both samples given the similarity of the terrain. The ground temperature was ~255 K when
sampling-related activities started (~15:53 LMST), which lasted for about 43 min on both Sols.

Figure 26 shows measurements of ground temperature (Tg) as a function of RH with respect to ice at the ground
(RHg) and LMST (color bar) for the Sol 593-641 period, when the rover was parked. We estimated RHg by
assuming that the water vapor content is constant in the first 1.4 m above the ground using Equation 1. Therefore,
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Figure 20. SuperCam VISIR spectral parameters for Observation Mountain soil targets and nearby Knife Creek outcrop. Numbered labels correspond to specific raster
locations on undisturbed regolith target Granite Peak.

RHg =~ e/es(Tg), (D

where e = RH X es (TRH) is the water vapor pressure derived from measurements of relative humidity with
respect to ice (RH) and temperature (TRH) at 1.4 m made by MEDA's humidity sensor, and es is the saturation
vapor pressure over ice (Polkko et al., 2023). Values of Tg and RHg suggest that changes in the hydration state of
the MgSO, - nH,0 and CaSO, - nH,O systems could occur during diurnal cycles. The correlation between K, S,
Cl, and H in the SuperCam data (Figure 24) suggest the potential presence of K-containing hydrated salts such as
sulfates. We are unaware of comparable Relative Humidity and Temperature data for K-bearing sulfates such as
KAI(SO,),-12H,0 or K,Fes"Fe-,"(S0,),,-18H,0, but the possibility exists that hydration and dehydration of
additional salts other than those included on this figure may be impacting the soil surface. In any case, though, it is
uncertain whether kinetics of hydration would allow for such changes (Rivera-Valentin et al., 2021). Values of Tg
and RHg in Figure 26 also suggest that frost (RHg >100%) may form during early a.m. hours. However, estimated
values of RHg represent an upper limit because water vapor adsorption on the ground likely occurs at night, which
would reduce the water content at the ground compared to the water content at 1.4 m, and therefore the actual RHg
values. It is therefore uncertain whether frost formed on the regolith sample overnight.

Following the method shown in Martinez et al. (2023), we used MEDA measurements to calculate the TI and
broadband albedo of the terrain shown in Figure 25 (top). We obtained values of 220 + 20 SI units for the TI, and
of 0.20 % 0.01 for the broadband albedo. The TI of dunes can be related to an effective particle size in the thermal
penetration depth of surface materials (the upper few to 100 s of millimeters) using Equation 2,
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Figure 21. Remote Micro-Imager enhanced color mosaic of Granite Peak undisturbed soil target (images acquired prior to
Laser Induced Breakdown Spectroscopy (LIBS) laser disturbances) from Sol 594 (scam01594), showing number locations of
raster points. Red (yellow) circles correspond to approximate near-infrared (visible) fields of view of SuperCam relative
reflectance spectra; red crosses correspond to LIBS target locations.

TI = (kpc)Y 2, 2

where k is the thermal conductivity, p is the material's bulk density, and c is the specific heat. Under Martian
conditions, the thermal conductivity k of regolith has been shown empirically to depend on pressure and grain
size. This relationship has been shown to be such that, at a pressure of 613 Pa, k = 0.00375 d**%7 when d is the
grain size diameter given in mm (Presley & Christensen, 1997). Based on Edgett and Christensen (1994), sand
dunes have been previously estimated to contain a bulk density p of approximately 1.680 g/cm>. We use 1.630 g/
cm® which is also equivalent to the bulk density of a material with a porosity of 43% and solid density of 2,850 kg/
m? (consistent with basalt) (Mellon et al., 2022). We assume a specific heat of ¢ = 850 J/kg/K for basaltic rocks.
MEDA-TIRS has provided estimates of the TI values of aeolian ripples at Jezero, calculating TI 220 SI units
(relative error 10%).

Using this information, we can infer that the bulk particle size within the Observation Mountain megaripple (i.e.,
not the size of the surficial armoring grains) is of the order of ~150 pm. Estimations of TI and grain size from
MEDA measurements are based on methods developed in Martinez et al. (2023). This particle size is compatible
with the creep, reptation, and saltation processes that create dunes and ripples on Mars. Previous studies have
shown that the thermal conductivity of mixtures of grains tend to reflect the properties of the coarse grains
(Presley & Christensen, 1997), but atmospheric dust (of the order of 1-to 4 pm size) is likely also part of the bulk
of the ripple and its surface based on MEDA Thermal Infra-Red Sensor (TIRS) TI measurements.

From the MEDA RDS measurements of incoming solar radiation (Apéstigue et al., 2022; Rodriguez-Manfredi
et al., 2021), it is possible to quantify the effect of dust accumulation on the windows of the photodiodes fac-
ing the zenith. This analysis shows net dust accumulation between the beginning of the dusty perihelion season
and the collection of the samples (Sols 361-639): at the time of sample collection, dust accumulated on the RDS
photodiode windows caused a decrease in transmitted light of approximately 20% compared to that at the
beginning of the perihelion season, with most of the accumulation occurring prior to Sol 595 (Vicente-Retortillo
et al., 2024).
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Figure 22. (Top panel). Comparison of the IRS data (black line) acquired on sol 594 from the Granite Peak target and the
modeled composition (red line). (Bottom panel) Data/model ratio. The residual at 2.38 pm can be attributed to
phyllosilicates. The residual near 2 pm may be due to the atmospheric correction.

Surfaces may have been affected by convective vortices and wind gusts that could have led to dust removal
(Newman et al., 2022; Vicente-Retortillo et al., 2018); however, an analysis of albedo changes at Jezero crater
induced by aeolian processes indicates that only a small fraction of dust is being removed from natural surfaces
(Vicente-Retortillo et al., 2023), which is consistent with studies showing that large amounts of dust remain
within coarse sand particles after dust lifting events (Greeley et al., 2005; Reiss et al., 2010). These findings
(permanence of dust within coarser particles and, more importantly, the significant net dust accumulation during
the perihelion season) suggest that the collected samples include recent airfall dust.

3.7. SHERLOC

The SHERLOC Raman spectra obtained from Topographers Peak (sol 598) and Marmot Bay (sol 600) are similar
although a weaker signal was obtained at Marmot Bay, likely due to the greater topography in Marmot Bay
(Figure 27). In both scans, a clear peak at ~803 cm™' can be observed, which is similar to the background signal
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Figure 23. (a) An examination of the change in H scores from shots 6-10 to the bottom 10 shots shows that most fine points
(39 out of 55) show a statistically significant difference. This may indicate that the Laser Induced Breakdown Spectroscopy
beam is penetrating through a hydrated crust that is thinner due to the decreased time it has had to form since disturbance.
(b) An example of the H profiles for the types of points shown in (a). The SuperCam Major-element Oxide Compositions
(MOC), total emissivity, and all raw data and processed calibrated data files are present in the Planetary Data System (Wiens,
Maurice, Deen, et al., 2021). The SuperCam H scores were generated after Forni et al. (2013). The retrieved H component
used to generate the H scores (after Forni et al., 2013) can be found in Hausrath et al. (2023).
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Figure 24. Principal Component Analysis of the fine-grained materials from Observation Mountain measured by SuperCam
shows a correlation between S, H, Cl, and K, O. This is similar to what has previously been observed for fine-grained material
along the crater floor (Hausrath et al., 2023), and suggests the presence of hydrated salts in these materials. The SuperCam
Major-element Oxide Compositions (MOC), total emissivity, and all raw data and processed calibrated data files are present
in the Planetary Data System (Wiens, Maurice, Deen, et al., 2021). The SuperCam H scores were generated after Forni

et al. (2013). The retrieved H component used to generate the H scores (after Forni et al., 2013) can be found in Hausrath
et al. (2023). The Cl scores are generated after Cousin et al. (2025), and the S scores after Meslin et al. (2022), and
documented in those publications. The shot-to-shot MOC data are in Supporting Information Table S13.

from the instrument optics (Corpolongo et al., 2023). In addition, less clear peaks can be observed at ~1,077 cm™"

which are consistent with a silicate such as feldspar (Corpolongo et al., 2023). Weak signals from a mix of sulfate,
carbonate, and other silicate minerals present in the matrix may also contribute. No peaks indicating hydration
(3,000-4,000 cm™") were detected in either spectrum. Overall, the Raman spectra were fairly noisy, which is
expected given the presence of dust and topography.

The fluorescence spectra of Topographers Peak show fluorescence features at 274, 285, and 285/325 nm while
the spectra of Marmot Bay show fluorescence features at 285 and 340 nm. These fluorescence signals are
consistent with inorganic sources such as Ce>" in phosphate and mineral defects in silicates, and show variability
in the strength of the signal across grains (Gaft et al., 2015; Scheller et al., 2022, 2023; Sharma et al., 2023;
Shkolyar et al., 2021). While the signals also could arise from single and double aromatic organic molecules
(Razzell Hollis et al., 2023), no definitive Raman peaks that could confirm such a detection were present.
Polycyclic aromatic hydrocarbons have to date been found in Martian meteorites (Schmitt-Kopplin et al., 2023)
and can potentially be formed by abiotic in situ reactions on Mars (Zolotov & Shock, 1999). However, macro-
molecular carbon is the more commonly found form of organic carbon in meteorites (Steele et al., 2018) and
likely elsewhere on Mars (Eigenbrode et al., 2018).

3.8. PIXL

PIXL scans were performed on the disturbed surface of Topographers Peak and the undisturbed surface of
Marmot Bay. Further details on analyses and results are provided in Shumway et al. (2024). Results of the scans
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Figure 25. (top) Navcam mosaic from Sol 639 (ncam00709) showing the MEDA ground temperature field of view shaded in
green, which covers an area of ~3—4 mz, with a center ~3.75 m from the rover's Radioisotope Thermoelectric Generator to
avoid thermal contamination. The white arrows point to both regolith sampling locations, which are separated by ~ 50 cm.
(bottom) Ground temperature measurements by MEDA on Sols 634 and 639 (the sampling Sols). The starting time of
sampling on both Sols is indicated by the dashed vertical line (~15:53 local mean solar time), with a ground temperature
value of ~255 K.

indicate different chemical compositions of two of the populations of grains identified by WATSON and by
VISIR captured in the PIXL scan area: the smaller, more rounded, darker grains, and the larger, lighter-toned,
more angular grains (Figure 28, Table S5 in Supporting Information S1). PIXL also measured the composition of
finer-grained material (grain size less than ~1 mm) between larger grains. Analyses of diffraction anomalies in
the X-ray spectra indicate that diffraction is present in the smaller, darker grains, which suggests a crystalline
primary mineral phase, whereas the larger, lighter grains do not have a coherent pattern of diffraction, which is
consistent with poorly ordered secondary phases that have been altered.

4. Discussion

The collected samples will allow the analysis of a potential widespread or global soil component; airfall dust,
which can help understand the global component of Martian soil, the past climate of Mars, surface-atmosphere
interactions, and atmospheric circulation; and the soil crust, which likely results from ongoing interactions with
volatiles including liquid water. In addition, the collection of altered large lithic fragments likely including
mudstone allows the analysis of ancient aqueously altered, potentially habitable, and possibly biosignature-
containing environments (Bosak et al., 2024). Data acquired during the sample collection process indicate that
the collected regolith has the potential to address these questions once the samples are returned to Earth by MSR.

HAUSRATH ET AL.

33 of 51

858017 SUOWILLOD BAIERID 3|qeotjdde ayy Aq peusenob ale Sapie VO ‘8sn JOS8|ni 10} ARIq1T8UljUQ AB]1M UO (SUOTHPUOD-PUe-SUWLBIALID™A8 | 1M AReaq 1 Ul|uD//SdNL) SUOTIPUOD PUe SIS | 8L} 89S *[6202/20/90] Uo Akeiqiauliuo A8|IM ‘soueld aueiyood AQ 9¥08003rE202/620T OT/I0pAL0Y A8 M ARiq1euluo'sandnBe/sdny woiy pepeojumod ‘g ‘GZ0Z ‘00T669TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2023JE008046

Sols 593 - 641

225 . . ‘ 24
z =
20 |- 25 - l 22
_ 2.5 20
< 215 585 11 13
£ 210 Lo I 16
< .
5 205 |- L - 1‘2‘;
§ 200 [ - =
= 10 —
B 195 B
2 L6
& 190 1M °
185 |- . I 2
180 0
100 0

RH with respect to ice at the ground (%)

Figure 26. Measured ground temperature as a function of estimated relative humidity at the ground and the local mean solar
time (LMST) (color bar) for the Sols from formation of the scuff to the Sol the rover drove away from Observation Mountain.
Error bars are shown in gray, while the superimposed lines represent stable (solid lines) and metastable (dashed lines)
boundaries for the MgSO,-nH,0 and CaSO,-nH,0 systems. Only shown are values between 21:00 and 09:00 LMST, when
RH was above the detecting threshold (2%). If kinetics permit, salts present in the Martian regolith sample might experience
changes in their hydration state under conditions present during sampling. Saturation states of 100% also suggest that frost
may possibly form.

4.1. Comparison of the Fine-Grained Material to Proposed Global Martian Soil Components

Previous analyses of soils on Mars indicate both that there is an apparent global component (e.g., Clark
et al., 1982; S. R. Taylor & McLennan, 2009; Yen et al., 2005) and that various soil-forming processes result in
widely variable soil components, particularly volatiles (e.g., Figure 2). Fine-grained material measured by
SuperCam at Observation Mountain and by PIXL at the undisturbed surface at Marmot Bay, and the disturbed
surface of Topographers Peak indicates that the fine grained material measured at Jezero is very similar, but not
identical to previous measurements of soil on Mars (e.g., O’Connell-Cooper et al. (2017)) (Figure 29), as well as
to fine-grained material measured throughout Perseverance's traverse in Jezero crater (Cousin et al., 2025).

This comparison shows that both PIXL and SuperCam results indicate that, due to this similarity, the fine-grained
material measured here will likely help understand soil-forming processes on Mars. The differences between
SuperCam averages and PIXL averages are likely due to the different locations in which they were measured, as
well as the different measurement size (PIXL spot size ~120 um (Allwood et al., 2020) versus SuperCam spot
size ~350 pm). Laboratory experiments have also indicated that where grains <500 pm in size contain a coating,
the LIBS measurements only measure the coating rather than the underlying grain (David et al., 2021). Analysis
of the returned grains will help identify any such coatings.

Grain size analyses further support the likely collection of a widespread, possibly global soil component in this
collected regolith sample. Analysis of images of the disturbed regolith surface at Topographers Peak indicate a
mean grain size of ~125 pm (Figure 15), comparable with MEDA grain size measurements of ~150 pm. This
grain size range is also likely to persist for long periods of time on Mars, and be widely mobile (Figures 3 and 4),
contributing to the conclusion that the collected regolith sample likely contains a sample of a widespread and
possibly globally distributed soil.

However, despite the similarity of the collected sample to previous measurements and a proposed global soil
component (e.g., Figure 29), the extent and causes of variability in the soil are also important to understanding
surface processes. LIBS measurements of the fine-grained material at Observation Mountain trend between the
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Figure 27. SHERLOC 10 X 10 point scans of Marmot Bay and Topographers Peak. Left top and bottom panels show Autofocus Context Imager images (~4.8 cm
standoff) of each target with SHERLOC analysis points in red. In the right top panel trimmed mean Raman spectra from Marmot Bay (blue) and Topographers Peak
(red) are shown in comparison to the instrument background (gray). The 1,077 cm™' peak is broad, and could be due to a mix of mineral v1 modes including feldspar
(Corpolongo et al., 2023). In the right bottom panel mean fluorescence spectra from Marmot Bay (blue) and Topographers Peak (red) are shown; y-axis shows intensity
normalized to 1 and offset for clarity. Mean normalized spectra are presented. Topographers Peak has three distinct fluorescence patterns: lambda max at 338, 274, and
285/325 nm. Marmot Bay has two distinct fluorescence patterns: lambda max at 337 and 285/325 nm. The SHERLOC and WATSON data are available in the Planetary
Data System (Beegle et al., 2021). Spectroscopy files are available for sol 598 (Topographer's Peak) and sol 600 (Marmot Bay) in the data_raw_spectroscopy folder in
csv format, with the character groups “ERA” (active spectra) and “ERB” (dark spectra) in the file names. The spectral data shown above is active-dark spectra. Image
files are available for each sol in the data_aci_imgops and data_watson_imgops folders, in “edr” subfolders, in .IMG format with the character groups “ECM”, “ECZ”,

and “EZS” in the file names.

augite-like composition of the fine-grained regolith analyzed up to Sol 602 that likely represents a relatively
uniform mixture of mafic and felsic minerals, and an olivine endmember (Figure 30b). Few analyses show a
largely felsic composition. This predominance of mafic minerals in the Observation Mountain megaripple is also
shown in an A-CNK-FM plot (Figure 30a), where most analyses are situated toward the mafic corner of the
ternary plot. SuperCam LIBS data largely plot below the mafic-felsic mixing line indicative of minimal open-
system chemical weathering as Al is not enriched relative to other elements for most LIBS points. Some tar-
gets such as the Fultons Falls (Sol 600) SuperCam target have points that are situated above the mafic-felsic line
potentially indicative of open-system alteration, chemical weathering, and the potential presence of carbonate
(see also Figure S5 in Supporting Information S1 of carbonate levels measured by SuperCam LIBS on the Granite
Peak target (Sol 594)). For Fultons Falls, these are points #3 and #5. Point #3 is situated on a large, angular grain
which also has a more felsic chemistry (Figure 30b), while point #5 is situated in the fine-grained material
suggesting that altered materials are distributed between both fine and coarse grain sizes (Figure 30). Olivine can
become enriched as a result of physical grain segregation during aeolian transport or through the reworking of
local olivine-rich bedrock, as has been hypothesized for the lithified aeolian deposits in Gale crater (Bedford
et al., 2020, 2022). Given the abundance of olivine-rich bedrock within Jezero crater, such as that within the
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Figure 28. (a) The approximate location of PIXL's scan on the Marmot Bay target on sol 601, on a WATSON image. (b) Color mapping showing the chemical
composition of the larger, lighter, more angular grains (pale blue), and the smaller, darker, more rounded grains (gray) (see also Table S5 in Supporting Information S1
and Shumway et al., 2024). (c¢) Color mapping showing the areas where PIXL detected diffraction anomalies. Purple areas show points where PIXL detected diffraction
peaks in the X-ray spectra, which indicate crystalline regions (Tice et al., 2022); yellow areas show points where no diffraction was detected, which may indicate
amorphous or microcrystalline (<40-50 pm) regions (Tice et al., 2022). A lack of diffraction in the larger, more angular, lighter-toned grains may be evidence of
alteration of primary minerals (for further discussion, see also Shumway et al., 2024). (d) A color-coded map showing which grains and regions are plotted on the
subsequent ternary plot. (e) A ternary plot showing the compositions of the different populations of grains captured in the scan area. Further interpretation of PIXL's
findings, including the regions labeled “other,” can be found in Shumway et al., 2024.

Séitah formation, a local contribution for the olivine is likely for coarser grains of the Observation Mountain
megaripple. This is also consistent with studies of coarse regolith of the crater floor by Vaughan et al. (2023). The
higher degree of scatter of SuperCam data toward the olivine endmember compared to other fine-grained regolith
targets in Jezero crater suggest that there may also be some olivine enrichment during aeolian transportation in
this aeolian deposit in comparison to previously analyzed regolith targets. Overall, SuperCam LIBS data support
that the sample collected from this megaripple will likely contain a mixture of olivine-rich local Séitah-like
material and material transported from a longer distance with some grains that have experienced alteration.

Due to both the observed similarity to previous, potentially global soils (Figure 29) and variability between the
grains within the sample (Figure 30), this regolith sample will be very valuable for serving as a ground truth for in
situ measurements from Gale crater, the MER landing locations, and the Viking locations. In addition, this sample
of a global soil will be of immense value to future human exploration (Grady et al., 2022) to understand potential
previously unconsidered threats. For example, the lunar regolith was found to be very abrasive and damaging to
the astronauts' space suits. Understanding the characteristics of the fine-grained soil contained in this sample will
be a very valuable contribution to understanding surface processes on Mars.
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Figure 29. Major oxide concentrations compared for PIXL measurements of the fine grains from Marmot Bay and
Topographers Peak, SuperCam fine grains from Observation Mountain, and previously published values for an average
basaltic Martian soil (O’Connell-Cooper et al., 2017)—for further comparisons between PIXL measurements of soil and
previous measurements of soil on Mars see Shumway et al. (2024).

4.2. Probable Airfall Dust Component in the Collected Sample

A sample of airfall dust may help understand the modern and recent past climate of Mars, in which the dust cycle
(and especially dust storms) provides the largest source of Sol-to-Sol and year-to-year variability (Forget &
Montabone, 2017; Martinez et al., 2017; Read et al., 2015). The large impact of dust on climate is primarily via the
major radiative (and thus heating and cooling) effects of lofted dust particles in the thin Martian atmosphere, with
those effects depending on their size, shape, and composition, all of which have to date been inferred from remote
sensing only (Wolff et al., 2017). Storm-related and seasonal dust increases have also been shown to greatly
increase atmospheric water escape rates (Haberle et al., 2003). Further, dust-driven variations in visibility,
temperature, atmospheric density, and wind are highly relevant to Mars mission planning, in terms of arriving on
or leaving the surface and surface operations. Although the size distribution of the dust within the megaripple may
be different from airfall dust, the ability to measure the shape, size distribution, and composition of a Martian dust
sample provides a valuable data point to constrain dust models.

Studies of airfall dust will also contribute to a better understanding of the health and mechanical hazards of dust
for future human exploration of Mars (Grady et al., 2022), and multiple lines of evidence suggest the presence of
dust in the regolith sample. These include evidence of dust clearing by LIBS in RMI images indicated by changes
in the red channel in before and after images which are consistent with the removal of ferric dust (Figure 16);
bright grains in ACI images (Figure 5); and TI measurements by MEDA TIRS. Furthermore, the relative
immobility of the megaripple indicates that there was time for ancient dust to have accumulated.

The first shots during LIBS analyses are considered to be measurements of airfall dust (Lasue et al., 2018, 2023;
Meslin et al., 2013). Following the method of Lasue et al. (2023), the composition of dust in the regolith sample is
likely to be similar for SiO,, Al,Os, and K,O to previous measurements of dust from Gale crater, but differs
outside uncertainty for Na,O, MgO, CaO, TiO,, and FeO (Figure 31).

4.3. Probable Soil Crust Components in the Collected Sample

In addition to atmospheric dust, the regolith sample also sampled the soil crust present at Observation Mountain
(Figure 10), which is ubiquitous at Jezero crater (Hausrath et al., 2023), and across Mars (e.g., Arvidson,

HAUSRATH ET AL.

37 of 51

95U9017 SUOWIWIOD SAIIS.D) 3|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 1 pul|Uo//:SdNy) SUONIPUOD PUe SWIS 18U} S *[5202/20/90] U0 AriqiT auluO A3|IM ‘8oueld aueIyo0D Aq 9¥08003rEZ02/620T OT/I0p/L0d A3 1M Akeid i jpuljuo sgndnBe//:sdny wolj pepeojumod ‘2 ‘5202 ‘00T669TZ



. Y d N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets

10.1029/2023JE008046

A

CaO +Na,0 +K,0

vy

- N N w
o o o o

AL,O, + Na,O + K, O (wt %)

_
o

¥>-» >0 000 0

Fine Soils

Atmo Mountain 637
Crosswind Lake 641
Fultons Falls 600
Fultons Falls
Funnel Creek
Geographic Harbour
Granite Peak
Feldspars

Olivine

Pyroxenes

[ Feldspars

20

O
- o
@50"0 .
(@]

FeOT + MgO

(@& Fine soils (n = 214)
Atmo Mountain 637 sc
Crosswind Lake 641 s
Fultons Falls 600
Fultons Falls SCAM
Funnel Creek
Geographic Harbor
Granite Peak

Fayalite

* %% PpPpPoeocee

Augite

Pyroxene

A

A o0 ¢

10

20

o S

Lo
30 40 50

MgO + FeO_ (wt %)

Figure 30.

*1
60

® &
70

HAUSRATH ET AL.

38 of 51

85U01 SUOWWIOD 3AIR1D 3jqed|dde sy} Aq peussnob ae sappiie YO ‘88N J0 S3|NJ 0} Areiq1T BUIIUO /8|1 UO (SUORIPUOD-PUE-SWLISYW0D" A8 | 1M ATeAq)1 U1 UO//:SdNU) SUORIPUOD PUe SWLB | 8L} 89S *[5202/20/90] Uo A%iqiauliuo AB|1m ‘el aLeiyo0D Aq 9¥080030€202/620T OT/I0p/w0d A8 | ARiq1jeut|uo sgndnfe//sdiy wou papeojumoq ‘g ‘G20z ‘00T669T2



M\I Journal of Geophysical Research: Planets 10.1029/2023JE008046

Anderson, Bartlett, Bell, Blaney, et al., 2004; Arvidson, Anderson, Bartlett, Bell, Christensen, et al., 2004;
Arvidson, Poulet, et al., 2006; Arvidson et al., 2009; Clark et al., 1982; Moore et al., 1987; Sullivan et al., 2011;
Weitz et al., 2020). Although the soil crust will not be preserved intact in the sample tube, the components will
remain in the tube. An analysis of the shot-to-shot SuperCam LIBS measurements that sample the top 1-2 mm
(Meslin et al., 2013) of the soil from Observation Mountain using PCA shows a tight correlation of S, H, Cl, and
K,O (Figure 24), and decreasing H scores with depth (Figure 23). This result suggests that a hydrated sulfate
component, potentially containing potassium, could be present in the top 1-2 mm (Meslin et al., 2013) of the
Martian soil, helping to cement the soil and generate the soil crust. The MEDA measurements record the presence
of relative humidity and temperature values that indicate that sulfate salts, if present, could potentially hydrate and
dehydrate, contributing to the formation of the observed soil crust (Figure 10). In addition, saturations that reach
100% indicate that frost could potentially be present (Figure 26).

During storage of the sample tubes on the surface of Mars and in the Perseverance rover, as well as during
transport back to Earth, hydrated salts and frost are likely to undergo changes. For example, the sample tubes are
estimated to reach temperatures as high as 28°C (Farley et al., 2020) and the temperature cycling may lead to
changes of humidity in the tube, and therefore changes of the hydration states of salts, affecting the gas content of
the tube. It is reasonable that at high temperatures water may be released from the hydrates, and accumulate in the
headspace gas (increasing the water partial pressure e), whereas at low temperatures water will be captured again
(decreasing the water partial pressure e). In equilibrium, at a water partial pressure e, the Relative Humidity, RH
(T) = eles,w (T)100 with es,w the saturation vapor pressure over liquid water es,w = 611.2 * exp(17.62
(T — 273.14159)/(243.12 + (T — 273.14159))) or the saturation vapor pressure over ice es,i(T) = 611.2 * exp
(22.46 * (T — 273.14159)/(272.62 + (T — 273.14159))). Since the temperatures of the tubes may change rapidly
during a given day by about 100°C (between day and night) reaching temperatures of up to 28°C, this closed
system may be out of equilibrium and it is difficult to calculate how the water vapor pressure e will change within
the tube with the desorbed and absorbed water. This type of change in salts should be investigated using analog
samples in tubes prior to return of the samples, to best interpret analyses upon their return.

4.4. Altered Grains in the Collected Sample and Their Potential Source Regions

In addition to more recent arid processes on Mars, the material contained within the collected samples can help
interpret ancient Martian processes which involved liquid water. Multiple lines of evidence indicate that the
coarse grains measured at Observation Mountain contain altered material. SuperCam VISIR analyses show
higher hydration within the larger, lighter, less spherical grains, indicating the likely presence of water within the
samples that can be analyzed upon return to Earth. Hydrated minerals such as sulfates and phyllosilicates have
been extensively detected elsewhere in the Fan Front (Dehouck et al., 2023; Farley & Stack, 2023b; Phua
etal., 2023), and SHERLOC measurements show the presence of aqueously generated phases such as sulfates and
carbonates in the Fan Front (Phua et al., 2023; Roppel et al., 2023; Siljestrom et al., 2024). Furthermore, PIXL's
lack of detection of diffraction suggests a loss of crystallinity likely due to aqueous alteration (Figure 28).

Future measurements of these aqueously altered grains from Observation Mountain can be placed into context by
an assessment of the source of the grains using in situ data. Similarities in SuperCam VISIR measurements
indicate that the smaller, darker, more spherical grains are likely from the Séitah region, and the larger, lighter,
more angular grains are potentially from Knife Creek and Devil's Tanyard. PIXL chemical results, SuperCam

Figure 30. (a) An Al,05-CaO + Na,O + K,0-MgO + FeO, ternary diagram showing the SuperCam Laser Induced Breakdown Spectroscopy (LIBS) targets on the
Observation Mountain megaripple in comparison to the fine soils (gray points) and primary igneous minerals that include pyroxenes (augite, hedenbergite, and
diopside), olivine, and plagioclase feldspars (anorthite to albite). Also plotted is the mafic-felsic trendline (dashed blue line). Data that plot above the mafic-felsic
trendline may be indicative of alteration as Al,Oj, an element oxide that is considered largely immobile in circum-neutral chemical weathering environments, is
enriched relative to the elements within mafic and felsic minerals (Babechuk et al., 2014); data below the mafic-felsic trendline are less likely to be substantially altered
by open system processes that enrich aluminum. Points above the mafic-felsic line (Fultons Falls (Sol 600)) SuperCam target points #3 and #5 and Granite Peak (Sol
594) SuperCam target point #9 may also contain carbonate (see also Figure S5 in Supporting Information S1 of carbonate levels measured by SuperCam LIBS on the
Granite Peak target (Sol 594)), and (b) a biplot of Al,O; + Na,O + K,O (elements found in feldspar minerals) against MgO + FeO (elements found in mafic minerals
such as olivine and pyroxene) showing the SuperCam analyses from Observation Mountain compared to SuperCam analyses of fine grains along the rover traverse up to
Sol 602 represented as gray density contours. Also plotted as stars are primary igneous minerals including olivine (green), pyroxene (yellow), and a blue line
representative of the range in feldspar compositions. This plot has been useful in understanding the extent of grain segregation during aeolian transport in Gale crater
(Bedford et al., 2020). It shows that the fine grains along the rover traverse are a uniform mixture of felsic and mafic minerals, but the fine grains at Observation
Mountain have a higher number of mafic grains that trend toward an olivine composition and one point that is more felsic.
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Figure 31. A plot of the first shots from Granite Peak, considered to be dust (Lasue et al., 2023) compared to previous dust
measurements from Gale crater (Berger et al., 2016), indicating that the composition of the dust at Observation Mountain is
similar for SiO,, Al,O3, and K,O but differs outside uncertainty for Na,O, MgO, CaO, TiO,, and FeO-, from the
composition of previously measured samples of airfall dust.

LIBS results (Figure 32 and Figure S4 in Supporting Information S1) and Mastcam-Z measurements are
consistent with these results. In particular, the color and shape of the larger, lighter, more angular grains appear
consistent with derivation from a distinct, continuous pinkish horizon outcropping at the top of Knife Creek

. Granite_Peak Point #2 sol 599
Granite_Peak Point #3 sol 599
Granite_Peak Point #4 sol 599
Granite_Peak Point #7 sol 599

. Granite_Peak Point #9 sol 599

. Delta rocks sols 421 - 643

@ Maaz rocks sols 15 - 201 + 343 - 379

O Seitah rocks sols 202 - 319

MgO

Figure 32. Laser Induced Breakdown Spectroscopy of the coarse grains are consistent with potential origin of the grains from the Fan (the light-toned pebbles), and

Séitah (the darker-toned grains).
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Figure 33. Rock outcroppings of upper Cape Nukshak, just above (northeast of) the sampled megaripple Observation Mountain. For scale, the block below the word
Alagnak is about 1 m across. Of particular note is a distinct un-named horizon (grouped with the Knife Creek Member in the stratigraphy of Stack et al. (2024)) that runs
continuously along upper Cape Nukshak, just above the line of megaripples that includes Observation Mountain. This horizon is “pinker” in this particular contrast
stretch, platier, and often more resistant than the main Knife Creek material, and erodes into the typically chippy fragments shown, making it a candidate source for the
pink fragments observed at the Observation Mountain regolith sampling site (Portion of Mastcam-Z mosaic from Sol 424 (zcam08447)).

(passing within meters of Observation Mountain), which erodes into similar tabular, platy fragments littering the
slope immediately below (Figure 33).

4.5. Quantifying Potential Alteration of the Coarse Grains Using

In order to examine the extent of alteration of grains on Observation Mountain, the chemistry of the coarse grains
in the regolith sampling location measured by PIXL can be compared with potential parent material also measured
by PIXL. The calculation of 7 (Anderson et al., 2002; Brimhall & Dietrich, 1987) was used, which compares the
chemistry of weathered and parent material, using an assumed immobile element (Equation 3),

=R, 3)

Here z;; is the fraction of mobile element or mineral j lost or gained making the assumption that element or
mineral 7 is immobile, where C indicates concentration, w indicates weathered material, and p indicates parent
material. Where 7 > 0, the element is enriched relative to parent material, where 7 < 0, the element is depleted
relative to parent material (z = —1 is completely depleted relative to parent material), and where 7 = 0, the element
is immobile.

Titanium, which is commonly used as a presumed immobile element (e.g., Hausrath et al., 2008, 2018; Sak
et al., 2004, 2010; Yesavage et al., 2015), was used in these calculations. PIXL measurements of the Quartier
abrasion patch were used as a potential Séitah parent material for the smaller, darker, more rounded grains, and
PIXL measurements of the Buzzard Rock sample were used as a potential parent material for the larger, lighter,
more angular material (see Table S6 in Supporting Information S1 for values used in the calculations).

Results of the 7 calculations indicate that for the smaller, darker grains, Na, Mg, Si, Cl, Ca, Mn, and Fe were
depleted, and Al P, S, and Ni were enriched. For the larger, lighter, more angular grains, Na, S, Ca, K, Mn, and Cr
were depleted, and Mg, Al, Si, P, Cl, Fe, Ni, Zn, and Br were enriched. The grains and Buzzard Rock are natural
surface targets, and thus introduce the factor of dust into these calculations (likely particularly important for Al).
As such, final analysis will only be able to be performed upon return to Earth. Regardless, these results shed light
on potential types of aqueous alteration. For example, the enrichments in P observed in both types of grains may
result from similar processes as enrichments that have been documented in similar calculations at Gale crater
(Hausrath et al., 2018; Yen et al., 2017) attributed to potential phosphate sorption and formation of Fe-phosphates,
respectively. In addition, enrichments in Zn in the larger, lighter grains may indicate hydrothermal alteration
(Berger et al., 2017). Aqueous alteration indicated by these 7 calculations (Figure 34) is consistent with the non-
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Figure 34. Calculation of 7 for the smaller, darker grains (left), and larger, lighter, more angular grains (right) using the Séitah sample Quartier and Buzzard Rock as
parent material respectively, and Ti as the presumed immobile element for both. Results of the 7 calculations for the smaller, darker grains indicate that S, Al, P, and Ni
are enriched relative to Quartier, and Na, Mg, silica, Cl, Ca, Mn, and Fe are depleted. For the larger, lighter, more angular grains, Al, P, Mg, Si, CI, Fe, Ni, Zn, and Br are
enriched, and Na, S, Ca, K, Cr, and Mn are depleted relative to Buzzard Rock. Although more definitive analysis is only possible upon return of the samples to Earth,
these analyses indicate the types of constraints that these samples will likely be able to place upon past alteration on Mars upon their return to Earth by Mars Sample

Return.

detection of diffraction within some of the grains measured by PIXL (Figure 28). These results therefore indicate
that the grains collected in the regolith sample will provide additional insight into alteration of the Séitah region,
as well as alteration on Mars more broadly.

4.6. Returned Sample Considerations

The regolith sample was selected to best meet the goals of the MSR campaign (e.g., Table S7 in Supporting
Information S1). Assessment of the sample indicates that airfall dust (Section 4.2), fine-grained material (Sec-
tion 4.1), evidence of interactions with the atmosphere including a soil crust (Section 4.3), and aqueously altered
materials that may represent past habitable, and inhabited, environments (Sections 4.4 and 4.5) are all present in
the sample. With no sample of dust alone, some of the goals of the return of a regolith sample cannot be
completed, and a bit tip depth of 6.5 cm limits the ability to examine deep regolith, a desired goal of MSR.
However, overall, the returned sample will address most goals of the return of a regolith sample.

This interpretation is corroborated by the assessment of the scientific value of the regolith sample at the Science
Community Workshop on the proposed First Sample Depot. It was concluded that the regolith sample will facilitate
partially or fully, almost all of the iMOST scientific objectives that are applicable to Jezero Crater, see the SAMPLE
SCIENCE TRACEABILITY MATRIX in Czaja et al., 2023. The goal where the regolith sample falls short is in
Planetary Scale Geology, for which more distant samples should be available and compared (Czaja et al., 2023).

5. Conclusions

In situ analyses of Martian regolith at the Observation Mountain target revealed the presence of coarse-grained
material that is likely both locally derived and transported from an intermediate distance, as well as fine-grained
material of a potentially global origin. Airfall dust was collected which, along with the collected soil crust
components, should provide important information on surface-atmosphere interactions and climate processes.
The coarse grains are aqueously altered, which provides an opportunity to examine samples from past water-
containing environments that may have been habitable, and could therefore contain evidence of ancient
Martian life. The analysis of these samples also provides a critical step toward human exploration, allowing an
analysis of the potential resources as well as potential threats that may exist for human exploration of Mars
(Beatty etal., 2019). Upon eventual return to Earth, these samples will be analyzed by a wide variety of techniques
which will provide unprecedented new information about Mars.
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Data Availability Statement

The data in this paper are from the Mars2020 instruments SuperCam, PIXL, SHERLOC, WATSON, Mastcam-Z,
and MEDA. The SuperCam data include the Laser Induced Breakdown Spectroscopy (LIBS), Visible/near
infrared (VISIR) Spectroscopy, and images from the Remote Microimager. The PIXL data include images, PIXL
spectra and diffraction data, and oxide concentrations. The Mastcam-Z data include multispectral data, stereo
images, and results of the 3-D processing documented in Paar et al. (2023). The MEDA data include images,
ground temperature, and relative humidity. The SHERLOC data include spectra and ACI images, and the
WATSON data includes images. The SuperCam Major-element Oxide Compositions (MOC), total emissivity,
and all raw data and processed calibrated data files are present in the Planetary Data System (Wiens, Maurice,
Deen, et al., 2021) (PDS). The SuperCam H scores are generated after Forni et al. (2013), and the retrieved H
component used to generate the H scores after Forni et al. (2013) is included in Hausrath et al. (2023). The C1
scores are generated after Cousin et al. (2025), and the S scores after Meslin et al. (2022), and documented in those
publications. The PIXL images, spectra, and oxides are documented in the PDS (Allwood & Hurowitz, 2021).
The Mastcam-Z image and spectra data are available in the PDS (Bell et al., 2021). The MEDA data utilized in the
manuscript are available in the PDS (Rodriguez-Manfredi and de la Torre Juarez, 2021). The SHERLOC and
WATSON data are available in the PDS (Beegle et al., 2021). The Navcam images are available on the PDS
(Maki, Deen, et al., 2020). The data from previous missions presented in Figure 2 are summarized in papers as
described (Gellert, 2019) and the PDS for the Mars Exploration Rovers at the PDS Geosciences Node site: https://
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