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Abstract The Mars 2020 Perseverance rover has examined and sampled sulfate-rich clastic rocks from
the Hogwallow Flats member at Hawksbill Gap and the Yori Pass member at Cape Nukshak. Both strata are
located on the Jezero crater western fan front, are lithologically and stratigraphically similar, and have been
assigned to the Shenandoah formation. In situ analyses demonstrate that these are fine-grained sandstones
composed of phyllosilicates, hematite, Ca-sulfates, Fe-Mg-sulfates, ferric sulfates, and possibly chloride salts.
Sulfate minerals are found both as depositional grains and diagenetic features, including intergranular cement
and vein- and vug-cements. Here, we describe the possibility of various sulfate phases to preserve potential
biosignatures and the record of paleoenvironmental conditions in fluid and solid inclusions, based on findings
from analog sulfate-rich rocks on Earth. The samples collected from these outcrops, Hazeltop and Bearwallow
from Hogwallow Flats, and Kukaklek from Yori Pass, should be examined for such potential biosignatures and
environmental indicators upon return to Earth.

Plain Language Summary Images and compositional data of Mars rocks taken by the Mars

2020 Perseverance Rover at Hogwallow Flats and Yori Pass in Jezero crater show an abundance of sulfate
minerals. The goal of this study was to describe the characteristics of these rocks with close-up views of places
where these rocks were abraded to expose fresh rock surface, and to make preliminary interpretations of any
preservation potential of any possible environmental and biosignature data. We found sand and silt grains with
a variety of colors, some of which are sulfate minerals. We also found sulfate mineral crystals between and
cross-cutting the grains. The sulfate sand and silt grains may have originally grown as chemical sediments

in past salty lakes, and the sulfate crystals found between and cross-cutting the grains formed from past salty
groundwater. Sulfate mineral grains and crystals on Earth contain fluid and solid inclusions, which are remnant
water, air and other gases, other minerals, and microorganisms and organic compounds. From this knowledge
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of terrestrial sulfate minerals, we suggest that samples of Hogwallow Flats and Yori Pass, if returned to Earth,
should be investigated for fluid and solid inclusions to be evaluated for any enclosed past Martian water, gas,
minerals, and possible biosignatures.

1. Introduction

As part of the Mars 2020 mission, the Perseverance rover has examined and sampled rocks, to date and in chron-
ological order, from the Jezero crater floor, the sloped western fan front, the low-relief western fan top, and the
crater margin. The key science objectives of this mission include (a) characterizing past habitable environments
on Mars; (b) adding to our understanding of the geological and climate history of Mars; (c) caching samples to be
returned to Earth for future analyses, including the search for potential biosignatures; and (d) preparing for human
exploration of Mars (Farley et al., 2020; Mustard et al., 2013; Williford et al., 2018).

Rock samples are collected by the Perseverance rover using a rotary percussive Coring Drill (Moeller et al., 2021).
This system drills and extract cores that are cylindrical in shape, 13 mm in diameter, and up to 78 mm long. Prior
to drilling to acquire a rock core, an abrasion patch is made centimeters from the coring target by an Abrading Bit
on the rover drill to expose flat, unweathered rock below weathering rinds (Moeller et al., 2021). The abrasion
patch is a circular area, 5 cm in diameter and 5-10 mm deep. The fresh rock of the abrasion patch is then analyzed
in situ by scientific instruments on the rover. The Standardized Observation Protocol, a systematic set of instru-
ment activities on the abrasion patch and outcrop surface, has been designed for analyses prior to drilling core
samples to characterize the outcrop visually and chemically (Bosak et al., 2024; Simon et al., 2023).

During its second Earth year of exploration, the Perseverance rover examined the Hogwallow Flats member at
Hawksbill Gap and the Yori Pass member at Cape Nukshak, two strata on the Jezero crater fan front (Figures 1
and 2; Farley & Stack, 2023; Stack et al., 2023). At Hogwallow Flats, two cores named Hazeltop and Bearwallow
were collected (Bosak et al., 2024; Herd et al., 2023). A nearby abrasion patch named Berry Hollow was analyzed
in situ. At Yori Pass, a core, Kukaklek, was drilled through the abrasion patch Uganik Island. In situ observations
based on images and compositional data suggest similar lithologies for these sulfate-rich, fine-grained clastic
sedimentary rocks. Descriptions of samples Hazeltop, Bearwallow, and Kukaklek and in situ analytical results
from their outcrops and abrasion patches can be found in Farley and Stack (2023).

The objective of this paper is to describe the sedimentology of the sulfate minerals of Hogwallow Flats and Yori
Pass rocks based on petrography and composition of abrasion patches Berry Hollow and Uganik Island. From
these data, we develop hypotheses for depositional environments and diagenetic processes and discuss the impli-
cations of these hypotheses for habitability and the preservation of potential biosignatures. These hypotheses
would be tested by analyses of core samples Hazeltop, Bearwallow, and/or Kukaklek in Earth-based labs after
sample return anticipated in the 2030's.

2. Background
2.1. Locations

Hogwallow Flats and Yori Pass are located on the southeastern side of the western fan front of Jezero crater
(Figure 1). Hogwallow Flats is a low-relief, polygonally cracked, light-toned outcrop of fine-grained sedimentary
rock in the Hawksbill Gap region (Figure 2). Abrasion and sampling was conducted at the Wildcat Ridge outcrop,
located at ~—2,523.5 m elevation (below Mars datum surface). The bedrock at Yori Pass is similar in character
to Hogwallow Flats and is located at ~—2,518 m elevation at an outcrop called Hidden Harbor at Cape Nukshak.
Hogwallow Flats and Yori Pass are located approximately 0.46 km from each other (Figure 1). They may be
stratigraphically and lithologically equivalent. Figure 3 shows the various names used for locations, stratigraphic
units, abrasion patches, and samples used in this study.

2.2. Stratigraphic Context

The Hogwallow Flats and Yori Pass members have been assigned to the Shenandoah formation, newly described
by Stack et al. (2023) (Figure 4). At Hawksbill Gap, the formation is found from ~—2,539 to ~—2,514 m eleva-
tion. At Cape Nukshak, the Shenandoah formation is at ~—2,527 to ~2,507 m elevation. The Shenandoah
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formation consists mainly of sandstones and, less commonly, siltstones and
granule conglomerates along the western fan front of Jezero crater (Farley &
Stack, 2023; Stack et al., 2023; Williams et al., 2023). These clastic sedimen-
tary rocks are characterized by planar laminations, low-angle cross-strata, and
possible soft-sediment deformation (Farley & Stack, 2023; Stack et al., 2023;
Tebolt et al., 2023; Williams et al., 2023).

Hogwallow Flats and Yori Pass members are found in the middle Shenandoah
formation, situated approximately halfway up the thickness of the formation.
They are the finest grained rocks in the formation and are characterized by
their sulfate veins (Figure 5; Benison, Bosak, et al., 2023; Broz et al., 2023;
Nachon et al., 2023). Hogwallow Flats and Yori Pass rocks are each ~3 m

; Hogwaliév; .Flat'S"T" ik thick. These two units seem to be laterally traceable, generally correlative,

_al

Cape

. and lithologically similar. The basal contact for both units appears to be an
7 /, unconformity or flooding surface. Hogwallow Flats and Yori Pass rocks are
Hawksbill Gap underlain by planar laminated sandstones with some soft sediment deforma-
i tion and lenses of pebbly sandstones. Stratigraphically overlying the Hogwal-
low Flats and Yori Pass units are cross-stratified sandstones and dipping
sand-granule conglomerates (Stack et al., 2023).

)

Nukshak 'u;l‘ oy 2.3. In Situ Investigation

N

b\
Ny,
I

Observations of the Hogwallow Flats and Yori Pass members included imag-
ing and compositional analyses of outcrops, natural surfaces (mainly bedding
plane surfaces), and abrasion patches (Figures 6 and 7). This study focuses on
observations of the abrasion patch targets Berry Hollow (at Hogwallow Flats)
and Uganik Island (at Yori Pass).

Figure 1. Location of study sites on Mars. (a) Orbital image of western fan
in Jezero crater. White box shows the location of image in (b). Image courtesy ~ Perseverance's onboard instrument suites provide various imaging and chem-

of ESA/DLR/FU-Berlin. (b) Orbital image of a portion of western fan front ical data for in situ investigation. The Mastcam-Z's camera system and the

investigated by the Perseverance rover, showing locations of sampling of
Hogwallow Flats (blue square) and Yori Pass (yellow circle). White line
shows traverse by the rover. Image from NASA/JPL-Caltech/University of

Arizona/USGS.

SuperCam instrument provide a geologic context for abrasion patches and
samples by allowing for imaging and chemical compositional analyses from
a distance (i.e., Bell et al., 2021; Maurice et al., 2021; Wiens et al., 2021).
Of particular importance to this study, though, are two arm-mounted instru-
ments that can analyze natural outcrop surfaces and abrasion patches at the
cm-, mm-, and sub-millimeter scales. The Scanning Habitable Environments with Raman and Luminescence for
Organics and Chemicals (SHERLOC), including a Wide-Angle Topographic Sensor for Operations and eNgi-
neering (WATSON), and Planetary Instrument for X-ray Lithochemistry (PIXL) are used at cm standoff distances
from rock targets to yield complementary in situ, high-resolution textural and chemical data. SHERLOC, guided
by fine-scale imaging, uses Raman and fluorescence spectrometry to detect minerals and organic compounds
(Hollis et al., 2023). SHERLOC has an Autofocus Context Imager that is co-boresighted to its spectrometer, and
is a fixed focus camera that acquires a 10.1 pm/pixel grayscale image at a nominal 48 mm standoff distance. PIXL
uses X-ray fluorescence spectrometry to produce fine-scale elemental compositional data at >120 pm resolution
(Allwood et al., 2020).

Hogwallow Flats and Yori Pass rocks are distinct from the underlying and overlying rocks of the western fan front
due to their light-toned nature, fine grain size, mottled pink and cream colors, abundance of sulfate minerals,
and multiple diagenetic features. Images of outcrops from moderate distances (m—cm scale) show white veins
(Figure 5) and spherical, cm-scale concretions. For descriptions of macroscopic diagenetic features, see Broz
et al. (2023) and Kulucha et al. (2023). These general preliminary interpretations of Hogwallow Flats and Yori
Pass rocks serve to provide a context for this study, which presents observations and hypotheses based on the
Berry Hollow and Uganik Island abrasion patches.

2.4. Samples

At the Wildcat Ridge outcrop at Hogwallow Flats, two paired rock samples, Hazeltop and Bearwallow, were
cored adjacent to the abrasion patch Berry Hollow (Figure 6). Hazeltop was the 12th sample collected. It was
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“° _Hidden
Harbo

Figure 2. Outcrops at (a) Hogwallow Flats (sol 518; zcam 05842, z04
enhanced color, view to the NW) and (b) Yori Pass (sol 619, zcam 08623,
2110 enhanced color, view to the W), as imaged by Mastcam-Z cameras on
the Perseverance rover. Credit: NASA/JPL-Caltech/MSSS/ASU. Note white
rock powder at abrasion patches and drill holes at Wildcat Ridge and Hidden
Harbor outcrops. Wildcat Ridge block is ~0.4 m across and Hidden Harbor
outcrop is ~5 m across. For 3D model of Hogwallow Flats, see https://
sketchfab.com/3d-models/m2020-zcam-hogwallow-flats-sol-461-b675b74
7560a4efdbb7369abcac75510. For the 3D model of Yori Pass, see https://
sketchfab.com/3d-models/m2020-zcam-hidden-harbor-sol-609-62be9a238{8e4

b748359a561c¢58dd83a.
general western fan/delta front,
location Jezero crater
formation | middle Shenandoah formation
region |Cape Nukshak | Hawksbill Gap
member Yori Pass Hogwallow Flats
outcrop |Hidden Harbor | Wildcat Ridge
al;raati'ﬁ n Uganik Island | Berry Hollow
Hazeltop
I Kukaklek
sample(s) ulakle Bearwallow

Figure 3. Names of locations, abrasion patches, and samples discussed in this

study.

sealed in its titanium tube on sol 509 (27 July 2022; Bosak et al., 2024) and
is 5.97 cm long. The 13th sample collected was Bearwallow, sealed in its
tube on sol 516 (3 August 2022). Bearwallow is 6.24 cm long. Hazeltop was
retained on the Perseverance rover, and Bearwallow was deposited as part of
the Three Forks sample cache at the base of the western fan (Figure 1b). At
the Hidden Harbor outcrop at Yori Pass, sampling was performed by drilling
directly through the Uganik Island abrasion patch to target sulfate diagenetic
features there (Figure 7b). The Yori Pass sample, called Kukaklek, was the
sixteenth sample collected, was sealed on sol 631 (29 November 2022), and
is 4.97 cm long. It was retained on the rover.

3. Methods and Approach

For this study, we focus on the petrography of the abrasion patches Berry
Hollow and Uganik Island to describe depositional and diagenetic features
at the cm—sub-mm scale. We pay particular attention to the sulfate mineral
components of these rocks due to their potential to preserve biosignatures
(i.e., Benison, 2019a; Gill et al., 2023; Longo et al., 2019; Martinez-Frias
et al., 2006; Sharma et al., 2023). The wider context of depositional history,
stratigraphic context, and diagenetic features can be found in other recent
papers (i.e., Broz et al., 2023; Dehouck et al., 2023; Farley & Stack, 2023;
Kalucha et al., 2023; Stack et al., 2023). Finally, we employ the concepts of
comparative sedimentology and cross-cutting relationships to make initial
interpretations about depositional environments and diagenetic history,
respectively. From these interpretations, we develop hypotheses about the
potential for biosignatures and environmental proxies. The results of this
study may provide foundational knowledge of Bearwallow, Hazeltop, and
Kukaklek samples that can guide the curation and lab studies of these samples
upon return to Earth.

Despite the engineering achievements of abrading and imaging (at the sub-mm
scale) rock surfaces on another planet, there are some limitations to conducting
petrography in situ on Martian rocks. First, the optical resolution does not allow
us to resolve objects smaller than ~30 pm; many petrographic microscopes on
Earth can detect objects as small as 1 pm. In addition, in situ abraded surfaces on
Mars do not allow inspection through an ultrathin (~30 pm), polished surface of
the rock with transmitted light, as thin sections would allow. Therefore, petro-
graphic observations of in situ images of abrasion patches on Mars do not allow
us to distinguish some individual grain and crystal boundaries, especially at the
sub-mm scale. We anticipate that, upon return to Earth, refined petrographic
observations would be made of Martian samples in Earth laboratories.

4. Results
4.1. Hogwallow Flats: Berry Hollow Abrasion Patch
4.1.1. Petrography

Visual observations of the Berry Hollow abrasion patch show that it is a
clastic sedimentary rock that has grains and diagenetic features (Figure 8).
Grains are silt-, very fine sand, and fine sand-sized and the rock appears
to be well-sorted. Wentworth (1922) defined silt as grains in the range of
0.0039 mm (3.9 pm) to 0.0625 mm (62.5 pm), very fine sand as grains
in the range of 0.0625-0.125 mm, and fine sand as grains in the range of
0.125-0.25 mm. However, the size detection limit of ~30 pm does not allow
us to determine whether there are also grains of fine silt size or smaller. Most
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Figure 4. Stratigraphic columns of the Shenandoah formation at Cape Nukshak and the western part of Hawksbill Gap,
showing the context of Yori Pass and Hogwallow Flats members. Approximate locations of samples Kukaklek, Hazeltop,
and Bearwallow are shown with black dots. The abrasion patch Uganik Island is the same target as Kukaklek. Abrasion patch
Berry Hollow was cm from cores Hazeltop and Bearwallow. Modified after Stack et al. (2023).

grains are moderately—highly spherical and moderately—well-rounded, although a small percentage is suban-
gular to angular. There are a range of colors of the grains; some appear black-dark gray, others red-brown, others
are cream-colored, and some are white. Overall, the rock has a mottled pink and tan appearance.

Many grains are surrounded by a distinctive cream-colored rim (Figures 8b and 9). Rare pale orange rims
surround some cream-colored grains. Some white grains appear not to have a cream-colored or pale orange rim.
The rock has an overall mottled appearance, with patches of pink and tan that appear to surround the grains and
their cream-colored rings. Tiny (sub-mm-thick) white veinlets are observed.

4.1.2. Elemental and Mineral Composition

In situ analyses of the Berry Hollow abrasion patch indicates that it contains phyllosilicates and Mg-Fe sulfates
(likely hydrated), with minor amounts of the anhydrous Ca sulfate anhydrite, hematite, possible carbonates, and
possible chloride salts (Bosak et al., 2024; Hurowitz et al., 2023; Nuiiez et al., 2023; Phua et al., 2023; Roppel
etal., 2023). This rock is composed of more than 30% sulfate minerals. The host rock is enriched in Fe-Mg-sulfates
and much smaller amounts of Ca- and Fe-sulfates. Chlorine-containing salts contribute less than 1% of the rock
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Figure 5. Veins at Hogwallow Flats (Sol 510, zcam0833, cropped images).
(a) Approximately 2 cm wide vein. (b) Thin bifurcating veinlets. Credit:
NASA/JPL-Caltech/MSSS/ASU.

target volume. The veins are composed primarily of Ca sulfates, including
anhydrite confirmed by laser Raman spectroscopy and possibly hydrated Ca
sulfates such as gypsum (Lopez-Reyes et al., 2023). There is a patchy pink
and tan appearance to the abrasion patch. The pink areas are relatively Si-rich
and/or sulfate-poor, compared to the more sulfate-rich tan patches. Ferric
sulfates, most likely jarosite (KFe*+,(SO,),(OH),) and copiapite (Fe>*(Fe3*),
(SO,)4(OH),-20H,0), were detected in the Berry Hollow abrasion patch
as well as in the tailings (Dehouck et al., 2023). Phyllosilicates are likely
Fe-smectites, such as nontronite.

4.2. Yori Pass: Uganik Island Abrasion Patch
4.2.1. Petrography

In the Uganik Island abrasion patch, most grains range from very fine
sand-sized to medium sand-sized (Figure 10). However, there is also a
granule-sized, rounded feature of tan sandstone. Grains are moderately
sorted, rounded-angular, and have moderate-high sphericity. As in Berry
Hollow, grains exhibit a variety of colors, including black/dark gray, tan, and
cream.

Cream-colored rims can be seen on some grains (Figure 10b). Like Berry
Hollow, Uganik Island is characterized by pink and tan mottling, although
the color differences may be more subdued in Uganik Island than in Berry
Hollow. White and cream-colored, mm-scale crystalline veins and patches

Figure 6. Views of bedding planes at abrasion and sampling sites. (a) and (b) Wildcat Ridge outcrop at Hogwallow Flats: (a)
natural surface prior to abrasion and sampling (Sol 503, srlc 04001); (b) abrasion patch Berry Hollow at right; post-sampling
borehole and tailings pile of Hazeltop sample site on the left; area between abrasion patch and Hazeltop borehole was drilled
to obtain Bearwallow sample (Sol 518, zcam 08541). For a movie showing the time sequence of abrading and drilling, see
https://sketchfab.com/3d-models/m2020-zcam-wildcat-ridge-sol-502-518-7cbc03c7bfb344f8aec6cc7al 1baS2ale. (¢) and (d)
Hidden Harbor at Yori Pass: (c) natural surface prior to abrasion and sampling (Sol 612, zcam 03480); (d) abrasion patch
Uganik Island; drilling of sample Kukaklek was done through the abrasion patch to target sulfate veins and vugs (Sol 614,
zcam 03487). Credit: NASA/JPL-Caltech/MSSS/ASU. For a movie showing the time sequence of abrading and drilling, see
https://sketchfab.com/3d-models/m2020-zcam-wildcat-ridge-sol-502-518-7cbc03c7bfb344f8aebcc7al 1baS52ale.
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Figure 7. Abrasion patches Berry Hollow (a) at Hogwallow Flats (Sol 504, srlc 02504) and Uganik Island (b) at Yori Pass

(Sol 612, srlc 00746).

cross-cut all other features seen in the abrasion patch (Figure 10a; Nuiez et al., 2023; Phua et al., 2023; Roppel

et al., 2023). Veins on Uganik Island are less than 1-2 mm thick and up to ~12 mm long; some have 90° angles

and branches. Both veins and patches are filled with at least two cement detectable in abrasion patch views at the

mm-scale (Figures 10d and 10e). The veins are lined with fine cream-pale yellow crystals and filled with coarser
pale gray crystals. The largest white crystalline patch seen in Uganik Island is ~5 mm across and is roughly
“fish”-shaped. The “dorsal fin” on the top side of “fish” shows at least four generations of crystals (Figure 10d).

Figure 8. Close-up views of Berry Hollow abrasion patch show textures (Sol
505, srlc 00009 colorized). (a) Pink and cream patches. (b) Relationship of
grains to pink and cream patches. Note various grain colors.

These crystal generations are distinguished by slight color variations includ-
ing white, cream, and pale gray. Each generation has crystals that point in one
direction (appear upward in abrasion patch images; Figure 10d).

4.2.2. Elemental and Mineral Composition

Uganik Island abrasion patch contains phyllosilicates, the anhydrous Ca
sulfate anhydrite, hydrated Fe-Mg sulfates, and possible ferric sulfate
(Figure 11; Hurowitz et al., 2023; Nuilez et al., 2023; Phua et al., 2023;
Roppel et al., 2023). Hematite is localized. As with the Berry Hollow abra-
sion patch, chloride salts may also be present. The white-cream veins and
crystal patches have been identified as anhydrite (Hurowitz et al., 2023;
Lopez-Reyes et al., 2023; Roppel et al., 2023).

5. Interpretations

5.1. Deposition and Diagenesis of Hogwallow Flats and Yori Pass
Members

A schematic overview of observations and interpretations of depositional
and diagenetic features in Berry Hollow and Uganik Island is provided in
Figure 12. Depositional features are those that formed when the sediment
first accumulated at the current location of the rock. Sedimentary textures
(including grain size, grain sorting, and grain morphology), grain composi-
tion, and sedimentary structures (such as bedding and ripple marks) are depo-
sitional characteristics described in sedimentary rocks. Diagenetic features
are products of any physical, chemical, or biological processes that may have
occurred to the sediment after deposition. Cement, dissolution features, and
weathering rinds are all examples of diagenetic features. Our interpretations
described below are not intended as a final interpretation of the history of
these rocks, but rather as a first interpretation based solely on in situ imag-
ing and compositional data collected by the Perseverance rover. Only further
examination of these rocks on Earth will refine the interpretations of their
depositional and diagenetic histories.
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Figure 9. Close-up in situ views of Berry Hollow abrasion patch (al) and (a2) show textures at highest magnification that
retains the focus (Sol 505, srlc 00009, colorized). (b1) and (b2) Closest view before resolution is lost to attempt to image
individual grains and cement (Sol 505, srlc 00009, colorized). Images (a2) and (b2) are annotated versions of images (al) and
(bl), respectively. White lines outline select individual grains. Black solid lines highlight intergranular cement. Dashed black
lines trace overgrowth cement.

5.1.1. Deposition

Berry Hollow's silt and fine sand grains and Uganik Island's fine to medium sand grains of various colors suggest
that these are clastic grains. The grains are likely of various compositions. Cream-colored and white grains
are likely composed of different sulfate minerals containing Ca and/or Fe-Mg. Black and gray grains may be
phyllosilicate-rich intraclasts. Dark red-brown grains may be hematite grains. Some of the larger clasts in the
Uganik Island abrasion patch may be lithic clasts. There are no grains with shapes, sizes, colors, textures, or
compositions that appear consistent with terrestrial carbonate grain types. We interpret the grains as physically
reworked clasts, sourced from the weathering and erosion of pre-existing rocks. Suspect phyllosilicate grains may
have been locally sourced from mud that was cemented early and then eroded and rounded as mud clump clasts.
We think it is likely that some of the sulfate grains may have originally been sulfate crystals that became clasts by
erosion and reworking by physical processes.

Reworked sulfate clastic grains are known on Earth (i.e., Benison, 2019b; Benison, 2017; Benison & Bowen, 2013;
Benison et al., 2016, 2007; Langford, 2003; Mees et al., 2012; Zheng et al., 2003). Sulfate minerals precipitate
as crystals from surface or subsurface saline waters. These crystals can later be moved from the location of

BENISON ET AL.
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Figure 10. Close-up views of Uganik Island abrasion patch. (a) View of depositional and diagenetic features, including
white veins and fish-shaped vug, both filled with Ca-sulfate cement crystals (Sol 614, srlc 00003). (b) Blue arrows point
to cream-colored isopachous intergranular cement around sand grains. The large white patch in the lower right are cement
crystals in fish-shaped vug (Sol 614, srlc 10600, cropped greyscale image). (c) Patch of localized potential intraclast with
yellow intergranular cement (Sol 614, srlc00643, cropped). (d) Close-up view of “dorsal fin” of “fish” crystal patch. Green
arrows point to several generations of crystals that point outward (Sol 614, srlc 10600, greyscale image, cropped). (e) Vein
with two generations of Ca-sulfate cement; red arrow points to the first generation of cement, lining vein; dashed white
arrows point to larger crystals of the second generation of vein-filling cement (Sol 614, srlc 00643, cropped).
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Figure 11. (on preceding page): PIXL compositional maps (Sol 614) of a portion of Uganik Island abrasion patch, showing
“fish” vug as a prominent feature, as well as host rock. Note different orientation of “fish”-shaped crystal patch compared to
images of it in Figure 10 (a); PIXL data are rotated 90° clockwise. Here, the fish “tail” is pointing down. Panels (b) and (c),
respectively, show strong signals for Ca and S signals in this crystal patch. Panel (f) suggests some Na in the “fish.” Host rock
contains Fe, Mg, Si, S, and Cl, with traces of Zr.

their formation by water, wind, or gravity; during these “reworking” processes, they are broken, smoothed, and
undergo a decrease in size. For example, White Sands National Park in New Mexico, USA provides a good exam-
ple: gypsum crystals grown as bottom-growth crystals in Lake Lucero and displacive gypsum crystals precip-
itated from shallow saline groundwater are subaerially exposed during lake desiccation and eolian blowout of
surface sands, respectively (Benison et al., 2016). Grains are then broken by winds and moved by those winds.
Eventually, those broken gypsum crystals become the rounded sub-rectangular and spherical gypsum sand grains
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Figure 12. Schematic model depicting preliminary interpretations of silt and sand grains and cement and their petrographic
relationships, at mm-cm-scale, of Hogwallow Flats and Yori Pass rocks, based on images of abrasion patches Berry

Hollow and Uganik Island. Pink and tan mottling was likely formed by second generation overgrowth cement, localized

red intergranular cement, and rare yellow intergranular cement, all of which appear to have formed after cream-colored
first-generation intergranular cement and before veins and vugs. Limitations in resolution of smaller grain and crystal sizes,
as well as poor focus on some grain and crystal boundaries due to unpolished abrasion, do not allow for the distinction of
some of the later cement in the rock. Fluid inclusions and possible biosignatures may potentially be found in sulfate grains
and the various sulfate cement.

that comprise the famous White Sands dunes. Gypsum clasts can also be moved by water. In shallow saline lakes
in Western Australia and Chile, bottom-growth and cumulate gypsum grains, as well as displacive gypsum crys-
tals, are entrained by winds and flood waters and deposited as reworked grains in their parent lake, in sandflats,
mudflats, soils, and dunes near the parent lakes, or can be deposited in a second lake (i.e., Benison et al., 2007;
Benison, 2017). At White Sands, the grains are dominated by gypsum. But in Western Australia, the reworked
sulfate grains are mixed with siliciclastic grains sourced from weathering of Archean and Proterozoic igneous,
metamorphic, and sedimentary rocks (Benison & Bowen, 2013; Benison et al., 2007). These siliciclastic grains
include quartz (and other silicates), some of which are hematite-coated. At Salars Gorbea and Ignorado in north-
ern Chile, the water- and wind-reworked grains are either predominantly gypsum or a mixture of gypsum and
clasts of local igneous rocks (Benison, 2019b). Therefore, although any sulfate grains in the Hogwallow Flats or
Yori Pass rocks were precipitated from saline water, we propose here that they were not necessarily deposited in
their parent lake. Parent lakes or groundwater may have been meters to kilometers from the depositional environ-
ment (at Hogwallow Flats and Yori Pass) of the sulfate grains.

On Earth, sedimentary geologists use five distinct characteristics of a sediment to characterize it and as clues to
interpret depositional processes and environment: (a) sedimentary textures, including grain size, sorting, round-
ness, sphericity, and any grain surface textures; (b) color and composition; (c) sedimentary structures; (d) fossils;
and (e) 3D geometry of deposit. In addition, depositional interpretations of rocks lying conformably below and
above the stratigraphic unit of interest can also be helpful in making reasonable depositional interpretations.
In contrast, our depositional interpretations of the Hogwallow Flats and Yori Pass members rely mainly on the
sedimentary textures, color, and composition. Outcrops of these units exist mainly as bedding planes, and much
of those bedding planes are partially covered with regolith, so we see few vertical exposures to evaluate for
cross-sectional views of sedimentary structures. The sedimentary structures seen are some planar laminations,
low-angle cross-stratification, and possible soft-sediment deformation (Stack et al., 2023).

Based on the sedimentary textures, colors, and compositions of the Berry Hollow abrasion patch and the sedimen-
tary structures seen in adjacent rocks, we cannot make a definitive interpretation of the depositional environment.

BENISON ET AL.

11 of 22



V od
AG

|
v

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets

10.1029/2023JE008155

Figure 13. Paragenetic sequence of features based on observations of abrasion
patches Berry Hollow and Uganik Island. Other diagenetic features (such
as concretions) seen in Hogwallow Flats and Yori Pass outcrops (but not in

abrasion patches) are not included here.

relative timing Three possible dep.os1t10na1 environments 1.nclude (a) lacus.trlne; (b) fluvial/
delta; or (c) subaerial sand flats on an alluvial fan (where wind and/or floods
early late may have occurred). Well-sorted silts and fine sands, with planar lamina-
deposition tions, low-angle cross-stratification, and soft-sediment deformation are all
g:/gprr?;;;?cal [ ] found in some lakes, some rivers and deltas, and some subaerial sand flats
process on Earth.
isopachous 5.1.2. Diagenesis
intergranular
cement Observations presented here for the Berry Hollow and Uganik Island abra-
overgrowth - 310n.patches strongly suggest that there were multlplf.: sulfate-rich and some
cements Fe-rich groundwaters that flowed through these sediments. Cream-colored
. rims seen around some grains are interpreted as a first-generation isopachous
localized red - . ) This lored is likel ed of
cements intergranular cement. This cream-colored cement is likely composed of a
- sulfate mineral due to the color, the abundance of sulfate in the rock, and
::%ﬁgﬁg yellow L the tendency for sulfate minerals on Earth to form early cement. Some white
grains have no obvious first-generation cream-colored cement. This may be
fracture and vug m due to the grains having the same composition as the cream cement, so the
formation . . . .
cement may be there but not visually recognizable. Other white-cream grains
vein ar}d vug - have a pale orange rind, which may represent either a first-generation inter-
men . ..
SOINONES granular cement of a different composition than the cream cement, or an

alteration rind where other edges of the host sulfate grain were replaced by a
different mineral. The pale orange color, with consideration of the detected
composition of the rock, suggests that these rinds may be jarosite or hematite,
which would indicate the presence of an acidic oxidized sulfate-rich fluid
responsible for this early cement.

Second generation diagenetic events include overgrowth cement and

localized intergranular cement. The pink and tan mottling may be due to
second-generation cement, including tan overgrowth cement, localized patches of hematite cement, and rare
patches of yellow cement, consistent with a possible presence of goethite or jarosite for those Fe-rich cement.
The localized red cement (and possibly yellow cements) may represent early phases of concretion formation. It
is difficult to distinguish timing among these different second-generation features, partly due to their localized
nature, the limitations on observations of sub 30 pm grain and crystal sizes, and the unpolished rock surface. Thin
section petrography that allows for higher-resolution imaging using transmitted light would allow refinement of
these features upon return to Earth. Regardless of the limitations on interpretations of these overgrowths and
second-generation intergranular cement, it seems likely that they are responsible for the pink and tan mottling of
the rocks.

The veins and vugs are interpreted as late-stage diagenetic features because they appear to cross-cut other diage-
netic features of these rocks. Veins seen in the Uganik Island abrasion patch have two cement generations: the
pale yellow-cream crystals that appear on the outer edges of veins formed first and the coarser, pale gray crystals
on the interior of veins formed last, filling the veins. The “fish”-shaped patch appears as a relatively large feature
at first. It is different from the veins in both its morphology and the crystal generations. The “fish”-shaped crystal
patch appears to either be a vug (a randomly shaped dissolution feature smaller than a cave) filled with cement
crystals or a relatively large vein that does not look elongated due to the cross-sectional cut of the abrasion
surface. However, upon closer inspection, the “dorsal fin” part of the “fish” shows several generations of crystals
directed in one direction. This is curious because these crystals point toward the outer edge of the “dorsal fin”
crystal patch, yet cement in a pore space grow toward the middle of the open pore. A possible interpretation is
that the “fish” is actually two diagenetic features: the main “fish” body is a vug or vein filled with cement, and
the “dorsal fin” is a clast of bottom-growth crystals that would have grown in saline surface water (lake) and been
eroded and deposited as a clump of crystals with the other grains at Yori Pass.

Our interpretation of the most likely paragenetic sequence is shown in Figure 13. Figure 14 illustrates a deposi-
tional and diagenetic model with four main events. The first-generation intergranular isopachous cement likely
precipitated relatively early from saline groundwater. The second-generation features, including overgrowth
cement and localized red and yellow intergranular cement, formed next. The veins and “fish”-shaped vug formed
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Figure 14. Depositional and diagenetic model for Hogwallow Flats and

Yori Pass members, shown through relative time. (a) Deposition of mixed
siliciclastics and clastic sulfate grains on Jezero crater western fan front may
have been in fluvial/delta, eolian sand flats, or lake setting. Clastic sulfate
grains are likely reworked bottom-growth or cumulate crystals from saline
lakes or eroded clasts from upstream sulfate rock outcrop. (b) Cream-colored
(and less common pale orange) isopachous intergranular cement crystals
form rings around grains; they were likely precipitated from an early, shallow
saline groundwater. (c) Second generation cement that cause the pink and

tan mottling may have precipitated as overgrowth cement and as localized
intergranular cement. Localized red cement may be related to the early stages
of Fe-oxide concretion formation. Second generation cement likely also
formed from saline groundwater. (d) Veins and vugs filled with one or two
generations of Ca-sulfate cements are late-stage diagenetic features that cross-
cut grains and earlier cement; they also precipitated from saline groundwater.

relatively late. There are no obvious indicators of compaction observed in
these rocks.

6. Discussion

6.1. Are There Terrestrial Analogs for the Hogwallow Flats and Yori
Pass Rocks?

There are sediments and rocks on Earth that have sulfate grains and sulfate
diagenetic features. Relatively few, though, are fine-grained clastic rocks that
also contain hematite and phyllosilicates. Good petrographic analogs are
Permo-Triassic red beds and evaporites of continental Pangea, now deposits
in the midcontinental USA, Brazil, and Northern Ireland, as well as recent
acid saline lake-adjacent sandflats/mudflats. For example, the sedimentary
sequence in western Kansas (USA) includes the mid-Permian Ninnescah
Shale and the Triassic Dockum Group, fine-grained siliciclastic rocks with
mottled pink and tan coloration (Figures 15a and 15b; Zambito et al., 2012).
Their grains include quartz (some coated in hematite) and reworked gypsum
clasts. Both the Ninnescah Shale and Dockum Group have early gypsum,
hematite, and phyllosilicate cement, and late-stage gypsum and anhydrite
veins. These Permo-Triassic red bed and evaporite deposits formed in shal-
low perennial and ephemeral acid saline lakes, sandflats/mudflats, ephemeral
channels, dunes, and desert soils. Shallow groundwater were acid brines that
precipitated halite, gypsum, anhydrite, bassanite, jarosite, alunite, hema-
tite, kaolinite, halloysite, and rare opalline silica just centimeters below
the surface. Modern counterparts are acid saline lake systems in Western
Australia and hydrothermally influenced acid saline lake systems in northern
Chile (Benison, 2019b; Benison et al., 2007). Figure 15¢ shows a view of
a potential Hogwallow Flats/Yori Pass analog from a mudflat adjacent to
an acid saline lake in Western Australia. The Permo-Triassic red beds and
evaporites host abundant gypsum/anhydrite veins, but the modern sediments
do not, supporting the interpretation that the veins are late-stage diagenetic
features.

The acid saline lake deposits of modern Western Australia and Chile and the
Permo-Triassic of Pangea have been studied for their microbiology. Despite
the extreme and complex water chemistry, with pH less than 2 and some-
time less than 0, salinity up to 10X seawater concentration, abundance of
dissolved metals, and low water activity measurements (as low as 0.714 for
modern lakes in Western Australia; Benison et al., 2021), these environments
are/were habitable. Microbial surveys in modern acid salt lakes and ground-
water have documented diverse microbiological communities; many of
these microorganisms are novel (i.e., Benison, Bosak, et al., 2023; Benison,
Hallsworth, et al., 2023; Davis-Belmar et al., 2013; Escudero et al., 2018;
Johnson et al., 2015; Mormile et al., 2009; Zaikova et al., 2018). Modern
halite and sulfate crystals precipitating from these acid brines contain micro-
organisms and organic compounds (i.e., Benison, 2013, 2019a; Benison
& Karmanocky, 2014; Benison, Bosak, et al., 2023; Benison, Hallsworth,
et al., 2023; Conner & Benison, 2013). Ancient acid brine salt minerals,
including halite from the Proterozoic Browne Formation of Australia, the

Permo-Triassic Nippewalla Group of Kansas and Oklahoma, and the Opeche Shale of North Dakota, and unal-

tered gypsum from the Chugwater Group of Wyoming, contain microorganisms and organic compounds in

primary fluid inclusions and as solid inclusions (i.e., Schreder-Gomes et al., 2022).

Although some of the microorganisms, including cells of archaea, bacteria, algae, and fungi preserved in ancient

halite, are extremophiles that lived in the acid saline lakes, other microorganisms, including some common fungi,
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Figure 15. Possible terrestrial analogs. (a) Permian Ninnescah Shale fine sandstone from 821.4 m depth in the Amoco
Rebecca K. Bound core, Greeley County, Kansas. (b) Triassic Dockum Group fine sandstone from 491 m depth in the Amoco
Rebecca K. Bound core, Greeley County, Kansas. (¢c) modern siltstone from 14.9 m depth in LA2-09 core from acid-saline-
ephemeral Lake Aerodrome, Cowan Basin, Western Australia. All three images show bedding plane-parallel views in rock
cores without a polished surface; top two rocks (a) and (b) were cut using a rock saw and likely display surface texture similar
to abrasion patches Berry Hollow and Uganik Island imaged in situ by Perseverance Rover; bottom rock (c) is the view of
natural breakage plane (parallel to bedding). Note pink and tan mottling and cream-colored isopachous intergranular cement
around individual grains. All three terrestrial rocks have mineral assemblages similar to the Hogwallow Flats and Yori Pass
rocks, including siliciclastic and clastic sulfate grains, and several generations of sulfate and Fe-oxide cement. All three
photos were taken in natural light.

were blown into these environments. This strongly suggests that chemical precipitates such as sulfate minerals are
excellent repositories for organic materials. The suite of organic materials in salt minerals most typically repre-
sents a mixture of both extremophile species indigenous to the parent water as well as “migrant” organic materials
that have been transported into the parent water (Benison, Bosak, et al., 2023; Benison, Hallsworth, et al., 2023).

Another possible terrestrial analog is the Lake St. Martin impact structure in Manitoba, Canada, a ~40 km
complex crater with a central uplift (Leybourne et al., 2007; McCabe & Bannatyne, 1970; Reimold et al., 1990).
This impact structure is similar in size to the Jezero crater. Crater deposits above the impact melt sheet include
red beds, which are roughly laminated unsorted deposits of gypsum-cemented clasts of carbonates, Precambrian
granitic rocks, and impact melt as well as red-orange-yellow gypsum clasts. These are overlaid by tens of meters
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thick deposits of anhydrite/gypsum/glauberite evaporites. The red beds are presumed to have been deposited
within the impact structure from an ocean-connected salina located west of the crater (Leybourne et al., 2007).
Emplacement was likely rapid as clasts up to ~25 cm are present. Extant endolithic communities have been
recognized in and on gypsum cobbles (Cloutis et al., 2021; Rhind et al., 2014).

Although morphological biosignatures in the form of microbial textures, such as stromatolites, have been
observed in many bedded gypsums of various ages in the rock record (i.e., Allwood et al., 2013; Bradford, 2023;
Bradford et al., 2022; Dela Pierre et al., 2014), cells and biotic organic compounds within salt crystals have
been the subjects of fewer studies. Most cells and organic matter in salt minerals have been identified mainly
in bottom-growth and cumulate crystals, those that precipitate directly from surface saline water bodies, such
as lakes and lagoons (i.e., Benison & Karmanocky, 2014; Conner & Benison, 2013; Lowenstein et al., 2011).
However, microorganisms have also been found in fluid inclusions in reworked gypsum crystals. Modern gypsum
from White Sands National Park dunes, modern gypsum from sandflats and dunes adjacent to acid saline lakes
in Western Australia and Chile, and unaltered Triassic gypsum grains in eolian sandstones from the Chugwater
Group of Wyoming all contain biosignatures (Benison, 2019a; Benison et al., 2016). Less is known about micro-
organisms in sulfate cement, only because few studies, to date, have examined them for biosignatures. However,
the presence of microbial life in groundwater that precipitate diagenetic sulfates suggests the strong possibility of
biosignatures in sulfate cement (i.e., Zaikova et al., 2018).

6.2. What Types of Diagenetic Fluids Affected the Hogwallow Flats Member and Uganik Island
Outcrops?

The fluids that precipitated multiple generations of cement in these rocks were likely shallow saline groundwater.
“Groundwater” here is used to indicate any liquids below a planetary surface located in pore spaces between
sediment grains or in rocks. Groundwater can exist in the vadose zone as they travel upward or downward, or
they can be part of the phreatic zone (below the water table). On Earth, they can be millimeters to kilometers
below the subaerial sediment/rock—air interface. Groundwater on Earth have various sources, including meteoric
precipitation and hydrothermal fluids. We detected no close-contact, compacted, or deformed grains, indicating
that these rocks were likely never deeply buried. All diagenetic features described are capable of forming from
shallow saline groundwater on Earth. So, although we cannot determine the source of the groundwater at this
time, we can suggest that they were relatively shallow.

Although it is difficult to accurately match some of the minerals and colors of the diagenetic features in Berry
Hollow and Uganik Island due to the generally small grain and crystal sizes and similarities in spectral signatures
of similar sulfate minerals, we can make some educated guesses. The light-colored parts of the rocks are likely
Ca-sulfate and Fe(II)-Mg-sulfate minerals. The reds, oranges, and yellows may be hematite, jarosite, and goethite.
Confirmation of anhydrite for the veins has been made (Hurowitz et al., 2023; Lopez-Reyes et al., 2023). From
these observations, we can reason that diagenetic fluids were sulfate-rich, some with relatively high amounts of
dissolved Ca, Fe, and Mg as well.

Sulfate-rich groundwater can exist at a wide range of pH values. However, those that exist concurrently with
Fe-oxides are suggestive of acid saline waters. Jarosite and copiapite are hallmarks of acids because they are
known only on Earth to have formed from low pH (generally less than pH 3) waters. Phyllosilicates can be either
products of aqueous alteration or direct precipitates from acid or alkaline brines. The phyllosilicates detected
in these abrasion patches do not correspond in any obvious way to any diagenetic feature observed; they may
exist as the dark grains. In the case that the phyllosilicates are clastic grains, they may not be indicators of the
depositional or diagenetic environment of these rocks. Possible detections of chlorides and carbonates in the
abrasion patches should also be considered, even though this first attempt at petrographic descriptions did note
any obvious chloride or carbonate features. Chlorides, such as halite, indicate high salinity but form at any pH.
Chlorides can form as chemical sediments in surface waters, such as lakes. They can also precipitate in various
forms, including intergranular cement, displacive cement, vein- and vug-filling cement, and replacement phases
of other minerals, including sulfates. In contrast, carbonates would indicate a moderate--high pH fluid, but only
if the carbonates are in the form of depositional grains and/or unaltered cement. Carbonates are also known to
form as late-stage replacements of Ca-sulfate minerals. Therefore, our preliminary interpretation is that these
Martian groundwater that existed in the Jezero fan were likely acid saline groundwater, at least at some point in
their history.
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6.3. Potential Habitability of Hogwallow Flats Member and Yori Pass Member

Because sulfate minerals precipitate from surface waters and groundwater, we suggest that the depositional and
diagenetic sulfates could have had habitable sources. The sand and silt grains in Hogwallow Flats and Yori
Pass members are the records of deposition in these locations. The clastic nature of the rock indicates that these
grains moved from elsewhere. In contrast, to confirm a saline surface water body at the time of deposition,
one would need to observe beds of bottom-growth and/or cumulate crystals, which we did not observe here.
However, sulfate sand and silt grains must have precipitated from sulfate-rich saline water. That water may have
been a surface water or a groundwater, although the former is more likely because cumulate or bottom-growth
crystals are typically larger than sulfate cement and other diagenetic sulfate phases. In addition, cumulate and
bottom-growth crystals that formed in saline lakes may have had better opportunity to be eroded and reworked
at the planetary surface, especially if the lakes had been ephemeral (see Figure 14a). Therefore, we propose that
the sulfate mineral grains were formed as crystals in saline lake waters elsewhere and then moved as clasts to the
depositional environments of Hogwallow Flats and Yori Pass.

We cannot directly assess habitability for the depositional environment of Hogwallow Flats and Yori Pass members
because clastic grains, if deposited in a subaqueous environment, give no clues about surface water chemistry. In
addition, we cannot rule out an eolian environment, which would also not provide any indicators of habitabil-
ity during deposition. We have not yet identified any sedimentary textures or sedimentary structures that favor
subaqueous or subaerial deposition. However, the sulfate mineralogy of some of the grains strongly suggests that
those grains precipitated as bottom-growth or cumulate crystals in a saline subaqueous environment (such as a
saline lake or spring) upstream or laterally adjacent to the Hogwallow Flats and Yori Pass locations. That subaque-
ous source environment may have desiccated, which would have subaerially exposed any sulfate bottom-growth
and/or cumulate crystals and made them vulnerable to erosion and transportation by winds or later surface waters.
Chemical sediments such as sulfates precipitated in lakes or springs can be re-worked and re-deposited in various
environments, including freshwater lakes, saline lakes, rivers, deltas, sandflats, and dunes. Thus, any sulfate grains
may be remnants of habitable environments elsewhere that can be found in a multitude of depositional environ-
ments (see Figure 14a). Thus, any sulfate grains may be remnants of habitable environments elsewhere that can be
found in a multitude of depositional settings (see Figure 14a). The sulfate sand and silt grains may contain fluid
and solid inclusions in their interiors that may contain parent saline lake or spring waters, atmosphere and other
gases, cells, and organic compounds. In this case, analyses of these sulfate sand and silt grains in labs on Earth may
reveal environmental proxies of the source saline surface water environment, including potential biosignatures.

The sulfate cement in Hogwallow Flats and Yori Pass rocks all formed in situ from saline groundwater. Saline
groundwater are known on Earth to host organic materials, including microorganisms and organic compounds.
The multiple diagenetic phases of sulfates suggest that multiple waters flowed through these rocks at different
times in the history of the rocks, providing multiple possible times in which the shallow subsurface setting may
have been habitable. Any biosignatures present may have been entrapped in sulfate cement as they formed.

Water chemistry can be evaluated for habitability potential. Hogwallow Flats and Yori Pass rocks contain several
minerals that are indicators of water chemistry; however, they appear to suggest changing water composition over
time. The clastic grains deposited at these two sites do not provide any evidence of surface water characteristics at
those locations. We cannot confidently conclude that the depositional environments at Hogwallow Flats and Yori
Pass for these grains were subaqueous, and even if it was subaqueous, we do not know the water depth, salinity,
pH, or composition. Any Ca-sulfate grains would have been sourced from an environment elsewhere that once
may have had a surface water enriched in calcium and sulfate. As for the various diagenetic sulfate minerals, a
refined paragenetic sequence may help understand groundwater chemistry over time. For example, if jarosite/
copiatite co-precipitated with Ca- or Mg-Fe-sulfates, this would indicate that groundwater was acidic, as jarosite
and copiapite precipitate only from acid sulfate brines and acid waters may be enriched in Fe. In contrast, if some
Ca-sulfates, including anhydrite, formed at a distinct time different from precipitation time of these acid minerals,
they may indicate Ca-SO,-enriched water, but at any pH.

6.4. What Environmental Indicators May Be Present in the Sulfate Minerals in the Bearwallow,
Hazeltop, and Kukaklek Samples?

Sulfate minerals and other saline minerals commonly contain, in their crystal interiors, microsamples of their
parent environment that can remain preserved for hundreds of millions of years and indicate detailed information
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about their environment of formation (i.e., Benison, 2013; Goldstein, 2001; Lowenstein et al., 2011). Because
sulfate minerals precipitate from waters and grow relatively quickly, they tend to entrap fluid inclusions along
imperfections in growth bands as they grow (Goldstein & Reynolds, 1994). These fluid inclusions can be up to
~400 pm long. Their orientation along growth bands testifies to their entrapment during the growth of the host
mineral; we call these primary fluid inclusions. In contrast, secondary fluid inclusions are situated along planes
that cross-cut growth bands and crystal boundaries, indicating that they were formed by later fluids that migrated
through a crystal along microfractures (Goldstein & Reynolds, 1994). In addition to water and gases, sulfate
minerals can also trap solids as solid inclusions.

Primary fluid inclusions contain a liquid and/or gas (Goldstein & Reynolds, 1994; Roedder, 1984). They may
also contain solid minerals in the form of true or accidental “daughter crystals.” Fluid inclusions can also contain
various organic materials, including cells of microorganisms and liquid, solid, and/or gas organic compounds.
Some growth bands in sulfate minerals also host solid inclusions associated with primary fluid inclusions. These
are mineral or organic solids trapped within the host sulfate crystal (see next section for description of organic
materials in fluid inclusions). Petrography is the key for distinguishing primary fluid inclusions and solid inclu-
sions from any secondary inclusions. In addition, petrographic observations of phases within fluid inclusions are
an important foundational step to guide further analyses aimed at identifying those phases.

Fluid inclusion analyses can be used to determine water temperature at the time of crystal growth, pressure
of entrapment, liquid composition (including salinity, pH, and major ions), and gas and solid compositions
(Goldstein & Reynolds, 1994). There is a large range of studies that can be conducted on fluid inclusions
(Benison, 2013). Some are non-destructive and are performed in situ on individual inclusions, such as the micro-
thermometry techniques known as homogenization runs, which determine the temperature of formation, and
freezing-melting runs, which analyze for total salinity and major ion content (i.e., Benison & Goldstein, 1999;
Benison & Lowenstein, 1997; Davis et al., 1990; Karmanocky & Benison, 2016; Roberts & Spencer, 1995).
Laser micro-Raman spectroscopy of individual phases in fluid inclusions is an in situ, non-destructive technique
that has been used to measure pH and compositions of parent waters, as well as identify minerals and organic
compounds within fluid inclusions (Benison et al., 1998; Jagniecki & Benison, 2010; Winters et al., 2013).
UV-vis petrography can detect fluorescent response of organic materials in fluid inclusions or as solid inclusions
(Conner & Benison, 2013). Other analyses performed in situ on individual inclusions include techniques such
as ESEM-EDS and LA-MS, which have been used to interpret past seawater and lake water compositions (i.e.,
Brennan et al., 2004). Laser pyrolysis and time-of-flight secondary ion mass spectrometry have also been used to
study organic biomarkers in fluid inclusions (Siljestrom et al., 2010, 2013, 2022; Zhang et al., 2012). In addition,
there are many analytical techniques that can be performed destructively by crushing host crystals and extracting
inclusion fluids, gases, and organic material. Examples include the measurement of oxygen content in entrapped
Proterozoic atmosphere in fluid inclusions in halite (Blamey et al., 2016) and identification of archaeal, bacterial,
and algal species in fluid inclusions in halite (i.e., Norton & Grant, 1988).

The reworked sulfate grains and diagentic sulfate crystals in the Bearwallow, Hazeltop, and Kukaklek samples
have the potential to contain fluid and solid inclusions. These fluid inclusions could be a treasure trove of infor-
mation about both biosignatures and past environmental conditions of the Jezero crater fan front. Fluid and/or
solid inclusions in reworked sulfate grains would provide environmental information about surface water envi-
ronments that existed prior to, or laterally adjacent to the depositional sites of the middle Shenandoah formation.
Possible data could include air composition, water temperature, water salinity, composition, pH, and microor-
ganisms and organic compounds. Additionally, fluid inclusions in the diagenetic sulfate minerals found as inter-
granular cement, possible overgrowth cement, and vein and vug cements may record data about past groundwater
temperatures, salinities, compositions, pHs, and microorganisms and organic compounds.

6.5. Types of Biosignature Preservation Possible in Sulfate Clastic Grains and Diagenetic Sulfate
Cements

Biosignatures have been documented in the interiors of crystals of gypsum, anhydrite, and mirabilite on Earth
(Figure 16). Microorganisms and organic compounds can be entrapped as solids and within fluid inclusions as
sulfate minerals grow quickly. Cells of archaea, bacteria, and algae as well as fungi, pollen, and insects have been
found in sulfate minerals (i.e., Benison & Karmanocky, 2014; Gill et al., 2023). In addition, organic compounds
such as beta-carotene and glycerine have also been detected (Benison & Karmanocky, 2014; Gill et al., 2023).
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Figure 16. Microbes in primary fluid inclusions and solid inclusions in terrestrial sulfate minerals. (a) Liquid-gas

fluid inclusions in wind-deposited gypsum clast from Salar Gorbea, Chile. Arrow points to prokaryotic cocci. Modified
from Benison (2019a). (b) All-liquid and liquid-gas fluid inclusions in White Sands gypsum dune sand. (c) Mirabilite
from spring in Great Salt Lake, Utah, USA Modified from Gill et al. (2023). (d) Yellow algae and clear prokaryotes in
primary fluid inclusion in bottom-growth gypsum crystals, Lake Aerodrome, Cowan Basin, Western Australia. Modified
from Benison (2019a). (el) Transmitted light and (e2) paired UV-vis (330 and 385 nm) light views of microorganisms
in primary fluid inclusion in mirabilite from Great Salt Lake, Utah, USA Modified from Gill et al. (2023). (f) Algae,
partially coated in beta-carotene, in wind-deposited gypsum crystal from Salar Ignorado, Chile. Modified from Benison
and Karmanocky (2014). (g1) Transmitted light and (g2) UV-vis (330 and 385 nm) light views of suspect green alga and
prokaryotes trapped as solid inclusions in growth band with primary fluid inclusions in gypsum dune sand adjacent to Lake
Aerodrome, Cowan Basin, Western Australia.

When trapped within a fluid inclusion, cells and organic compounds are in a microhabitat that may provide a
host environment for long geological time periods (i.e., Lowenstein et al., 2011; Schreder-Gomes et al., 2022).
Regardless of whether biosignatures are trapped as solid inclusions or within fluid inclusions, their location the
interior of crystals probably protects them from decay that would otherwise occur on the planetary surface when
exposed to atmosphere and radiation.

Relatively few studies have focused on microorganisms and organic compounds within sulfate minerals (i.e.,
Benison & Karmanocky, 2014; Dela Pierre et al., 2015; Gill et al., 2023). Those studies are dominated by anal-
yses of either natural or laboratory-grown chemical sediments, such as bottom-growth or cumulate crystals (see
Figure 14). In the literature, there are only a few mentions of biosignatures in reworked gypsum clasts (Benison &
Karmanocky, 2014; Karmanocky & Benison, 2016). Little is known about the potential of biosignatures in sulfate
cement. However, early, shallow acid saline groundwater surveyed in Western Australia contain a diverse micro-
bial population (i.e., Zaikova et al., 2018). These same groundwater precipitate sulfate intergranular cement,
overgrowth cement, and displacive crystals. Therefore, although untested to date, there is a possibility that the
sulfate cement in the Hogwallow Flats and Yori Pass rocks may contain organic materials.

Of the two main forms of sulfate in these Martian rocks, the reworked sulfate clasts likely have a higher potential
for hosting biosignatures. Because chemical sediments (those saline mineral crystals that precipitate from surface
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saline waters) grow quickly, they contain abundant imperfections on their crystal faces as they grow; these imper-
fections become microscopic pockets of parent liquid that are covered over with the host crystal as it continues
to grow. In contrast, groundwater precipitate minerals at a slower pace; thus, cement, in general, tend to have
fewer entrapped primary fluid inclusions that can serve as host microhabitats for microorganisms and organic
compounds. Although we propose that any of the sulfates at Hogwallow Flats and Yori Pass have the potential
to have trapped and preserved biosignatures, if they were present, the reworked sulfate clasts likely have a higher
potential for biosignatures than do the sulfate cement.

Another way to preserve biosignatures over long geologic time periods is within Fe-oxide concretions (see Figure
6.2 in Farmer et al., 2009). Sulfate and chloride minerals that contain biosignatures can be incorporated within
concretions when Fe-oxide cement grow around the sulfate grains or crystals. The Fe-oxide then provides further
protection from possible dissolution from later dilute waters and radiation.

The rocks of Hogwallow Flats and Yori Pass have the potential to contain biosignatures. If the sulfates have
organic materials as solid inclusions or within fluid inclusions, they would not be easily detected by in situ analy-
ses performed by the Perseverance rover. In terrestrial sulfate minerals, the requirements to detect these cells and
organic compounds include transmitted microscopy and/or UV-vis fluorescence microscopy at the 400-2,000x
magnification range with long-working distance microscope objectives, as well as laser Raman spectrometry
at similar magnification and focus. The total amount of organic material in such cases is low, and the high
resolution of analytical instruments focused into crystal interiors is needed (i.e., Gill et al., 2023; Lowenstein
et al., 2011; Schreder-Gomes et al., 2022). However, when compared with known preservation in terrestrial
analog sulfate minerals, we suggest that the Hogwallow Flats and Yori Pass sulfate minerals have the potential
to host biosignatures.

7. Conclusions

The Bearwallow, Hazeltop, and Kukaklek rock cores sampled at Hogwallow Flats and Yori Pass contain a record
of deposition and a series of diagenetic fluid events. Sulfate cement crystals suggest saline groundwater. Depo-
sitional and diagenetic sulfates here have the potential to contain fluid inclusions that may yield environmental
conditions such as past water temperatures, salinities, compositions, and pH. In addition, such sulfates are known
to have preserved biosignatures in the geologic record of Earth. Future analyses of these sulfates in laboratory
facilities on Earth may provide answers to questions about past Martian environments, habitability, and life.

Data Availability Statement

The data in this publication are from the Mastcam-Z, PIXL, and Watson instruments of the Mars 2020 Persever-
ance rover. These data are also available in the NASA PDS archive, including Mastcam-Z (Bell & Maki, 2021),
PIXL (Allwood & Hurowitz, 2021), and Watson/SHERLOC (Beagle, 2021). The images shown in Figures 2,
5-7,8a, 10a”7, and 11 can be found in Initial Reports M2020-509-14 Hazeltop. M2020-516-15 Bearwallow, and
M2020-623-19 Kukaklek (Farley & Stack, 2023, https://doi.org/10.17189/49zd-2k55, https://pds-geosciences.
wustl.edu/m2020/urn-nasa-pds-mars2020_sample_dossier/initial_reports_volume2.pdf) in the NASA Planetary
Data System archive. Images appearing in Figures 8b and 9 are cropped close-up views of Figure 8a. Images
appearing as Figure b—e are cropped close-up views of Figure 10a.
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