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Abstract The Perseverance rover has collected seven oriented samples of sedimentary rocks, all likely

older than the oldest signs of widespread life on Earth, at the exposed base of the western fan in Jezero crater,
Mars. The samples include a sulfate- and clay-bearing mudstone and sandstone, a fluvial sandstone from a

stratigraphically low position at the fan front, and a carbonate-bearing sandstone deposited above the sulfate-
bearing strata. All samples contain aqueously precipitated materials and most or all were aqueously deposited.
Although the rover instruments have not confidently detected organic matter in the rocks from the fan front, the
much more sensitive terrestrial instruments will still be able to search for remnants of prebiotic chemistries and
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past life, and study Mars's past habitability in the samples returned to Earth. The hydrated, sulfate-bearing
mudstone has the highest potential to preserve organic matter and biosignatures, whereas the carbonate-bearing
sandstones can be used to constrain when and for how long Jezero crater contained liquid water. Returned
sample science analyses of sulfate, carbonate, clay, phosphate and igneous minerals as well as trace metals and
volatiles that are present in the samples acquired at the fan front would provide transformative insights into past
habitable environments on Mars, the evolution of its magnetic field, atmosphere and climate and the past and
present cycling of atmospheric and crustal water, sulfur and carbon.

Plain Language Summary The Perseverance rover collected seven oriented samples of bedrock at
the front of the apron-like sediment deposit in the western side of Jezero crater, Mars. Grains and cements in
these sedimentary rocks were likely deposited by water or formed in the presence of water in a range of past
environments that predate the first signs of life on Earth. This study describes the geologic context and chemical
composition of these samples and discusses how, upon return to Earth, they can be used to search for potential
signs of past life, understand when and for how long Mars was habitable and why its climate changed. Studies of
the returned samples would seek to detect and analyze organic compounds that may be present below the
detection limit of the rover instruments, particularly in the finest-grained rocks, and look for the traces of
prebiotic processes or past life in all collected samples of sedimentary rocks. Additional analyses can also
constrain tell us when, why and for how long the rivers and lakes existed in Jezero crater. The presence of
diverse materials in rocks that were deposited by or into water can transform current views of Mars science and
habitability outside of Earth.

1. Introduction

Jezero crater was selected as the landing site of the Perseverance rover mission because it contains sedimentary
rocks that can enable the search for potential signs of early life and prebiotic organic processes on Mars because
they are thought to have been aqueously deposited more than 3.5 billion years ago (Farley et al., 2020; Grant
et al., 2018; Williford et al., 2018). Past observations by rovers and orbiters motivated many of these efforts by
revealing past water-containing, habitable environments on Mars (e.g., Grotzinger et al., 2014; Squyres
et al., 2004). However, instruments on rovers cannot provide the combined small-scale isotopic, chemical and
textural information required to recognize potential signs of prebiotic processes and early microbial life in martian
rocks. Although analyses of various martian meteorites in terrestrial laboratories could, most martian meteorites
lack a known geologic context, are igneous and do not sample past environments where life would have thrived,
and have been exposed to terrestrial contamination. Thus, the scientific community has prioritized the return of
Martian rock samples with known geologic context for at least a decade (Beaty et al., 2019; Farley et al., 2020;
National Academies of Sciences, Engineering, and Medicine, 2022; National Research Council, 2011; Williford
et al., 2018).

Rocks thought to record past water activity in Jezero crater reside in two fans that extend from two valley network
inlet channels, one at the western and the other at the northern side of the crater (Fassett & Head, 2005, 2008). Not
only do the older estimates of aqueous activity in these fans (Fassett & Head, 2008, 2011; Goudge et al., 2015;
Holm-Alwmark et al., 2021; Mangold et al., 2020; Quantin-Nataf et al., 2023) predate the oldest morphological
and chemical evidence for microbial life on Earth at 3.5-3.4 Ga (Allwood et al., 2006; Hickman-Lewis
et al., 2019; Sugitani et al., 2013; Tice & Lowe, 2004; Walsh & Lowe, 1999; Westall et al., 2015), but orbital
signals of hydration, Fe/Mg-smectite clays (Ehlmann, Mustard, Fassett, et al., 2008; Goudge et al., 2015) and
magnesium carbonates in Jezero crater (Ehlmann, Mustard, Murchie, et al., 2008; Goudge et al., 2015; Horgan
et al., 2020) indicate the presence of materials that would not survive metamorphic alteration, weathering and
extensive post-depositional fluid flow (Bosak et al., 2021). The latter processes have fueled controversial in-
terpretations of the oldest biosignatures in terrestrial rocks (Alleon & Summons, 2019; Allwood et al., 2018;
Bernard et al., 2021; Nutman et al., 2016; Rosing, 1999; Zawaski et al., 2020).

Cognizant of the great importance of aqueously deposited sedimentary rocks that likely sample past habitable
environments on Mars, the Perseverance rover team designed The Fan Front Campaign to collect a suite of
sedimentary rock cores. Here, we describe the campaign, sampling and documentation related to the samples
collected by the Perseverance rover at the front of the western sediment fan in Jezero crater (Section 2), and
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Table 1
Key to Sampled Cores and Associated Abraded Patches

Outcrop (map) Member Abrasion Core for main cache Core for three forks cache
Amalik Amalik Novarupta Mageik Shuyak and WB3
Hidden Harbor Yori Pass Uganik Island Kukaklek -

Wildcat Ridge Hogwallow Flats Berry Hollow Hazeltop Bearwallow
Skinner Ridge Lower Rockytop Thornton Gap Swift Run and WB2 Skyland

Note. Indicated are Stratigraphic Position (Member) and Placement in the Three Forks Cache or Main Cache.

summarize the textural, mineralogical, and compositional evidence for their aqueous deposition and alteration
(Section 3). In Section 4, we discuss the potential of these samples to, upon return to Earth, enable the search for
potential biosignatures and investigations of Martian volatiles and changing habitability within an established
stratigraphic and temporal context.

2. Campaign, Sampling and Documentation
2.1. Planning and Methodology for Sampling During the Fan Front Campaign

After exploring the igneous crater floor (e.g., Farley et al., 2022) and collecting samples of aqueously altered
igneous rocks (Simon et al., 2023), the planning process for the Fan Front Campaign was conducted in early 2022
using orbital imagery and spectroscopy (Stack et al., 2020). This process identified four paired samples to be
collected at the front of the western Jezero fan: (a and b) two different samples of lacustrine sediments with the
potential for biosignature preservation; (c) one relatively coarse-grained sedimentary sample for constraining the
geochronology of fan deposition and Jezero catchment provenance studies; and (d) one regolith sample. This
sampling plan addressed some of the many objectives of the iMOST report (Beaty et al., 2019), focusing on the
samples that represented the geologic diversity of this area, while having the capacity to preserve organic
compounds, chemical or morphological signals of past habitable conditions and potential biosignatures.

2.2. STOP List and Sample Documentation

Before acquiring each core, the rover drill used an Abrading Bit to expose a fresh, 5-10 mm deep, circular interior
region of the nearby outcrop, called an abraded patch, for analysis (Moeller et al., 2021). Table 1 presents the
names of these abrasion patches and relates them to the names of the outcrops and samples.

A systematic set of in situ instrument activities, called the Standardized Observation Protocol (STOP) list, ac-
companies the abrasion and sample collection. The STOP analyses document the geological context and the
specific outcrops targeted for sampling and includes images at multiple scales along with chemical and miner-
alogical analyses of the outcrop surface and abraded patch (see Simon et al., 2023 for details). The outcrop is
characterized by Mastcam-Z (workspace context, targeted, and multispectral imaging; Bell et al. (2021)) and
SuperCam Remote Micro-Imaging, laser induced breakdown spectroscopy, visible and infrared spectroscopy
(VISIR) and Raman spectroscopy (Maurice et al., 2021; Wiens et al., 2021)]. Additional STOP-list analyses of the
abraded patches include imaging by a wide-angle camera, Wide Angle Topographic Sensor for Operations and
eNgineering (WATSON) (Minitti et al., 2021), detection of minerals and potential organic compounds by ul-
traviolet (UV) Raman and luminescence spectroscopy using the Scanning Habitable Environments with Raman &
Luminescence for Organics & Chemicals (SHERLOC) instrument (Bhartia et al., 2021), and the detection of
major elements in the abraded patch by micro (X-ray fluorescence) XRF using the Planetary Instrument for X-ray
Lithochemistry (PIXL) instrument (Allwood et al., 2020).

Upon successful sampling, the Science Team processed the instrument data and used the information from the
STORP list to write Initial Reports (IRs) for each core within weeks of sample acquisition. The standardized
narrative in the IRs summarizes the sample lithologies and compositions, their geologic and stratigraphic context,
the rationale for sampling and interpretations that are available at the time of sampling and at the completion of the
STOP list activities. The Initial Reports from this and previous campaigns are available publicly and reside in the
NASA Planetary Data System (PDS) at https://pds-geosciences.wustl.edu/missions/mars2020/returned_sample_
science.htm. All geographic and geological names presented here are informal.
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Table 2
Summary of All Cores and Witness Tube Assemblies (Blanks)
Core Drill sol Seal sol Length (mm) Rock type® Core fracturing Anomalies
Shuyak 575 575 55.5 Coarse mudstone ND + small fragment None
Mageik 579 619 73.6 Coarse mudstone ND Sealed 40 sols after drilling
Hazeltop 509 509 59.7 Fine-grained siltstone or ND None
coarse mudstone
Bearwallow 516 516 62.4 Fine-grained siltstone or ND None
coarse mudstone
Kukaklek 623 631 49.7 Fine sandstone ND + small fragment Sealed 8 days after drilling
Swift Run 490 490 67 Sandstone ND None
Skyland 495 495 58.5 Sandstone ND None
WB 2 499 499 None
WB 3 584 586 Sealed late, the tube left the sealing

station on sol 591

Note. WB: witness blank. ND: not detected. “Based on the grain size classification by Lazar et al. (2015) and Wentworth (1922).

2.3. Sampling Process

The Perseverance rover acquired two types of samples during the Fan Front Campaign. First, seven rock samples
with diameters of 13 mm and lengths from 49.7 to 73.5 mm (Table 2) were drilled using the rotary percussive
coring drill (Moeller et al., 2021). All of these were taken from bedrock so that they can be related to the regional
stratigraphic and geologic context and so that their original orientations prior to sampling can be reconstructed.
With respect to the latter, all samples were oriented in martian geographic coordinates to better than 2.6° un-
certainty (3c) (Weiss et al., 2024). As in the earlier Crater Floor Campaign (Simon et al., 2023), six of the seven
cores were collected as paired samples of three different outcrops; one core from each pair was placed in the Three
Forks Cache and one remained on the rover. Second, two unoriented samples of loose regolith were acquired;
these are discussed by Hausrath et al. (2023).

2.4. Witness Tubes

In addition to the tubes used for storing the samples, five Witness Tube Assemblies (WTAs) were included on
Perseverance's payload (Moeller et al., 2021) as recorders of potential contaminants to which the rock cores might
have been exposed from the rover. Four of these “witness tubes” are identical, located in sheaths within the
Adaptive Caching Assembly (ACA WTA tubes), protected by fluid mechanical particle barriers and isolated from
volatile organic molecules by a tortuous path of gettering surfaces until activation (Moeller et al., 2021). To
activate a WTA, the seal is punctured using the volume probe inside the ACA. Thereafter, the WTAs are pro-
cessed in the same way as the rock cores except there is no contact between drill bit and rock.

Because the largest outgassing from the rover is expected early in the mission, the plan was to process two ACA
WTA tubes at the earliest opportunity to do so. Engineering constraints allowed this to occur during the Delta
Campaign. The first ACA tube was processed after sampling at Skinner Ridge on sol 499. The second ACA was
processed directly over the abraded patch Novarupta at Amalik after sampling of Shuyak and Mageik (Figure 1;
Table 2).

3. Results

Perseverance encountered the first outcrops of sedimentary rocks at a site called Amalik on sol 424 (Figure 1;
Stack et al., 2024). Enchanted Lake contains clastic sedimentary facies consistent with subaqueous deposition
(Stack et al., 2024). The rover then explored sections in the laterally-equivalent Hawksbill Gap region to identify
outcrops suitable for in situ analyses and sampling (Figure 1; Stack et al., 2024).

On sol 477, Perseverance arrived at the Skinner Ridge outcrop (Figure 1), where it acquired the Swift Run and the
Skyland cores (Table 1). These two cores fulfilled the desired characteristics for the coarse-grained sediment
sample from the fan front that contains a heterogeneous population of detrital materials deposited into the fan,
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Swift Run Skyland

Hazeltop Bearwallow

Kukaklek

e
Shuyak

Figure 1. Rock cores acquired during the Fan Front Campaign. CacheCam images of the cores in their container tubes are on
the left. Red symbols on the High-Resolution Imaging Experiment (HiRISE) map in the right show the locations of the
sampled outcrops and the corresponding cores. Shuyak and Mageik were sampled at Amalik (Figure 2), Hazeltop and
Bearwallow at Wildcat Ridge (Figure 3), Kukaklek at Hidden Harbor (Figure 4) and Swift Run and Skyland at Skinner Ridge
(Figure 5). Sunset Hill (yellow symbol) was abraded, but the rock collapsed during abrasion, so it was not sampled. All cores
are 13 mm in diameter. White lines on the map delineate the rover's trajectory during the Fan Front Campaign. Green symbol
shows the location of the Three Forks Cache.

including grains that may have originated outside of Jezero crater, sand-sized or larger grains that enable
geochronology, as well as aqueously precipitated minerals such as carbonates and sulfates. Perseverance then
processed a WTA (Table 2; Moeller et al., 2021) and drove away toward Wildcat Ridge (Figure 1).

Upon arriving at Wildcat Ridge, remote-sensing and proximity science observations revealed a fine-grained
sedimentary rock at a relatively low stratigraphic position (Table 1; Stack et al., 2024). The rover sampled
two cores at this locality: the Hazeltop and the Bearwallow cores are fine-grained sedimentary rocks that may
preserve organic compounds. To increase the number of such samples, the single Kukaklek core was collected
from Hidden Harbor (Figure 1), a lateral equivalent of Wildcat Ridge at Yori Pass (Table 2). This core was not
one of the four samples baselined during campaign planning and was reserved for the main cache on the rover.

Upon return to Amalik (Figure 1), the rover acquired the Shuyak core and the Mageik core. Due to a series of failed
attempts to dispense the paired seal for the Mageik tube, this core was sealed using a different seal (Table 2).
These two cores fulfill the desired characteristics for an aqueously deposited sedimentary rock sample from a low
stratigraphic position at the fan front. After the coring of Mageik, another WTA was processed at this outcrop
(Table 2).

3.1. Stratigraphy and Sedimentology

All samples collected from Jezero fan front have a well-constrained geologic context (Table 1; Stack et al., 2024).
The outcrop, bed and grain-size analyses (Tables 2 and 3) support the interpretation of these samples as deposited
by water in environments that are interpreted to have transitioned from fluvial to lacustrine and deltaic (Stack
et al., 2024).

The Shuyak and Mageik cores were collected from the Amalik outcrop (Figure 2; Table 2) in the Amalik member
of the Shenandoah formation (Stack et al., 2024). The flat, dark coarse mudstones (Figure 2; Table 3) in Amalik
were likely deposited aqueously at a stratigraphically low position at the front of the existing fan, likely in a fluvial
setting (Stack et al., 2024) and then altered in the presence of water (Dehouck et al., 2023).
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Table 3
Measurements of Grain Sizes and Shapes in Abraded Patches in WATSON Images of Abraded Patches

Novarupta Berry Hollow Uganik Island Thornton Gap

Mode ¢* 4.4 4.5 39 2 and 4
Mean grain size ¢ 43 4.3 3.8 2.1
Sorting, standard deviation of ¢ Well sorted, 0.35 Well sorted, 0.4 Moderately well-sorted, 0.74 Poorly sorted, 1.6
Grain shape Equant Subrounded Equant Subrounded to subangular

Note. ¢ = —log,(D), Where D is the diameter of a grain in millimeters.

The Hazeltop and Bearwallow cores were collected at Wildcat Ridge in the Hogwallow Flats member that
consists of light-toned, fractured sedimentary rocks that are finer-grained than other rocks at the fan front
(Tables 2 and 3; Figure 3). The Hazeltop core on this outcrop was drilled through a surface with multiple lumpy
features and fractures, including a possible nodule (Figure 3). Hidden Harbor, an outcrop of the Yori Pass
member of the Cape Nukshak region of the western Jezero fan front, is similarly light-toned, moderately sorted
sandstone (Tables 2 and 3; Figure 4) and a likely lateral equivalent of the light-toned rocks at Hogwallow Flats
and the similarly light-toned strata to the west of Yori Pass (Broz et al., 2023; Stack et al., 2024). The Kukaklek
core from Hidden Harbor contains multiple veins and irregularly shaped bright features filled with anhydrite

Franklin Cliffs

Whale Mountain
Observation M

Figure 2. Local context of the Amalik outcrop and the Novarupta abrasion. (a) View of Enchanted Lake at the base of the
Alagnak ridge within the lower Cape Nukshak fan front stratigraphy. The Amalik outcrop is located near the top of the
exposed Amalik member, which underlies Knife Creek and Alagnak, and overlies the Kaguyak member. The Amalik outcrop
is ~5 m across; the vertical distance from Amalik to the upper surface of Cape Nukshak (the top of the Alagnak cliff) seen in
this image is ~4 m. Franklin Hills and Whale Mountain are parts of the fan. View is to the N; sol 425, zcam08450, Z110
enhanced color. Observation Mountain is the location of the regolith samples (Atmo Mountain and Crosswind Lake). A 3D
model of the Amalik and Enchanted Lake area can be viewed at Tate (2023a). (b) The workspace after abrasion and sampling
activities, showing the fracturing that occurred after Shuyak was cored (center arrow). The 5 cm wide Novarupta abrasion
(right arrow), Mageik hole (left arrow). Sol 582, zcam08595, Z63 enhanced color. A 3D model of the Amalik workspace can
be viewed at Tate (2023b). (c) Sol 568 WATSON 10-cm standoff focus merge of Novarupta abrasion. The diameter of the
abrasion is 5 cm. A 3D model of the Novarupta abrasion patch can be viewed at Tate (2023c).
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. Upper Rockytop —.

Betty’s Rock.

S /Skinner Ridge

«~— Lower Rockytop —

Hogwallow Elats

Figure 3. Local context of the Wildcat Ridge outcrop and the Berry Hollow abrasion. (a) The Wildcat Ridge outcrop viewed
from the sampling workspace; View is to the NW; sol 518, zcam05842, Z034 enhanced color. Wildcat Ridge is located at the
base of the exposed Hogwallow Flats member below Lower Rockytop. Lower stratigraphic units and crater floor lie below
the bottom of the image. The Wildcat Ridge block is ~0.4 m across. The Skinner Ridge block is ~1 m across; the vertical
distance from Skinner Ridge to the highest point of Upper Rockytop seen in this image is ~6.5 m. (b) Mastcam-Z workspace
image of Wildcat Ridge after sampling Hazeltop and abrasion of Berry Hollow. The white arrow points to a feature
interpreted to be a concretion that is 1 cm long and 0.7 wide. The abrasion patch diameter is 5 cm. Sol 513, zcam08537, Z110
enhanced color. A 3D model of the Wildcat Ridge workspace can be viewed at Tate (2023d). (c) Sol 511 WATSON 7-cm
standoff daytime image of Berry Hollow abrasion patch (5 cm wide). A 3D model of the Berry Hollow abrasion patch can be
viewed at Tate (2023e).

(Figures 1 and 4). All these strata (Table 1) may have originated from the subaqueous downslope deposition of the
materials into a stratified, hypersaline lake (Stack et al., 2024). Alternative interpretations invoke reworking,
transport and subaerial deposition of these minerals (Benison et al., 2024).

The Swift Run and Skyland cores were collected from Skinner Ridge, an outcrop of the Lower Rockytop member of
the Hawksbill Gap region of the western Jezero fan front (Figure 1; Stack et al., 2024). Skinner Ridge is a
horizontally layered, medium-grained sandstone at the base of a scarp (Figure 5; Table 2). The observed sedi-
mentary features (Stack et al., 2024), grain size distribution (Table 3) and the presence of a composite clasts and a
cementing matrix around the grains support the interpretation of the Swift Run and Skyland cores as samples of a
sandstone that was aqueously deposited at the front of the existing sediment fan and then altered and cemented in
the presence of water.

3.2. Imaging and Compositional Analyses of Sampled Outcrops

All rocks sampled at Jezero fan front are hydrated and contain varying amounts of detrital minerals and minerals
produced by aqueous alteration or precipitation from solution (Table 4; Dehouck et al., 2023; Figure S1 in
Supporting Information S1). Hogwallow Flats and Yori Pass contain up to ~20 wt% of SO5 in hydrated Fe(II)/Mg
sulfate minerals and some anhydrite, whereas Skinner Ridge and Amalik contain Fe/Mg carbonate minerals
(Table 4; Figures S2-S5 in Supporting Information S1). The Mg/Fe(Il) sulfate minerals in the matrix of
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Whale Mountain

Yori Pass (area)

- Hidden Harbor

Figure 4. Local context of the Hidden Harbor outcrop and the Uganik Island abrasion. (a) The Hidden Harbor outcrop is
located near the base of the exposed Yori Pass member. Whale Mountain (upper right) consists of stratigraphically higher fan
units. Lower stratigraphic units and crater floor lie below the bottom of the image. The Hidden Harbor outcrop is ~5 m
across; the vertical distance from Hidden Harbor to the break in slope that defines the base of Whale Mountain seen in this
image is ~15 m. View is to the west; sol 619, zcam08623, Z110 enhanced color. The Uganik Island abrasion and Kukaklek
coring location are indicated with white arrow. A 3D model of the Hidden Harbor area can be viewed at Tate (2023f). (b) The
Hidden Harbor workspace on sol 619 after abrasion and prior to sampling; zcam08623 L0 enhanced color mosaic at a focal
length of 34 mm. (c) Sol 612 WATSON 7-cm standoff focus merge of the Uganik Island abrasion (5 cm wide); most of the
abrasion is in full sun illumination. A 3D model of the Uganik Island abrasion can be viewed at Tate (2023g).

Hogwallow Flats and Yori Pass are hydrated and lack Al, so they cannot be assigned to alunite-group sulfate
minerals that contain ferric iron (Hurowitz et al., 2023; Figure S3 in Supporting Information S1). Anhydrous Ca
sulfate minerals occur at Amalik (Table 4), whereas SuperCam and SHERLOC Raman spectroscopy detects
anhydrite in the white veins and the lightest grains at Yori Pass and Hogwallow Flats (Table 4; Figure S2 in
Supporting Information S1; Lopez-Reyes et al., 2023; Nachon et al., 2023). Based on the missing analytical totals
in PIXL XRF analyses of the selected areas of the abraded surface, the abundances of elements that are not
quantifiable by PIXL, such as H, C and N, and water are the highest in Skinner Ridge and the lowest in the sulfate-
rich strata (Hurowitz et al., 2023; Supplementary Table 1). Some grains in Skinner Ridge and Amalik have
compositions that are consistent with olivine and pyroxene (Figures S2 and S3 in Supporting Information S1).
These two outcrops also contain various minor phases such as baddeleyite and ilmenite (Hurowitz et al., 2023;
Table 4; Figure S3 in Supporting Information S1). Skinner Ridge exhibits the largest compositional heterogeneity
and the most frequently detected Raman signatures of carbonate among the analyzed abraded patches (Table 4;
Figures S4 and S5 in Supporting Information S1).

The absence of G-bands from the Raman spectra of all abraded patches indicates that organic concentrations are
lower than the stated lower detection limit by Raman spectroscopy (0.1 wt%; Bhartia et al., 2021; Scheller
et al., 2024). The UV luminescence by the SHERLOC instrument is more sensitive to aromatic organics (~10
ppm detection limit, Bhartia et al., 2021; Razzell Hollis et al., 2022; Razzell Hollis et al., 2021). SHERLOC
detected the doublet UV fluorescence centered at 305 and 325 nm in all sulfate-rich rocks that was the strongest in
anhydrite veins and grains, and the luminescence centered at 330-350 nm in Amalik and Skinner Ridge (Table 4;
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Franklin Cliffs—=

.— Upper Rockytop —
Betty’s-Rock

Skinner Ridge

Figure 5. Skinner Ridge context and Thornton Gap abrasion. (a) View of the layered Rockytop ridge within the Hawksbill
Gap fan front stratigraphy. The Skinner Ridge outcrop is located at the base of the Lower Rockytop unit above Hogwallow
Flats. The Franklin Cliffs area in the upper right contains stratigraphically higher fan units. Lower stratigraphic units and
crater floor lie below the bottom of the image. The Skinner Ridge block is ~1 m across; the vertical distance from Skinner
Ridge to the highest point of Upper Rockytop seen in this image is ~6.5 m. View is to the NW; sol 459, zcam08479, Z110
enhanced color. (b) Workspace image after abrading Thornton Gap and sampling Swift Run. The abrasion patch is 5 cm
across. Sol 492, zcam08517, Z034 enhanced color. A 3D model of the Skinner Ridge area can be viewed at Tate (2023h).
(c) Sol 482 WATSON 7-cm standoff daytime image of Thornton Gap abrasion patch. A 3D model of the Thornton Gap
abrasion can be viewed at Tate (20231).

Supplemental Figures S4 and S5 in Supporting Information S1). Although this luminescence may be consistent
with that of some 1- or 2-ring aromatic organics (Scheller et al., 2022; Sharma et al., 2023), it is even more
consistent with the inorganic fluorescence of cerium in phosphate or sulfate (Gaft et al., 2015; Scheller
et al., 2024; Shkolyar et al., 2021).

Table 4
Summary of Rock Geochemistry Measurements by the Combined Instrument Payload
Novarupta Berry Hollow Uganik Island Thornton gap

Minerals detected by PIXL Olivine, pyroxene, feldspar, Hydrated and anhydrous sulfate Hydrated and anhydrous sulfate Olivine, pyroxene, Fe/Mg
XRF, SHERLOC Raman serpentine, clay minerals, minerals (anhydrite), minerals (anhydrite), carbonates, Fe/Mg clay
spectroscopy and carbonates, sulfates, apatite, phyllosilicates such as phyllosilicates such as minerals, hydrated silica or Al-
SuperCam VISIR, LIBS chromite, ilmenite, zircon/ nontronite or saponite, ferric nontronite or saponite, ferric OH minerals, minor Ca-
and Raman®®¢ baddeleyite sulfates?, some Ti- or Cr-oxides sulfates, some Ti- or Cr-oxides, phosphate, Ca-sulfate, Fe-Ti

kaolinite or montmorillonite oxides and Fe-Cr oxide
grains

Hydration by SuperCam VISIR Detected Detected Detected Detected
and SHERLOC

Analytical totals by 93.0 94.5 95.8 83.5
PIXL (wt%)

UV luminescence by Centered at 330-340 nm Doublet feature centered at Doublet feature centered at  Centered at 285 nm and at 330—
SHERLOC 305-325 nm 305-325 nm 340 nm

Coatings” Common Absent Absent Reddish surface

3See Dehouck et al. (2023) for a synthesis of SuperCam data. "See Broz et al. (2023) for iron oxide detections by Mastcam-Z multispectral imaging. “See Hurowitz
et al. (2023) for a synthesis of PIXL data.
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4. Discussion

The rocks and materials sampled at Jezero fan front meet many science objectives of the Mars Sample Return
Campaign (e.g., Beaty et al., 2019), including constraining the timing of and the reasons for Mars's climate
change, volatile evolution and changing habitability and the search for potential signals of prebiotic or biological
processes.

4.1. Preservation of Inorganic and Organic Biosignatures

Targeted search for organic compounds and potential biosignatures in the future returned samples may reveal a
currently missing record of prebiotic chemistry and early life. To preserve abiotic, prebiotic or biological organic
compounds and microbial fossils and textures from erasure, fast-precipitating minerals or clay- and silt-sized
particles have to bind or encapsulate the organic features and protect them from being destroyed by oxidation,
lysis, enzymatic degradation and radiolysis (e.g., Bosak et al., 2021; McMahon et al., 2018). Deposits that contain
abundant clay minerals and precipitated fine-grained phases are particularly attractive targets in the search for
organics and (pre)biosignatures because they enable the preservation of the morphological and chemical infor-
mation by reducing chemical exchange and microbially-driven decay (e.g., Alleon et al., 2016; Moore
et al., 2023). Clay minerals can also incorporate water and organic compounds (Lagaly et al., 2006). Hence, the
search for indigenous organic compounds in the returned samples of aqueously deposited sedimentary rocks from
Jezero would begin by analyses of the finest-grained clay-rich samples such as Bearwallow or Hazeltop. Rocks
with the highest organic-preserving potential should also lack indicators of substantial post-depositional fluid
flow and mineral dissolution and reprecipitation: oxidizing fluids that flow through the rocks modify or remove
organic matter (Petsch et al., 2000; Sumner, 2004) by generating harder-to-analyze polymers and producing small
organic acids and CO, (e.g., Benner et al., 2000; Chapiro, 1988; Fox et al., 2019). This criterion further increases
the organic-preserving potential of Bearwallow and Hazeltop cores, which lack of large anhydrite grains and
veins, over that of Kukaklek.

Samples from Wildcat Ridge have an additional advantage in that they lack indicators of either high-energy
flow or exposure and desiccation, that is, environmental conditions that would prevent the settling of
organic matter and impede microbial growth (Mariotti et al., 2014). However, Fe/Mg sulfate minerals detected
in this outcrop (Table 4) indicate conditions that would challenge microbial growth because these minerals
precipitate from very concentrated brines (Tosca et al., 2008; Wang et al., 2009). On Earth, they are reported
mainly in salt efflorescences (e.g., Whittig et al., 1982) that do not support the growth of extensive modern
microbial communities (Cockell, 2020; Macey et al., 2023). However, microbial extracellular polymers from
hypersaline lakes and playas, when freeze-dried, can mediate the formation of sulfate and clay minerals
including magnesium sulfate hexahydrate, talc and palygorskite and become encapsulated within such minerals
(del Buey et al., 2021). The abundance of sulfate in Wildcat Ridge and its potential origin close to the photic
zone may also enable the search for organic remnants of prebiotic processes. The synthesis of multiple classes
of prebiotic molecules requires UV radiation (e.g., Karamian & Sharifnia, 2016; Patel et al., 2015; Powner
et al., 2009; Xu et al., 2021), sulfite oxidized to sulfate (e.g., Green et al., 2021) and concentration that can
occur by processes that can also promote the precipitation of Mg/Fe(Il) sulfate minerals such as freezing or
evaporation (e.g., Menor-Salvan & Marin-Yaseli, 2012; Ross & Deamer, 2016). Although SHERLOC did not
confidently detect organic compounds in any sulfate-rich or other sedimentary rocks (see below), some fluid or
organic inclusions in sulfate crystals would be too small to be detected by the rover instruments (Benison
et al., 2024; Francois et al., 2016). If present, such inclusions would present additional targets for astro-
biological investigations of returned samples (Benison, 2019).

The 3.2 Ga old fluvial and tidally-influenced marine felsic sandstones and siltstones of the Moodies Group
(Homann, 2019) provide a potential hydrodynamic analog of Amalik. Most sand beds in the Moodies Group do
not preserve biosignatures, but some <1-mm-thick silica-rich surfaces from more quiescent, exposed intervals
attest to the occasional growth and preservation of microbial mats under silica-rich conditions (Homann, 2019). If
similarly thin silica-rich layers and textural biosignatures are present in Amalik, which was interpreted as a fluvial
deposit (Stack et al., 2024), they would likely be obscured by surface coatings (Figure 2; Table 4) and not
detectable during the analyses of bedding-parallel patches by the rover instrumentation.
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4.2. Organic Detection

Given that one of the major objectives of the Mars 2020 mission is to find and collect materials that, among other
potential biosignatures, preserve organic compounds (Farley et al., 2020), the astrobiological potential of the
collected samples increases with their organic content. However, the SHERLOC instrument on Perseverance has
not detected unambiguous organic signals to date (Scheller et al., 2024).

The SHERLOC instrument detects organic compounds in abraded patches by UV fluorescence and Raman
spectroscopy (Bhartia et al., 2021; Scheller et al., 2022, 2024; Sharma et al., 2023). So far, SHERLOC has
detected UV fluorescence consistent with ~10 ppm small aromatics without an accompanying Raman feature
centered at 1,600 cm™! (Scheller et al., 2022; Sharma et al., 2023). The association of the detected UV fluo-
rescence signals with specific mineral phases such as phosphates or sulfates (Scheller et al., 2022; Sharma
et al., 2023) and dearth of potential organic Raman features motivates the need to better understand how
SHERLOC detects organics (Scheller et al., 2024). Although this instrument can detect the UV fluorescence by
some 1- or 2-ring aromatic compounds at ~10~> ppm or higher concentrations (Bhartia et al., 2021; Razzell Hollis
et al., 2021), sulfate- and phosphate-associated cerium and silica defects are the current null hypotheses for the
measured UV fluorescence signals (Gaft et al., 2015; Scheller et al., 2024). The report of only one potential, low-
intensity Raman G-band by SHERLOC in thousands of points analyzed to date (Sharma et al., 2023) also suggests
that organic concentrations in the acquired samples are lower than 0.1 wt% (Bhartia et al., 2021). All these
uncertainties underscore the need for sample return and highly sensitive mass spectroscopy and nanoscale
elemental mapping analyses similar to those used to confirm the presence of organic compounds and understand
their abundances, spatial distribution and compositions in terrestrial samples (e.g., Alleon et al., 2021; Hickman-
Lewis et al., 2016, 2018; Homann, 2019).

SHERLOC is much less sensitive to organics than the Sample Analysis at Mars instrument (SAM) on the Cu-
riosity rover that relies on gas chromatography-mass spectrometry and evolved gas analysis to detect organic
compounds at ppb concentrations. SAM found indigenous organic compounds in the lacustrine mudstones,
sandstones and even dunes in Gale crater (Eigenbrode et al., 2018; Millan, Teinturier, et al., 2022; Millan,
Williams, et al., 2022; Stern et al., 2022; Sutter et al., 2017; Szopa et al., 2020). The detection of high-molecular-
weight organic compounds in various samples in Gale crater and the correlation of isotopically light methane with
isotopically light sulfur in Cumberland mudstones (House et al., 2022) hint at diverse organic preservation
pathways in martian rocks and soils and the complex cycling of organics between the martian atmosphere and
soils (Franz et al., 2020). Laboratory analyses of the future returned rock and regolith samples using an array of
spatially and compositionally resolved analytical methods could investigate these hints and mitigate various
analytical issues related to the presence of oxychlorine species and leaked derivatization agents that challenged
the organic detections by Curiosity (Eigenbrode et al., 2018; Francgois et al., 2016; Mojarro et al., 2023).

The search for organic compounds in the future returned samples of aqueously deposited sedimentary rocks from
Mars can also alleviate the depositional and contamination issues associated with martian meteorites. The two
martian meteorites with ages >3 Ga, Northwest Africa (NWA) 7034 and Allan Hills (ALH) 84001 contain
graphitized carbon (Steele et al., 2016), but these rocks have complex histories and were not deposited in a
demonstrably habitable environment. ALH 84001 is igneous, heavily shocked and metamorphosed, and lacks a
well constrained location of origin or geologic context. NWA 7034 and paired meteorites are polymict regolith
breccias whose history involves the assembly of ~4.4 Ga igneous clasts and annealing during moderate meta-
morphism within 1.5 Ga (Cassata et al., 2018). ALH 84001 has also been exposed to terrestrial fluids, organic
compounds and microbes, that is, factors that complicate the quantification and characterization of extraterrestrial
organic compounds (Bada et al., 1998; Glavin et al., 1999).

4.3. Effects of Ionizing Radiation

The time-integrated dose of ionizing radiation that a given sample has experienced through geologic time since
deposition influences the preservation of organic matter. lonizing radiation can destroy organic molecules, but
can also polymerize and harden them by cross-linking (e.g., Chapiro, 1988; Fox et al., 2019; Trojanowicz, 2020).
Ionizing radiation has three known sources: (a) solar ultraviolet (UV) radiation, (b) galactic cosmic ray (GCR)
particles and (c) radioactive decays of K, U, and Th in the host rock. Each of these radiation sources has a different
rate of production, depth attenuation beneath the rock surface on Mars, and dependence on sample composition.
UV solar radiation effects attenuate in solid rocky materials over very short distances (~mm) beneath the rock
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0 T ’ : T 0 surface (Cockell & Raven, 2004), such that both the abrasion and core depths
yay avoid material that has been modified by this known radiation source since
100 ¢ / los sediment deposition. GCR particles and their associated radiation damage
200 | // // ' effects in solids are deeper and known to attenuate solid rocky materials with
/ a characteristic (i.e., e-folding) length scale of ~160 g/cm? (~0.5 m; Gosse &
__300f /Q @ 1 Phillips, 2001). The flux of GCR particles to the surface of Mars has likely
NE // // o varied through time, as influenced by changes in solar activity, the atmo-
% 400 ¢ /7 7/ 115 spheric thickness and any magnetic field on Mars over long timescales (Gosse
:_cj 500 - // // %3;- & Phillips, 2001). However, given the attenuation length scale in rocky
§' O/ 1o a material, the mean, time-integrated dose of GCR irradiation since a given
600 | // sample was either progressively exhumed (i.e., via surface erosion processes)
—O- CRE =1 Ga (Hassler, 2014) or instantaneously exposed (e.g., after a landslide or impact) to within the
7001 // —O- CRE=1Ga (Paviov, 2012)  |12.5 uppermost few meters of the rock surface would provide the primary control
800 4 T 22?;2?1221:0[:2?:::;2&?6\ on organic molecule preservation. Observations of Mars' surface radiation by
o " on Earth over ~3.95 Ga 13 the Radiation Assessment Detector on Curiosity (Hassler et al., 2014) provide
900 - I I . an estimate of the modern GCR dose rate expected for the samples collected
10° 10’ 10° 10° from the Jezero Fan.

Figure 6. In situ cosmic ray and radiogenic ionizing radiation dose estimates
for samples collected from the sedimentary fan front. Depth-dependent
radiation doses are shown using dose rate estimates of Hassler et al. (2014) in
black and Pavlov et al. (2012) in green, assuming a cosmic ray exposure
(CRE) duration of 1 Ga and a constant galactic cosmic ray flux to the surface
of Mars for all time since exposure. Time-integrated radiogenic dose from U,
Th and K decays over the last 3.5 Ga are shown (red) for K,O ranging from
0.1 to 3.0 weight percent and assumed K/U and K/Th ratios. For comparison,
we estimate the time-integrated radiogenic dose experienced by rocks of the
Barberton Greenstone Belt (blue) that preserve carbonaceous lamination
(e.g., Hickman-Lewis et al., 2018).

Dose Gy (J/kg)

Using the simplifying assumptions that: (a) the dose rate observed at surface
at Gale Crater (~0.01 Gy/yr) also applies to Jezero crater, (b) the GCR energy
distribution attenuates with depth as estimated by Pavlov et al. (2012) and
Hassler et al. (2014), and (c) that the modern GCR flux was constant through
all time, we estimate the total ionizing energy dose in Gy (J/kg) as a function
of shielding beneath the rock surface, and for an assumed exposure duration
of 1 Ga (Figure 6). Although the exposure duration is presently unknown, we
consider 1 Ga to be a conservative estimate; the apparent scarp at the fan front
and the erosional processes active today both indicate that the exposed rocks
were likely exhumed long after their initial deposition time. Each sample's
exposure duration can ultimately be constrained by observations of stable
cosmogenic nuclides in Earth laboratories; greater or lesser durations predict correspondingly higher or lower
ionizing energy doses, respectively, but with similar attenuations with depth. Owing to depth dependence of the
GCR dose, recently exposed samples, such as the samples collected from the degrading/buried fan units, will have
accumulated a GCR dose only prior to deposition (e.g., during sediment transport) and after exhumation. If
organic compounds were incorporated into the rocks at the time of sediment deposition, only the latter dose is
relevant and indicates that the samples from Jezero fan front can preserve organic compounds. Given that the
erosional remnants (e.g., Goudge et al., 2015; Mangold et al., 2021; Schon et al., 2012) indicate that the western
fan was formerly larger, and that its now eroded strata would have shielded the currently exposed and sampled
rocks at the fan front, the samples are unlikely to have experienced maximum time-integrated GCR doses shown
in Figure 6.

Unlike solar UV and GCR doses, the time-integrated ionizing radiation due to radioactive decay of K, U, and Th
in the host rock should not depend on depth, provided the concentrations of these radioactive elements do not vary
with depth. To estimate the cumulative radiogenic dose due to radioactive decays along the >**U, >**U and ***Th
decay series, and “°K within the rocks, we use the approximate range of K,O observed in the four abrasions (0.1—
3.0 wt%), assume K/U and K/Th molar ratios of 1.2 X 10° and 3.2 X 104, respectively (Martin et al., 2020), and
calculate the total dose over 3.5 Ga (that is, since an assumed timing of sediment deposition; (Mangold
et al.,, 2020)). Greater or lesser durations since deposition predict correspondingly higher or lower doses,
respectively (Figure 6).

These estimates indicate that the doses expected for GCR exposure and inherent to the rocks collected from the
Jezero fan are largely unavoidable and subequal for the anticipated exposure durations for each (Figure 6).
Importantly, the combined estimates for both sources amount to a smaller dose than that estimated for sedi-
mentary rocks of the Fig Tree Group from the ~3.25 Ga Barberton greenstone belt, assuming 6 wt% K,O, 8 ppm
U and 27 ppm K (Hofmann, 2005). In spite of the higher GCR doses and greenschist metamorphism, terrestrial
rocks of this age preserved carbonaceous materials of demonstrably biogenic origin (Hickman-Lewis et al., 2016,
2018; Homann, 2019; van Zuilen et al., 2007), supporting the potential of samples acquired by the Perseverance
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rover to preserve organic material. Thus, although the centimeters-long cores sample only up to 8 cm below the
currently exposed rocks at the Jezero fan front, these samples should be able to preserve organic compounds. The
recognized sensitivity of organic compounds to ionizing radiation and heat requires that the returned samples used
to search for and analyze organic compounds not be sterilized by either method upon return to Earth (Velbel
et al., 2021), if the sample safety assessment of the returned samples determines that the samples can be released
without sterilization.

4.4. Records of Changing Planetary Habitability

Since Mariner 9 returned the first images of Martian water-carved channels in the early 1970s, subsequent sample,
orbital and rover studies have provided evidence for water as an important geological and geochemical agent on
Mars's surface. This evidence has inspired questions of when and how Mars dried, how much water it contained,
how warm its surface was, and when and why its climate changed (Bibring et al., 2005, 2006; Carr & Head, 2010;
Fassett and Head, 2008; McLennan et al., 2019; Poulet et al., 2005; Scheller et al., 2021; Squyres et al., 2004;
Wordsworth, 2016). Isotopic analyses of water in Martian meteorites have provided some constraints on the
cycling of crustal and magmatic water (e.g., Barnes et al., 2020; Greenwood et al., 2008; Leshin, 2000; Leshin
et al., 1996; Usui et al., 2012, 2015). Analyses of minerals that precipitate in water or in its presence, such as
carbonates, hydrated sulfates and clay minerals, as well as other volatiles such as chlorine, can now help answer
these questions, revolutionize reconstructions of atmospheric and hydrological processes across past habitable
environments on Mars (e.g., Achilles et al., 2020; Grotzinger et al., 2005, 2014; McLennan et al., 2005) and probe
Mars's evolving habitability.

Limestone and dolostone deposits are common on Earth, where the active water and tectonic cycles reduce the
abundances of the more soluble sulfate minerals. This pattern is reversed on Mars (King & McLennan, 2010;
Murchie et al., 2009), where sulfate and clay minerals are hypothesized as major reservoirs of water equivalent
hydrogen (Feldman, Mellon, et al., 2004; Feldman, Prettyman, et al., 2004; Maurice et al., 2011; Scheller
et al., 2021; Vaniman et al., 2004; Wang et al., 2016) that also record past and present environmental conditions
such as the water availability, pH and salinity (e.g., Bristow et al., 2015; Karunatillake et al., 2014; Vaniman
et al., 2018). Assuming that water accounts for the entire 5 wt% of the missing analytical total measured in whole
scans by PIXL in the sulfate-rich samples from Wildcat Ridge, the respective volumes of the Hazeltop and
Bearwallow cores from this outcrop (Tables 1 and 4), may store from 0.8 to 1.2 g or about a milliliter of water,
assuming 2—2.8 g/cm® as the average density (Deer et al., 1966). Phyllosilicates that coexist with hydrated Mg/Fe
sulfates at Wildcat Ridge and Yori Pass (Table 4) may also act as a water buffer and prevent the dehydration of the
latter minerals (Wilson & Bish, 2012). The total volume of Kukaklek and the analytical totals measured on Uganik
Island allow for up to 0.8 g of water (Tables 1 and 4). Notably, terrestrial laboratories can analyze nanoliter-
volume water samples (e.g., Morrison et al., 2001). Both the specific types and hydration states of the
collected sulfate phases would likely be altered both on the rover and upon sample return owing to the temperature
and humidity changes. Given that all rock cores from Jezero fan front are hydrated and may contain other volatiles
(e.g., Williams et al., 2016), redox-sensitive elements such as iron and cerium and biogenic elements, sterilization
of the future returned subsamples by heat or ionizing radiation would likely modify the original signals of various
processes (Velbel et al., 2021).

Isotopic analyses of sulfur in sulfate minerals can also be used to reconstruct atmospheric photochemistry and the
interactions of the martian crust and the mantle (Thiemens et al., 2001), particularly when coupled with the
analyses of coeval igneous and sedimentary sulfide minerals (e.g., Ono, 2017). Sulfide mineral grains in sedi-
mentary rocks can be much smaller than the detection limit of instruments on the Perseverance (e.g., Gregory
et al., 2015; Ono et al., 2009), so their detection and analyses await sample return. If micrometer-scale pyrite and
similar grains are present in these rock cores, sulfur isotopes in such grains can preserve additional isotopic
imprints of local biological processes such as microbial sulfate reduction (Sim et al., 2011; Ueno et al., 2008).

Carbonate minerals in martian meteorites provide information about the pH, fluid chemistry, fluid temperatures,
water activity, and the timing of fluid flow and carbonate precipitation (Borg et al., 1999; Bridges et al., 2001;
Eiler et al., 2002; Halevy et al., 2011; Niles et al., 2005; Valley et al., 1997). Carbonates account for only about 1
volume % in ALH 84001 (Bridges et al., 2001; Mittlefehldt, 1994) and for 16 to 34 wt% of some olivine- and
pyroxene-rich outcrops in Gusev crater (Morris et al., 2010). The low analytical totals of Novarupta and Thornton

RIGHTS

Ay

13 of 21

52017 SUOLULIOD BAER1D 2|ed ! dde ) Aq peusenob aie sjolie VO ‘esn J0 s8N 0} AZeiq 1] 8UlIUO A8IA UO (SUORIPUOO-PU.-SULBY LY A 1M ATeid Ul |UO//StHU) SUORIPUOD PUe S L 83 885 *[y202/0T /2] Uo ARiqI2uiiuo ABIIM “uRWweS ZyjouweH " Ul Hued winey NN "3 Wnnuez yasia Ad TvZT00AVY2Z0Z/620T OT/10p/uod" A3 1mAseiq eutjuo'sgndnbe//sciy wou) papeojumod * ‘v20g ‘x7099.52


https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024AV001241&mode=

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

AGU Advances 10.1029/2024AV001241

Gap, 93 wt% and 83.5 wt%, respectively, and the detections of carbonate minerals in these abrasions (Table 4)
indicate that the corresponding samples (Table 1) contain more carbonate than ALH 84001. Assuming a density
lower than that of Martian basaltic rocks and comparable to that of terrestrial basalts, 2.9 g/cm?, the missing
analytical totals from Novarupta (Table 4) in Mageik (10.4 cm®) and Shuyak (7.8 cm®) are consistent with up to
2.1 and 1.5 g of carbonate, respectively. Applying the same assumptions to Thornton Gap, we estimate up to 4.5
and 4 g of carbonate, in Swift Run and Skyland (Table 4). These are the upper limits because hydration and any
potential organic carbon and nitrogen-bearing phases may account for some of the missing analytical totals.

Resolving the duration of hydrological activity in Jezero crater is imperative to understanding its past habitability
and astrobiological potential. In the absence of extensive, permanent and interconnected bodies of water, tran-
siently habitable, yet uninhabited environments may exist due to the infrequent or sparse influx of microbial
inocula or feedstock molecules for prebiotic reactions (Cockell, 2020, 2021). If Jezero harbored only short-lived
habitable environments, then only low levels of organics and few, if any, potential biosignatures are expected. If,
instead, early habitable environments were widespread and connected in space and time, analyses of all returned
rocks that were deposited under similar geochemical and flow conditions may reveal similar organic, morpho-
logical and isotopic features.

Analyses of the inorganic components of samples acquired in Jezero crater and its fan front are key to addressing
the timing and duration of habitable conditions and testing any causal relationships among the evolution of
magnetic field, past climate conditions, aqueous activity and surface chemistry. Crystallization ages of
mechanically-separable detrital igneous clasts (i.e., >250 um) from Skinner Ridge can provide upper bounds on
the timing of fan sediment deposition and therefore the permissible timing of Lake Jezero, as can the constraints
from geochronology of underlying Seitah samples (Simon et al., 2023). Isotopic geochronology (e.g., K-Ar, U-
Th-Pb, Rb-Sr) and thermochronology based on, for example, “°Ar/*°Ar or (U-Th)/He, can reconstruct the ages
and crustal exhumation histories prior to the transport and deposition of feldspar, pyroxene, and possibly
phosphates, carbonates and Fe-oxides identified in Skinner Ridge.

Geochronology of post-depositional phases within these samples, including cements and chemical weathering
products, using a variety of geochronology methods (e.g., K-Ar, U-Th-Pb, Rb-Sr, U-Th/He) can constrain the
timing of alteration and cementation of the fan sediments and late-stage aqueous activity. Such information would
place a lower bound on the timing of sediment and fan deposition. With the more recent collection of other
cement-containing coarse-grained samples from higher in the fan stratigraphy (e.g., Otis Peak and Pilot Mountain
samples), it may be possible to place closer constraints on the duration of fluvio-lacustrine habitable conditions in
Jezero crater.

Samples from Wildcat Ridge are not well-suited for existing methods of isotopic geochronology. This is one of the
reasons why a fine-grained sedimentary rock was collected in close association with a coarser sedimentary rock
(e.g., Skinner Ridge): the latter can be used to constrain the deposition timing of Wildcat Ridge. However, it may
be possible for existing methods of isotopic geochronology to be applied or refined to constrain the timing of
sulfate precipitation. In addition to quantifying the timing of late-stage aqueous activity, such information would
place a lower bound on the timing of sediment and fan deposition. Observations of stable cosmogenic nuclides
(e.g., 3He, 'Ne, *SAr, *3Ar) in bulk Hazeltop and Bearwallow samples (Table 1) could also quantify the material's
integrated cosmic ray exposure duration, thereby helping to constrain the latest-stage erosional history of the fan.

The presence of Ti-Fe and Ti-Cr-Fe grains in Skinner Ridge and Amalik (Table 4) suggests that the cores contain
ferromagnetic minerals at and below the spatial scales detectable by rover instruments. These minerals may
enable relative temporally resolved measurements of the relative paleointensity of the martian dynamo (Mit-
telholz et al., 2018) and complement measurements of magnetism in igneous rocks from the floor of Jezero crater
(Simon et al., 2023). In combination with geochronology, this could constrain the timing of the martian paleo-
magnetic field to test the hypothesis that the cessation of an early dynamo led to loss of an early Martian at-
mosphere and the subsequent drying and cooling of Mars (Egan et al., 2019; Ehlmann et al., 2016). The
orientations of the samples (Weiss et al., 2024) should enable the first measurements of the paleodirection of the
magnetic field, the first for any planetary body besides Earth and a conglomerate test (Graham, 1949) to determine
if the samples retained magnetization prior to, or after, deposition and constrain their thermal and diagenetic
histories.
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5. Conclusions

The Perseverance rover collected seven absolutely oriented samples of rocks at the Jezero fan front: two aque-
ously deposited sandstones from the Jezero fan front, a sulfate- and clay-rich mudstone from a distinct, laterally
extensive deposit along the fan front, samples of regolith and a single sample of a sulfate-rich sandstone. Two
witness tubes were sealed as controls for earth-sourced contamination by the rover. A suite of nine sedimentary,
igneous, regolith and atmospheric samples collected during the Crater Floor and Fan Front Campaigns and one
witness tube were deposited at the Three Forks Cache in January 2023 (https://mars.nasa.gov/mars-rock-samples/
#20). A matching sample suite that remains on the rover has grown with the addition of rocks from the fan top,
carbonate-rich rocks from the marginal deposits in the crater and the planned addition of rocks from the areas
outside of the crater.

Aqueously deposited and altered rocks, from known locations and with a well-constrained geological context,
contain water, a variety of precipitated minerals such as sulfates and carbonates and detrital clay and igneous
minerals. The Hazeltop and Bearwallow samples have the highest astrobiological potential due to their small
grain sizes and the abundance of hydrated sulfate phases and clay minerals. These phases preserve volatiles such
as water and can also preserve organic inclusions and organic compounds. The Kukaklek core has a lower
astrobiological potential relative to the Hazeltop and Bearwallow cores because it contains grains with larger
average sizes and more pervasive evidence for later fluid flow. Organic compounds were not conclusively
detected in these and other samples acquired during the Fan Front Campaign, which motivates analyses by the
much more sensitive terrestrial instruments in future returned samples. Thus, future sample-receiving facilities
should consider the impact of potential sterilization treatments on volatiles and organic compounds in any
returned samples.

The coarser-grained mudstones and sandstones such as Amalik and Skyland/Swift Run would have the lowest
likelihood of preserving local organic matter and potential textural biosignatures, but contain carbonate minerals
and detrital grains that are key to constraining the weathering processes in the watershed and on the fan and the
timing and duration of aqueous activity in the fan, Martian dynamo and regional hydrology and climate. Within
these samples, the highest astrobiological potential belongs to the fine-grained Fe- and Mg-containing matrix that
cemented composite grains in fluids upstream of Skinner Ridge.

Analyses of the returned materials in terrestrial laboratories would provide the currently unavailable organic,
isotopic, chemical, morphological, geochronological and paleomagnetic records of the coupled evolution of
Mars's water, carbon, redox and climate cycles. These analyses would engage an exceptionally broad scientific
community and expand the value of returned samples beyond the realm of meteoritics, rover science and planetary
science.
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Data Availability Statement

Data acquired by various instruments on the Perseverance rover were used to describe the samples. All data are
publicly available at PDS (https://pds.nasa.gov) 6 months after the acquisition. Software developed for each
instrument implements appropriate calibrations and is used to process and visualize the data. OpenSource version
of Pixlise/Piquant software used by PIXL is available on Zenodo at https://zenodo.org/records/6959126#.
YvrZpnbMJPY and is referenced under Barber (2022) in the References section. The Initial Reports that describe
the characteristics of the samples available at the time of sampling and described in the study are available through
Open Access at https://pds-geosciences.wustl.edu/missions/mars2020/returned_sample_science.htm. via https:/
doi.org/10.17189/49zd-2k55. This publication describes samples 11-20 and is referenced as Shuster et al. (2023)
in the Initial Report available at: https://pds-geosciences.wustl.edu/m2020/urn-nasa-pds-mars2020_sample_
dossier/initial_reports/initial_reports_volume2.pdf. The 3D models of the abraded patches and outcrops analyzed
at Jezero Fan Front are available at Sketchfab and referenced as Tate (2023a, 2023b, 2023c, 2023d, 2023e, 2023f,
2023g, 2023h, 2023i) [3D Visualization] in the References section.
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