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Abstract During the NASA Perseverance rover's exploration of the Jezero crater floor, coatings were
commonly observed on rocks. These features may record past water-rock-atmosphere interactions on the crater
floor, and understanding their origin is important for constraining the timing of potential water activity and
habitability at Jezero. Here, we characterize the morphologic, chemical, and spectral properties of the crater
floor rock coatings using color images, visible/near-infrared reflectance spectra, and chemical data from the
Mastcam-Z and SuperCam instruments. We show that coatings are common and compositionally similar across
the crater floor, and consistent with a mixture of dust, fine regolith, sulfates, and ferric oxides indurated as a
result of one or more episodes of widespread surface alteration. All coatings exhibit a similar smooth
homogenous surface with variable thickness, color, and spatial extent on rocks, likely reflecting variable
oxidation and erosional expressions related to formation and/or exposure age. Coatings unconformably overlie
eroded natural rock surfaces, suggesting relatively late deposition that may represent one of the last alteration
episodes on the Jezero crater floor. While more common at Jezero, these coatings may be consistent with rock
coatings previously observed in situ at other landing sites and may be related to duricrust formation, suggesting
a global alteration process on Mars that is not unique to Jezero. The Perseverance rover likely sampled these
rock coatings on the crater floor and the results from this study could provide important context for future
investigations by the Mars Sample Return mission aimed at constraining the geologic and alteration history of
Jezero crater.
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Plain Language Summary The NASA Perseverance rover spent the first Earth year of its mission
exploring the floor of Jezero crater on Mars to investigate geology, search for signs of past life, and collect
samples for future return to Earth. Rock coatings were commonly observed by the rover and may record
important information regarding past water activity and habitability at Jezero. In this study, we used images and
remote sensing data from the Mastcam-Z and SuperCam instruments to describe the distribution, surface
expressions, and composition of the coatings. We find that coatings occur and are compositionally similar
throughout the crater floor, and may have formed during one or more of the most recent episodes of alteration
activity on the Jezero crater floor. While coatings seem more common at Jezero, these features may be similar to
rock coatings previously identified at other rover landing sites on Mars, suggesting that coating formation is a
global process that is not unique to Jezero. The Perseverance rover likely collected some of this coating material
in rock samples that NASA plans to return to Earth; thus, this work will provide important context for future
sample studies investigating these features to better understand Jezero's geologic and surface alteration history.

1. Introduction

After touching down on Mars at the Octavia E. Butler landing site on 18 February 2021, the NASA Mars 2020
Perseverance rover began its exploration of Jezero crater to characterize regional geology, identify habitable
paleoenvironments, seek signs of ancient life, and collect geologically diverse rock and regolith samples for
return to Earth by future missions (Farley et al., 2020). At Jezero, Perseverance is investigating the ~45-km-
diameter Noachian-aged impact crater and an ancient fluviolacustrine system (Fassett & Head, 2005; Schon
etal., 2012) that was active in the late Noachian and possibly Hesperian (Mangold et al., 2020; Salese et al., 2020).
The crater exhibits numerous geomorphic and mineralogical indicators of its watery past, including multiple
sedimentary fans interpreted as at least partially deltaic that are connected to an extensive valley network (Goudge
et al., 2017, 2018; Mangold et al., 2021), as well as orbital (Brown et al., 2020; Ehlmann et al., 2008; Goudge
et al., 2012; Horgan, Anderson, et al., 2020; Horgan, Johnson, et al., 2020; Tarnas et al., 2019; Zastrow &
Glotch, 2021) and in situ (Clavé et al., 2023; Farley et al., 2022; Mandon et al., 2023; Scheller et al., 2022; Tice
et al., 2022; Wiens et al., 2022) detections of secondary alteration minerals. Despite this resounding evidence, the
timing, style, and frequency of alteration events within Jezero crater remains poorly constrained and a topic of
ongoing investigations.

During the mission's first science campaign investigating the floor of Jezero crater (Sun et al., 2023), the
Perseverance rover commonly observed apparent coatings on the eroded natural surfaces of crater floor rocks
(Figures 1 and 2). These surface features occurred in both crater floor units investigated by the Perseverance
rover: the Mdaz (Navajo word for “Mars”) formation, a cratered pyroxene-bearing terrain interpreted to represent
a series of ancient lava flows (Horgan et al., 2023; Udry et al., 2023), and the Séitah (Navajo word for “amidst the
sand”) formation, a stratigraphically older ridged and dune-filled landscape interpreted as an olivine-rich
cumulate (Beyssac et al., 2023; Liu et al., 2022). The presence of these features on modern rock surfaces may
suggest weathering processes that occurred after the most recent exhumation of the crater floor (Bishop
et al., 2002; Mandon et al., 2023), which likely experienced multiple episodes of burial and erosion (Horgan
et al., 2023; Quantin-Nataf et al., 2023). Some of these coatings were likely sampled by the Perseverance rover
and their future investigations in laboratories on Earth may help elucidate the timing of past alteration activity and
exhumation of the Jezero crater floor (Simon et al., 2023).

Evidence of chemical surface alteration, including rock coatings and weathering rinds, can provide an important
record of the duration and nature of past surface environments, and have previously been identified as key targets
for investigation and sampling at Jezero (Beaty et al., 2019). Weathering processes can modify rock compositions
through aqueous alteration by adding material to produce coatings or removing material from the host rock through
mineral dissolution (Lanza et al., 2015). Alternative anhydrous hypotheses for coatings involve volcanic vapor
precipitates (Schmidt et al., 2024). Coatings typically occur unconformably on rock surfaces and can form due to
microbial activity (Northup et al., 2010; Parchert et al., 2012; Viles, 1995) or abiotically through the cementation
of dust, clays, metals, or other mobile element species to rock surfaces (Dorn, 2009; Salvatore et al., 2013). In
contrast, weathering rinds are typically continuous with the underlying rock and represent a chemical gradient
with a composition similar to the host rock but depleted in certain mobile elements (Salvatore et al., 2013;
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Figure 1. Mastcam-Z left eye enhanced color red/blue/green image (zcam08102) acquired on sol 56 showing a potential
purple-hued surface coating (outlined by yellow dashed line) on a crater floor rock within the Maaz formation.

Smith et al., 2017). Despite their different formation mechanisms, both coatings and rinds can form in the same
environment and record important information about past climate and weathering conditions such as the amount
and type of fluids that were present (Minitti et al., 2007; Perry & Sephton, 2006). In addition to recording in-
formation about past alteration, these features can also provide suitable habitats for microbes and record evidence
of past life (Krinsley et al., 2009; Kuhlman et al., 2008; Wierzchos et al., 2011). On Mars, these micro-
environments could have shielded microbes from harmful surface radiation and thus may provide compelling
targets for biosignature detection (Marnocha, 2017).

In this study, we investigated the spectral and textural properties of rock coatings on the crater floor to better
inform hypotheses regarding the alteration history of Jezero. In particular, we focused on characterizing the
morphology, distribution, and composition of these surface features using in situ rover observations including
Mastcam-Z color images and visible and near-infrared (VNIR; 422-1,022 nm) multispectral data. Mastcam-Z
observations were supported by compositional data from SuperCam visible and short-wave infrared reflec-
tance spectra (VISIR; 0.40-0.85 pm and 1.3-2.6 pm), elemental chemistry from SuperCam laser-induced
breakdown spectroscopy (LIBS), as well as fine-scale textural properties from high-resolution color images
using the WATSON camera on the rover's arm. In addition, we conducted a first order comparison of the Jezero
crater floor coatings with coatings previously observed by in situ rover missions at other Mars landing sites to
investigate a potential relationship in formation mechanisms. The aim of this work was to better constrain the
timing and nature of alteration activity at Jezero crater and identify potential habitable paleoenvironments. The
results of this work provide important context for additional coating observations and analyses at Jezero as well as
a framework for future Mars Sample Return studies.

2. Methods
2.1. Instrumentation
2.1.1. Mastcam-Z

The Mast Camera Zoom (Mastcam-Z) imaging system on board the Perseverance rover is a pair of zoomable,
focusable, 1,648 X 1,214 pixel charge-coupled device (CCD) cameras that allows for high resolution,
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Figure 2. Overview of Jezero crater floor from orbital images. (a) CTX mosaic of Jezero crater. (b) HiRISE approximate true-
color mosaic of the crater floor overlain by geologic map from Stack et al. (2020) showing the Maaz (beige) and Séitah
(green) formations. (c) Region investigated during the Crater Floor campaign showing rover traverse and notable locations.
Colored dots represent locations of all nearfield (<10 m away) and midfield (10-50 m) rock targets investigated by the
Perseverance rover on the crater floor. Purple dots represent rock targets that appeared coated in Mastcam-Z and/or
SuperCam images, while orange dots correspond to rock targets without visible coatings as determined by this study. Sol
numbers noted next to abrasion/sampling locations refer to the sol of arrival at that workspace.

multispectral, and stereoscopic imaging of Jezero crater (Bell et al., 2021, 2022). Mounted ~2 m above the surface
on Perseverance's Remote Sensing Mast, each camera is equipped with broadband Bayer red/blue/green (RGB)
filters bonded to the CCD and an eight-position filter wheel for multispectral observations. Each filter wheel
includes one broadband IR-cutoff filter to acquire standard Bayer RGB color images, six narrowband VNIR
filters, and one solar imaging filter. Mastcam-Z builds upon the heritage of previous Mars rover multispectral
imagers (Bell et al., 2003) and is similar to the Mastcam instrument (Bell et al., 2017) operating on board the Mars
Science Laboratory (MSL) Curiosity rover at Gale crater, with additional zoom capabilities and a modified filter
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Figure 3. Laboratory reflectance spectra of ferrous primary (left) and ferric secondary (right) minerals convolved to
Mastcam-Z spectral bandpasses. Spectra are stacked for clarity and amounts of offset are noted next to mineral names. The
sources of laboratory spectra are detailed in Table S3 of Rice et al. (2023). Spectra of hematite <45, 45-90, and 90-250 um
are from the University of Winnipeg Spectrophotometer Facility and from samples HEM103_0, HEM103_2, HEM103_4,
respectively.

set. The focal lengths of each camera can vary between 26 mm (“Z26”) and 110 mm (“Z110”), allowing for
variable fields of view. At maximum focal length, the cameras can resolve ~0.7 mm features (=5 pixels in size) in
the nearfield (~2 m) and ~3.3 cm features at 100 m distance. In addition to the three broadband RGB filters, the
cameras together cover 11 distinct wavelengths between 442 and 1,022 nm. These zoom and multispectral ca-
pabilities allow Mastcam-Z to investigate fine-scale textures and outcrop stratigraphy, and provide a preliminary
assessment of color and mineralogical variability along the rover's traverse. The data also help the science team
identify targets for sampling and more detailed chemical and textural analyses with arm-mounted proximity
science instruments.

Preflight calibration measurements were used to convert raw Mastcam-Z images to radiance as described in Hayes
et al. (2021). To account for local changes in illumination conditions as a result of time of year, time of day, and
atmospheric conditions (e.g., dust loading, clouds, etc.), two deck mounted radiometric calibration targets were
imaged at similar times to each multispectral observation acquired on Mars. Measurements from these calibration
targets were then used to convert image data from radiance to units of relative reflectance (e.g., R*, I/F)
(Kinch et al., 2020; Merusi et al., 2022).

While Mastcam-Z was not designed as a spectrometer, the spectral range (422—1,022 nm) of the instrument is
useful for distinguishing ferrous (Fe*") primary minerals and ferric (Fe*™) secondary alteration products
(Figure 3). High and low calcium pyroxenes can be distinguished from the position of the ferrous crystal field
absorption near 1,000 nm, as lower calcium content tends to shift the broad absorption band to shorter wave-
lengths (Cloutis & Gaffey, 1991). Olivine exhibits a broader 1,000 nm absorption with a long near infrared (NIR)
slope and a spectral peak at or below 700 nm that is sensitive to grain size and Mg/Fe content (Adams, 1975;
Cloutis et al., 1986). Fe’*-bearing minerals (e.g., iron oxides, oxyhydroxides, sulfates, phyllosilicates) also
exhibit distinctive absorption features, including crystal field bands near 800-1,000 nm and a strong charge
transfer band near 400-500 nm that extends into the ultraviolet (Morris et al., 1985, 1993; Sherman et al., 1982).
The strong ferric iron absorptions at shorter wavelengths cause steep positive slopes towards longer wavelengths
and a spectral peak around 750 nm. This slope is steeper in spectra of brighter and redder surfaces, typically
exhibited by Martian rocks with thick dust cover. Absorptions near 528 nm in Mastcam-Z spectra are consistent
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with ferric oxides and are typically used to assess the degree of oxidation of various rock and regolith surfaces.
While crystalline and nanophase hematite both exhibit the strong charge transfer band at shorter wavelengths, the
latter can be distinguished by the lack of the longer wavelength absorption band centered near 860 nm (Horgan,

Anderson, et al., 2020; Horgan, Johnson, et al., 2020). In addition to the sensitivity to iron-bearing phases, the
Mastcam-Z spectral range also includes a weak H,O vibrational overtone/combination band near 950-1,000 nm
that is present in certain hydrated minerals (Rice et al., 2010; Wang et al., 2008).

2.1.2. SuperCam

SuperCam is a remote-sensing instrument capable of several techniques including LIBS, VISIR reflectance
spectroscopy, remote time-resolved Raman spectroscopy, acoustic recording, and high-resolution imaging via its
Remote Micro-Imager (RMI) (Maurice et al., 2021; Wiens et al., 2021). All of the SuperCam techniques are co-
boresighted and use rasters (1 X 5, 1 X 10, 2 X 2, or 3 X 3 patterns) to observe multiple points on each target.

SuperCam's LIBS observations and data analyses follow the approach of the ChemCam instrument on the Cu-
riosity rover (Maurice et al., 2012; Wiens et al., 2012). On SuperCam, the LIBS uses a pulsed laser beam focused
onto a 250-350 pm spot, depending on target distance, to create a brief plasma that emits light containing atomic
emission peaks from the elements present in the target. Normally, 30 laser shots and 30 spectra are obtained at
each point; however, depth profiles of up to 150 laser shots have been performed. The penetration depth per shot
depends strongly on the surface hardness and its reflectance at the laser wavelength, but is roughly on the order of
1 pm per shot. Especially in the case of depth profiles, the shot-to-shot compositional trends can be observed as a
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function of laser pulse number as a proxy for depth. However, most analyses use a simpler process in which the
first five spectra are discarded to avoid dust contamination, and elemental compositions are determined after
averaging the remaining spectra from a given observation point. Data treated in this way have been calibrated
against a large library of standards to provide quantitative abundances for eight major elements quantified as
oxides: SiO,, TiO,, Al,O5, FeOr, MgO, CaO, Na,O, and K,O, where the total iron is quantified as a single
oxidation state since LIBS does not distinguish between oxidation states. The algorithms and the error analyses
are given in Anderson et al. (2022).

SuperCam's VISIR observations cover the spectral range from 0.4 to 2.6 pm with a gap between 0.46-0.54 and
0.85-1.3 pm. The gaps and spectral ranges of SuperCam VISIR are dictated by the spectral ranges of the focal
plane arrays used for LIBS and Raman measurements (Wiens et al., 2021). The visible range uses the same
spectrometers as the LIBS technique using averages of 50 spectra at each point. The near infrared spectral range is
collected using an acousto-optic tunable filter to scan the wavelengths over 256 channels (resolution of 32 cm™)
by varying the radio frequency provided to a tellurium dioxide crystal. The field of view of the visible-range
spectrometers is 0.85 mrad, while the infrared field of view is substantially larger, at 1.15 mrad. The infrared
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spectrometer design and operation is described in Fouchet et al. (2022). Radiance calibration of the respective
visible and infrared spectrometers is described in Legett et al. (2022) and Royer et al. (2023).

o110 oA

SuperCam RMI images were taken through the instrument's telescope using a 2,048 X 2,048 pixel CMOS sensor
equipped with a Bayer filter to provide RGB color (Maurice et al., 2021). The images subtend an angular space of
18.8 mrad and have an effective resolution of ~40 prad (~120 pm at 3 m observation distance). Images were

puod-pue-st

corrected to approximate true color based on calibration with RGB targets onboard the rover or presented in
enhanced color using a Gaussian stretch algorithm. Due to substantial vignetting, the corners of the image were
masked and flat-fielded. Several images were taken during rasters, from which mosaics were produced.

2.1.3. WATSON

The Wide Angle Topographic Sensor for Operations and eNgineering (WATSON) is a microscopic imager

VO s Jo soni 10§ Ap1qrT auIuQ AoiA 1O (

mounted on the arm of the Perseverance rover. As part of the Scanning Habitable Environments with Raman and
Luminescence for Organics and Chemicals (SHERLOC) instrument, the camera is nearly identical to the Mars
Hand Lens Imager (Edgett et al., 2012, 2015) onboard the MSL Curiosity rover and is used to investigate fine-
scale textures of rock, regolith, and dust (Bhartia et al., 2021; Minitti et al., 2021). WATSON also supports arm
placement for SHERLOC and the Planetary Instrument for X-ray Lithochemistry (PIXL) instrument and provides

color context imaging for organic and mineralogical data acquired by SHERLOC and elemental maps generated
by PIXL. Additionally, WATSON provides engineering support to assist in sample and caching activities
(Moeller et al., 2020) and also monitor the ongoing health and condition of rover components. The camera
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collects color images via a Bayer pattern over a 1,640 X 1,214 pixel CCD and is focusable at a variety of working
distances from 1.78 cm (~13 pm/pixel) to infinity, allowing WATSON to resolve down to silt-sized grains
(Bhartia et al., 2021; Edgett et al., 2019).

2.2. Distribution, Morphology, and Texture

To assess the distribution of rock coatings across the Jezero crater floor, we reviewed all Mastcam-Z (Bayer filter
and multispectral) and SuperCam RMI images acquired of 256 nearfield (<10 m away) and midfield (10-50 m
away) rock targets investigated by the Perseverance rover between sols 0 and 379. A full list of targets and
associated metadata is archived and available in Garczynski (2025). We excluded images that did not cover
natural rock surfaces, such as regolith observations and SuperCam RMI images of abrasion patches. Enhanced
color images were used to better highlight the color differences and more easily distinguish a surface coating from
the underlying rock. If Mastcam-Z multispectral data were available for a given rock target, we analyzed both
enhanced color and decorrelation stretch (DCS; Gillespie et al., 1986) composites using 754 nm (L2), 528 nm
(LS), 442 nm (L6) filter images (referred to as “L.256 DCS”) as we determined these composites best highlight the
coatings. For each rock target, we noted whether or not we observed obvious evidence of a coating within the
images, including surfaces that exhibited color and/or textural differences with the underlying rock. To quantify
the distribution of coatings, we calculated the percentage of total rock targets that showed clear evidence of
coatings within the Mdaz and Séitah formations as well as a total percentage across the entire crater floor. We note
the limitations of this method as in some cases the coatings may have been obscured by a layer of surface dust. To
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better understand the distribution of coatings around the Perseverance rover within a given area on the crater

floor, we also analyzed 16 nearfield and midfield z110 Bayer filter enhanced color RGB landscape mosaics
acquired at various locations along the crater floor traverse (Table S1 in Supporting Information S1).

Texture and morphology of the coatings was also assessed using Mastcam-Z and Supercam RMI images in
addition to WATSON images. We note that this study did not conduct a comprehensive analysis of all available
WATSON images of crater floor rock targets but rather used a few representative images of coatings to provide
information on fine scale morphology and texture. For each coating identified, we qualitatively assessed the
apparent color, thickness, texture, and spatial extent on the rock surface. To more quantitatively assess the
thickness, areal coverage, and geometry of coatings, we generated three-dimensional models using Mastcam-Z
stereo images with PRo3D software and methods described in Paar et al. (2023). An animation of coatings
generated using the Pro3D software is presented in Movie S1. In addition to the PRo3D analysis, data from a
SuperCam LIBS depth profile on a rock coating at target Chokecherry (Sol 378, Maaz fm.) was also used to
estimate the coating thickness.
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2.3. Spectral and Chemical Properties

2.3.1. Mastcam-Z Multispectral

o110 oA

Representative spectra were extracted by averaging R* values of pixels within regions of interest (ROIs) selected
for each Mastcam-Z calibrated observation as described by Rice et al. (2023) and archived in a database along
with image metadata and composite images (natural color, enhanced color and DCS) (Rice et al., 2022). Coating

puod-pue-st

ROIs were evaluated initially using L.256 enhanced color and DCS composite images. For this study, we focused
our spectral analysis on 32 nearfield and midfield observations that exhibited the clearest examples of coatings
(Garczynski, 2025). To determine any spectral differences between coating morphologies, we assigned each
coating ROI with a morphological type (purple patch, continuous, thick coating). Coating spectra were compared
to spectra of other representative surfaces including non-coated bedrock, dust, and fine-grained regolith
(<500 pm grain size; Vaughan et al., 2023). To further classify spectral variability and quantify potential
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compositional differences, we used a set of spectral parameters described in Rice et al. (2023) and listed in
Table 1.

2.3.2. SuperCam VISIR

SuperCam collected more than 2000 VISIR spectra during the Crater Floor Campaign on a variety of rock and
regolith targets (Mandon et al., 2023). To investigate the spectral properties of the coatings in the SuperCam
wavelength range, we identified 29 individual point spectra acquired from coated rock surfaces. We excluded
spectra with clear signs of saturation, shadowing, and non-coated surfaces within the field of view to avoid
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Table 1
List of Reflectance Spectral Parameters Used in This Study
Instrument Parameter name Formula Sensitivity
Mastcam-Z 754 nm (L2)/ R¥5,/R* 145 “Red/blue ratio”; higher values indicate redder material and are consistent with higher
442 nm (L6) degrees of oxidation

528 nm (L5) band depth

800 nm (R1)/
978 nm (R5)

910 nm (R3) band depth

Supercam 545 nm band depth
1,930 nm band depth

1 — R¥5,4/ Larger values consistent with Fe oxidation (Farrand et al., 2008; Morris et al., 1985)
(0.634R*,, + 0.366R*¢;,)

R*g00/R* 975 Large positive values used to indicate broad Fe absorptions in the NIR; values close to
1.0 consistent with phases spectrally neutral in NIR (e.g., sulfates); Small values
consistent with hematite (Rice et al., 2023)

1 — R¥g,/ Useful to indicate the presence or absence of Fe absorptions in the NIR. Higher values are
(0.505R*g, + 0.495R* (,,) consistent with low-Ca pyroxene or crystalline ferric materials (Farrand et al., 2008)

1 — Rs,5/(0.324R 5, + 0.676R¢,) Crystalline ferric materials
1 = R930/(0.667R g5y + 0.333R,,5,) H,O

spectral mixing. The selected spectra were categorized based on morphology and averaged to obtain a repre-
sentative spectrum for each coating type. To understand the potential relationship between the coatings and other
representative surfaces, we compared the average coating spectra to the average spectra of Jezero dust, fine soil,
and both uncoated Miaz and Séitah bedrock as presented in Mandon et al. (2023). To further quantify spectral
differences, we used a set of spectral parameters including 545 and 1,930 nm band depth as listed in Table 1.
These parameters allowed us to investigate the potential variability in ferric content and degree of hydration,
respectively. The RMI images and VISIR footprints of the coating targets can be found in Figure S1 in Supporting
Information S1.

2.3.3. SuperCam LIBS

To investigate the chemical properties of the crater floor coatings, we identified 68 LIBS points over coated
targets that were analyzed at a distance smaller than 6.5 m. We excluded points that were close to the edge of a
coating or where the total laser pulses appeared to penetrate through the coating, revealing the underlying bedrock
to avoid contamination from non-coated surfaces. For each point, we averaged major-element oxides composition
(MOC) data from shots #6—30 and discarded the first five shots to avoid dust contamination. Each point was
categorized based on the geologic formation of the rock target and morphology of the coating. We derived molar
compositions from the MOC data and plotted them in Si + Al/Fe + Mg/Ca + Na + K and Mg/Ca/Fe ternary
diagrams to better assess the chemical composition of the coatings. To investigate the chemical relationship
between coatings and non-coated surfaces, we compared the coating points with LIBS data obtained from
bedrock, dust, and fine regolith. Mean dust composition was obtained by averaging data from all the first LIBS
shots acquired during the Crater Floor Campaign as described by Lasue et al. (2023). To compare with fine-
grained regolith, we used average MOC data of “disturbed soils” reported by Hausrath et al. (2023). The RMI
images and LIBS footprints of the coating targets can be found in Figure S1 in Supporting Information S1. To
constrain potential thickness and chemical variability within the coatings, we analyzed a LIBS depth profile
acquired on target Chokecherry. Major-element oxides composition data of MgO, Al,O5, FeOT, and Na,O
obtained from 150 individual LIBS shots over a coating were compared to the composition of LIBS shots from a
non-coated natural surface on the same rock.

3. Results
3.1. Distribution, Morphology, and Texture

Our assessment of Mastcam-Z and SuperCam RMI images revealed that coatings commonly occurred on crater
floor rocks in both the Maaz and Séitah formations and across multiple stratigraphic members (Sun et al., 2023).
Of the 256 crater floor rock targets we analyzed, ~62% (n = 158) of these targets exhibited clear evidence of
coatings in the images (Figure 2 and Figure S2 in Supporting Information S1). We did not observe major dif-
ferences in coating distribution between the Maaz and Séitah formations as ~64% (99 out of 155 total) of Maaz
rock targets and ~58% (59 out of 101) of Séitah rock targets appeared coated. The percentages we report here are
likely lower constraints, as many of the targets on which we did not observe conclusive evidence of coatings
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Table 2

Summary of Coating Morphologic Classes Observed on the Jezero Crater Floor

Distribution on Jezero crater

Coating type Color Occurrence Areal extent Thickness floor
Purple patches Purple/dark red Commonly observed on Discontinuous; typically ~ Appeared variable; likely Observed in both Méaz and
(Figures 4-6) relatively dust-free natural occurred in isolated less than ~300 um Séitah formations
surfaces, especially those patches a few mm to
cleared by adjacent cm across”

Continuous coatings ~ Variable; gray to
(Figures 7 and 8) muted purple

Thick coatings Variable; gray to
(Figures 9 muted purple
and 10)

abrasion activities or
SuperCam LIBS laser

shots

Typically observed on lower More extensive and Appeared variable; likely Observed in both M4az and
lying surfaces near continuous along rock less than ~300 um Séitah formations
regolith; occasionally surface than purple
associated with loose, patches; a few 10s of
eroded flakes on regolith cm across”

Raised, protruding Typically ~3-10 cm ~1-20 mm Only observed along steeper
expression; typically across” exposures of Mure and
observed on the sides or Artuby ridge

undersides of rocks

*Measured across longest axis.

exhibited thick dust cover or were too far to resolve coatings that potentially may have been present on a finer
scale. In our analysis of Mastcam-Z enhanced color mosaics, we consistently identified the presence of coated
rock surfaces in the vicinity of the rover at multiple locations, further indicating their widespread occurrence. We
did not observe obvious signs of coatings at the outcrop scale on some rocks that exhibited extensive evidence of
wind abrasion and erosion, possibly due to previous removal of coatings.

Here we describe three morphologic classes of crater floor coatings, discussed in more detail below and sum-
marized in Table 2: (a) purple patches, (b) continuous coatings, and (c) thick coatings. These classifications were
defined by qualitatively assessing color, apparent thickness, and spatial extent on rock surfaces in images of crater
floor coatings. All observed coatings exhibit a texturally smooth, homogenous surface distinct from the under-
lying rock and are typically observed on eroded and weathered surfaces.

3.1.1. Purple Patches

Discontinuous patches of coatings were predominantly observed on relatively dust free surfaces in both the Maaz
and Séitah formations and typically exhibited purple hues in enhanced color and DCS composite images and
purple to dark red hues in natural color images (Figures 1 and 4-6). In some cases, the color of coatings appeared
more muted or grayer although such differences often varied with lighting conditions where the purple was more
apparent at lower phase angles (Johnson et al., 2022). The patches were especially apparent on natural rock
surfaces that were dust-cleared by adjacent abrasion activities (Moeller et al., 2020; Figure 4b and Figure S3 in
Supporting Information S1) or laser shots from SuperCam LIBS (Figure 4c). Purple patches were absent within
all abraded patches but commonly occurred on the adjacent natural surfaces where the thin layer of dust was
cleared by the Gas Dust Removal Tool (gDRT) (Moeller et al., 2020). Purple patches typically occurred
discontinuously, exhibited variable thicknesses and areal coverage on rock surfaces, and occasionally were
confined to lower-relief facets in wind-abraded flutes (Figure 5b). Some coatings disturbed by abrasion activities
appeared to have fractured along potential layers that may represent distinct episodes of coating formation (Figure
S3b in Supporting Information S1). Mastcam-Z PRo3D analysis of purple patches indicated that the thicknesses
were below the grid size of the model, suggesting a thickness less than ~300 pm. In some cases, especially on
higher standing wind abraded boulders, purple patches were not apparent at the outcrop scale, but closer in-
spection with WATSON revealed that these surface features were present at small scales (Figure 6; Wogsland
et al., 2023). In some WATSON images, we observed purple patches beneath a thin layer of cohesive dust that
was easily removed by LIBS shots (Figure 6d). Individual grains within the coatings were not resolvable within
the highest resolution images of the purple patches (4 cm standoff at 21.7 + 0.4 pm/pixel; Figure 6e), suggesting a
grain size below ~21 pm. Occasionally the purple patches were thin enough to be punctured through by the
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standard 30 LIBS shots from the SuperCam instrument and revealed presumably the underlying rock (Figure 6d).
Some purple patches observed on rocks near the Octavia E. Butler landing site occurred near pits/voids filled with
fine-grained regolith and dust (Figures 4a and 4d). These features typically exhibited raised surfaces relative to the
host rock, possibly a result of differential weathering.

3.1.2. Continuous Coatings

Coatings that were more extensive along rock surfaces (a few 10s of cm across) were typically observed in both
the Méaz and Séitah formations on lower lying surfaces near regolith (Figure 7). The color of the coatings were
typically more muted or grayer relative to the more purple patches in enhanced color images. In Mastcam-Z L.256
DCS composite images, the coatings also exhibited purple hues distinct from the bluer uncoated bedrock;
however, in some cases, they were slightly obscured by a thin dust cover (green in DCS images). Occasionally,
these coatings were associated with loose, eroded flakes of coatings or coated rock fragments that exhibited
smooth and dull surfaces as well as purple hues in Mastcam-Z L.256 DCS composite images similar to coatings on
nearby rocks (Figure 8). In some places, both continuous coatings and purple patches occurred on the same rock,
where continuous coatings occurred near the regolith interface on presumably more recently exposed surfaces and
purple patches on higher standing, wind abraded, and less dusty surfaces (Figures 7c and 7f). Continuous coatings
were also occasionally observed along vertical surfaces that may correspond to previously fractured rock, sug-
gesting formation following mechanical weathering of the bedrock (Figures 5a and Se). Similar to the purple
patches, the thickness of the continuous coatings could not be resolved by the Mastcam-Z PRo3D models and are
likely thinner than ~300 pm.

3.1.3. Thick Coatings

Some localized coatings appeared thicker as they strongly obscured the texture of the underlying rock surfaces.
These were only observed along the steep vertical exposures of the Mure outcrop and Artuby ridge within the
Maaz formation (Figure 9). Such features typically exhibited a dark gray to purple color in enhanced color images,
while the purple hue was most apparent in Mastcam-Z L256 DCS composite images (Figure 10c). These coatings
were occasionally observed near thinner continuous coatings that were more widespread on rock surfaces
(Figure 9d). The thickness and areal extent of these coatings were variable and ranged from small circular raised
features (Figure 9f) to thicker and more extensive clumps (e.g., Figure 9g). The latter were typically observed on
the sides or undersides of protruding rocks and were not observed on the top of horizontally oriented surfaces.
Accurate thickness estimates using Mastcam-Z Pro3D models were possible for select examples shown in
Figures 9f and 9g where sufficient stereo coverage and spatial resolution permitted reliable measurements. These
coatings were estimated to range from 1 to 20 mm. Some of these coatings appeared to exhibit potential layering
with variable thicknesses (Figure 9f), similar to layering observed in some purple patches.

3.2. Spectral and Chemical Characteristics
3.2.1. Mastcam-Z Multispectral

Multispectral data indicated that the observed coatings were spectrally - and thus compositionally - distinct from
the underlying rock in both the Maaz and Séitah formations. Color differences between coated and uncoated
natural rock surfaces were particularly apparent in Mastcam-Z L.256 DCS images (Figure 10c). In these images,
coatings were distinguished by their purple hues, whereas the uncoated surfaces appeared “bluer.” This
distinction is further highlighted by the representative ROI spectra shown in Figure 10 as well as the 528 nm band
depth versus red/blue ratio spectral parameter values plotted in Figure 11a. Compared to uncoated natural rock
surfaces, the coatings (especially the purple patches) were typically “redder” with steeper positive slopes between
442 and 754 nm, and stronger 528 nm absorptions consistent with nanophase or crystalline ferric oxides
(Figure 3). The spectra of the coatings were also characterized by peak reflectance positions at longer wavelengths

Figure 4. Mastcam-Z (left) and portions of SuperCam enhanced color Remote Micro-Imager (RMI) (right) images showing purple patches class (white arrows) on crater
floor rocks. Larger Mastcam-Z context images are Z110 left-eye enhanced color Bayer filter images and white boxes indicate the location of the SuperCam RMI images
shown in (d—f). Zoomed insets are DCS L256 composite images highlighting color diversity. (a) Wind abraded surface on Hedgehog (sol 37 zcam03108, Maaz fm.).
(b) Post-abrasion, dust-cleared natural surface adjacent to Dourbes abrasion (sol 255 zcam03253, Séitah fm., cleaned by Gas Dust Removal Tool). (c) LIBS-cleared area
on Nataani (sol 75 zcam03125, Maaz fm.). (d) Hedgehog (sol 37 scam01037). (e) Cordoeil (sol 268 scam07268). (f) Nataani (sol 75 scam01075).
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Figure 5. Rock coatings (white arrows) at the Rochette workspace (M4az fm.). (a) Portion of Rochette workspace mosaic (sol
181, zcam08199) with white boxes showing locations of (b—e). (b—e) Mastcam-Z Z110 left-eye enhanced color Bayer filter
images with zoomed insets of DCS L256 composite images highlighting color diversity. White boxes show locations of
portions of enhanced color SuperCam Remote Micro-Imager images shown in (f, g). (b) Portion of Estoublon mosaic (sol
182, zcam03210) showing purple patches at Rochette rock prior to abrasion and sampling activities. (c) SuperCam laser-
induced breakdown spectroscopy cleared surfaces at Pont (top) and Souche (bottom) (sol 193, zcam03217). (d) Digne les
Bains (sol 191, zcam03215). (e) Lance (sol 182, zcam03209). (f) Pont (sol 193, scam01193). (g) Digne les Bains (sol 191,
scam02191).
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Figure 6. Fine-scale observations of purple patches class (outlined by yellow dashed lines). Portions of Mastcam-Z left eye
enhanced color Bayer filter mosaics (left) are shown for context and white boxes indicate locations of enhanced color
WATSON images (right). (a) Sid workspace in the Mdaz fm. (sol 364, zcam08396, Z34). (b) Foux and Beaujeu workspace in
the Maaz fm. (sol 137, zcam08136, Z79). (c) Portion of 7 cm standoff WATSON image showing Alfalfa natural surface pre-
abrasion (sol 363, srlc00701). (d) Portion of 6 cm standoff WATSON image showing laser-induced breakdown spectroscopy
(LIBS) cleared surface at Beaujeu and nearby dust clumping (sol 141, srlc00448). (e) Portion of 4 cm standoff WATSON
image showing LIBS cleared surface at Foux (sol 139, srlc00454).

than those exhibited by the uncoated natural rock surfaces. This spectral distinction was most apparent in the
Séitah formation, where the underlying rock was dominated by a peak reflectance position at or below 700 nm and
a broad absorption centered near 1,000 nm with a negative slope in the near infrared (NIR), consistent with olivine
(Figure 10b, #9).

Despite the differences in lithology and spectral properties between the Méaz and Séitah formations, the coatings
were spectrally similar across both crater floor units. For example, purple patches identified within Maaz and
Séitah both exhibited a similar spectral shape with strong 528 nm absorptions and a broad moderate 910 nm
absorption that is consistent with pyroxene or secondary ferric minerals (Figure 10a, #1, 2). However, there were
slight spectral differences among the coating morphologies described above. For example, average 528 nm band
depth values vary among the morphological classes (Figure 11a). The purple patch class generally exhibited the
strongest band depths (albeit with some overlap with the continuous coatings class) consistent with enhanced
oxidation, whereas the thick coatings class exhibited the weakest band depths.
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Figure 7. Mastcam-Z (left) and portions of SuperCam Remote Micro-Imager (RMI) (right) images showing continuous
coatings class (white arrows) on crater floor rocks. Larger Mastcam-Z context images are Z110 left-eye enhanced color
Bayer filter images and white boxes indicate the location of the enhanced color SuperCam RMI. Zoomed insets are DCS
L256 composite images highlighting color diversity. (a) Naatsiilid (sol 86, zcam03137, M4az fm.). (b) Issole (sol 291,
zcam03269, Séitah fm.). (c) Tseebii (sol 112, zcam03161, Mdaz fm.). (d) Naatsiilid (sol 86, scam05086). (e) Sagnes (sol 291,
scam02291). (f) Tseebii (sol 112, scam02112) showing potential purple patches.

The spectral distinction between coating classes was also apparent at longer wavelengths beyond 700 nm in
representative spectra shown in Figure 10a. In these spectra, purple patches exhibited a broad moderate 910 nm
absorption whereas the continuous and thick coatings classes lacked a significant 910 nm absorption and oc-
casionally exhibited an overall negative slope between 800 and 1,022 nm as well as a downturn at 1,022 nm
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Figure 8. Example of eroded flakes (yellow arrows) associated with the continuous coatings class on the Jezero crater floor.
(a—c) Mastcam-Z left eye enhanced color Bayer filter images with white boxes indicating locations of DCS L256 composite
images (right) showing purple hues of flakes and nearby coatings. (a) Portion of sol 206 Z110 mosaic (zcam08234, Séitah
fm.). (b) Portion of sol 178 Z110 mosaic (zcam08193, Séitah fm.) showing Aiguines rock and nearby flakes. (c) Flakes near
the Rimplas workspace in Maaz fm. (sol 346, zcam03315, Z110). (d) Auvere (sol 208, zcam03230, Z110). (e) Aiguines (sol
178, zcam03207, Z110). (f) Les Cluots (sol 346, zcam03315, Z110).

possibly related to hydrated phases (Rice et al., 2010). These differences were less obvious in our spectral
parameter analysis of 910 nm band depth versus 800/978 nm ratio in all coating spectra investigated as shown in

Figure 11b. While we observed some clustering of points that corresponded to the morphologic class, we also

noted more overlap between the classes compared to the visible wavelength spectral parameters shown in
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Figure 9. Thicker coatings class examples (white arrows) at Artuby ridge (a—d) and Mure outcrop (e—g). (a) Portion of the
Mastcam-Z left eye enhanced color Bayer filter mosaic of Artuby Ridge (sol 342, zcam08367). White boxes indicate
locations of zoomed insets in (b—d). (e-g) Portions of Mastcam-Z left eye enhanced color Bayer filter mosaic of Mure (sol
169, zcam08181, Z110) with estimated coating thicknesses derived from PRo3D Software shown in (f) and (g).

Figure 11a. In the 910 nm band depth parameter, the purple patch classes exhibited the greatest band depth values
while the thick coatings class exhibited the smallest values. The classes were less distinct in the 800/978 nm ratio
parameter as each class exhibited a similar range of values.
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Figure 10. Mastcam-Z multispectral data of rock coatings and non-coated surfaces including regolith and dust. Spectra are stacked for clarity and amounts of offset are
noted. Spectra shown here are from the multispectral database available in Rice et al. (2022). (a) Representative spectra from the purple patches class (purple),
continuous coatings class (green), and thick coatings class (red). Names of coated targets represented here are specified in the archived table available in

Garczynski (2025). (b) Representative spectra from uncoated surfaces, including Séitah natural surface (Dourbes, sol 255, zcam03253), Maaz natural surface (Manior,
sol 188, zcam03214), dusty fine-grained regolith (Naadin, sol 92, zcam03143), and rover deck fines (rover deck, sol 344, zcam03312). Average dust and fine-grained
regolith are from Vaughan et al. (2023). (c) L256 DCS composite images with white outlines indicating regions of interest for spectra shown in (a).
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Figure 11. Mastcam-Z spectral parameter plots of (a) red/blue (754 nm/442 nm) ratio versus 528 nm band depth and

(b) 800 nm/978 nm ratio versus 910 nm band depth. Cross symbols represent coatings and are colorized by coating
morphology including purple patches (purple), continuous coatings (green), and thick coatings (red). Circle symbols
represent non-coated surfaces including natural rock surfaces (blue), dust (yellow), and regolith (orange). Enlarged and
numbered points correspond to numbered spectra plotted in Figure 10. Black squares indicate spectral parameters of various
hematite laboratory references. Regions of interest spectra used in parameter analysis are available in a multispectral
database from Rice et al. (2022) and Mastcam-Z observations analyzed here are specified in the archived table available in

Garczynski (2025).

It is important to note that our multispectral coverage (particularly nearfield) of the thicker coatings is limited and
were typically acquired at earlier times of day (before 9:15 local true solar time (LTST)) and high incidence
angles (>40°) due to illumination constraints on the steep northern facing exposure of the Artuby ridge. Nearly all
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other multispectral observations were acquired close to local noon (between 10:30 and 13:30 LTST) when as-
sumptions in the calibration pipeline were most accurate (Rice et al., 2023). It is possible that the weakened
528 nm absorptions and negative NIR slopes present in the thick coatings spectra were related to calibration issues

resulting from the earlier acquisition times and high incidence angles, but further investigation will be needed to
constrain the effects.

A comparison between the various coatings and the local regolith and dust revealed some spectral similarities but
notable differences. While all coatings spectra exhibited a similar range of 528 nm band depths compared to those
of regolith and dust, the greatest band depth values were observed in some of the purple patch class spectra.
Additionally, spectra of regolith and dust were typically redder as the coatings spectra generally plotted separately
with smaller red/blue ratio values suggesting compositional differences and potentially consistent with a mixture
of crystalline hematite and/or other crystalline ferric phases (Figure 11a). At wavelengths beyond 700 nm, spectra
of both purple patch coatings and regolith exhibited some of the greatest 910 nm band depths although the latter
generally showed much greater 800/978 nm ratio values attributed to coarser olivine-bearing sand derived from
the erosion of Séitah bedrock (Figure 11b; Vaughan et al., 2023). The purple patch coating spectra with the
strongest 910 nm band depths were more similar to the finer-grained regolith likely composed of a mixture of
pyroxene and ferric materials (Figure 10; Vaughan et al., 2023). These coating spectra were particularly similar to
that of dark fine-grained regolith that was deposited on the Perseverance rover deck by strong winds during a
regional dust storm, possibly suggesting a similar composition (Figures 10b and 11 #14; Lemmon et al., 2022;
Vaughan et al., 2023). The rover deck grains likely represented some of the finest fraction of regolith larger than

ees £9qrT :NLLYV YALNID 4OVdS NOSNHOI € NOANAT/VSVN £q THZ600arSTOT/6T01 01/10p/wod Kafia

airfall dust that was uncontaminated by the coarser olivine-bearing regolith as evident by the lack of a negative

slope between 800 and 1,022 nm in the spectrum compared to that of average Jezero fine-grained regolith from
Vaughan et al. (2023) (Figures 11b and 12 #13). A spectrum of dusty (“reddened”) fine-grained regolith also
exhibited a broad 910 nm absorption similar to some of the purple patch class coatings and rover deck fines, but
had a much stronger red slope in the visible range likely related to higher dust content (Figures 11b and 12 #12).
Spectra of thick dust generally lacked a significant broad 910 nm absorption and were characterized by a rela-
tively neutral slope between 800 and 1,022 nm consistent with the presence of nanophase hematite (Figure 3).
Despite the coating spectra being overall “bluer” compared to dust spectra as shown in Figure 11a, some of them
exhibited similar spectral characteristics beyond 700 nm. In particular, the spectra of the continuous coatings
class generally lacked significant 910 nm absorptions and had a similar neutral slope suggesting a potential
compositional relationship with dust. It is also possible that the similar characteristics in these coating spectra
were due to spectral contamination by dust as many of the continuous coatings were located on lower lying dusty
rock surfaces.
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As summarized in Table 3, our Mastcam-Z spectral analysis suggested that the coatings were compositionally
distinct from the underlying rock and likely composed of externally sourced material. Spectral variability both
within and across coatings classes suggested a varying mixture of ferric materials, with the purple patches class
consistent with the most oxidized of the coatings. While coatings spectra were significantly “bluer” than spectra
of dust and regolith suggesting some compositional differences, we cannot rule out potential contributions from
fine-grained regolith and dust to the formation of the coatings due to some similar characteristics at the longer
wavelengths.

o110 oA

puod-pue-st

3.2.2. SuperCam VISIR

Relative reflectance spectra from the SuperCam VISIR instrument helped further characterize the spectral
properties of the coatings and their relationship with underlying bedrock, dust, and fine-grained regolith.
Figure 12 shows average SuperCam VISIR spectra of purple patches, continuous coatings, Maaz and Séitah
abraded surfaces as well as dust and fine-grained regolith. Data of thicker coatings observed along the Artuby

VO s Jo soni 10§ Ap1qrT auIuQ AoiA 1O (

ridge and Mure were not included as the Perseverance rover did not acquire any SuperCam VISIR data on these
features during its traverse. As reported by Mandon et al. (2023), the coatings exhibited red slopes at shorter
wavelengths (~0.6-0.8 um), greater 0.545 pum band depths, relatively flat to blue-sloped spectral shapes beyond

1.3 pm, weak 1.9 pm water absorptions possibly related to hydrated mineral phases or adsorbed water, and a slight
negative slope beyond ~2.35 um possibly consistent with sulfates. The red slopes and absorptions in the visible
wavelengths were consistent with Mastcam-Z multispectral data, and further support a component of ferric
oxides. While the average spectrum of the purple patch class coatings appeared similar to that of the continuous
coatings in Figure 12a, a spectral parameter analysis of 0.545 pm band depth versus 1.93 pm band depth revealed
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(a)

Purple patches

(b)

Figure 12. SuperCam visible and short-wave infrared reflectance (VISIR) observations of crater floor coatings. (a) Average
SuperCam VISIR spectra of coatings, abraded surfaces, dust, and fine-grained regolith. Spectra of dust, abraded surfaces,
and fine soil are from Mandon et al. (2023). Purple patches spectrum represents an average of 17 individual point spectra
from four different coating targets. The continuous coating spectrum represents an average of 12 individual point spectra
from three different coating targets (Figure S1 in Supporting Information S1, Garczynski, 2025). Segments of the spectra
shown in lighter color near 2 pm correspond to the main atmospheric CO, absorption region, where residuals might affect the
spectra. (b) Spectral parameter plot showing band depths of purple patches and continuous coatings class point spectra
analyzed in (a) at 545 nm (sensitive to crystalline ferric materials) and 1,930 nm (sensitive to hydration).

some notable differences between the two morphologic classes as shown in Figure 12b. Here we observed that the
spectra of coatings from the purple patch class had greater 0.545 pm band depths than the continuous coatings
spectra, which was consistent with the Mastcam-Z results and further suggested that the purple patch coatings
were more oxidized. An opposite relationship was observed in the 1.93 pm band depth parameter as spectra of
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Table 3
Summary of Coating Spectral and Chemical Results
Mastcam-Z multispectral (Figures 10 and 11) SuperCam VISIR (Figure 12) SuperCam LIBS (Figures 13 and 14)
Consitent with presence of crystalline hematite and/or Consistent with presence of crystalline ferric phases Chemically similar to mean dust and disturbed soil with
other crystalline ferric phases; spectrally distinct and sulfates; spectrally distinct from berock relative enrichment in Ca; presence of hydrated
from bedrock Mg/Ca sulfates as reported by Meslin et al. (2022)
Purple patches are most oxidized followed by Overall weakly hydrated and similar spectral shape Composition distinct from bedrock; no significant
continuous and thick coatings to dust at longer wavelengths chemical variability observed in coatings across

formation or morphologic class

Purple patches are more oxidized but less hydrated
than continuous coatings

continuous coatings exhibited greater values suggesting more hydration compared to the coatings of the purple
patch class.

The SuperCam VISIR data were also consistent with the Mastcam-Z results in suggesting that the coatings were
compositionally and mineralogically distinct from the underlying bedrock, further supporting an external origin.
Average spectra of Méaz and Séitah abraded surfaces exhibited spectral shapes that were distinct from those of the
coatings. While both the underlying rock and coatings exhibited water absorptions near 1.9 pm, those associated
with the coatings were much weaker and may suggest that they were overall less hydrated than the bedrock
(Figure 12a).

A VISIR spectral comparison of the coatings and dust indicated that the two were spectrally and compositionally
similar, suggesting the latter may play an important role in coating formation. Despite the dust spectrum
exhibiting stronger red slopes in the ~0.6-0.8 pm range and higher overall reflectance across the SuperCam
wavelength range, both coatings and dust shared a similar overall spectral shape beyond ~1.3 pm, including a
faint 1.9 pm water absorption and a slight downturn beyond ~2.35 pm possibly consistent with sulfates
(Figure 12a). The stronger ~0.9 pm absorptions observed by Mastcam-Z in some of the purple patch class coating
spectra compared to dust spectra were unable to be investigated in the VISIR data as these features fall outside the
spectral range of SuperCam.

Fine-grained regolith and coatings appeared spectrally distinct in the VISIR range as viewed by SuperCam. While
coatings and fine-grained regolith exhibited similar red slopes in the visible range and a relatively weak 1.9 pm
water absorption, fine regolith exhibited two broad absorptions in the ~0.7-1.7 and ~1.7-2.4 pm ranges
consistent with pyroxene possibly mixed with olivine (Mandon et al., 2023), and no downturn beyond ~2.35 pm.
The second absorption centered around 2 pm suggested low-Ca pyroxene and was consistent with the ~0.9 pm
absorptions observed in Mastcam-Z spectra of fine-grained regolith. Mixing of pyroxene with oxides could
decrease the depth of the larger bands leaving behind only the stronger ~0.9 pm absorptions. While it is unclear
whether the contribution of fine-grained regolith is causing the ~0.9 pm absorptions observed in some of the
Mastcam-Z coating spectra, it is possible that additional oxides in the coatings can explain the weaker broad
absorptions in the VISIR spectra of coatings.

3.2.3. SuperCam LIBS

Elemental abundances from SuperCam LIBS were used to investigate the chemical composition of coatings and
their potential relationship with bedrock, fine-grained regolith, and dust. Figure 13 shows molar compositions
derived from MOC plotted in Si + Al/Fe + Mg/Na + Ca + K and Ca/Mg/Fe ternary diagrams. Despite the
obvious chemical differences between the Mg-rich Séitah rocks and the relatively Mg-poor Mdaz rocks, the
surface coatings were overall chemically similar regardless of their location on the crater floor (Figures 13a and
13b). This is consistent with the spectral data from SuperCam VISIR and Mastcam-Z, further showing that there is
no direct compositional relationship between the coatings and the underlying rock.

Overall, we did not observe any major differences between the morphologic classes of coatings suggesting a
similar chemical composition (Figures 13c and 13d). Despite the clumping of most coating data points, we
observed a few points within the purple patch and continuous coatings class that trended away towards chemical
endmembers including Si + Al and Fe + Mg (Figures 13a and 13c) and Mg (Figures 13b and 13d). Visual
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Figure 13. SuperCam laser-induced breakdown spectroscopy (LIBS) observations showing elemental compositions of
coatings, underlying bedrock, fine-grained regolith, and dust. Coating points are colorized by crater floor unit (a, b) and
coating morphology (c, d). Analyzed LIBS points of coated targets are shown in Figure S1 in Supporting Information S1 and
coating type is specified in the archived table available in Garczynski (2025). (a) (Si + Al), (Fe + Mg), (Na + Ca + K) ternary
diagram showing Maaz and Séitah coatings compared to underlying bedrock. (b) Ca-Mg-Fe ternary diagram showing Méaz
and Séitah coatings compared to underlying bedrock. (c) (Si + Al), (Fe + Mg), (Na + Ca + K) ternary diagram showing
various coating morphologies compared to underlying bedrock, dust, and fine-grained regolith. (d) Ca-Mg-Fe ternary
diagram showing various coating morphologies compared to underlying bedrock, dust, and fine-grained regolith.

examination and comparison to bedrock targets confirmed that these points were not due to contamination from
underlying bedrock but instead corresponded to local variability in the coating.

Dust and fine-grained regolith were chemically similar to the coatings, suggesting a potential compositional
relationship. However, coatings appeared to be enriched in Ca relative to the dust and fine-grained regolith
(Figure 13d). This enrichment suggests an additional component in the coatings and is likely consistent with Ca-
sulfate as reported by Meslin et al. (2022). While this study did not focus on minor and trace element abundances
derived from the LIBS data, we did note that a preliminary assessment revealed that the coatings were not
enriched in Mn relative to the underlying bedrock as observed in terrestrial rock varnish.

In some specific cases, SuperCam investigated purple coatings with a depth profile of 125 shots to look for any
chemical variability with depth. For instance, target Chokecherry (Sol 378, Maaz fm.) was analyzed with three
points that hit the coating and the last point that sampled the bedrock (Figure 14a). The shot-to-shot evolutions of
MgO, Al,O3, FeOT, and Na,O (Figure 14b) show that the first ~40 shots on the coating (point #2) are chemically
different from the last part of the burst, with higher MgO, Al,O5, and Na20 and lower FeOr. On the other hand,
the composition reached after the ~40th shot is comparable with the composition of the bedrock at point #4,
which is more homogeneous along the burst. This confirms that the purple patch is a surface layer chemically
different from its host rock, and suggests that the laser penetrated through this coating. The fact that the transition
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Figure 14. SuperCam depth profile on Chokecherry in the Maaz fm. (sol 378, scam01378). (a) Remote Micro-Imager context image (Gaussian stretch) of the observation
showing the four laser footprints, three hit the coating and one hit the bedrock for reference. (b) Comparison of the shot-to-shot evolution of the Major Oxide
Composition for MgO, Al,O5, FeOT, and Na,O for point #2 on the coating and point #4 on the bedrock.

from the coating to the host rock is smooth is because the laser keeps ablating the coating on the walls of the crater,
even after reaching the host rock at the bottom of the laser pit (Lanza et al., 2015). This data set suggests that the
thickness of the coating probed on point #2 was between 60 and 150 pm (Chide et al., 2021; Wiens et al., 2021).
However, this thickness is very variable between the points and a more in-depth analysis of these depth profiles is
required for future studies.

4. Discussion

Rock coatings were commonly observed on the Jezero crater floor and these features likely represent a unique
episode of alteration that may have been more recent in the crater's history. The widespread nature of the coatings
in both the Méaz and Séitah formations suggests that this activity may have affected the entire crater floor
following the emplacement and subsequent erosion of the crater floor units. Spectral signatures consistent with
ferric oxides, sulfates, and hydrated phases suggest the important role of water in the formation of these coatings.
Our results show that these surface features are likely compositionally distinct from the underlying bedrock and
are composed of a mixture of externally derived sediment providing further evidence that these features are
coatings rather than a weathering rind. The high frequency of these coatings observed at both the outcrop and
microscale highlights the importance of characterizing these features as these coatings in many cases may have
obscured the underlying rock or contaminated our natural surface observations aimed at interpreting bedrock
lithology. In the following sections, we explore in more detail the potential formation mechanisms of these
coatings, their timing, and the implications for understanding the larger alteration history of not only Jezero crater
but also Mars.

4.1. Potential Formation Mechanisms

Previously proposed models for coating formation on Mars involve both physical interactions of windblown fine
dust/soil particles as well as the chemical interaction of reactive sulfate salts and/or ferric phases (including iron
oxyhydroxide species) with water (Bishop et al., 2002). Other hypotheses for the coatings included anhydrous
formation mechanisms such as the deposition of volcanic vapors (Schmidt et al., 2024). The hydrous models
suggest that original 1-3 pm dust/soil particles, containing fine-grained silicate particles mixed via aeolian
processes with reactive sulfate or ferric oxyhydroxide phases, are initially deposited on rock surfaces as loose dust
cover. Electrostatic charges can coalesce these dry fine grains, which may aggregate into larger particles and
become further stabilized at the surface (Bridges & Muhs, 2012). Water interaction with the reactive components
can bind the chemically neutral silicate particles, forming a hardened coating that can only be removed by
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subsequent sand abrasion. Similar mechanisms can occur within drift deposits to form cemented soils or dur-
icrusts (Bishop et al., 2002), which previous studies have suggested to be globally distributed on the Martian
surface (Jakosky & Christensen, 1986). In these models, the water needed for coating formation may come from

diurnal moisture variations, frost, meltwater, or other near surface aqueous activity (Bishop et al., 2002).

Our investigations of coatings on the Jezero crater floor revealed that the observed surface features may be
consistent with previously proposed models of coating formation and suggest a similar formation mechanism.
The coatings observed at Jezero are likely composed of a mixture of sediment indurated and cemented to the rock
surface. The spectral and chemical similarities observed in the SuperCam IR and LIBS data between coatings and
dust strongly suggest a potential genetic link and that bright airfall dust may play an important role in coating
formation. Observations of dust clumping, likely due to electrostatic forces, in close proximity to coatings are
consistent with previously proposed models as this process may be an important precursor to coating formation at
Jezero (Figure 6d).

However, an additional component may be present, as evidenced by (a) the weaker red slopes observed in the
visible range of both SuperCam and Mastcam-Z coating spectra compared to dust spectra; (b) the presence of a
broad 910 nm absorption seen in Mastcam-Z spectra of some purple patch coatings and its absence in dust spectra
(Figure 10). These differences may be due to the presence of more crystalline phases such as hematite or other
ferric-bearing material. It is possible that the 910 nm absorption observed in some of the Mastcam-Z coating
spectra was caused by contributions from the pyroxene- and ferric iron-bearing fine-grained regolith, which
exhibited similar spectral absorption features. This may be further supported by the chemical similarities we
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observed in the LIBS data between fine-grained regolith and the coatings (Figure 13). As we noted earlier, while
the fine-grained regolith appeared spectrally distinct from the coatings in the SuperCam VISIR data, it is possible
that additional oxides in the coatings may explain the weaker broad absorptions observed in the coating spectra.
While previously proposed models suggest the indurated coating material has grain sizes of 1-3 pm, we cannot

rule out a component of the darker-toned and potentially locally derived silt-sized regolith (~4-21 pm grain size)
in the coatings, but further investigation is needed to constrain any compositional relationship.

The presence of hydrated signatures observed in the SuperCam VISIR data provides additional evidence for
previous water interaction. It is possible that some of these hydrated phases were inherited from the hydrated
phases present in Martian dust/regolith (Lasue et al., 2022) or formed during subsequent water interaction related
to diurnal moisture variations, frost, meltwater, and/or other aqueous events. Meslin et al. (2022) reported the
presence of hydrated sulfates in crater floor coatings, some of which may be associated with contribution from
dust. The chemical enrichment in Ca of coatings relative to dust and fine-grained regolith, likely associated with
Ca-sulfate, suggests the presence of additional salts that were incorporated during coating formation. Mg
enrichment observed in some of the SuperCam LIBS data of coatings suggests the presence of Mg-sulfates and is
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consistent with previously reported results in Meslin et al. (2022). Hausrath et al. (2023) reported similar com-
positions in an indurated “dust crust” observed on a crater floor rock that is likely consistent with the surface

o110 oA

coatings described in this study. PIXL results of the “crust” showed enrichment in SO5 and Cl relative to airfall
dust likely related to a salt cement, and strong correlations between Mg and SO; suggested the presence of
Mg-sulfates. PCA using shot-to-shot SuperCam data showed tight correlation between Mg and H, suggesting the
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Mg-sulfates were hydrated.

Soil crusts observed in disturbed regolith throughout the Jezero crater floor (Hausrath et al., 2023) may have
formed under similar aqueous conditions as suggested by previously proposed models (Bishop et al., 2002).
Analysis of soil crusts indicated the presence of hydrated Mg/Ca sulfates, hypothesized to have formed as a result
of atmospheric deposition of Cl- and S-bearing aerosols that were then hydrated with changes in relative humidity
and potential frost events (Hausrath et al., 2023; Vakkada Ramachandran et al., 2021). Following the deli-
quescence of these salts, rapid evaporation during the day may have caused the wicking of brines towards the
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surface and eventually the efflorescent growth of salts that cemented the soil forming a crust. Subsequent
reworking and transport of these crusts by aeolian processes may have contributed to the formation of younger
crusts (Hausrath et al., 2023). It is likely that the processes involved in soil crust formation were similar to those
that helped indurate and cement the rock coatings, but further investigation is needed to constrain the relationship
between the two surface features.

The observations of continuous coatings on lower-lying or recently exposed rock surfaces near regolith suggest
the important role of burial in coating formation and/or preservation (Figure 7). Regolith cover may have
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provided suitable alteration conditions by allowing thin films of water to persist and also protected the newly
formed coatings from wind abrasion (Knoll et al., 2008). Furthermore, coatings observed near pits/voids and
along potential rock fractures suggest these features may have provided accumulation zones for dust and fine-
grained regolith prior to burial and subsequent induration by subsurface fluids. While the extent to which fine-
grained regolith is incorporated into the coatings is unclear, our results suggest that shallow burial by regolith
may be a key step in coating formation.

The three endmember morphological types of coatings may represent different erosional expressions and maturity
of coatings that share a similar origin. This is supported by observations of purple patches, continuous coatings,
and thick coatings sometimes occurring in close proximity (Figure 15) and occasionally on the same rock surface,
as well as the chemical similarities between the coatings classes we observed in the SuperCam LIBS data. On
some rocks investigated by the Perseverance rover, we observed more extensive continuous coatings occurring
on lower-lying surfaces that may have recently been exhumed. These continuous coatings were not present on the
higher standing wind abraded surfaces that have likely experienced longer periods of aeolian erosion. Rather,
these higher standing surfaces exhibited discontinuous purple patches on a finer scale, suggesting that the purple
patches may be eroded, polished, and less dusty expressions of the more continuous coatings (Figures 7¢ and 7).
This may explain our observations of purple patch coatings exhibiting the strongest ferric signatures in both the
SuperCam VISIR and Mastcam-Z data as the longer surface exposure may have resulted in the purple patch
coatings being more oxidized possibly enhanced by interaction with highly oxidative photochemical products in
the Martian atmosphere (Clark et al., 2016). The weaker hydration signatures in spectra of the purple patch
coatings compared to those of the continuous coatings we observed in the SuperCam VISIR data may also be
consistent with this erosional hypothesis, as the longer surface exposure of the purple patches may have resulted
in more water loss relative to the more recently exposed continuous coatings. The erosional hypothesis may also
support the weaker ferric signatures observed in the Mastcam-Z data and more localized occurrences of thicker
coatings only along Mure and Artuby Ridge, where steep exposures of the ridge and rock fractures have mitigated
the impact of erosion and preserved the thick accumulations of indurated material confined to the sides and
undersides of protruding rock layers.

Alternatively, the various expressions of coatings may represent grain size and compositional differences in the
loose material that is being cemented. The less oxidized composition of the thicker coatings along Artuby ridge
and Mure may suggest a more local contribution of the less ferric outcrops, which may have mechanically eroded
to fill the fractures before cementation by local groundwater activity along fracture margins. Purple patch
coatings, which exhibit the strongest ferric-like signatures, may include a higher percentage of ferric-rich airfall
dust.

In addition, because the thicker coatings are confined to vertical surfaces, we cannot rule out a fluid-emplaced
fracture fill origin for these particular features. For example, the thicker coatings may have resulted from
enhanced fluid flow and dust/sediment accumulation within near-surface fractures along the geologic contact
between the Mdaz and Séitah formations. Alternative interpretations for the thicker features could include a wind
polished agglutinated lava or some other unknown weathering phenomena. However, because of the textural and
chemical similarities with the other coating classes described in this study, we favor the interpretation that such
features represent surface coatings with potentially distinct erosional and/or formation histories.

4.2. Comparison With Rock Coatings at Previous Landing Sites

Rock coatings have previously been identified in situ at other landing sites and some of these features may be
consistent with those observed in Jezero. At Gusev crater, the Mars Exploration Rover (MER) Spirit rover
investigated a dark multilayer coating on basaltic rock target Mazatzal that was revealed following brushing and
abrasion with the Rock Abrasion Tool (Arvidson et al., 2004; Haskin et al., 2005; McSween et al., 2004). Spectral
and chemical analyses by Spirit instruments indicated that the coatings contained Fe-oxides, including crystalline
hematite, and 2-5 times higher S and CI concentrations relative to the rock interior (Haskin et al., 2005). The
occurrence of the coatings on ventifact grooves suggested exposure to wind abrasion prior to coating formation,
similar to the coatings observed at Jezero crater (Figure 16a). Previous studies hypothesized that the coatings on
Mazatzal resulted from alteration of the silicate component of soil or of the rock itself, oxidation of Fe2+, and
incorporation of S and CI (Haskin et al., 2005). Episodic burial and exhumation, along with transient liquid water
provided by snow melt during periods of high obliquity or groundwater likely produced suitable alteration
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Figure 15. Various coating morphologies (white arrows) in the Rimplas workspace at the Artuby ridge, possibly illustrating an evolutionary pathway from thicker
coatings to continuous coatings to purple patches. (a) Portion of Mastcam-Z left eye enhanced color Bayer filter mosaic (sol 343, zcam08371, Z34) for context. White
boxes indicate location of images shown in (b—f). (b) Thick coating at Supercam target Taloire (sol 347, zcam08375, Z110). (c) Thick/continuous coating (sol 347,
zcam08376, Z110). (d) Continuous coating at target Galabre (sol 345, zcam08372, Z110). (e) Eroded flakes at Mastcam-Z multispectral target Les Cluots (sol 346,
zcam03315). (f) Purple patches (outlined in yellow dashed lines) at target Vergons as viewed by WATSON at 6 cm standoff (sol 345, srlc00378).

conditions for coating formation (Haskin et al., 2005). It is also possible that the surface coatings formed by
weathering reactions without a condensed fluid phase during periods of high Martian humidity (McSween
et al., 2004). Taken together, the composition and surface expressions of the coatings at Mazatzal suggest a
formation mechanism similar to the coatings observed at Jezero.
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(a)

Jezero crater (b)

Gllisev crater (C) MeridETNET 10

Figure 16. Comparison of rock coatings (white arrows) observed at Jezero and other landing sites. (a) Mastcam-Z L.256 enhanced color image of Rochette (zcam03214,
sol 188). (b) Spirit Panoramic Camera (Pancam) enhanced color (753 nm (L2), 535 nm (L5), and 432 nm (L7)) image of Adirondack (sol 30). (c) Opportunity Pancam
L257 (same filter wavelengths as Spirit Pancam) enhanced color image of the Oiledn Ruaidh meteorite (P2539, sol 2371).

Although obvious purple-hued coatings at the outcrop scale on Gusev plains rocks similar to those observed at
Jezero have not been previously described, such coatings may be present in Gusev. The Adirondack rock, which is
lithologically similar to the nearby Mazatzal and was also investigated by the Spirit rover, appeared to exhibit a
discontinuous purple-hued patch on a higher standing wind abraded surface (Figure 16b). It is possible that this
feature is consistent with the darker toned coatings investigated on Mazatzal and similar to the coatings observed
at Jezero, but further investigation is needed to constrain any potential relationship.

At Meridiani Planum, the MER Opportunity rover observed discontinuous patches of purple-hued surface
coatings on Fe-Ni meteorites (Figure 16¢) (Ashley et al., 2011, 2022; Johnson et al., 2010; Schroder et al., 2008).
Crosscutting relationships between the patches and meteorites confirmed that the surface features were not fusion
crusts (Ashley et al., 2011, 2022). The patches typically occurred in topographically low areas and exhibited
lobate margins that appeared to coat the underlying rock (Johnson et al., 2010). Pancam reflectance and Moss-
bauer data on the coatings suggested a mixture of ferric materials dominated by nanophase hematite. APXS data
showed enrichment in Mg, Br, and Zn relative to the rest of the meteorite surface (Johnson et al., 2010). Previous
studies hypothesized that these features represented an altered or secondary weathering coating, formed during
episodes of burial and exhumation and partially eroded by subsequent wind abrasion. While it is possible these
surface features resulted from iron-nickel-water interactions in the underlying meteorite, the purple patches may
be consistent with those observed at Jezero crater and formed from induration and oxidation of externally derived
material.

Further investigations by the Opportunity rover at Endeavour crater revealed an outcrop with a patchy, thin, dark,
and likely mineralogically complex coating that was sulfate rich (~21 wt.%) with high abundances of Si, Fe, Ca,
and Mg (Clark et al., 2016). The coating also contained an assemblage of Fe-oxides and/or oxyhydroxide phases,
possibly including hematite, magnetite, goethite, and/or nanophase ferric oxides. Silicates were also present and
included mafic minerals or amorphous materials, with a potential pyroxene source. Previous studies suggested
that the coating composition could not solely be explained by soil or the amorphous component of soil with some
added salts, and likely contained additional components that were indurated during coating formation (Clark
et al., 2016). The compositional similarities between the coating observed at Endeavour crater and the Jezero
coatings (e.g., sulfates, ferric oxides, silicates) may also suggest a similar origin, but further detailed chemical
analyses are needed to constrain a potential shared formation mechanism. Veneers and thicker rinds were also
identified by Opportunity rover on ancient sedimentary rocks at Meridiani Planum, but these features appeared
morphologically distinct from the coatings described above and are hypothesized to have formed from precipi-
tation of salts and interactions between the dust and the sulfate-rich outcrop surface (Farrand et al., 2007; Knoll
et al., 2008). Other apparent coatings observed by Opportunity include dark Mn-rich surfaces on overturned rocks
but were later interpreted to represent fracture fill material deposited by migrating fluids (Arvidson et al., 2016;
Farrand et al., 2016).

The MSL Curiosity rover has been exploring sedimentary rocks within an ancient paleolake environment at Gale
crater since August 2012. To date, reports of widespread surface coatings within Gale crater similar to those
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observed by the Perseverance rover on the Jezero crater floor have not been documented in the published
literature. However, more recent observations of some basaltic dark-toned float rocks likely derived from Gediz
Vallis Ridge revealed an apparent surface coating that may be analgous to those observed at Jezero (Farrand
et al., 2024; Garczynski et al., 2025). Dark surface features with high-Mn phases observed elsewhere by Curiosity
were originally thought to be surface coatings that developed from modern chemical weathering processes, but
subsequent studies determined that these features were more likely consistent with eroded diagenetic fracture fill
(Lanza et al., 2016). Reported observations made by the Alpha Particle X-ray Spectrometer (APXS) indicated
some chlorine enrichments that were interpreted to be associated with a surface rind rather than the bulk rock or
dust (McCraig et al., 2020), though it remains unclear whether this rind is related to the surface coatings described
in this study. Overall, the potential absence of widespread coatings in Gale crater and relative abundance on the
Jezero crater floor is notable and warrants further investigation to better understand the factors influencing coating
formation on Mars.

The observations of seemingly similar coatings observed by rovers elsewhere on Mars may provide important
evidence that the coatings observed by the Perseverance rover are not unique to Jezero and likely represent a
global Martian process. It is unclear whether these features are all associated with the same global alteration event
or if they represent more local and distinct episodes of aqueous activity with similar formation mechanisms. We
hypothesize that the common occurence of the rock coatings on the Jezero crater floor compared to other landing
sites may be related one or a combination of factors including: (a) the relatively dust-free and dark-toned nature of
the Jezero crater floor rocks making the coatings easier to identify at outcrop scale (Lasue et al., 2022; Tarnas
etal., 2021), (b) distinct alteration conditions, (c) potentially more recent exhumation that has better preserved the
coatings from long term erosion and removal by aeolian processes, or (d) the erosional resistance of the igneous
bedrock. The erosional resistance hypothesis may help explain the occurrence of similar coatings on basaltic float
rocks and Fe-Ni meteorites at other rover landing sites, and the absence of analogous coatings observed on
sedimentary bedrock at Gale crater. The more stable nature of the igneous rocks and meteorites may have allowed
more time for coatings to form and be preserved at the Martian surface relative to the more easily eroded and less
stable sedimentary rocks at Gale.

4.3. Timing and Implications for Jezero Alteration History

The rock coatings described in this study provide key evidence of past alteration at Jezero and constraining the
timing of coating formation will help further elucidate the geologic and alteration history of the crater. Obser-
vations of compositionally and morphologically similar surface coatings in both the Maaz and Séitah formations
suggest that alteration conditions existed following the emplacement of both geologic units. Although the
coatings were not observed on every rock investigated by the Perseverance rover during the Crater Floor
Campaign, the relatively widespread nature of the rock coatings indicates surface alteration that affected the
Jezero crater floor and possibly beyond. The presence of the coatings on eroded natural rock surfaces and
ventifact grooves across the crater floor suggests that the most recent episode of coating formation occurred
relatively late in the history of the crater, following exhumation and subsequent erosion of the crater floor rocks.
Thus, the observed coatings on the crater floor may represent one of the last episodes of alteration activity at
Jezero. The various coating morphologies and potential layering observed within some coatings may indicate
multiple generations of coating formation, possibly representing distinct alteration events or periods of shallow
burial and/or low abrasion rates. The patchy nature of some coatings indicates a period of ongoing erosion
following deposition as the coatings are actively removed by aeolian abrasion. Additional work constraining a
potential relationship of coating distribution with current and paleo-wind directions (Herkenhoff et al., 2023) may
help elucidate the timing of coating deposition and erosion as well as past abrasion rates at Jezero (Kraft &
Greeley, 2000).

While our study indicates that crater floor coatings likely represent alteration that occurred relatively late in the
history of Jezero, it remains unclear when alteration conditions suitable for coating formation began and whether
these conditions presently exist in the modern surface environment at Jezero. The evolution of the Jezero crater
floor was likely complex and may have included multiple episodes of erosion, exhumation, and burial by an
overlying unit on the order of tens of meters thick (Beyssac et al., 2023; Horgan et al., 2023; Quantin-Nataf
et al., 2023). It is possible that coating formation occurred earlier during this complex history, but a record of
those rock coatings has likely been erased by aeolian processes upon exposure. The occurrence of well-preserved
continuous coatings on recently exposed lower lying rock surfaces may suggest active coating formation beneath
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shallow regolith (Figure 7), possibly related to diurnal changes in relative humidity or potential frost events
(Polkko et al., 2023). However, further research is needed to better understand whether coating formation is a
modern process on Mars.

To further constrain the timing and implications of the rock coatings in the alteration history of Jezero, it is
important to evaluate these features in the context of other evidence of alteration that has been observed on the
crater floor. Previous studies have suggested that the Jezero crater floor was variably altered over multiple
widespread alteration episodes. The relatively low proportion of hydrated alteration minerals detected within
crater floor abrasion patches, combined with the lack of Al-phyllosilicates, suggested that these aqueous episodes
involved limited water-rock interaction and duration (Beyssac et al., 2023; Clave et al., 2023; Farley et al., 2022;
Mandon et al., 2023; Udry et al., 2023). Earlier stages of aqueous activity likely resulted in the formation of clay
and carbonate minerals as a result of weathering of an Fe/Mg-bearing protolith in both the M4az and Séitah
formations. Subsequent alteration involving concentrated liquid brines, possibly associated with the evaporation
of the Jezero paleolake, resulted in minor sulfate and perchlorate deposition within the pores of crater floor rocks
(Mandon et al., 2023; Meslin et al., 2022). Because of the high solubility of these salts, it is hypothesized that
these deposits may represent one of the last traces of fluid activity at Jezero crater. It is possible that the hydrated
sulfates detected within the surface coatings were deposited during the same alteration event (Mandon
et al., 2023; Meslin et al., 2022). Alternatively, the deposition and induration of surface coatings could have
occurred in a separate and possibly later event that involved atmospheric-rock interactions at much lower water-
rock ratios. Thus, further research is needed to constrain a potential relationship between the coatings and salts
detected within the abraded patches.

Eroded flakes of coatings or coated rock fragments observed along the crater floor traverse are likely locally
derived from nearby outcrops and may reflect the interplay between coating formation and weathering of the
underlying rock (Figure 8). In particular, these features may be evidence of case hardening in which the
downward mobilization of surface coating constituents into weathering rind pores created by mineral dissolution
and mechanical fracturing hardens and protects the outer rock surface. Subsequent mineral dissolution beneath
the case-hardened zone weakens the underlying rock, resulting in the detachment of coated rock flakes (Dorn
et al., 2017). Weathering rinds have previously been inferred in coated rocks of both the Maaz (Horgan
et al., 2023) and Séitah (Rice et al., 2023) formations, and further investigation is needed to understand the
relationship and timing of coatings and alteration rinds on the Jezero crater floor.

As noted above, it is possible that the formation of soil crusts in Jezero crater may have occurred under similar
aqueous conditions to the rock coatings. Previous studies at Jezero crater using the MEDA (Mars Environmental
Dynamics Analyzer) instrument suggested diurnal adsorption of humidity into the ground and that frost condi-
tions may have been achieved a few times during the Perseverance rover's investigations of the crater floor
(Polkko et al., 2023). Water ice frost during nighttime at Jezero has also previously been predicted by climate
models (Tamppari et al., 2022). While conditions favorable for soil crust formation may be possible on the
present-day Martian surface, these conditions were more likely present in the recent past during periods of higher
obliquity that were more suitable for frost formation to occur (Forget, 2009; Hausrath et al., 2023). It is plausible
that the coatings described in this study formed concurrently with the soil crusts relatively late in the history of
Jezero crater and likely share similar formation mechanisms. Shallow burial of bedrock by dust and fine regolith
with low thermal inertia (Martinez et al., 2023) may have resulted in large diurnal changes in surface relative
humidity that were suitable for the precipitation of salts and induration of surface coatings. Like soil crusts, the
subsequent reworking and transport of eroded coatings may have contributed to younger generations of coatings
as long as aqueous conditions persisted. Additional work focused on modeling past climates at Jezero may
provide additional insight into past regolith-atmosphere interactions as well as the timing of soil crust and coating
formation.

4.4. Future Investigations With Mars Sample Return

One of the key objectives of returned sample analysis is to characterize and better understand the water/rock/
atmosphere interactions at the Martian surface through investigations of evidence for subaerial alteration. Rock
coatings have previously been identified as a critical target for resolving the nature of past climatic and atmo-
spheric conditions on Mars and identifying habitable environments that may have existed more recently in Mars'
history (Beaty et al., 2019). Previous studies of rock coatings on Earth suggested that these sample targets may
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(a)

Montdenier

Montdenier

Figure 17. Rochette rock coatings (white arrows) potentially sampled by the Perseverance rover for Mars Sample Return.
(a) Mastcam-Z L256 enhanced color image (sol 198 zcam03220, Maaz fm.) annotated with sampling locations (yellow
arrows) and core names. (b) Focus merged WATSON image (sol 198 srlc08018) showing Montdenier borehole and nearby
natural rock surface.

also have provided suitable habitats that protected microbes from harsh surface conditions, and thus are
compelling for biosignature detection (Krinsley et al., 2009; Kuhlman et al., 2008; Wierzchos et al., 2013).

The Perseverance rover collected eight core samples from four scientifically return-worthy and representative
rocks during the Crater Floor Campaign (Simon et al., 2023). Pairs of samples were collected from each rock so
that one sample from each pair could be deposited in a “contingency” cache on the crater floor while the other half
would be deposited in a primary cache along with samples collected by the rover on the delta and beyond Jezero.
All crater floor rocks sampled by the Perseverance rover exhibited evidence of rock coatings described in this
study; thus, it is possible that these surface features are included in the returned cache (Figure 17; Table 4). As
shown in Figure S4 in Supporting Information S1, many of the pre-coring natural surfaces on sampled crater floor
rocks appeared to exhibit purple patch coatings. These coatings were also evident on most of the natural surfaces
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Table 4

Summary of Samples and Abrasion Patches From the Crater Floor Campaign Indicating the Occurrence of Natural Surface Coatings on Sampled Rocks

Coatings present on pre-coring surface?

Coatings present adjacent to abrasion patch?

Sample name Sol acquired Abrasion Formation (See Figure S4 in Supporting Information S1) (See Figure S3 in Supporting Information S1)

Montdenier® 190 Bellegarde Maiaz Yes Yes

Montagnac 196 Bellegarde Maiaz Yes Yes

Salette 262 Dourbes Séitah Unclear due to dust cover Yes

Coulettes® 271 Dourbes Séitah Yes Yes

Robine 295 Quartier Séitah Yes Unclear due to dust/tailings but present
elsewhere on rock

Malay® 337 Quartier Séitah Unclear due to dust cover Unclear due to dust/tailings but present
elsewhere on rock

Hahonih 371 Alfalfa Maaz Yes Yes

Atsah® 374 Alfalfa Maaz Yes Yes

“Indicates samples included in the Three Forks contingency cache.

that were dust-cleared by nearby abrasion activities prior to sampling (Figure S3 in Supporting Information S1).
While coatings were not obviously identified directly adjacent to the Quartier abrasion (likely obscured by
abrasion tailings and/or dust), coatings were present elsewhere on the rock and thus may have been sampled
(Figures 7b and 7e). It is unclear whether the coatings remained intact or were chipped off during the sample
drilling process (Moeller et al., 2020). However, even if disturbed, it is likely that fragments of the coating were
retained within the sample tube. Thus, any future sample curation efforts and investigations should look for the
presence of these coatings within the crater floor sample tubes upon return to Earth.

If these coatings were successfully sampled, future laboratory analyses of these samples would be critical in helping
answer outstanding questions presented in this work and further constrain the timing and nature of past alteration
surface environments on Mars. In particular, detailed analyses could better assess the mineral, chemical, and
isotopic compositions of the coatings that will allow for additional constraints on formation mechanisms, past
Martian climate, and the potential relationship with other evidence of alteration. X-ray diffraction and conventional
stable isotope techniques could be used to characterize bulk composition and determine the nature of the indurated
material and source of reactant fluids within secondary alteration minerals (Simon et al., 2023). These results could
be combined with nano- to microscale site-specific investigations using scanning electron microscopy, energy
dispersive X-ray spectroscopy (EDS), synchrotron spectroscopy techniques, laser-ablation inductively coupled
plasma mass spectrometry and secondary ion mass spectroscopy to characterize thickness and measure potential
compositional and morphologic variability with depth and across different samples (Schindler & Dorn, 2017).

Laboratory data could help confirm whether coatings are layered from deposition over multiple generations as
suggested in this study. If present, these microlaminations can record important paleoclimatic changes and help
constrain the duration of water interaction as well as the chemistry, temperature, and residence time/drainage of
the fluids (Beaty et al., 2019; Schindler & Dorn, 2017). Comparisons of these results with investigations of
weathering rinds, salts preserved within the pores of crater floor bedrock, and components of soil crusts
potentially contained within the regolith sample could help better assess whether these features are all related to
one alteration event or distinct episodes late in the history of Jezero. In addition to characterizing past water
activity, these analyses would also be important for the detection of ancient life that may have inhabited these
coatings as mineral precipitates can preserve trapped organics and textural biosignatures (Beaty et al., 2019;
Marnocha, 2017). These studies would also help inform our understanding of similar coatings observed at other
landing sites, further elucidating the history of water at not only Jezero but also all of Mars.

5. Conclusions

In this work, we investigated the nature and origin of rock coatings observed by the Perseverance rover on the
Jezero crater floor. In particular, we characterized the distribution, morphology, and texture of these surface
features and presented results from Mastcam-Z and SuperCam spectral and chemical analyses to constrain the
composition. Our analyses revealed that:
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1. Rock coatings at Jezero crater are widespread and compositionally similar across the crater floor in both Maaz
and Séitah formations and likely represent widespread surface alteration;

2. The occurrence of coatings on eroded and weathered natural surfaces suggests formation following recent
exhumation and erosion of the crater floor, possibly representing the last episode of Jezero alteration activity;

3. Coatings are compositionally distinct and not correlated with underlying bedrock, suggesting formation
through deposition and alteration of externally derived material;

4. The compositions of coatings are consistent with a variable mixture of airfall dust, potentially silt-sized
regolith (<~21 um grain size), and secondary alteration minerals such as iron oxides and sulfates, support-
ing previous water-rock-atmosphere interaction likely related to diurnal changes in relative humidity, frost
events, meltwater, or other near surface aqueous activity;

5. The morphologies and “purpleness” of crater floor coatings are variable, which we hypothesize reflects
various erosional expressions and/or different stages of coating evolution;

6. More continuous coatings occur on lower lying and recently exhumed surfaces, suggesting that shallow burial
likely plays an important role in coating formation and/or subsequent preservation;

7. The crater floor coatings may be similar to coatings previously reported at other landing sites, suggesting a
global alteration process that is not unique to Jezero. As at Jezero, coatings at other sites appear to occur on
more durable or erosionally resistant rocks, highlighting the potential importance of physical rock properties in
the formation and/or preservation of coatings. Coatings are more commonly observed at Jezero possibly
reflecting unique formation or preservation conditions;

8. The Perseverance rover likely sampled these coatings during the Crater Floor Campaign, and future sample
return studies should investigate these features to constrain past Martian climate and alteration activity, as well
as search for biosignatures potentially preserved within coatings.

This study provides important context for future in situ rover investigations at Jezero and eventual sample return
studies. Continued monitoring and characterization of rock coatings along the Perseverance rover's traverse may
provide important insights into the extent and duration of past alteration activity as well as past erosional pro-
cesses and the relative timing of crater exhumation. The results of this study may also have important implications
for understanding past alteration and habitability beyond Jezero, as these coatings may be similar to those pre-
viously observed at other landing sites and may record some of the most recent alteration activity on Mars.
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suite by Million Concepts, LLC (St. Clair, 2022). The SuperCam major element oxide composition (MOC), total
emissivity, and all raw data and processed calibrated data files are included in the Planetary Data System (Wiens
& Maurice, 2021). A data set containing the full list of nearfield (<10 m away) and midfield (10-50 m away) rock
targets used in this study, along with associated metadata data, is publicly archived and published in
Garczynski (2025).
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