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Abstract Hydrated silica (SiO,-:nH,O; opal) is important for understanding the geological and aqueous
history and habitability of Mars, owing to its genesis in a wide range of aqueous environments and its high
biosignature preservation potential relative to other hydrated minerals. Utilizing multispectral CaSSIS and
hyperspectral CRISM data, we investigated opal-bearing deposits in Oxia Planum, the future landing site of the
ExoMars “Rosalind Franklin” rover, in order to further assess the region's aqueous geology and astrobiological
potential. Additionally, we used CaSSIS color band ratio composites to expand the CRISM data and identify
discrete deposits of hydrated silica throughout the sedimentary fan stratigraphy, and identify potential opal-
bearing deposits within the Rosalind Franklin landing ellipses. We have detected opal-bearing material in two
main physiogeographic regions of Oxia Planum: (a) stratigraphically between the clay-bearing plains and the
overlying sedimentary fan, and (b) in discrete outcrops in topographic lows south of the fan deposits.
Amorphous opal, likely derived from weathering processes, is the dominant form of hydrated silica in Oxia
Planum. Whilst a detrital origin for the hydrated silica-bearing deposits cannot be conclusively ruled out, an
authigenic origin, or one in which opaline silica is concentrated by groundwater or pedogenic silicification
processes, remains the most plausible formational hypotheses. These outcrops offer exciting prospects for in situ
astrobiological exploration, which will allow for these hypotheses to be tested.

Plain Language Summary We used orbital remote sensing data to identify deposits containing
hydrated silica (opal) in Oxia Planum, the future landing site of the ExoMars Rosalind Franklin rover. The opal
occurs between clay-rich plains and an overlying sedimentary fan, and within topographic lows south of the
sedimentary fan. Compositional data indicate that opal is mostly amorphous in structure, resulting from
weathering of other rocks. While we cannot rule out that some opal was transported from elsewhere, it most
likely formed in place by falling out of solution or through later groundwater or soil-forming activity. We have
identified opal in local regions within the fan, as well as possible opal deposits near the center of the Rosalind
Franklin landing site, which are prime targets for the rover's search for past habitable conditions and signs of
past or present life.

1. Introduction

Hydrated silica (SiO,'nH,O; opal) is an important mineral in understanding aqueous processes and habitability on
Mars, owing to its various formation pathways that all invariably require liquid water in its genesis and modi-
fication. Since the first detection of hydrated silica on Mars by the Miniature Thermal Emission Spectrometers
(Christensen et al., 2003) onboard the Mars Exploration Rovers in Meridiani Planum (Glotch et al., 2006) and
Columbia Hills (Squyres et al., 2008), opal-rich deposits have been identified across the martian surface through
orbital remote sensing (e.g., Milliken et al., 2008) using visible-near-IR spectrometers such as Observatoire pour
la Minéralogie, I’Eau, les Glaces et 1’ Activit¢ (OMEGA; Bibring et al., 2004) and Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM; Murchie et al., 2007). These detections, alongside those of other
aqueous minerals (e.g., phyllosilicates, sulfates, zeolites, and carbonates), reveal that extensive water-rock in-
teractions occurred in surface and subsurface environments within past climates markedly warmer and wetter than
that of present day Mars (e.g., Bibring et al., 2006; Ehlmann et al., 2011; Mustard et al., 2008; Poulet et al., 2005;
Wray et al., 2008). The occurrence of hydrated silica on Mars has been attributed to three different formational
mechanisms: (a) detrital, in which sediments containing silica are transported and deposited by water or wind, (b)
authigenic, where silica precipitates directly from aqueous solutions within sedimentary or volcanic environ-
ments, and (c) silcretization processes, where silica is reprecipitated in concentrated layers or nodules by silica-
enriched groundwater or through relative enrichment due to weathering of nearby silicate rocks (Bishop
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et al., 2008; Marzo et al., 2010; Milliken et al., 2008; Pan et al., 2021; Pineau et al., 2020; Ruff et al., 2011; Skok
et al., 2010; Sun & Milliken, 2018; Voigt et al., 2024).

Two key characteristics of hydrated silica make it unique in its ability to improve our understanding of past
aqueous environments and habitability on Mars. First, on Earth, as well as forming biogenically through depo-
sition of diatom skeletons (Oehler, 1979), hydrated silica forms abiotically in a variety of aqueous environments,
including as siliceous ooze in deep oceanic basins (Bohrmann et al., 1994), as cherts (sedimentary microcrys-
talline silica) in lacustrine basins (Eugster, 1969), as siliceous sinter in hot spring and hydrothermal settings
(Boudreau & Lynne, 2012; Sun & Milliken, 2020), including those induced by meteorite impacts (e.g., Osinski
etal., 2013), and in volcano-fumarolic settings (Seelos et al., 2010). These diverse formation settings demonstrate
that hydrated silica is not uniquely diagnostic of any one process but rather a product of diverse processes in a
range of aqueous environments. Second, in terrestrial environments, hydrated silica acts as an extremely effective
preservation agent for physical and chemical biosignatures relative to other minerals (McMahon et al., 2017;
Orange et al., 2009, 2013). Some of the oldest unambiguous terrestrial biosignatures are observed in silicified
phases (e.g., Schopf, 1993), and exceptional preservation of plant/animal matter within an opal framework has
been documented (Chauviré et al., 2020; Rondeau et al., 2012). Silicic acid, formed through the interaction of
silica and water, readily bonds to cell walls and envelopes, with this process occurring across a large range of
temperatures, salinities, and pH levels, agnostic of cell type (Butts, 2014). Consequently, permineralized bio-
logical material including cells, organic carbon, molecular fossils such as lipids, and microbialites (e.g., stro-
matolites) are exceptionally well-preserved within rocks with high silica content (e.g., Duda et al., 2016; Gouzy
et al., 2025). Well-preserved organic biomarkers are present in such deposits even after lithification, diagenesis,
and exposure to subsequent subsurface aqueous conditions (e.g., Rhynie Chert, Scotland; Garwood et al., 2020),
owing to the innate impermeability and resistance to chemical weathering that is characteristic of hydrated silica.
As such, deposits with high silica content on Mars are excellent candidates for retaining details of past aqueous
environments, and if those environments were habitable, any biosignatures that were present.

Oxia Planum is the future landing site of the ESA ExoMars “Rosalind Franklin” rover (RFR; Figure 1), which
will search for physical and chemical biosignatures at the surface and subsurface using its analytical suite of
instruments, the “Pasteur” payload (Vago et al., 2017). Located on the margin of the rugged, Noachian-aged
highlands of Arabia Terra and the smooth, low-lying, Hesperian-aged plains of Chryse Planitia, the Oxia Pla-
num region contains an exceptional geomorphological and geochemical record of ancient Noachian surface and
subsurface environments, with abundant evidence of past aqueous activity (Fawdon et al., 2022; Quantin-Nataf
et al., 2021). This evidence includes fractured, layered, phyllosilicate-bearing plains, which are indicative of
widespread water-rock interactions and are the primary astrobiological target of the rover (Brossier et al., 2022;
Davis et al., 2023; Mandon et al., 2021; Parkes-Bowen et al., 2022; Quantin-Nataf et al., 2021), a sedimentary fan,
associated with Coogoon Vallis that could indicate a standing body of water in the Oxia basin as part of a regional
hydrological system (Quantin-Nataf et al., 2021; Roberts et al., 2024), and widespread depositional, erosional,
and impact-related processes that shaped the ancient landscape (Favaro et al., 2021; McNeil et al., 2022; Quantin-
Nataf et al., 2021; Roberts et al., 2021). Deposits rich in hydrated silica have been detected in the south of the
landing site associated with the sedimentary fan (Figure 1; Carter et al., 2023; Pan et al., 2021; Quantin-Nataf
et al., 2021), but little work has been done to expand on this observation. As such, the true stratigraphic posi-
tion of hydrated silica-bearing material, as well as its geographic range, and crucially, its geochemistry and
possible origins, are not currently understood.

Here we present the first comprehensive study that focuses on the silica-rich deposits in Oxia Planum, aimed at
unraveling their origins, stratigraphic relationships with other key landing site units, and relevance to RFR
mission objectives. Utilizing available hyperspectral CRISM cubes, we investigated the mineralogy of hydrated
silica-bearing deposits around the south of the landing site near the sedimentary fan and Noachian highland units.
Additionally, we have augmented these detections with multispectral Color and Stereo Surface Imaging System
(CaSSIS; Thomas et al., 2017) and High Resolution Imaging Science Experiment (HiRISE; McEwen et al., 2007)
data, employing color band ratio composites (CBRCs; Tornabene et al., 2018), which not only constrain our
CRISM detections of hydrated silica to specific morphostratigraphic units at higher spatial resolutions but also
expand the detection beyond the spatial limitations of hyperspectral CRISM data alone.
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Figure 1. Regional geography of Oxia Planum. (a) CTX DTM showing elevation and 3-sigma 2028 landing ellipses for the
ExoMars RFR mission (orange: launch opportunity 1 (LO1), yellow: launch opportunity 2 (LO2)). Inset Mars Orbiter Laser
Altimeter globe indicates Oxia Planum's location near the dichotomy boundary between Arabia Terra (AT) and Chryse
Planitia (CP). The sedimentary fan is outlined in black dots, and the northern and southern Neocoogoon Valles (NCV) are
indicated by blue dotted lines. Mars Orbital Catalog of Aqueous Alteration Signature (MOCAAS) locations of silicate
minerals (Carter et al., 2023) shown in cyan correspond to 100 m/pixel detections of hydrous aluminosilicates or hydrated
silica (locally in Oxia Planum refined to “hydrated silica + kaolins™). (b) CaSSIS NIR-PAN-BLU (NPB) mosaic of the fan
region, with the margins of the fan outlined. MOCAAS hydrous aluminosilicates/hydrated silica shown as cyan outlines.
(c) CaSSIS NPB mosaic of Pelso Chasma, south of the fan. The quasi-circular shape of Pelso Chasma is indicated by a dotted
line. Geographic nomenclature follows the scheme of Fawdon et al. (2021).

2. Methods

All available CaSSIS data in the southern Oxia Planum landing site region were acquired from the University of
Bern's CaSSIS data repository and incorporated into a geographic information system (GIS) in ArcGIS Pro 3.2.2.
CaSSIS data were georeferenced to a basemap mosaic of HiRISE RED mosaic images (Tao et al., 2021) of the
region, which also has a corresponding Context Camera (CTX; Malin et al., 2007) mosaic and CTX Digital
Terrain Model (DTM; Tao et al., 2021) from which elevations were derived. Additional HiRISE images were
acquired from the Planetary Data System (PDS) on an individual basis and added to the GIS.

2.1. Hyperspectral CRISM Data

Hydrated silica possesses characteristic near-infrared absorption features centered around 1.4 pm (stretching
overtones of Si-OH at ~1.41 pm and H,O0-OH at ~1.46 pm), near 1.9 pm (H,O combination bending and
stretching modes at 1.91 and 1.96 pm) and 2.2 pm (a combination of OH stretching and Si-OH bending modes at
~2.21 pm), from free silanols (Si-OH) and ~2.26 pm, from hydrogen-bonded silanols (Brown et al., 2003;
Burneau et al., 1990; Langer & Florke, 1974; Rice et al., 2013). Whilst the 1.4 and 1.9 pm absorptions are
common amongst hydrated minerals, the 2.2 pm feature is exclusive to hydrated silica and Al-bearing phyllo-
silicates. Hydrated silica and Al-phyllosilicates can be distinguished based on the broadness of the 2.2 pm ab-
sorption, which is narrower in Al-bearing phyllosilicates owing to the lack of a 2.26 pm contribution from
hydrogen-bonded silanols (Ehlmann et al., 2009; Langer & Florke, 1974; Milliken et al., 2008; Rice et al., 2013).

Oxia Planum was selected as a landing site in 2018, long after CRISM faced issues such as aging detectors,
cryocoolers, and gimbals (utilized for targeted observations), following its nominal mission phase (Seelos
et al., 2024). As such, very few good quality full-resolution targeted CRISM data sets exist in the landing site
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region, with most hyperspectral data limited to noisy and/or lower spatial and spectral resolution CRISM data.
Previous work identified hydrated silica in the south of the landing site associated with the sediment fan (Carter
etal., 2023; Pan et al., 2021; Quantin-Nataf et al., 2021), and as such, our search primarily focussed on this region.
We analyzed all available targeted CRISM data in the southern Oxia Planum region (Figure S1 in Supporting
Information S1) and rejected those without hydrated silica detections. Of the cubes with positive hydrated silica
detections, we identified one Full-Resolution Targeted (FRT) data cube that possessed appropriately high signal-
to-noise ratios: 9A16, and three Along-Track Undersampled (ATU) data cubes (3D04C, 38B10, 3561F).
ATU3561F was not included owing to its shared footprint with FRT9A16, which has a much better signal-to-
noise ratio and higher spatial resolution.

CRISM I/F (where I is the radiance on the sensor, and F is the expected solar radiance during the observation, if
the atmosphere had been removed) FRT and ATU cubes were acquired from the NASA PDS in TRDR (and
MTRDR where available) formats. Subsequent processing and analyses of the data followed standardized
techniques (Ehlmann et al., 2009; Milliken et al., 2010), with photometric corrections applied to correct for
viewing geometry, and atmospheric corrections made using the volcano scan method (McGuire et al., 2009),
allowing for removal of contributions from atmospheric CO,. These processing steps were conducted in the
CRISM Analysis Toolkit 7.4 (CAT; Morgan et al., 2017), a software package developed by the CRISM team as an
extension to the Environment for Visualizing Images (ENVI) 8.8.1 image processing and analysis software.

An additional empirical “dark subtraction (DS)” processing step was undertaken after the initial processing to
address scatter from time-variable atmospheric aerosol contributions not addressed by the volcano scan method
and maximize our ability to identify hydrated silica-bearing regions. DS, a common terrestrial remote sensing
technique (e.g., Armstrong, 1993; Chavez, 1988; Wicaksono & Hafizt, 2018), assumes that the darkest pixels in
an image contain very little contribution from the surface, and that these pixels represent contributions from
atmospheric scattering, which on Mars is dominated by ferric iron oxide “dust” (e.g., Tornabene et al., 2018). This
“dark” component, often but not always represented by the absolute minimum values in the scene, was assessed
based on location (originating from a dark shadow or dark spectrally low contrast surface) and subtracted from all
other pixels in the cube, which thereby reduces the scattering contribution and results in spectral shapes more
consistent with the surface components (Rangarajan et al., 2024; Tornabene et al., 2021, 2022). When a DS
correction is successfully applied to CRISM data, it may serve as a useful and beneficial alternative to the
traditional “ratioing method” that involves ratioing a spectrum with that from a spectrally bland region in the same
detector column, which is often challenging to confidently locate for many cubes. For our study, it means that
individual pixels—perhaps representing the visible extent of a small outcrop of hydrated silica—can be inter-
rogated without ratioing to another pixel, and thus, these DS-corrected cubes were used exclusively as a guide for
where to find the strongest hydrated silica signals. DS was undertaken multiple times using several different,
manually selected “dark™ pixels (i.e., from the shadowed walls of craters or topographic prominences) from
across the cube, in order to ensure that the resultant DS-corrected cube was not altered significantly by errant
noise in the selected “dark” pixels.

DS cubes were surveyed using a combination of summary parameters from Viviano-Beck et al. (2014) that
highlight hydrated silica and allow for differentiation between Si- and Al-hydroxylated minerals. Specifically, the
MIN2250 (2.21 pm Si-OH band depth and 2.26 pm H-bound Si-OH band depth), BD2250 (band depth at Al-OH
2.25 pm absorption), and BD1900R2 (band depth at 1.9 pm indicative of bound H,0O) parameters were used to
highlight candidate hydrated silica-bearing regions of interest. Candidate regions of interest were then manually
inspected within the DS cubes to confirm the presence of characteristic hydrated silica spectral features. Once
verified, the spatial locations of these ROIs were transferred to the corresponding pixels in the original non-DS
I/F-corrected cubes. Spectra from these cubes were then ratioed to a corresponding spectrally bland “denomi-
nator” region (Ehlmann et al., 2009; Milliken et al., 2010) in the same detector column in order to remove
systematic instrument artifacts and atmospheric residual artifacts and to emphasize the compositional differences
between the area of spectral interest and the reference region (Bishop et al., 2008; Ehlmann et al., 2009; Milliken
et al., 2010).

Next, near-infrared spectra from these regions were processed following a similar method as in Pineau
et al. (2020). Spectra were first smoothed using a Savitsky-Golay filter using a third-degree polynomial function
and an eight-point moving average window (Savitzky & Golay, 1964; Steinier et al., 1972), wherein resultant
“smoothed” spectra retained the positions of local minima and maintained a high signal-to-noise ratio. Next, the
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smoothed spectra underwent continuum removal in ENVI 8.8.1 using a segmented upper hull method (Clark
etal., 1987). The position of the band minima for the key 1.4, 1.9 and 2.2 pm absorptions were measured manually
from the resultant spectra. The error associated with these manual measurements was estimated to be no more
than +0.005 pm through repeated measurement attempts. In order to analyze the shape of each absorption feature,
the individual features were isolated from the rest of the spectrum at anchor points positioned at 1.32 and 1.60 pm,
1.82 and 2.13 pm, and 2.13 and 2.37 pm (after Pineau et al., 2020). These clipped spectra were then subjected to
Gaussian deconvolution in Origin Pro 8.5 software, with each Gaussian function placed according to the spectral
absorptions outlined in Pineau et al. (2020). From these deconvolved, clipped spectra, we calculated the concavity
ratio criterion (CRC), which has been used to identify hydrothermal versus weathering-derived opal (Chauviré
et al., 2017), and for the 2.2 pm feature, the ratio of the band depths at 2.26 and 2.21 pm was also calculated
(henceforth referred to as 2.2R), a well-established proxy for the crystallinity of martian opal (e.g., Sun &
Milliken, 2018). The error associated with the CRC measurements is given as 2 X Standard Error of the Mean.
Errors associated with band depth ratios (assuming each band depth measurement was no more than +5% from
the true value) were calculated using standard ratio error propagation and therefore differed between data points.

2.2. CaSSIS Color Band Ratio Composites

Four-band CaSSIS data that covered the southern portion of the landing site were subjected to a pipeline that
included DS and band ratio calculations to produce CBRCs that include parameters to assess the quality of the DS
correction, and to aid in mineralogic analysis across a much wider area and higher spatial resolution than the
CRISM data allows (Tornabene et al., 2018). Alongside the four CaSSIS bands (NIR (band center 939 nm), RED
(band center 836 nm), PAN (band center 675 nm), BLU (band center 495 nm)), parameters were calculated from
them that include ratios which positively discriminate between ferric and ferrous material, as well as water ice,
bound water, and chlorides (for a description of these combinations, see Rangarajan et al., 2023, 2024; Tornabene
et al., 2018). Due to different viewing geometries, atmospheric effects, and lighting conditions, individual
combinations of CBRCs were permutated manually on an image-by-image basis in regions of confirmed CRISM
hydrated silica detections in order to determine the best combinations to highlight silica-rich material from other
deposits. We found that CBRC combinations of BLU-RPR-PBR in R-G-B uniquely highlighted these outcrops in
a reddish-pink hue in most images and allowed us to expand our detections to nearby morphologically similar
outcrops that do not have hyperspectral coverage or are below the spatial resolution of CRISM. This combination
highlights silica-rich materials based on its relative lack of dust or ferric or ferrous iron relative to the bulk of
Mars, its overall brightness and relatively flattened spectrum when compared with other common materials on
Mars. This has allowed us to identify additional hydrated silica-bearing deposits, as well as prospective outcrops
that are closer to the center of the RFR landing ellipses that could be realistic astrobiologically relevant targets for
the rover to sample.

2.3. HiRISE Color Band Ratio Composites

Similarities between the spectral responses of the three HiRISE and four CaSSIS bands (McEwen et al., 2007,
Thomas et al., 2017) allow for a similar product to CaSSIS CBRC BLU-RPR-PBR to be created for HiRISE, with
the equivalent combination BG-(IR/RED)-(RED/BG) theoretically able to highlight hydrated silica-bearing
materials in a similar way. The main benefits of this are two-fold: first, as a confirmatory step of the CaSSIS
CBRC methodology using a second instrument, and second, to identify possible hydrated silica-bearing deposits
at a much higher resolution (~50 cm/pixel) than is available with CaSSIS. Unfiltered HiRISE data products, that
is, those which have not undergone cosmetic clipping of values at both ends of the image histogram (e.g., Daubar
et al., 2016; Rangarajan et al., 2024), were generated by running a series in ISIS (Sucharski et al., 2020) of al-
gorithms developed based on the internal processing pipelines used by the HiRISE team. Similar to the CaSSIS
processing steps, a DS correction was also applied to the HiRISE color products to help mitigate the effects of
time-variable atmospheric scatter. Finally, color band ratio composites in the combination BG-(IR/RED)-(RED/
BG) generated from the resultant unfiltered HiRISE were used to gain additional detail and information on
outcrops already identified using CaSSIS CBRCs.
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3. Results
3.1. Geographic Distribution of Hydrated Silica in Oxia Planum

We have identified deposits of hydrated silica in two broad geographic locations in the southern Oxia Planum
region. These are: (a) directly adjacent to sedimentary fan material (Figure 2), and (b) within large topographic
lows, such as the Pelso Chasma region and valleys directly south and southeast of the fan (Figure 3). Whilst the
detections are not individually spatially extensive, they occur over a broad geographic range across an area of
~85 km”.

Near the fan (Figure 2a), CRISM detections correlate with either bright-toned, bluish-white bedrock that appears
fractured at the decameter scale in CaSSIS NPB and HiRISE IR-RED-BG (IRB) data, or with darker surfaces
directly adjacent to outcrops of the same material, suggesting that opaline material is present in the bright bedrock
layer, and is undergoing contemporaneous erosion into unconsolidated material in the surrounding regions.
Where it is exposed, this hydrated silica-bearing unit (HSU) is <5 m in thickness and occurs stratigraphically
above the phyllosilicate-bearing plains materials and below the sedimentary fan (Figures 2b and 2c). Similar,
extremely thin (<2 m) bright-toned outcrops are visible in discontinuous horizons within exposed crater walls
within the sedimentary fan material at the HiRISE scale (Figure 2d), and as discontinuous strata on exposed faces
of the fan (Figure 2e). In the HSU, bright concentric material, morphologically similar to other features observed
within degraded impact craters across the landing site, occurs stratigraphically directly below outliers of fan
sediments (Figure 2f). Other features that are morphologically similar to these bright concentric deposits occur
directly on top, and interbedded within, the fan material across its spatial and stratigraphic extent (Figures 2g—21).
The elevation range of these fan-adjacent detections across the region is approximately 35 m over a horizontal
distance of 9 km.

The second geographic context in which hydrated silica has been detected is within the topographic lows located
south of the sedimentary fan (Figure 3a). The HSU here, much like in the fan, is also bright-toned (Figure 3b), but
the fracturing is closer to meter-scale than decameter scale (Figure 3c). The valley walls that these outcrops adjoin
are made of Fe/Mg-phyllosilicate-bearing unit material, owing to the elevation of these horizontally layered units
to the northwest, and because we observe possible Fe/Mg-phyllosilicate-bearing outcrops cropping out of the
valley walls (Figure S2 in Supporting Information S1). Phyllosilicates have been detected up to 250 m below the
surface of the plains (Quantin-Nataf et al., 2021), suggesting that the valley walls, which reach a depth of ~100 m
below the plains, likely consist of the same material. We observe no evidence that the HSU unit here forms part of
the cliff. HSU also crops out on the central valley floor, and occurs as slightly raised topography (Figure 3d),
suggesting that HSU was deposited here post-valley incision. We also observe possible HSU outcrops further east
in the floor of North Neocoogoon Vallis (Figure S3 in Supporting Information S1). Within the valley region, HSU
is mostly obscured by TARs (Transverse Aeolian Ridges), and a thin veneer of younger bedrock that is dark,
spectrally bland, and similar in nature to the dark infilling material (DIM) that manifests throughout Oxia Planum
as upstanding mesas, inverted channels, and crater fill (Harris et al., 2024).

3.2. Tandem Multi- and Hyperspectral Observations of Hydrated Silica

CBRCs enable detection of candidate HSU outcrops beyond the spatial coverage or resolution of targeted CRISM
data (Figure 4) by highlighting CRISM-confirmed HSU in a distinctive color, allowing contiguous or adjacent
outcrops with similar morphology, elevation, geographic position, and stratigraphic context to be recognized as
likely belonging to the same unit. In addition to the CRISM-confirmed HSU, the CBRCs highlight other areas
around the base of the sedimentary fan (Figures 4b and 4c), as well as discontinuous bright-toned outcrops within
the fan's internal stratigraphic architecture that have been exposed by impacts that have occurred through the fan-
top (Figure 4d), and outcrops directly on the top of the sedimentary fan (Figure 4e). These bright strata show that
this unit, likely a continuation of HSU, is not continuous under the fan, and either formed in discrete locations
and/or was heavily eroded before emplacement of the sedimentary fan. This would explain why outcrops of
hydrated silica are not ubiquitously detected at the fan-plains contact. Additionally, they show that HSU occurs
multiple times within the fan stratigraphy.

In addition, they also highlight two other groups of features in Oxia Planum (Figure 5), which have distinct
physiogeographic and stratigraphic characteristics, and could therefore have similar opal-bearing compositions:
bright crater fill (BCF) and bright rocky outcrops (BRO). BCFs are features occurring as relatively bright, light-
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Figure 2. Hydrated silica-bearing deposits near the Oxia Planum sedimentary fan. (a) CaSSIS NPB mosaic showing CRISM
detections (red) and locations of panels (b—i) (white). List of component images included in supplementary materials.

(b) CaSSIS NPB shows white material at the fan's edge corresponding to CRISM silica detections. (c¢) HiRISE IRB
ESP_043268_1980 shows bright-toned, isolated, fractured silica-bearing material at base of fan above clay-bearing plains
(CBP). (d) CaSSIS NPB showing a 500 m-diameter crater revealing fan stratigraphy, including a discontinuous bright white
layer likely composed of hydrated silica. (e) HiRISE IRB ESP_037703_1980 shows white-toned, possibly opal-bearing
horizons in an outcrop of fan material. (f) HIRISE IRB ESP_037703_1980 showing thin white material at the fan's base,
aligning with CRISM silica detections including concentric crater-fill (white box). (g) HIRISE IRB ESP_037703_1980 of an
eroded concentric deposit interpreted as a crater infilled with sedimentary material. (h) HiRISE IRB ESP_060437_1980 of
bright fractured material near the fan's top, resembling opal-bearing deposits. (i) CaSSIS-HiRISE pansharpened image of
buried craters near the fan's top.
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Figure 3. Hydrated silica deposits south of the sedimentary fan. (a) CaSSIS NPB mosaic of Pelso Chasma with CRISM silica
detections (red) and panel locations (b—d) (white). (b) CaSSIS NPB showing a CRISM silica detection (red) at the valley's
western edge, corresponding to an extensive, bright outcrop that is partially obscured by dark infilling material (DIM).

(c) HiRISE IRB ESP_077041_1980 showing the locations of CRISM detections near the northern rim of the western valley,
likely a continuation of the deposit in panel (b). (d) HiRISE IRB ESP_037703_1980 showing bright material on the northern
valley floor, covered by later deposits and transverse aeolian ridges.

toned, often bluish material within topographic lows such as highly degraded impact craters (Figure 5). As such,
they are usually circular, and their upper surfaces are either fractured or concentric in texture. BCF occur in impact
craters within the clay-bearing plains, that is, at the same stratigraphic horizon as the HSU (Figures 5b—5d), as well
as in the upper surface of the fan itself (Figures 2f-2i and 4e). Seventy-eight outcrops of BCF were detected across
the Oxia Planum region (Figure 5), identified through their stratigraphic position (above the ancient clay-bearing
plains and below younger DIM), their morphology (non-extensive and texturally concentric or with a fractured
upper surface similar to confirmed HSU deposits), and multispectral properties (i.e., bluer than the surrounding
material, and appearing in pink hues distinct from the surrounding plains in CaSSIS CRBC BLU-RPR-PBR
combination). We have identified 22 outcrops of BCF within the 2028 RFR 3-sigma landing ellipses (across
both the early and late launch opportunities), making them prime candidates for in situ astrobiological investigation
by RFR. Geochemical analysis of the BCFs, which share similar texture (HiRISE), color (CaSSIS), and strati-
graphic position with confirmed HSU deposits, is crucial as they may provide the only realistic opportunity for RFR
to investigate opal-bearing material, given the distance from the landing site center to confirmed HSU detections.
The lack of high-quality hyperspectral data over BCF, the diameters of which rarely exceed the 18 m minimum
spatial resolution of CRISM, means that other mineral phases which are bluer than the surrounding units, and which
are predominantly ferrous, cannot be ruled out; the example in Figures 5b—5d, for example, has also been high-
lighted as a candidate chloride-bearing deposit (Bickel et al., 2024). Other bright rocky outcrops (BRO) are
observed on irregularly shaped low-relief prominences within the clay-bearing plains (Figure 4), but we were
unable to extract a spectrum with clear absorption features. BRO are similar in NPB and CBRC color to HSU
outcrops, except with increased brightness and blueness. These outcrops can be seen to crop out as distinct
discontinuous horizons in the walls of Pelso Chasma and on the surrounding highlands. Given these differences in
color, stratigraphic position, and spectral properties, it seems likely that the BRO is unrelated to the HSU.
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Figure 4. CaSSIS color band ratio composite (CBRC) BLU-RPR-PBR, highlighting opal-bearing materials in Pelso Chasma and the Oxia Planum sedimentary fan.
(a) Western Pelso Chasma (MY37_023007_019): salmon-pink areas correspond to CRISM hydrated silica unit (HSU) detections (yellow); brighter red regions indicate
bright rocky outcrops (BRO). Some HSU regions, not detected by CRISM due to limited exposure or dust coverage, are visible here due to the higher spatial resolution
of CaSSIS. Bedrock is shown in blue-green, indicating mixed ferrous and ferric mineralogy, or in darker shades representing the spectrally bland DIM. (b) Fan-toe area
(MY37_023007_019) with HSU below the edge of the fan, corresponding to Figure 2b. (¢) Fan edge (MY37_023007_019) showing the outcrop from Figure 2c and
similarly colored material around the fan as in panel (b). (d) Discontinuous salmon-pink outcrop in a crater wall (MY36_021955_163), corresponding to Figure 2d,
suggesting that other HSU outcrops may be buried within the fan. (e) Exposed impact crater on the fan top, as seen in Figure 2h. In all panels the CBRCs have been
manually stretched to highlight the differences between the HSU and other materials.

3.3. Structure and Origin of Hydrated Silica in Oxia Planum

We have obtained 14 spectra (Figure 6), which exhibit absorption features around 1.4, 1.9, and 2.2 pm, and vary in
distinctness and strength of absorption features, but are collectively characteristic of hydrated silica (Kokaly
etal., 2017; Langer & Florke, 1974). Of these spectra, 11 possess 1.4 pm band centers at shorter wavelengths and
marginally elevated 2.2R values indicative of amorphous hydrated silica (opal-A; Figure 7a). Two spectra have
1.4 pm band centers at higher wavelengths and slightly lower 2.2R values, and plot within the crystalline (opal-
CT) field. One spectrum falls in the overlap region between these fields and therefore cannot be attributed to
either. There is substantial variation in the position of the 1.4 pm band center across all detections; this does not
appear to be affected by the specific cube from which a given spectrum was obtained, or the geographic location
or geological context of the detection (Figure 7a). Spectrum 3D04C shows an additional asymmetrical absorption
around ~1.75 pm, possibly indicative of intermixing of sulfate phases with hydrated silica. Spectra 38B10-2 and
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. @ Bright Crater Fill
. O CRISM HSU detection

Figure 5. Locations of 78 potential hydrated silica-bearing outcrops (bright crater fill; BCF) in Oxia Planum found using
CaSSIS/HiRISE CBRCs. (a) CTX DTM showing BCF locations (red dots) near the 3-sigma landing ellipses for 2028 launch
opportunities one (LO1) and two (LO2). Hydrated silica-bearing unit detections using CRISM are shown in light blue. The
extent of CaSSIS data surveyed for these features is shown with a black dotted line. (b) HiRISE RED (ESP_046156_1980)
with CaSSIS NPB (MY35_008275_165) overlay showing bright blue BCF material filling a crater west of the landing
ellipses. (c¢) HiRISE RED (ESP_046156_1980) showing BCF surface texture. (d) CaSSIS CBRC (BLU-NPR-PBR,
MY35_008275_165) of BCF within the crater.

38B10-3 also possess a doublet feature at 2.2 and 2.3 pm that could represent a mixture of two or more phyl-
losilicate phases, namely Fe/Mg-phyllosilicates and Al-phyllosilicates, or Fe/Mg-phyllosilicates with hydrated
silica, or, as observed in the Mawrth Vallis region, phyllosilicate-sulfate assemblages associated with evaporitic
environments (Bishop et al., 2020). No other HSU spectra contain these features, and given that the outcrops these
relate to are continuous with unambiguously hydrated silica-bearing outcrops, it is likely these are localized
phenomena.
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Figure 6. Hydrated silica detections from CRISM cubes FRT0003D04C, ATU00038B10, and FRT00009A16. (a) CTX and
CaSSIS NPB mosaic showing cube locations and corresponding spectra. (b) I/F spectrum from FRT0003D04C. (c) I/F
spectra for ATUO0038B 10 and USGS spectral reference TM8896. (d) I/F spectra for FRTO0009A16 and USGS spectral
reference TM8896. Characteristic 1.4, 1.9, and 2.2 pm absorptions indicated by vertical dashed lines. Both the Savitsky-
Golay smoothed (colored) and non-smoothed (gray) spectra are shown.

CRC values for the 1.9 and 1.4 pm absorption features heavily favor a weathering origin (Figure 7). 7 of the 11
resolvable CRC plots in the weathering field for the 1.9CRC, 3 CRC in the transitional zone between weathering
and hydrothermal, and 1 CRC in the hydrothermal field. 10 of 12 resolvable CRC plots in the weathering field for
the 1.4CRC, with the remaining 2 plotting in the hydrothermal field. The consistently low position of the 1.4 pm
absorption, along with overall low 1.4 and 1.9CRC values (Figures 7b and 7c), suggest the presence of relatively
pristine dehydrated amorphous opal. This observation is in contrast with the characteristics of opal-bearing
aeolian deposits (Pineau et al., 2020; Sun & Milliken, 2018) and is indicative of low-temperature weathering
processes consistent with both authigenic and detrital origins.

4. Discussion
4.1. Stratigraphic Position of Opal in Oxia Planum

The lack of elevation variability and overall similar elevation ranges of outcrops in both sedimentary fan and
Pelso Chasma/Valley settings (Figure S5 in Supporting Information S1) suggests that at the time, or across the
period, of HSU emplacement, the palaecotopography of the Oxia region was broadly similar as it is today, that is,
much of the proposed regional erosion of the upper sections of the clay-bearing plains (e.g., McNeil et al., 2022;
Quantin-Nataf et al., 2021; Roberts et al., 2021) had already taken place. By association, the occurrence of hy-
drated silica-bearing material within Pelso Chasma and the surrounding valleys requires those topographic de-
pressions to have been formed by this time as well. The presence of HSU stratigraphically below and within the
body of the sedimentary fan indicates that conditions for hydrated silica emplacement occurred multiple times
(i.e., both before and during fan sedimentation) or that the hydrated silica was emplaced through silcretization
processes post-depositionally (see Section 4.3 for discussion). The generally discontinuous nature of these out-
crops implies that the formation of hydrated silica-bearing deposits was likely confined to localized areas with
favorable environmental conditions, or topographic depressions that acted as sedimentary sinks, concentrating
silica deposits.
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Figure 7. Crystallinity and origin of hydrated silica deposits in Oxia Planum from CRISM data. (a) Detection cluster in the
opal-A (amorphous) field, indicating relatively immature silica. Data from Pan et al. (2021) and references therein (stars)
show opal crystallinity and possible origin in other martian fan deposits. Boundaries of “lithified bedrock” and “aeolian or
periglacial materials” CRISM detections from Sun and Milliken (2018) are also shown. Concavity ratio criterion values for
the (b) 1.4 pm and (c) 1.9 pm absorption features as a measure of hydrothermal versus weathering origins for hydrated silica
in Oxia Planum.

4.2. Opal-A Versus Opal-CT

The 2.26/2.21 pm band depth ratio has been shown to be sensitive to changes in hydration induced by diurnal or
seasonal atmospheric H,O variations, and is thus broadly less reliable as a measure of crystallinity than the
position of the 1.4 um absorption feature (Sun, 2017; Sun & Milliken, 2018). However, given that our results
consistently plot within the opal-A field with both parameters (Figure 7), it is likely that they are reflective of a
dominantly amorphous silica phase, and that any hydration-related variability is insufficient to obscure the
broader spectral signature of low-crystallinity opaline materials.
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Siliceous sinters in Icelandic hot springs have been shown to possess a range of CRC values, suggesting that low
CRC values such as those associated with the HSU in Oxia Planum could be ascribed to either low-temperature
hydrothermal activity or to continental weathering and are not genetically diagnostic (Pineau et al., 2023).
However, given the lack of hydrothermal morphologies in the immediate area, the propensity of HSU to occur
within areas typically associated with sedimentary deposition (topographic lows and the sedimentary fan), and the
lack of unambiguous observations of hydrothermal minerals (e.g., mixtures of zeolites, prehnite, sulfates), we
move forward with the interpretation that these are not hydrothermal in origin.

On Earth, maturation from opal-A to opal-CT is driven by higher pressures and temperatures found in deep
oceanic environments, sedimentary basins, or in hydrothermal environments where circulating fluid allows for
continual dissolution and reprecipitation of silica (e.g., Herdianita et al., 2000; Lynne & Campbell, 2004; Lynne
et al., 2005; Rice et al., 1995; Williams et al., 1985) This process is thought to be similar on Mars, where sub-
sequent aqueous alteration allows for gradual conversion of amorphous silica deposits through Ostwald Ripening
to more crystalline varieties such as opal-CT, chalcedony, and microcrystalline quartz in <100—400 Ma (Rice
et al., 2013; Sun & Milliken, 2018). Amorphous silica in Oxia Planum may therefore indicate that the aqueous
processes associated with the HSU were the last major local geologic processes involving liquid water in the south
of the landing site. It should be noted that opal maturation is highly variable on Earth; for example, opal-A
deposits in Australia have been in contact with liquid water in warm climates for millions of years and have
not undergone maturation into more crystalline varieties (Rey, 2013), and opal-CT deposits in Ethiopia formed
diagenetically from the localized weathering of ignimbrites (Chauviré et al., 2019; Rondeau et al., 2012), showing
that crystalline opal phases can form in situ through post-depositional processes without the need for a precursor
opal-A deposit. Thus, in Oxia Planum, the presence of opal-A does not necessarily indicate immaturity or early-
stage transformation; rather, it may reflect direct precipitation of amorphous silica under near-surface, low-
temperature conditions with minimal post-depositional alteration.

4.3. Formation Hypotheses for Oxia Planum's Opal Deposits

Deposits of hydrated silica on Mars have been observed and associated with both delta and alluvial fan deposits
(e.g., Pan et al., 2021), and in volcanic and hydrothermal environments, including impact-induced settings
(Osinski et al., 2013; Skok et al., 2010; Squyres et al., 2008). Ancient sedimentary fans typically exhibit opal-
bearing deposits in localized regions that occur distally to the primary fan, laterally and/or stratigraphically
(e.g., Camichel sedimentary fan; Pan et al., 2021), whereas relatively younger fans exhibit opaline silica de-
tections corresponding to the entire deposit (e.g., Aeolis sedimentary fan; Pan et al., 2021). We did not directly
detect opal within the bulk of the Oxia Planum sedimentary fan deposit using CRISM; however, discontinuous
horizons of bright material within the fan (Figure 2e and Figure S2 in Supporting Information S1) suggest the
presence of opal in discrete deposits above the main HSU. The limited exposure of these outcrops within and atop
the fan means their composition cannot be confirmed using CRISM data; however, given their identical color and
morphostratigraphic similarities to CRISM-confirmed opal detections (Figure S4 in Supporting Information S1),
we proceed with the hypothesis that these are outcrops containing hydrated silica. As such, the Oxia Planum fan
has a hydrated silica deposit at its base, typical of ancient sedimentary fans, and deposits (albeit localized and
discrete) within its bulk, typical of younger stepped fans.

There are no major differences in opal crystallinity discernible from orbit between the sediment fan, or in the
Pelso Chasma regions south of it (Figures 5—7). The sediment fan is a depositional feature, and Pelso Chasma is a
topographic low, and both would have acted as local sedimentary sinks in the past, implying a strong palae-
oenvironmental control on HSU formation. The similar stratigraphic and geographic locations of HSU across
Oxia Planum could indicate contemporaneous emplacement, although the newly identified outcrops of HSU
within the fan body occur at different stratigraphic horizons, showing that not all opal-bearing outcrops were
initially formed at the same time. This added temporal complexity makes it difficult to constrain the formational
mechanisms for outcrops of hydrated silica in Oxia Planum because the deposits could be the result of primary
silica emplacement (e.g., through deposition of opal-rich sediments across multiple time intervals or through
direct authigenic precipitation from surface waters), or secondary emplacement through post-emplacement
modification of pre-existing sediments in the fan/topographic lows (e.g., through surface/shallow diagenetic
processes and siliceous fluid circulation in a pedogenic or silcretization scenario).
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Figure 8. Schematic diagrams of authigenic precipitation scenarios in the Oxia Planum region. (a) Block diagram of the Oxia
Planum sediment fan and Pelso Chasma (PC) region, showing flow from North and South Neocoogoon Vallis (NCV),
respectively. Both the sediment fan and PC are the first opportunities for fast flowing water, carrying dissolved silica and
detrital sediments (a'), to decrease in speed (a”) after entering Oxia Planum, resulting in increased silica precipitation in these
regions. It is not known whether PC was open to the highlands through the valley that connects them in the present (location
shown teal dotted arrow) at the time of hydrated silica-bearing unit emplacement. Water may also have entered PC through
the inlets on its western margin, shown by light blue dotted arrows. (b) Schematic cross-section of the sediment fan, shown
here as a delta, where the hydrated silica unit is prohibited from precipitation in the fast-flowing regions, except where local
topography or other factors allow (dashed arrow), but can form in slower-flowing regions at the fan toe (dotted arrow). Post-
depositional silica redistribution throughflow of groundwater through the fan is shown by white dotted arrows.

4.3.1. A Detrital Origin?

The HSU could represent detrital opal-rich sediments eroded from the highland catchment of the Oxia basin
(Fawdon et al., 2022), transported by the Coogoon Valles system (Molina et al., 2017) before deposition as
detrital material in topographically low regions and below the fan at the edge of the Noachian hinterland. A
significant issue with this hypothesis is the absence of detections of hydrated silica-bearing source rocks in the
Coogoon Valles catchment region (Turner et al., 2021), which is a common problem for opal-bearing sedimentary
fans on Mars (Pan et al., 2021). Compared with other hydrated minerals such as phyllosilicates, hydrated silica-
rich rocks usually occur in small, thin, usually highly localized deposits, although the lack of CRISM detections of
opal in the local catchment may be the result of dust occlusion, poor data coverage, or burial of the source rocks by
later materials. Whilst hydrated silica itself has not been detected directly in the catchment, the catchment is
heavily cratered and may contain deposits of silica-rich materials such as impact glass that can alter at low-to-
moderate temperatures to form hydrated phases such as opal (e.g., Gin et al., 2021). The observation of
possible HSU within the North Neocoogoon Vallis channel (Figure S2 in Supporting Information S1) could
indicate detrital transport, but could equally be the result of authigenic precipitation of late-stage runoff waters in
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topographic lows at the base of the channel, or post-fluvial silcretization (e.g., McCarthy & Ellery, 1995; Shaw &
Nash, 1998) in the channel. These possibilities are discussed in the following subsections.

4.3.2. An Authigenic Origin?

The HSU could also have formed authigenically through in situ precipitation (Figure 8). The association of HSU
deposits with the sedimentary fan and Pelso Chasma, and their apparent absence upstream or downstream, could
suggest that the HSU marks the first significant slowdown of surface waters exiting the Coogoon Valles system
(Figure 8a'). This deceleration would have allowed dissolved silica to interact more effectively with the entrained
sediment in the bedload, which acted as nucleation sites for silica precipitation (Figure 8a?). The slower water
flow would also lead to higher local concentrations of dissolved silica, as it was not being transported away as
rapidly. This localized deceleration could explain why the HSU is not continuous at the base of the fan: water
would not have slowed down uniformly across the delta, leading to silica precipitation in specific topographic
nooks or areas with varying water input or sediment load (Figure 8b). The observation of HSU in thin, discon-
tinuous horizons within the fan suggests that, if they are authigenic in origin, precipitation occurred for short
amounts of time in specific regions where conditions were favorable, such as at particular water depths where
flow was diminished, where the water chemistry changed, or where sedimentary properties enhanced nucleation.

The presence of HSU below, within, and atop the fan in concentric deposits may result from precipitation at the
water-rock interface in topographic lows or represent the final stages of the crater's water retention, where silica
precipitation continued as water evaporated (e.g., McCarthy & Ellery, 1995; Shaw & Nash, 1998). In the former
case, subsequent sediment deposition during fan progradation would have buried these silica deposits, creating
discontinuous layers within the fan. Conversely, in Pelso Chasma, where there is no sedimentary fan, water likely
decelerated more evenly, leading to more continuous silica deposits. In this model, both the sedimentary fan and
Pelso Chasma areas acted as 'buffers' where the water slowed enough to facilitate silica precipitation. This model
would also explain the lack of large deposits upstream, where water speeds may have been too fast for silica
nucleation, and downstream, where much of the silica had already precipitated in the fan and Pelso Chasma
regions. As a result, silica concentrations would have been much lower as the water exited these areas, especially
if it entered another larger standing body of water in the Oxia Basin.

4.3.3. A Groundwater Silcretisation Origin?

The HSU may also be the result of post-depositional silcretization by groundwater in a subsurface environment.
Here, significant volumes of silica-bearing solutions flowed through the sedimentary fan, permeating downwards,
with opal precipitated as cement or as nodules in pore spaces (Figure 8b). In terrestrial fluviodeltaic environments,
silcrete formation occurs when siliceous fluids recirculate through pre-existing sedimentary strata, often near the
surface (Summerfield, 1983; Thiry & Milnes, 1991; Thiry & Ribet, 1999). Similar processes may have affected
the Oxia Planum fan, resulting in post-depositional silica enrichment both in the thick basal HSU and in localized,
higher stratigraphic outcrops. Stratigraphically controlled enrichment could explain the patchy distribution of
hydrated silica across the fan. Higher-porosity features (e.g., lag deposits within palaecochannels, channel bars, or
impact crater fill; Figures 2 and 4; Figure S3 in Supporting Information S1) may have served as conduits for silica-
rich fluids, enabling repeated saturation cycles and precipitation of hydrated silica as cement within finer-grained
matrices. In coarser-grained settings, such as lags or gravelly fill, precipitation may have been concentrated within
pore spaces, potentially forming opaline nodules. These mechanisms may have acted independently or in tandem,
generating the complex vertical and lateral distribution of the opal-bearing horizons observed from orbit.

4.3.4. A Pedogenic Silicification Origin?

Alternatively, silicification could have occurred through pedogenic processes at the near-surface, where
weathering of silicate materials enriched the surface and near-surface in silica. Acidic weathering of Fe/Mg-rich
phyllosilicates produces residues comprised primarily of amorphous silica of the same type we observe in Oxia
Planum (Altheide et al., 2010), including other sulfate species that could contribute to the doublet feature
observed in some spectra (Figure 6). Layered hydrated silica deposits have been observed associated with clay
minerals in Morocco (Thiry et al., 2015), where the alteration of Mg-clays led to the leaching of Mg away from the
upper alteration zone, enriching it in silica relative to adjacent strata. A similar process could have affected Oxia
Planum, which would explain why the main HSU is exclusively observed stratigraphically above the clay-bearing
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plains, but would not sufficiently explain the smaller discontinuous deposits within the sedimentary fan body
itself. Additionally, widespread weathering would likely affect more than just the fan/valley regions, but no other
weathering products of Fe/Mg-rich phyllosilicates are observed in Oxia Planum (e.g., Al-rich phyllosilicates
dominate the upper ~10 m of bedrock in the Mawrth Vallis region (Noe Dobrea et al., 2010; Wray et al., 2008)),
but are absent in Oxia Planum and would be expected if weathering progressed enough to produce hydrated silica-
bearing horizons. Although acidic weathering of phyllosilicates can generate opal-A deposits under low-pH
conditions, similar products may also result from the alteration of basaltic material, and in situ identification
of secondary mineral phases may be required to determine the precursor protolith (Altheide et al., 2010).

4.4. Distal Hydrated Silica in Oxia Planum

Ultimately, the formation hypotheses for hydrated silica in Oxia Planum can only be tested in situ with a rover.
Orbital data suggest that hydrated silica deposits at Oxia Planum are primarily amorphous (opal-A), which is
similar to orbital observations of silica in Gale and Jezero Craters (e.g., Kepp et al., 2024; Tarnas et al., 2019).
However, in situ observations from the Curiosity and Perseverance rovers, respectively, show that more crys-
talline phases (e.g., opal-CT, chalcedony, and pure quartz) are co-located with amorphous opal (Beck et al., 2025;
Rapin et al., 2018). This raises the possibility that a more complex assemblage of silica phases may be present at
Oxia Planum but remains undetectable from orbit. Future analyses by RFR will be critical in resolving this. The
identified BCF outcrops may be ideal targets for geochemical investigation with the RFR Pasteur suite, and their
proximity to the center of the landing ellipses means their investigation is a genuine possibility depending on the
exact landing location.

If these deposits are related to the more extensive deposits of opal-A in Pelso Chasma and at the sedimentary fan,
not only would they be extremely important astrobiological targets, but the nature of their outcrop-scale sedi-
mentology could inform our understanding of basin-scale aqueous processes operating at the highland margin.
For example, investigation of the relationships between sedimentary architectures and hydrated silica accumu-
lations at the outcrop scale could indicate the depositional environment in which they were placed. Discrete layers
of clastic opal entrained with other minerals would support detrital transport, and the degree of their sphericity and
angularity could indicate their transport history. Opal coatings on sediment grains or clastic material embedded in
an opal-rich matrix could indicate direct precipitation from solution. Additionally, opaline cement in pore spaces
or as reprecipitated nodules that crosscut existing sedimentary architecture might indicate a post-depositional
silcretization origin. Mixtures with clays could reveal insights into pedogenetic processes and/or complex in-
terplays of detrital/authigenic origins at the local scale. Investigation of changes in opal crystallinity with
stratigraphic depth at the outcrop scale (e.g., by interrogating the position of the 1.4 pm feature using Enfys), the
RFR 1R reflectance spectrometer (Grindrod et al., 2025; Vago et al., 2017), and MicrOmega-IR (Bibring
et al., 2017) could elucidate the aqueous history of these deposits, and identify optimal drilling depths for the
ExoMars Drill System to target in other astrobiologically relevant outcrops.

5. Conclusions

Oxia Planum—the future landing site of RFR—hosts deposits containing hydrated silica (opal) in two primary
physiogeographical settings: (a) associated with the sedimentary fan, where opal is found at the lower contact
between the fan and the underlying clay-bearing plains, and (b) in the topographic lows of Pelso Chasma, located
south of the fan. Hyperspectral CRISM observations reveal that, regardless of location, the opal is predominantly
amorphous (opal-A), and likely originated from weathering at the edge of the highlands. Investigating these opal-
bearing outcrops with RFR's Pasteur suite could therefore offer a prime opportunity to detect biosignatures in
relatively pristine deposits, making these deposits a key target in the mission's long-term strategy. Despite the
presence of these astrobiologically promising features, however, the opal-bearing deposits confirmed by CRISM
are located tens of kilometers from the 1-sigma 2028 landing ellipses and are therefore unrealistic strategic targets
for RFR. To address this limitation, multispectral CaSSIS data have been used to identify additional rover-
accessible outcrops within or near to the 3-sigma landing ellipses, with similar color, stratigraphic position,
and texture. These outcrops may represent the rover's best—and possibly only—opportunity to sample opal-
bearing materials in the region.

The spectral, morphological, and stratigraphic similarities between Oxia Planum's opal-bearing deposits suggest a
shared emplacement mechanism. While detrital transport from the highlands cannot be entirely ruled out, the
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most parsimonious explanation is authigenic precipitation, where silica precipitated as discrete particles or
coatings on sediment as highland-derived water from Coogoon Valles slowed upon entering either Pelso Chasma
or the fan area, or surface/near-surface silcretization processes involving silica-rich fluids enriching pre-existing
sedimentary layers with hydrated silica in the form of cement or nodules. Determining which of these processes
dominated here using RFR will be essential for reconstructing the aqueous and geological history of Oxia Planum.

Data Availability Statement

All calibrated HiRISE (McEwen, 2007), CTX (Malin, 2007), and CRISM TRDR (Seelos, 2016a) and MTRDR
data (Seelos, 2016b) used in this study were acquired from the Planetary Data System (PDS; https://pds.nasa.
gov). All CaSSIS data (Thomas, 2021) were acquired from ESA's Planetary Science Archive (PSA; https://psa.
esa.int/psa). A list of specific data products used is included in Table S1 in Supporting Information S1. Associated
shapefile data are found in McNeil (2025).
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