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ABSTRACT 

Oxia Planum (335.5°E, 18.2°N) is selected as the landing site for ExoMars rover mission 

(ESA/Roscosmos), where the “Rosalind Franklin” rover is scheduled to land in the decade. The 

region reveals several extensive clay-bearing outcrops recently exhumed, where biosignatures are 

possibly preserved. The objectives of the mission are to search for organics and investigate traces 

of past or extant life on Mars. Preliminary surveys of these outcrops show infrared absorptions 

typical of Fe,Mg-rich clays in the 1.0–2.6 µm range (1.4, 1.9, 2.3 and 2.4 µm) and an additional 

absorption at 2.5 µm implying a possible mixture with other mineral phase(s). Here we provide a 

detailed description of absorptions of the clay-rich materials detected in Oxia Planum, and map 

their strength and distribution throughout the region using hyperspectral data gathered by the 

Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) onboard NASA‟s Mars 

Reconnaissance Orbiter (MRO) mission. Our analysis suggests that the Fe,Mg-rich clays 

identified in Oxia Planum mainly correspond to either Fe-bearing saponites (e.g., Griffithite) or 

vermiculite ores (i.e., vermiculite associated with a hydrobiotite component). Conversely, large 

clay-bearing outcrops found in the catchment area (337°E, 16.7°N) are rather consistent with 

nontronites in association with Al-rich clays and kaolins, in agreement with previous 

identification in the Mawrth Vallis – west Arabia Terra province. Presence of Fe,Ca-rich 

carbonates is recognized with the absorption near 2.53 µm and the observation of a broad peak in 

the 3–4 µm range, supporting their co-occurrence with the clays in Oxia Planum and its 

catchment area. Although we favor a pedogenesis alteration for the clays found in the catchment 

area, the origin of those studied in Oxia‟s basin remains enigmatic, where alternative scenarios 

could be either lacustrine and deltaic sedimentation, groundwater circulation, or even 
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hydrothermal fluid circulation. Future in-situ measurements by “Rosalind Franklin” rover will 

indubitably provide new insights on the mineralogical diversity seen in the region and their 

origins. 

Keywords 

Mars; Oxia Planum, Landing site; Spectral Analysis; Clay minerals; Carbonates 

1 INTRODUCTION 

1.1 What do we know so far? 

ExoMars rover mission (ESA/Roscosmos) is scheduled to launch in the following years and will 

deliver the “Rosalind Franklin” rover to explore Oxia Planum (335.5°E, 18.2°N), a region that 

straddles at the edge of Chryse Planitia basin (Figure 1). Oxia Planum bears several 

morphological and mineralogical evidences of a long-lived aqueous activity, and also exposes 

sedimentary rocks where biosignatures might be preserved (e.g., Carter et al., 2016; Mandon et 

al., 2021; Quantin-Nataf et al., 2021). ExoMars landing ellipse is located on the northern part of a 

plain where widespread clay minerals have been identified (Figure 1), at the outlet of the 

Coogoon Valles system (Molina et al., 2017; Fawdon et al., 2021a). Indeed, orbital data reveal 

extensive outcrops of ancient clay-rich rocks, thought to be recently exhumed (Carter et al., 

2016). These rocks will be accessible to the rover and its nine instruments to search for signs of 

past or present life on Mars by investigating the surface and shallow subsurface at Oxia Planum 

(Vago et al., 2017). 

Oxia‟s clay mineralogy seems homogeneous throughout the landing ellipse and its close 

surroundings (Carter et al., 2016; Mandon et al., 2021). A preliminary survey by Mandon et al. 

(2021) shows narrow absorptions centered at 1.4, 1.9 and around 2.3 µm and another, weaker 

absorption around 2.4 µm. Such absorptions are indicative of intermediate Fe,Mg-rich clays (e.g., 

vermiculite and Fe-rich saponite). They also report an additional, relatively shallow absorption 

around 2.5 µm, suggesting a possible mixture with carbonates or other phyllosilicates (e.g., 

serpentines or chlorites). 

[Figure 1] 

1.2 What needs to be done? 
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Hydrated minerals usually display two strong absorptions: one near 1.4 µm is due to structural 

OH and the second near 1.9 µm is due to the H2O (interlayer water) stretching and bending 

modes. Phyllosilicates have typical absorptions within the 2.2–2.4 µm spectral range assigned to 

M-OH bonds (M being Al, Fe or Mg) (Hunt, 1977; Clark et al., 1990). Al-rich phyllosilicates 

(montmorillonite) display a characteristic absorption near 2.21 µm due to structural Al–OH 

bending and stretching modes. Al,Fe-rich phyllosilicates (nontronite) have absorptions at 2.28–

2.29 µm and a weaker one at 2.40–2.41 µm due to AlFe-OH and Fe-OH combination bands. 

Diversely, Mg-rich phyllosilicates (saponite) have absorptions at 2.31–2.32 µm and a weaker one 

at 2.38–2.39 µm due to Mg-OH bending and stretching modes (e.g., Clark et al., 1990, Bishop et 

al., 2013). Mixing of Fe-rich endmember and Mg-rich endmember leads to a shift in the 

absorption near 2.3 µm between 2.28 and 2.32 µm (also near 1.4 and 2.4 µm), depending on the 

Fe/Mg ratio (e.g., Michalski et al., 2015). Carbonates have typical absorptions in the 2.3–2.5 µm 

spectral region due to X-CO3
2-

 vibrations (X being Mg, Fe or Ca) (Gaffey, 1987). More precisely, 

Mg-rich carbonates (magnesite) have paired absorptions at 2.30 and 2.50 µm, Fe-rich carbonates 

(siderite) at 2.33 and 2.53 µm, Ca-rich carbonates (calcite) at 2.34 and 2.54 µm (Gaffey, 1987; 

Hunt and Salisbury, 1971). As for phyllosilicates, positions of carbonate absorptions in this range 

depend on their composition (notably the mass of the major cation present therein). A detailed 

survey over the 1.0–2.6 µm spectral range is therefore mandatory to identify possible 

phyllosilicates and carbonates due to OH
-
 and CO3

2-
 overtones. 

Knowing the exact positions of the absorption band centers is crucial (1) to confirm (or infirm) 

possible mineral phase(s), and (2) to search for changes in clay mineralogies associated with 

differences in geochemical conditions, but also preservation or exhumation bias. Here we 

examine hyperspectral infrared data to investigate in detail the signatures of the clay outcrops and 

complement previous surveys (Figure 1). We concentrate particularly on the absorptions centered 

at around 1.4, 2.3, 2.4 and 2.5 µm to better constrain the nature and composition of these 

outcrops, and to map their strength and distribution within Oxia‟s basin and its catchment area. 

Both approaches are done using the hyperspectral data collected by CRISM, the Compact 

Reconnaissance Imaging Spectrometer for Mars onboard NASA‟s MRO (Mars Reconnaissance 

Orbiter) mission. 

1.3 Oxia Planum: Landing Site 
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Oxia Planum (18.2°N, 335.5°E) straddles the Martian crustal dichotomy between Ares Vallis and 

Mawrth Vallis, two major outflow channel systems. This region preserves ancient environments 

with clay minerals possibly older than 3.8 Ga, mid-Noachian or earlier (Tanaka et al., 2014; 

Quantin-Nataf et al., 2021). This extensive clay-bearing sedimentary formation is overlain by the 

vestiges of a past fluvio-deltaic lacustrine activity (Molina et al., 2017), possibly early Hesperian 

or older in age (Ivanov et al., 2020; Quantin-Nataf et al., 2021). A long-lived aqueous activity is 

evidenced by the presence of fluvio-deltaic features, including fan delta deposits (i.e., Raetia 

Palus), shallow riverbeds (e.g., Aegyptus Vallis) and sinuous ridges inferred as inverted channels 

at the outlet of the Coogoon Valles system (Molina et al., 2017). During the early Amazonian 

age, the region has been capped by a dark, rugged and massive formation (namely “dark resistant 

unit”), filling local topographic lows such as impact craters and ancient riverbeds (Quantin-Nataf 

et al., 2021). Since then, the area is under continuous long-term wind erosion, and the relatively 

“fresh” clay-bearing outcrops are accessible where the overlying materials have been recently 

eroded away. Crater obliteration rate implies that around 250 m of relief have been erased over 

the last 3 Ga (Quantin-Nataf et al., 2019; 2021). Presence of degraded ejecta and scattered 

rounded buttes (also “mounds” in McNeil et al., 2021), as well as many inverted morphologies 

(impact craters, channels) in Oxia Planum testifies the significant erosion occurring therein. 

2 DATA & METHODS 

2.1 Spectral Analysis 

Spectral signatures of the clay-bearing outcrops are examined with data collected by CRISM 

instrument in targeted mode (Murchie et al., 2007; 2009). CRISM targeted data consist of 

spectral cubes at spatial resolutions of around 20–40 meters per pixel and a spectral resolution of 

6.6 nm. We focus on data acquired in the near-infrared spectral range between 1.0 and 4.0 µm, as 

it contains absorptions that help to identify hydrated minerals on Mars, notably from 1.3 to 2.6 

µm (e.g., Ehlmann et al., 2009; Carter et al., 2013). We have selected several CRISM data 

targeting Oxia Planum for this investigation (Figure 1): two Full Resolution Targeted (FRT) 

cubes, nine Along-Track Undersampled (ATU) cubes and one Full Resolution Short (FRS) cube. 

We also included two FRT cubes targeting hydrated minerals in Oxia‟s catchment area (337°E, 

16.7°N), for comparison purposes. Table 1 lists the main characteristics of the 14 cubes (center 

longitude and latitude, and collection date for each cube). Most of the cubes used in this work 
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(i.e., FRS and ATU cubes) were acquired quite recently (2014–2016) and hence are noisier due to 

the aging of the instrument and the failing of a cryo-cooler (e.g., Parente et al., 2010; Bultel et al., 

2015). Only the FRT cubes were obtained during the nominal phase of the Mars Reconnaissance 

Orbiter mission (2007–2008). Since 2018, the infrared detector has been retired and no high-

resolution data are being acquired in the near-infrared range.  

[Table 1] 

CRISM cubes were first downloaded from the NASA Planetary Data System (PDS) server and 

then pre-processed through ENVI (version 5.4) which implements the CRISM Analysis Toolkit 

(CAT, version 7.4), a complementary tool developed by the CRISM team (Murchie et al., 2007; 

Pelkey et al., 2007). The tool pipeline includes (1) a calibration into reflectance (I/F), (2) an 

improved “volcano scan” atmospheric correction (McGuire et al., 2009; Morgan et al., 2011), and 

(3) a basic photometric correction. After correcting the cubes with CAT ENVI, we processed 

them in IDL (version 8.6), where we calculate a column-by-column ratio, with the featureless 

median spectrum of the column as the denominator. We also verify that pixels used for the 

median spectrum can be considered as neutral (featureless), and do not contain any spectral 

features characteristic of hydrated and/or mafic minerals. This procedure helps to reduce noise 

and residual atmospheric contributions, and finally, emphasize mineralogical absorptions in the 

ratioed spectrum (e.g., Bultel et al. 2015).  

We select our regions of interest (ROIs) in each ratioed cube, as the regions where the clays are 

predominant. We calculate the two band depths at 1.9 and 2.3 µm (e.g., Viviano-Beck et al., 

2014) on the entire cube to automatically select the pixels with strong paired absorptions (over 1–

5% and 0.5–3% for the absorptions at 1.9 and 2.3 µm, respectively, see Table S1.1). This allows 

us to consequently define the ROIs containing the largest amount of clays for each cube, as 

shown with FRT810D and FRT9A16 cubes in Oxia Planum as well as FRT8438 cube in the 

catchment area (Figure 2). We also use an index map that combines the absorptions at 1.41 µm, 

1.92 µm, 2.30 µm and 2.40 µm (Loizeau et al., 2018; Mandon et al., 2021), particularly useful to 

outline the clay-bearing outcrops. Figure 2 denotes the good correlation between the index and 

our selected ROIs. All cubes that were processed and analyzed in our study are shown in the 

supplementary materials 1 (Figure S1.1).  

[Figure 2] 
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All CRISM spectra shown and discussed in the present paper are acquired by averaging the pixels 

of the entire ROIs (number of pixels reported in Table 2), rather than smaller pixel regions. 

Smaller pixel regions are generally used to reduce the averaging over multiple surface materials. 

Nonetheless, clays in Oxia are assumed to be relatively homogeneous (Carter et al., 2016; 

Mandon et al., 2021; our study), and we are therefore not expecting small scale variations of 

different surface materials in our selected outcrops. Unlike Oxia Planum, smaller ROIs are highly 

required for similar analyses over Mawrth Vallis where a stronger mineralogical diversity is 

observed, with different mineral phases detected next to each other (e.g., Bishop et al., 2008a; 

McKeown et al., 2009).  

2.2 GIS Analysis 

All imagery and topography datasets used in this study are available through the NASA Planetary 

Data System (PDS) server and integrated in a Geographic Information System (GIS) software 

(QGIS, version 3.18.3).  

Our basemap (Figure 1) is a mosaic of images collected by the ConteXT imager (CTX) at 6 

meters per pixel (Malin et al., 2007) that provides a geomorphological context for the clay-

bearing outcrops detected in CRISM cubes. CTX-scale mapping identifies the spatial distribution 

of the diverse geologic features in Oxia Planum at regional scale (e.g., Ivanov et al., 2020; 

Quantin-Nataf et al., 2021; Fawdon et al., 2021b). Additionally, a mosaic of digital elevation 

models (DEMs) derived from CTX imagery offers the regional topography at a spatial resolution 

of about 10 meters per pixel (Mandon et al., 2021; Quantin-Nataf et al., 2021). Both mosaics are 

produced for the ExoMars rover mission and are accessible from Fawdon et al. (2021b). 

Detailed morphology and topography is captured by the High Resolution Imaging Science 

Experiment (HiRISE) (McEwen et al., 2007; 2010). HiRISE samples the Martian surface at very 

high spatial resolution (25–50 centimeters per pixel) and within three spectral wavelengths: blue-

green (0.40–0.58 µm), red (0.57–0.83 µm) and near-infrared (0.79–1.10 µm) channels. In this 

study, we have integrated several HiRISE (“RED” and “COLOR”) products over Oxia Planum 

(see Figures S2.1–S2.2 and Table S2.1 in supplementary materials 2). RED products are full 

grayscale images (5–6 km wide) collected through the red filter, while COLOR products are 

three-color images (0.9–1.2 km wide) compiled from overlapping blue-green, red and near-

infrared detectors. Digital terrain models (DTMs) are produced and released by the HiRISE team. 
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They are derived from HiRISE stereo pairs (Kirk et al., 2009), where the two observations are 

acquired at the same ground location under different viewing angles. To date, 8 HiRISE DTMs 

intersecting the ExoMars landing ellipse are available and have been integrated in our GIS (see 

Figure S2.3 and Table S2.2 in supplementary materials 2). Each HiRISE data is co-registered 

over the CTX mosaic with hundreds of manual tie points.  

We divide this investigation by combining two complementary approaches: (1) survey on the 

infrared data to better describe the spectral signatures of the clay-bearing outcrops (section 3.1) 

and (2) geological mapping to better understand the context of the outcrops (section 3.2). We try 

to gather more details on the spectral data and complement recent analyses (Mandon et al. 2021; 

Quantin-Nataf et al., 2021). 

3 RESULTS 

3.1 Spectral Analysis  

All CRISM spectra have been oversampled with a cubic spline interpolation, an IDL function. 

This spline function is applied on each pixel of a ROI in order to (1) create a fit that reproduces 

its spectrum, and (2) subsequently retrieve the absorption band center in each window of interest. 

We retrieve the values for each pixel of the ROIs within the four spectral ranges centered at 1.4, 

2.3, 2.4 and 2.5 µm, after continuum removal to emphasize the absorptions (see tie points in 

Table 2). We first focus on the 2.3 µm window as it is the most discussed in the literature, unlike 

the others. Here, we do not analyze the 1.9 µm window (i.e., band center and shape) as it contains 

an instrumental artifact occurring often at 1.9 and 2.1 µm, resulting from the atmospheric 

removal pipeline (Leask et al., 2018). Figures 3 to 5 illustrate the results obtained for FRT810D 

(335.5°E, 18.2°N) near the landing ellipse center, FRT9A16 (336.1°E, 17.7°N) near the delta, 

and FRT8438 (336.9.5°E, 16.8°N) in the catchment area. Results for other cubes are given in the 

supplementary materials 1 (Figures S1.2 to S1.5). 

Oxia Planum: The histograms in Figure 3 indicate the variation of the band center within a broad 

window centered at 2.3 µm (2.26 to 2.34 µm range). The band center does not strongly vary in 

the window, with values spanning from 2.298 to 2.314 µm (2.306 ± 0.008 µm). FRT810D cube 

(Figure 3A) shows the average band center of 2.305 µm (i.e., average of the entire ROI), 

characteristic of Oxia‟s clays (Carter et al., 2016; Mandon et al., 2021). FRT9A16 cube shows an 
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average band center at slightly higher wavelengths, above 2.311 µm (Figure 3B). However, the 

band center histograms also show minor clusters at different wavelengths. The two outcrops in 

FRT810D and FRT9A16 cubes both present a small cluster of pixels with a band center near 

2.298 µm that could be ascribed to possible changes in the clay mineralogy (see section 4.1). The 

histograms of some other cubes (i.e., ATU3BDAB, ATU38B10 and FRS37E00) have a major 

cluster (large number of pixels) with typical band center below 2.30 µm, similar to the secondary 

clusters seen in FRT810D and FRT9A16 cubes (Figure S1.2 in the supplementary materials 1).  

[Figure 3]  

The same procedure is used for the windows centered at 1.4 µm (1.37–1.45 μm), 2.4 µm (2.36–

2.44 μm) and 2.5 µm (2.49–2.57 μm) (Figure 4). Although these bands are often at noise level in 

CRISM data, they are commonly used to provide complementary information about the species 

producing such absorptions in the 1.0–2.6 µm spectral range (e.g., Bishop et al., 2008a; Ehlmann 

et al., 2009; Carter et al., 2013). In Oxia Planum, the band center at 1.4 µm spans between 1.402 

and 1.416 µm (1.409 ± 0.007 µm). The two other absorptions at 2.4 and 2.5 µm are weaker 

relative to the narrow absorptions seen at 1.41, 1.92 and around 2.3 µm. In the 2.4 µm window, 

the band center varies between 2.388 and 2.406 µm (2.397 ± 0.009 µm), while it spans from 

2.521 to 2.539 µm (2.530 ± 0.009 µm) in the 2.5 µm window.  

[Figure 4] 

Catchment Area: The two extra cubes targeting large clay-bearing outcrops in the catchment area 

(i.e., FRT8438 and FRT10FE9) have slightly different values for the 1.4 and 2.3 µm windows 

(Table 2). Indeed, band centers in the 2.3 µm range tend to shorter wavelengths (2.296 ± 0.006 

µm), while they display higher values in the 1.4 µm range (1.412 ± 0.008 µm) (Figure 5A). 

Conversely, the band centers are rather similar in the 2.4 and 2.5 µm windows (2.397 ± 0.008 µm 

and 2.530 ± 0.009 µm, respectively) (Figure 5B).  

Table 2 reports the average band centers obtained on the ROIs within the four windows (centered 

at 1.4, 2.3, 2.4 and 2.5 µm) for all CRISM cubes. 

[Figure 5] 

[Table 2]  
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3.2 Geologic Context 

After the spectral survey, the CRISM cubes are projected and integrated into the GIS to map the 

clay-bearing outcrops and put them in context with the regional mapping (pink areas in Figure 6). 

Geologic features were defined and mapped by a combination of albedo and topographic changes 

in the CTX data at regional scale and HiRISE data at local scale (e.g., Ivanov et al., 2020; 

Quantin-Nataf et al., 2021). Most features in Oxia Planum have been named after the provinces 

and towns of the Roman empire in 117 AD (Fawdon et al., 2021b). All units mapped in this study 

(i.e., clay outcrops and major geologic units) are made available as shapefiles in an online 

repository (Brossier et al., 2022).  

[Figure 6] 

We also mapped the extensive detection of hydrated phases from OMEGA (“Observatoire pour la 

Minéralogie, l'Eau, les Glaces et l'Activité”) and CRISM multispectral data derived from Carter 

et al. (2016), for comparison purposes (light green in Figure 6). This detection suggests a larger 

extent for the clay-bearing materials, although the datasets are significantly less resolved. 

Multispectral data from CRISM (MSP) have resolution of 100–200 m per pixel and a spectral 

sampling of around 56 nm (Murchie et al., 2007), while OMEGA data have lower resolutions of 

350 m to 4 km per pixel and a spectral sampling of 13 nm (Bibring et al., 2004; 2006). 

The clay-bearing outcrops mapped in Figure 6 appear as a fractured light-toned layer in high-

resolution images (Quantin-Nataf et al., 2021; Mandon et al., 2021). Authors subdivided the clay-

bearing formation into two subunits, based on their different aspects in the HiRISE color images 

(Delamere et al., 2010) and Colour and Stereo Surface Imaging System (CASSIS) (Thomas et al., 

2017; Tornabene et al., 2017). The first unit has a yellow-orange tone (namely “orange” unit) 

with meter-sized fractures, while the second unit exhibits a rather bluer tone (namely “blue” unit) 

with decameter-sized fractures (Mandon et al., 2021; Parkes-Bowen et al., 2022). Outcrops 

mapped in our study (pink areas in Figure 6) generally correspond to the orange unit and show 

the strongest clay absorptions; only the outcrop in the ATU38B10 cube corresponds to an area 

with a bluish appearance (Figure 7C). 

[Figure 7] 
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Altitudes for the mapped outcrops range from the highest areas at around -2790 m across the 

eastern plateaus to the deepest areas near -3150 m in Pannonia Planitia (Table 3). These values 

correlate well with the elevation range given in Quantin-Nataf et al. (2021) (-2600 to -3100 m) 

for the widespread clay detection derived from the multispectral data (Carter et al., 2016).  

[Table 3]  

4 DISCUSSION 

4.1 Clay Minerals 

According to the spectral surveys over Oxia Planum, CRISM cubes reveal several absorptions 

within the near-infrared range from 1.0 to 2.6 µm (Carter et al., 2016; Mandon et al., 2021; this 

study), as shown in Figure 8. Absorptions near 1.4 and 1.9 µm are common to all hydrated 

minerals, corresponding to a combination of H2O bending and stretching modes (and OH 

vibrations near 1.4 µm). An absorption near 2.28–2.32 µm normally indicates a (Fe,Mg)-OH 

vibration, while an absorption near 2.16–2.21 µm implies an Al-OH vibration or Si-OH, 

depending on the shape of the absorption. These different absorptions and their shapes allow the 

distinction between the Fe,Mg-rich and Al-rich phyllosilicates (Hunt, 1977; Clark et al., 1990). 

Nontronites (Fe-rich clays) display typical absorption bands near 1.41–1.42 µm, 2.28–2.29 µm 

and 2.40–2.41 µm, while saponites (Mg-rich clays) have absorptions near 1.38–1.39 µm, 2.31–

2.32 µm and 2.38–2.39 µm (Clark et al., 1990; Bishop et al., 2013). Pure vermiculite (mica-type 

clay) shows typical band centers near 1.42, 2.30–2.31 µm and 2.39 µm (e.g., Carter et al., 2013; 

Swayze et al., 2018a). Fe-rich saponites (e.g., Griffith saponite or Griffithite) have characteristic 

absorptions near 1.40–1.42 µm, 2.30–3.32 µm and 2.40 µm (Treiman et al., 2014). Scatterplots of 

the terrestrial Fe,Mg-rich clays band centers in comparison with those derived in this study are 

reported in Figure 9.  

[Figure 8] 

[Figure 9] 

For comparison purposes, laboratory spectra of terrestrial analogues are shown in Figure 10. 

They are obtained from the Reflectance Experiment Laboratory (RELAB) spectral repository 

(including spectra of analogous materials, e.g., Clark et al., 2007; Cloutis et al., 2007; Kokaly et 

al., 2017), which is regularly updated by the CRISM team through the CAT ENVI tool (e.g., 
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Morgan et al., 2017). They demonstrate a good correspondence between CRISM data and the 

terrestrial clays (Figures 8 and 9). It is worth noting that the RELAB spectrum of vermiculite 

generally used for reference in the literature (e.g, Carter et al., 2013; Mandon et al., 2021; 

Krzesińska et al., 2021) is actually “not a match” for vermiculite after verification through XRD 

diffraction measurements (sample labeled VER101, from University of Winnipeg, Cloutis, 2015). 

We therefore use another comparable, verified vermiculite spectrum from a different database: 

Libby GDS469L (Swayze et al., 2018b). This sample corresponds to handpicked ground flakes of 

vermiculite from a sample collected near Libby, Montana (Swayze et al., 2018a). We also add a 

reference spectrum for hydrobiotite (Libby GDS469M), which is often associated with 

vermiculite in vermiculite assemblages (or ores, as the term “ore” is generally used in geology for 

terrestrial mineral deposits). Hydrobiotite consists of mixed layers of vermiculite and biotite 

(Wilson, 1970; Brindley et al., 1983) and, like vermiculite, it results from the alteration of biotite 

or phlogopite (Velde, 1978). Its typical absorptions are slightly different: 1.40 µm, 2.32 µm and 

2.38 µm (Swayze et al., 2018a). Considering this large variety of spectra for vermiculite ores, the 

range of values for band centers are broader than initially reported (e.g., Carter et al., 2013), as 

the vermiculite and hydrobiotite are commonly found together. Band centers may thus vary 

depending on the relative proportions of biotite (or phlogopite), hydrobiotite and vermiculite 

components in the mineral assemblages, according to the extent of vermiculization (Swayze et 

al., 2018a). Consequently, it is difficult to distinguish between the Fe-rich saponite and 

vermiculite ores since both share spectral similarities in the 1.0–2.6 µm range (Figures 9 and 10), 

notably within the 1.4 and 2.3 µm windows. 

[Figure 10] 

Martian Fe,Mg-rich clays show spectral variability in the 1.4, 2.3 and 2.4 µm absorptions, 

suggesting compositional changes from Fe-rich to Mg-rich endmembers (e.g., nontronite and 

saponite, respectively). Oxia‟s clays are consistent with Fe,Mg-rich clays, with combined 

absorptions at 1.41, 1.92, 2.30–2.31 µm and weaker overtones near 2.39–2.40 µm (Figure 8). 

Figure 9 summarizes the comparison between our observations and terrestrial clays, with band 

center ranges derived from the aforementioned literature. Band centers of 2.306 and 2.397 µm 

retrieved in Oxia Planum (Figures 9 and 10) are rather consistent with Fe-rich saponites 

(smectitic clays) and vermiculite ores (mica-type clays) (Carter et al., 2016; Mandon et al., 2021). 
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Presence of vermiculite is later discussed through recent mineralogical characterization of 

terrestrial analog rocks (Krzesińska et al., 2021). Moreover, vermiculite has been already 

suggested in mixtures with Fe-rich clays in the vicinity of Mawrth Vallis (e.g., Bishop et al., 

2008a; McKeown et al., 2009) and other regions on Mars (e.g., Carter et al., 2013). Fe-rich 

saponites (e.g., Griffithite or Griffith saponite) are also good candidates regarding their 

intermediate band centers in the 1.4, 2.3 and 2.4 µm windows, as suggested for clays detected at 

Yellowknife Bay in Gale crater and elsewhere on Mars (Treiman et al., 2014). Conversely, 

Fe,Mg-rich clays found in Oxia‟s catchment area rather correspond to nontronite with a narrow 

absorption at 2.29 µm (Figures 9 and 10) (also seen in Noe Dobrea et al., 2010). It would be 

conceivable to think that the clays studied in Oxia are a mixture of clay minerals derived from the 

catchment and those found in the basin (possible origin of the clays is discussed in section 4.4). A 

mineral assemblage with mixed clays is consistent with detections made in the region 

immediately around Mawrth Vallis (e.g., Bishop et al., 2008a; McKeown et al., 2009; Noe 

Dobrea et al., 2010). Nonetheless, the band centers in Oxia‟s clays greatly match with the band 

positions of Fe-bearing saponites (Figure 9, left) and vermiculite ores (with a hydrobiotite 

component) (Figure 9, right), and further suggests that clays in the basin might correspond to one 

or the other, or even a mixture of the two phases. 

Note however that the 1.4 µm window is also linked to a hydration absorption near 1.41 µm, in 

addition to the metal-OH overtone. This could explain the mismatch between the lab spectra and 

our data seen near 1.4 µm. Lab experiments on saponites (Treiman et al., 2014; Chemtob et al., 

2015) show that desiccation strongly reduces the intensity of hydration absorptions at 1.4 and 1.9 

µm. Authors also demonstrate that, under desiccating conditions, the band center near 1.4 µm is 

slightly shifted to lower wavelengths while the other absorptions at 2.3 and 2.4 µm remain 

unchanged. Thus, alone, the 1.4 µm absorption cannot provide a definitive selection among the 

different phases, but can be used in combination with other absorptions. 

Considering the large variety of spectra for vermiculite ores (Swayze et al., 2018; Krzesińska et 

al., 2021), it seems that the 2.4-µm absorption is relatively stronger than in Fe-rich saponite 

(Treiman et al., 2014; Chemtob et al., 2015). Fe-rich saponite has a very weak overtone near 2.4 

µm that only appears clearly when the continuum is removed (e.g., Treiman et al., 2014; 

Chemtob et al., 2015). Although being at noise level, this absorption is rather strong and clearly 
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identified in Oxia‟s clays (Figure 8), which could favor the presence of vermiculite. However, 

this sole characteristic does not allow us to discriminate between the vermiculite and Fe-saponite.  

No Al-rich clays have been clearly detected in the CRISM cubes over Oxia Planum, although an 

absorption near 2.2 µm has been sporadically reported near the fan delta (associated with 

hydrated silica in Pan et al., 2021), and further east near Mawrth Vallis (e.g., McKeown et al., 

2009; Noe Dobrea et al., 2010). Based on CRISM coverage, the closest detection is found within 

Oxia‟s catchment area (337°E, 16.7°N), and it suggests the presence of diverse clay mineralogies 

(e.g., Turner et al., 2021). FRT10FE9 and FRT8438 cubes cover an extensive light-toned deposit 

and their analysis shows co-occurrence of Al-rich clays and kaolins (green and cyan in Figure 

11), with a single absorption at 2.21 µm (e.g., montmorillonite, beidellite, illite) and a doublet 

absorption at 2.17 and 2.21 µm (e.g., kaolinite, halloysite) (Noe Dobrea et al., 2010; Turner et al., 

2021). These Al-rich clays lie on top of large exposures of Fe,Mg-rich clays with narrow 

absorption near 2.29 µm, typical of nontronites (purple in Figure 11). This vertical sequence has 

been reported in previous studies in western Arabia Terra and Mawrth Vallis (e.g., Loizeau et al., 

2010; Wray et al., 2008; McKeown et al., 2009; Loizeau et al., 2010; Noe Dobrea et al., 2010) 

and elsewhere on Mars (e.g., Ehlmann et al., 2009; Wray et al., 2009; Le Deit et al., 2012). 

[Figure 11] 

The positions of the absorption band centers at 1.4, 2.3 and 2.4 µm vary little throughout Oxia 

Planum. Exact positions of the band centers in these windows depend on the relative abundance 

of iron and magnesium in the clay structure, oxidation state of iron (e.g., Clark et al., 1990; 

Mustard et al., 1992; Chemtob et al., 2015; Michalski et al., 2015), as well as the proportions of 

specific clays possibly mixed in the outcrops. 

4.2 Carbonates  

In Oxia Planum, all twelve ROIs exhibit a broad, shallow absorption centered near 2.53 µm 

(Figure 8). It appears in all the spectra showing strong absorptions near 1.9 and 2.3 µm, and is 

therefore detected over the “purest” clay-bearing outcrops. Generally, an increase in depth of the 

2.5 µm band can be interpreted as indicative of the presence of carbonates and/or other 

phyllosilicates together with the Fe,Mg-rich clays, as suggested by Mandon et al. (2021).  
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Carbonates are frequently found near clays or mixed with them on Mars, like in Nili Fossae 

(Ehlmann et al., 2008a; 2009), Jezero crater (Ehlmann et al., 2008b; Horgan et al., 2020), Lybia 

Montes (Bishop et al., 2010; 2013a), Leighton crater (Michalski and Niles, 2010), McLaughin 

crater (Michalski et al., 2019), Mawrth Vallis (e.g., Bultel et al., 2019), Huygens crater (e.g., 

Wray et al., 2016), and Robert Sharp crater (Carter et al., 2015a; Brossier et al., 2021). They are 

usually best identified by paired absorptions at 2.3 and 2.5 µm in the 1.0–2.6 µm range, although 

the 2.3 µm range is strongly influenced by the presence of clays (e.g., Sutter et al., 2007; Bishop 

et al., 2013b). For instance, Bishop et al. (2013b) report that large amounts of carbonates are 

needed to shift the band center from 2.28–2.29 µm seen for Fe-rich clay (nontronite) toward 

2.30–2.31 µm observed for Mg-rich carbonate (magnesite). The position of the 2.5 µm absorption 

in the carbonates spectra is indicative of the kind of cations present in the mineral structure (e.g., 

Mg, Fe or Ca). An absorption centered near 2.52–2.54 µm would be rather consistent with Fe,Ca-

rich carbonates like siderites or calcites, whereas an absorption at shorter wavelengths is usually 

associated with Mg-rich carbonates like magnesites or even dolomites (Gaffey, 1986; 1987; 

Leask et al., 2021) (Figures 12 and 13).  

[Figure 12] 

[Figure 13] 

Figure 12 summarizes the comparison between our observations and candidate carbonates, 

serpentines and chlorites, with band center ranges provided by the aforementioned literature. 

Laboratory spectra in Figure 13 (RELAB spectral repository) show the additional absorptions 

that allow to discriminate the candidate minerals among the carbonates (3.4–3.5 µm and 3.8–3.9 

µm), serpentines (2.10–2.12 µm) and chlorites (2.25–2.26 µm). Table 4 reports all band center 

values in the four windows of interest mentioned in this section (section 4.1) for our observations 

and candidate mineral phases. 

[Table 4]  

The presence of an absorption near 2.5 µm alone is not a sufficient criterion to identify 

carbonates. That is why, to complement this detection, we search for a specific pattern in the 3–4 

µm range, where the presence of a broad peak near 3.6–3.7 µm is expected by deep absorptions 

near 3.4–3.5 µm and 3.8–3.9 µm (Figure 8, right panel) due to carbonates. This feature is 
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systematically attributed to carbonates (X-CO3
2-

 vibrations), while other minerals commonly 

detected on Mars show a constant increase of reflectance in the 3.4–3.8 µm range (e.g., Gaffey, 

1987; Hexter, 1958; Hunt & Salisbury, 1971; Hunt, 1977). Distinction between the various 

carbonate compositions could be determined with the band centers in the 3.4–3.5 µm range: Mg-

rich (3.42 µm), and Fe,Ca-rich (3.45–3.50 µm) carbonates (Bultel et al., 2019). However, such a 

distinction cannot be assessed here due to the lack of a clear absorption near 3.4–3.5 in our 

observations (absent to weak). This is likely due to the deep water absorption near 3 µm induced 

by the clays that could subdue the carbonate absorption (Ehlmann et al., 2008a). Although the 

absorption at 3.8–3.9 µm cannot be entirely diagnosed due to the limited spectral range (CRISM 

IR: 1–4 µm), it can be retrieved through a drop of the spectrum near 3.9 µm. All the average 

CRISM spectra of the ROIs analyzed here show the expected “carbonates” feature in the 3–4 µm 

range (Figure 8, right panel). We therefore calculate a spectral parameter (“BD3900”) developed 

in Ehlmann et al. (2008a) to highlight the feature characteristic of carbonates and support their 

co-occurrence within the clay-bearing outcrops in Oxia Planum (Figure 14). In the scatterplot 

(Figure 14D), the BD3900 parameter correlates well with the Fe,Mg-rich clays index, showing 

high values in correlation with the clay exposures. Interestingly, carbonates have been previously 

reported in the catchment area along with the Mawrth Vallis area (Bultel et al., 2019) where they 

are collocated with the different clay minerals (i.e., nontronites, montmorillonites and kaolinites), 

indicating that carbonates may be present within Oxia‟s basin and its catchment. Present results 

(Figure 14) indicate the presence of carbonates all over Oxia‟s clay-bearing outcrops targeted by 

CRISM data, and not only locally as suggested in the previous survey (Mandon et al., 2021).  

[Figure 14]  

Note that the 3–4 µm range is difficult to interpret, as it lacks a correction for the thermal 

emission contributions that reduce band strength (Blaney and McCord, 1989; Wagner and 

Schade, 1996). Additionally, this range suffers from a low signal-to-noise ratio of the detector 

(i.e., four times lower than the 1.0–2.6 µm spectral range), and an instrumental artifact at 3.18 µm 

that could obscure the 3.4–3.5 µm carbonate absorption (Murchie et al., 2009). Although a 

definitive identification and characterization of the carbonates is difficult owing to these issues, 

we remain confident in our observation considering the combined spectral features (i.e., an 
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absorption near 2.53 µm together with a broad peak in the 3–4 µm range) supported by previous 

surveys done in the region (e.g., Bultel et al., 2019).  

Besides the carbonates, we cannot rule out the possible presence of another phyllosilicate, such as 

serpentine or chlorite (e.g., Bishop et al., 2008b; Ehlmann et al., 2010; Quantin et al., 2012; Sun 

and Milliken, 2015). Diagnostic absorptions of serpentines are centered at 2.325 µm and 2.51–

2.52 µm, in addition to the requisite 1.4 and 1.9 µm features (King and Clark, 1989). Mg-rich 

serpentines (e.g., antigorite, lizardite and chrysotile) are more likely to be present on Mars (e.g., 

Ehlmann et al., 2010; Quantin et al., 2012). They have an additional, weaker absorption near 

2.10–2.12 µm, often at noise level (Figure 13). Some cubes display a subtle absorption near 2.10–

2.15 µm, notably FRT810D and FRT9A16 (see Figures 3 and 8). No parameter maps (e.g., 

Viviano-Beck et al., 2014; Bultel et al., 2015b) seem to display a clear absorption near 2.1 µm 

that could correlate to our clay-bearing outcrops (ROIs). However, it is difficult to fully assess 

this feature in our data because of the strong water absorption at 1.9 µm, and the residual 

atmospheric CO2 absorption at 2 µm (Murchie et al., 2007; Leask et al., 2018). Alternatively, 

chlorites (e.g., clinochlore and chamosite) are commonly identified with multiple absorptions 

centered at 1.4, 1.9, 2.25–2.26, 2.33–2.36 and 2.47–2.51 µm (King and Clark, 1989; Bishop et 

al., 2008b) (Figure 13). Although we do not clearly observe any of the chlorite absorptions at the 

CRISM data resolution, we cannot rule out their presence in Oxia Planum.  

All these candidate minerals (carbonates, serpentines and chlorites) have multiple absorptions 

within the 2.2–2.6 µm spectral range, making their definitive diagnostic challenging in mixture 

with clays. Also, the presence of one or more of these minerals could produce shifts in the band 

centers observed near 2.3 and 2.5 µm. Future lab experiments of mineral mixtures (e.g., spectral 

and XRD analyses from Bishop et al., 2013b) may provide better insights on these variations in 

order to facilitate mineral identification.  

4.3 Ferrous Component(s) 

Besides the little variations seen in the four absorptions of interest (section 4.1), the overall 

spectrum of the clay-bearing outcrops in Oxia Planum is almost homogeneous between 1–4 µm 

(Figure 8). Most spectra display a positive and concave upward slope in the 1–2 µm region, 

followed by a reflectance drop near 2.3 µm. Such a slope results from multiple broad absorptions 

due to electronic excitations of Fe
2+

 occurring between 0.95 and 1.3 µm, and hereafter refers as a 
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“ferrous slope” (e.g., Burns, 1993; Morris et al., 1982; Sunshine and Pieters, 1998). Similar 

observations have been reported in previous surveys on the Mawrth Vallis – west Arabia Terra 

province (e.g., Bishop et al., 2008a; McKeown et al., 2009; Noe Dobrea et al., 2010). Authors 

argue that this slope can be attributed to a ferrous (Fe
2+

) bearing component present in the 

mineral assemblage, such as olivine, ferrous carbonate (e.g., siderite) or even ferrous micas (e.g., 

biotite, glauconite, celadonite) and ferrous chlorites (e.g., chamosite). 

Moreover, a small outcrop seen in the ATU38B10 cube (near Raetia Palus) shows a very strong 

slope with a convex shape near 1.4 µm (light blue spectrum in Figure 8). Unlike the other 

outcrops, it has a bluish appearance (Figure 7C), and may correspond to the “blue unit” defined 

in Mandon et al. (2021). They propose that a Fe-rich olivine (fayalite) or a coarse-grained Mg-

rich olivine (forsterite) in mixture with clays is more likely to produce the convex downward 

shape in the spectrum. They also show that the clay absorptions are weaker with respect to other 

clay-bearing outcrops, while the olivine slope remains on the surrounding areas farther out from 

the small outcrop in this cube (their figure 9). Figure 15 shows that the olivine-rich areas 

correlate well with the clay-bearing outcrops, as suggested in Mandon et al. (2021) and Condus et 

al. (2022). Bishop et al. (2013) found that small amounts of olivine (only 10 wt%) in mixtures 

with clays and carbonates are enough to contribute greatly towards the ferrous slope. As for the 

other outcrops, where no apparent olivine-rich areas are detected, Fe-rich carbonates (siderite) 

can also contribute to the positive slope observed in our spectra (see section 4.2).  

[Figure 15]  

Alternatively, ferrous micas, such as biotite, also display a broad Fe
2+

 absorption in the 1 µm 

spectral region resulting in a positive, concave up slope in the 1–2 µm region (Clark et al., 1990). 

Biotite (or phlogopite) is often found in association with vermiculite, as the latter is a common 

weathering product of biotite in terrestrial basalts (e.g., Velde, 1978; Swayze et al., 2009; 2018). 

Furthermore, the presence of biotite with vermiculite can explain the subtle variations in band 

centers observed near 2.3 µm (Figure 9), as biotite has an absorption at 2.32 µm whereas pure 

vermiculite shows an absorption at 2.30 µm (e.g., Clark et al., 1990). 

4.4 Diverse Clays: Origin(s) and Implications 
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As discussed in section 4.1, Oxia‟s clays have signatures characteristic of Fe-rich saponites and 

vermiculites, and their spectra are essentially uniform at CRISM resolution (Figures 8 and 9). 

Clay minerals may be either (1) authigenic where they have formed in situ within Oxia Planum 

system, or (2) detrital where they have formed elsewhere within the Mawrth Vallis – west Arabia 

Terra province and subsequently transported through the Coogoon Valles system. The lack of 

vermiculite-saponite clays detected elsewhere on the surrounding plateaus, where the nontronite 

clays are predominant, is favoring the in situ formation for Oxia‟s clays. Nonetheless, some 

vermiculite-saponite clays (i.e., ATU4096B cube) are located on a high elevated area, forming a 

„belvedere‟ in eastern Oxia Planum (right part of Figure 6), which appears to be dissected by the 

northern channel of the Coogoon Valles system. This suggests that these outcrops predate the 

incision of the channel, and perhaps part of them may have been transported and deposited within 

Oxia‟s basin (Ivanov et al., 2020; Fawdon et al., 2021a).  

Extensive outcrops found in the catchment area indicate different clay mineralogies, 

corresponding to nontronites together with Al-rich phases (montmorillonite and kaolinite) (Figure 

11). This correlates well with the previous clay detections reported in the vicinity of Mawrth 

Vallis and west Arabia Terra (e.g., Loizeau et al., 2007; Bishop et al., 2008; McKeown et al., 

2009; Noe Dobrea et al., 2010). At first glance, these materials could have been deposited within 

Oxia‟s basin after transportation through the Coogoon Valles system (Turner et al., 2021). 

However, regarding our results, these isolated outcrops do not appear to be associated with the 

vermiculite-saponite clays identified in Oxia Planum. Distinct clay mineralogies in the two 

regions could denote differences in the weathering processes and conditions occurring during the 

formation of the clay minerals.  

Distribution of the clay minerals in the catchment area, with Al-rich clays lying above Fe,Mg-

rich clays, strongly resembles to vertical sequences initially described in Mawrth Vallis (e.g., 

Loizeau et al., 2010) and near Valles Marineris (e.g., Le Deit et al., 2012). Indeed, long-term 

weathering may produce vertical sequences where Al-rich phases overlie thicker piles of Fe,Mg-

rich clays (e.g., Loizeau et al., 2015; 2018; Bultel et al., 2019) (see also Figure 16). On Earth, 

such clay sequences indicate surface weathering under humid climates, and can be related to 

pedogenic sequences (e.g., Velde, 2010; Gaudin et al., 2011). Pedogenesis (or soil formation) 

consists on the leaching of soil horizons (here Noachian basaltic crust) due to water percolating 
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from top to bottom (e.g., Gaudin et al., 2011), analogous to basaltic andosols on Earth (e.g., 

Quantin, 1972; Chamley, 1989). Al cations are less mobile than Fe and Mg cations and therefore 

remain generally in the upper part of the pedogenic sequence, where the drainage is intense and 

Al-rich clays and kaolins form (e.g., Loizeau et al., 2007; Le Deit et al., 2012; Carter et al., 

2015b). Conversely, Fe and Mg cations migrate downward and accumulate in the poorly drained, 

lowest part of the weathering profile, where the Fe,Mg-rich clays form in a neutral to alkaline 

environment (e.g., Gaudin et al., 2011). Note that nontronites are Al,Fe-rich clays, and hence, 

should be forming in an intermediate horizon (or layer) between the Al-rich phases (on top) and 

the Fe,Mg-rich phases (at the bottom) (Figure 16). 

[Figure 16]  

Oxia‟s clay-bearing outcrops are relatively homogeneous over tens of meters of thickness 

(Mandon et al., 2021; this study), and the absence of such a vertical sequence in the basin tends to 

favor alternative origins such as formation within subaqueous environments (notably lacustrine 

and deltaic systems), hydrothermal or groundwater systems, rather than pedogenesis (Quantin-

Nataf et al., 2021; Mandon et al., 2021). Like in aforementioned studies, our current observations 

and results do not allow us to confidently discriminate among the different scenarios for the 

formation and evolution of the clays in the region. Nevertheless, clay-bearing outcrops present 

within Oxia‟s basin may belong to the lower horizon of the pedogenic sequence (i.e., Fe,Mg-rich 

phases) described near Mawrth Vallis (e.g., Loizeau et al., 2015; 2018), while the outcrops 

identified in the catchment represent the upper horizons (i.e., Al-rich phases above Al,Fe-rich 

phases) (Figure 16). As mentioned in Mandon et al. (2021), the lack of authigenic Al-rich phases 

(e.g., montmorillonite, kaolinite) and Al,Fe-rich phases (nontronite) in Oxia Planum, could be 

due to a moderate leaching intensity during the pedogenesis alteration, or that any horizons 

corresponding to these phases have been removed by the significant erosion occurring in the 

region (Favaro et al., 2021; Quantin-Nataf et al., 2021; Silvestro et al., 2021). Reader is referred 

to Quantin-Nataf et al. (2021) and Mandon et al. (2021) for further discussion regarding the 

different geological environments that possibly occurred in Oxia Planum and its surroundings. 

Fe,Mg-rich phyllosilicates (particularly nontronites, saponites and vermiculites) are generally 

surface and shallow subsurface clay minerals, resulting from the interaction of liquid water with 

rocks under low temperatures, moderate pH levels and reducing conditions, factors in favor for 
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life (Velde, 2010; Gaudin et al., 2011). On Earth, clay minerals (e.g., in marine and deltaic 

sediments) played an active role for the emergence of life, as they can store organic carbon over 

geologic timescales (e.g., Hays et al., 2017). ExoMars “Rosalind Franklin” rover and its plethora 

of instruments are designed to collect and analyze surface and subsurface samples (rocks and 

soils) down to 2 m in depth (Vago et al., 2017), where organic compounds may be better 

conserved. Indeed, subsurface samples are more likely to include biosignatures, since the tenuous 

atmosphere of Mars offers little protection from radiation and photochemistry at the surface.  

Presence of additional spectral features suggests the co-occurrence of carbonates throughout the 

clay-bearing outcrops (section 4.2), with a broad absorption near 2.5 µm and a strong 3.9 µm-

index (Figure 8). Interestingly, carbonates are also reported in the weathering profiles previously 

discussed, where they are collocated with the clays near Mawrth Vallis and west Arabia Terra 

province (Bultel et al., 2019). The stratigraphy observed in these profiles (from Al-rich phases on 

top to Fe,Mg-rich phases at the bottom) together with the precipitation of carbonates (in the 

middle sections), indicates a pH gradually increasing from the top (acidic) to the bottom (neutral 

to alkaline) of the vertical sequence (Gaudin et al., 2011; Zolotov and Mironenko, 2016). Figure 

16 is a sketch illustrating the stratigraphic column induced by a possible pedogenesis alteration 

scenario occurring in Oxia Planum and its surroundings (after Bultel et al., 2019). Precipitation of 

carbonates generally implies that neutral-to-alkaline waters circulated at the time of their 

formation, coinciding with the formation of Fe,Mg-rich clays during the Noachian era. 

Furthermore, their presence indicates that they have been protected from any acidic (sulfate-

forming) environments characteristic of the Hesperian era (e.g., Bibring et al., 2006; Hurowitz 

and McLennan, 2007), which would have dissolved them. Thus, the coprecipitation of clay 

minerals and carbonates throughout the studied outcrops in Oxia‟s basin and its catchment further 

strengthens the exobiological potential of the region, where biosignatures might still be 

preserved.  

5 CONCLUSIONS 

We provide an in-depth analysis of the clay-bearing outcrops found in Oxia Planum, to 

complement previous surveys (Carter et al., 2016; Mandon et al., 2021) and better constrain the 

nature of the minerals present in the region. We propose a more detailed spectral analysis of the 

CRISM infrared data aiming to: (1) report exact positions of the 1.4, 2.3, 2.4 and 2.5 µm band 
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centers, (2) locate possible shifts in band centers within the outcrops‟ spectra, and (3) better 

characterize the 3–4 µm spectral region to search carbonate features. We also identify and map 

the distribution of the “purest” exposures of clays in the area, as defined by the deepest 

absorptions at 1.9 and 2.3 µm. The outcrops (and major geologic units) are made accessible to the 

community as shapefiles via the online repository linked to this work (Brossier et al., 2022). Our 

analysis indicates that most of Oxia‟s clays are consistent with Fe-rich saponites (e.g., Griffithite 

or Griffith saponite) or perhaps vermiculite ores (associated with a hydrobiotite component). 

Spectral signatures show very subtle variations between the different targeted regions (ROIs) at 

the scale of orbital data, indicating a relatively homogeneous distribution of the mineral 

assemblage, with very little changes in Fe
2+ 

(ferrous), Fe
3+

 (ferric) and Mg content. Striking 

differences in the spectral features are observed in the large and isolated clay-bearing outcrops 

identified in the catchment area, suggesting the presence of nontronites and some Al-rich phases 

(e.g., montmorillonites, kaolinites) in this region. 

A possible mixture with carbonates, serpentines and/or chlorites is also addressed. However, it is 

challenging to ascertain their presence since they all have spectral features occurring in the 2.2–

2.6 µm range, like the clays. Additionally, the presence of instrument artifacts and residual 

atmospheric absorptions make this assessment even more difficult. Nevertheless, the 3.9 µm 

index has been computed and mapped to specifically investigate the carbonates. Our results show 

that the studied outcrops have a quite high index, and together with the ubiquitous absorption 

near 2.53 µm, strongly support the co-occurrence of carbonates with the clays in Oxia‟s basin and 

its catchment area. 

Different scenarios have been discussed to explain the formation and alteration of Oxia‟s clays, at 

local scale (Mandon et al., 2021; Quantin-Nataf et al., 2021) and regional scale (e.g., McKeown 

et al., 2009; Noe Dobrea et al., 2010). Previous studies suggest: (1) subaqueous sedimentation 

(fluvial and lacustrine scenarios), (2) pedogenesis (soil formation), and (3) groundwater 

alteration. Whilst we favor a pedogenesis origin for the clay minerals identified in the catchment 

area, assessing the origin of those studied in Oxia‟s basin is a difficult task. Most suitable 

alteration scenarios in Oxia‟s basin could be also pedogenesis alteration, given the regional 

context with west Arabia Terra. However, orbital data do not provide enough constraints to 

discriminate among the possible scenarios (lacustrine and deltaic sedimentation, or even 
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groundwater circulation), and therefore the origin(s) of Oxia‟s clays remain(s) uncertain. On 

Earth, Fe-rich clays are found in a broad range of geologic environments: from lacustrine and 

marine sediments (e.g., Müller and Förstner, 1976; Pedro et al., 1978) to seafloor hydrothermal 

deposits associated with microbial forms (e.g., Deko et al., 2007; Ta et al., 2017). In Oxia 

Planum, observations reported in previous studies (Mandon et al., 2021; Quantin-Nataf et al., 

2021) are confined in a localized area, namely Pannonia Planitia (Figure 7, top left), and they 

need to be verified elsewhere in the region. Nonetheless, further detailed investigations are 

therefore required concerning the geologic features associated with the clays in Oxia Planum and 

surroundings (e.g., fractures in Apuzzo et al., 2021; 2022; Parkes-Bowen et al., 2022).  

Spectra analyzed here are the best available orbital data to constrain the mineralogy of Oxia 

Planum and before the landing of ExoMars “Rosalind Franklin” rover, no better data are expected 

from the ongoing missions. For this reason, further analysis of all available data in a synergic 

way is desirable. Moreover, laboratory studies on terrestrial minerals and mixtures comparable to 

those expected at Oxia are required for further constraining the origin and evolution of the 

landing area. It is worth noting that the mission will conduct a detailed investigation of the area at 

a spatial scale extremely different (from meters to microns) relative to orbital data (up to tens of 

meters). Thus we would expect a much larger variety of minerals and must be prepared for the 

interpretation of the data at such a detailed scale. In labs, terrestrial analogues are being analyzed 

to test and prepare the nine instruments for “Rosalind Franklin” rover (Vago et al., 2017), 

including Ma_MISS (De Sanctis et al., 2017; 2022) or even MicrOmega (Bibring et al., 2017). 

Ma_MISS will investigate the subsurface mineralogy in its stratigraphic context and, with the 

other rover instruments, can gather data to understand the origin(s) of the minerals in Oxia and 

their weathering history. MicrOmega will characterize the texture and composition of minerals 

and organic compounds with astrobiological relevance. 
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TABLES 

Table 1 – Main characteristics of the cubes targeting Oxia Planum used in our study (coordinates, 

collection date). Notes: (1) Two extra cubes covering outcrops in the catchment area (337°E, 

16.7°N). 

CRISM Cubes Longitude (°E) Latitude (°N) Date 

FRT810D 335.5 18.2 Oct. 2007 

FRT9A16 336.1 17.7 Jan. 2008 

ATU3AA6A 335.5 18.1 Feb. 2016 

ATU3BDAB 335.8 17.8 May 2016 

ATU3D04C 336 17.7 June 2016 

ATU38B10 336.1 17.9 Oct. 2015 

ATU312E6 335.1 18.3 July 2014 

ATU356F3 335.1 18.3 Feb. 2015 

ATU380B9 335.7 18.1 Sep. 2015 

ATU3561F 336.1 17.8 Feb. 2015 

ATU4096B 336.3 18 Dec. 2016 

FRS37E00 334.9 18.4 Aug. 2015 

FRT8438 
(1)

 336.94 16.8 Oct. 2007 

FRT10FE9 
(1)

 337.04 16.8 Feb. 2009 

Table 2 – Band centers in the windows centered at 1.4, 2.3, 2.4 and 2.5 µm. Notes: (1) Spectral 

ranges that defined the windows of interest, and the tie points for continuum removal. (2) 

Number of pixels selected in the regions of interest (ROIs). 

CRISM Cubes 
1.4 µm 

(1.37–1.45 µm) 
(1) 

2.3 µm 

(2.26–2.34 µm) 

2.4 µm 

(2.36–2.44 µm) 

2.5 µm 

(2.49–2.57 µm) 
Pixels 

(2) 

FRT810D 1.412 ± 0.008 2.306 ± 0.006 2.395 ± 0.007 2.531 ± 0.008 3959 

FRT9A16 1.409 ± 0.008 2.308 ± 0.007 2.396 ± 0.008 2.530 ± 0.009 6864 

ATU3AA6A 1.409 ± 0.008 2.305 ± 0.008 2.397 ± 0.009 2.530 ± 0.009 3538 

ATU3BDAB 1.409 ± 0.010 2.304 ± 0.009 2.397 ± 0.009 2.530 ± 0.009 873 

ATU3D04C 1.409 ± 0.009 2.306 ± 0.007 2.397 ± 0.009 2.528 ± 0.009 2424 

ATU38B10 1.411 ± 0.010 2.303 ± 0.009 2.396 ± 0.009 2.528 ± 0.010 393 
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ATU312E6 1.408 ± 0.008 2.304 ± 0.008 2.398 ± 0.009 2.530 ± 0.009 7447 

ATU356F3 1.408 ± 0.007 2.305 ± 0.008 2.396 ± 0.009 2.529 ± 0.009 13038 

ATU380B9 1.409 ± 0.008 2.309 ± 0.007 2.397 ± 0.009 2.530 ± 0.009 8601 

ATU3561F 1.409 ± 0.009 2.307 ± 0.008 2.396 ± 0.009 2.531 ± 0.009 2030 

ATU4096B 1.408 ± 0.008 2.303 ± 0.008 2.396 ± 0.009 2.530 ± 0.009 3749 

FRS37E00 1.410 ± 0.008 2.304 ± 0.008 2.396 ± 0.009 2.530 ± 0.009 791 

FRT8438 1.413 ± 0.008 2.296 ± 0.006 2.397 ± 0.008 2.530 ± 0.009 16650 

FRT10FE9 1.410 ± 0.009 2.297 ± 0.007 2.397 ± 0.008 2.530 ± 0.009 7305 

 

Table 3 – Main characteristics of the clay-bearing outcrops mapped in Oxia Planum (surface 

areas and altitude ranges). Notes: (1) No values are reported for the cubes ATU356F3 and 

ATU3561F as they overlap with other cubes ATU312E6 and FRT9A16, respectively. 

CRISM Cubes Area (m
2
) Altitude Range (m) Altitude (m) 

FRT810D 7674 -3075 to -3146 -3118 ± 13 

FRT9A16 
(1)

 7361 -2881 to -3009 -2939 ± 26 

ATU3AA6A 6108 -2989 to -3112  -3053 ± 31 

ATU3BDAB 4094 -2940 to -3048 -2986 ± 22 

ATU3D04C 3994 -2883 to -2907 -2895 ± 5 

ATU38B10 293 -3020 to -3030 -3027 ± 2 

ATU312E6 
(1)

 14898 -3053 to -3115 -3087 ± 12 

ATU380B9 13400 -2992 to -3075 -3042 ± 14 

ATU4096B 11297 -2787 to -3018 -2876 ± 41 

FRS37E00 1251 -3009 to -3089 -3032 ± 15 

 

Table 4 – Absorption band centers for clay-bearing outcrops in Oxia Planum and within its 

catchment area, as well as candidate materials in the 1.4, 2.3, 2.4 and 2.5 µm windows. Notes: [1] 

Clark et al. (1990); Bishop et al. (2013) for saponite and nontronite, Treiman et al. (2014) for Fe-

bearing saponite (i.e., Griffithite), and Swayze et al. (2018a) for vermiculite ore (vermiculite and 

hydrobiotite). [2] Gaffey (1986; 1987) and Leask et al. (2021) for carbonates. [3] King and Clark 

(1989); Bishop et al. (2008) and Ehlmann et al. (2010) for serpentines and chlorites. 

Materials 1.4 µm 2.3 µm 2.4 µm 2.5 µm 
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Oxia (our study) 1.409 ± 0.007 2.306 ± 0.008 2.397 ± 0.009 2.530 ± 0.009 

Catchment (our study) 1.412 ± 0.008 2.296 ± 0.006 2.397 ± 0.008 2.530 ± 0.009 

Clays 
[1]

     

Saponite 1.380–1.390 2.310–2.320 2.380–2.390  

Nontronite 1.410–1.420 2.280–2.290 2.400–2.410  

Fe-saponite 1.405–1.415 2.300–2.315 2.395–2.400  

Vermiculite ore 1.400–1.420 2.300–2.320 2.380–2.390  

Vermiculite (flake) 1.420 2.300–2.310 2.390  

Hydrobiotite (flake) 1.400 2.320 2.380  

Carbonates 
[2]

     

Siderite  2.320–2.330  2.530 

Magnesite  2.300–2.310  2.500 

Dolomite  2.315–2.325  2.510–2.520 

Calcite  2.330–2.340  2.530–2.540 

Serpentines 
[3]

     

Lizardite 1.395 2.325  2.510 

Antigorite 1.395 2.325  2.520 

Chlorites 
[3]

     

Clinochlore 1.390 2.330  2.470 

Chamosite 1.415 2.360  2.510 

 

FIGURES CAPTIONS 

[2-column for all figures, and color should be used online only] 

Figure 1 – (top) Oxia Planum through THEMIS infrared daytime map overlain by the color-

shaded MOLA (lower elevations in teal and higher elevation areas in brown). The location of an 

isolated outcrop in the catchment area of Coogoon Valles is also indicated (Figure 11). (bottom) 

Closer view on the landing site (335.6°E, 18°N) through CTX mosaic overlain by the color-

shaded CTX DEM. Color-coded footprints correspond to CRISM cubes used in this work. Black 

footprints display other cubes that are not selected for further analysis since no clay-bearing 

outcrops have been clearly detected therein. Yellow ellipses indicate the opening (LPO) and 

closing (LPC) of the scheduled launch windows. 
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Figure 2 – Maps of the clay-bearing outcrops for (unprojected) cubes FRT810D (335.5°E, 

18.2°N) and FRT9A16 (336.1°E, 17.7°N) targeting Oxia Planum, and FRT8438 (336.9.5°E, 

16.8°N) in the catchment area. (left) Regions of interest (ROIs) are automatically determined for 

all pixels with strong absorptions at 1.9 and 2.3 µm (Viviano-Beck et al., 2014), and overlapping 

CRISM band at 1.30 µm. (right) Maps displaying the spectral criterion “Hydr-FeMg-clay index” 

adapted from Loizeau et al. (2018), combining the Fe-Mg clay absorptions (1.41, 1.92, 2.30 and 

2.40 µm). 

Figure 3 – (A) FRT810D cube near the landing ellipse center (335.5°E, 18.2°N): (top-left) Map 

displaying the distribution of the diverse band centers around 2.3 µm (2.26–2.34 µm) subdivided 

into 3 classes: (1) below 2.30 µm, (2) between 2.30 and 2.31 µm, and (3) above 2.31 µm. (top 

right) Histogram reporting the normalized counts (bins: 2.5 nm). Red vertical lines indicate the 5 

CRISM spectral channels centered in the window. (bottom) Spectra of the CRISM denoised 

reflectance (normalized and offset for clarity) for the three classes and mean spectrum. White 

arrows indicate the main absorptions (1.41, 1.92, 2.30, 2.40 and 2.53 µm), while the gray arrow 

shows intermittent spikes associated with a detector filter at 1.65 µm. (B) Same for FRT9A16 

cube near the delta (336.1°E, 17.7°N). 

Figure 4 – (A) FRT810D cube near the landing ellipse center (335.5°E, 18.2°N): (left) Maps 

displaying the distribution of the diverse centers around 1.4 µm (1.37–1.45 µm), 2.4 µm (2.36–

2.44 µm) and 2.5 µm (2.49–2.57 µm), which are subdivided into 3 classes. At 1.4 µm: (1) below 

1.40 µm, (2) between 1.40 and 1.41 µm, and (3) above 1.41 µm. At 2.4 µm: (1) below 2.39 µm, 

(2) between 2.39 and 2.40 µm, and (3) above 2.40 µm. At 2.5 µm: (1) below 2.52 µm, (2)

between 2.52 and 2.54 µm, and (3) above 2.54 µm. (right) Histograms reporting the normalized 

counts (bins: 2.5 nm). Red vertical lines indicate the 5 CRISM spectral channels centered in the 

window. (B) Same for FRT9A16 cube near the delta (336.1°E, 17.7°N). 

Figure 5 – FRT8438 cube in the catchment area (336.9.5°E, 16.8°N): Results obtained in the (A) 

1.4 and 2.3 µm, and (B) 2.4 and 2.5 µm. Same annotations as in Figures 3 and 4.  

Figure 6 – Geologic map of Oxia Planum. Morphological units are defined from CTX imagery 

(Ivanov et al., 2020; Quantin-Nataf et al., 2021). Black footprints indicate the CRISM targeted 

data with the clay-bearing outcrops (in pink). White frames indicate the locations of two close-up 
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views shown in Figure 7. All units mapped here are provided as shapefiles though the online 

repository linked to this work (Brossier et al., 2022). 

Figure 7 – Clay-bearing outcrops in (top left) Pannonia Planitia and (top right) Raetia Palus 

through CaSSIS color images (Fawdon et al., 2021b). Insets (A), (B) and (C) are close-up views 

with HiRISE color images to display their fractures and color variations. HiRISE images: (A) 

ESP_064828_1985, (B) ESP_063839_1980, and (C) ESP_060437_1980. Outcrops exhibit color 

variations: (A) FRT810D and (B) FRT9A16 have a yellow-orange tone, while (C) ATU38B10 

shows a bluish tone. 

Figure 8 – Spectra of the CRISM denoised reflectance, normalized and offset for clarity. 

Unusable data at (1) 1.65 μm is associated with intermittent spikes from a detector filter 

boundary, (2) 2.60–2.80 μm is due to a saturated atmospheric CO2 absorption there, and (3) 3.18 

μm is an instrumental artifact (Murchie et al., 2007; 2009). Spectra are smoothed by averaging 

hundreds to thousands of pixels (Table 2). All spectra (notably ATU38B10) have a positive slope 

in the 1–2 µm range, likely due to the broad 1.2 µm absorption of a ferrous component (e.g., 

Bishop et al., 2008; McKeown et al., 2009). They all exhibit a broad “bulge-like” feature near 

3.6–3.7 µm, typical of Martian carbonates (e.g., Bultel et al., 2019). 

Figure 9 – (top) Scatterplots of 2.3 µm vs 1.4 µm band centers for the studied clay-bearing 

outcrops and candidate clays: nontronite and saponite (Clark et al., 1990; Bishop et al., 2013), Fe-

rich saponite (Treiman et al., 2014), and vermiculite ores (including pure vermiculite and 

hydrobiotite components separately) (Swayze et al., 2018a). (bottom) Scatterplots of 2.3 µm vs 

2.4 µm band centers. Clay-bearing outcrops in Oxia display strong correlation with Fe-rich 

saponite (left panels) and also vermiculite ores (right panels), while outcrops identified in the 

catchment area are rather consistent with nontronites. Dashed outlines indicate the error areas: 2.5 

nm for the candidate minerals (sampling) and standard deviations for the CRISM data analyzed 

here (Table 2). 

Figure 10 – Laboratory spectra of main candidate Fe,Mg-rich clays: nontronite, saponite, Fe-rich 

saponite (e.g., Griffithite) and vermiculite ore (vermiculite and hydrobiotite). All major 

absorptions are shown with vertical lines at 1.41, 1.92, 2.30, 2.40 and 2.53 µm. 
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Figure 11 – Clay-bearing outcrops located in the catchment area of Oxia Planum (337°E, 16.7°N) 

with two CRISM cubes (FRT8438 and FRT10FE9). Different mineral phases are mapped using 

the parameters defined in Viviano-Beck et al. (2014): (1) “BD2290” for Fe,Mg-rich clays with 

narrow absorption near 2.29 µm (16650 and 7305 pixels in purple, respectively), (2) 

“BD2210_2” for Al-rich clays with single absorption at 2.21 µm (1440 pixels in green, FRT8438 

only), and (3) “BD2165” for other Al-rich clays with doublet absorptions at 2.17–2.21 µm (163 

pixels in cyan, FRT8438 only). Inset (A) is a close-up view on the three phases from HiRISE 

image (ESP_012214_1970). CRISM spectra are compared with laboratory spectra of terrestrial 

analogues (nontronite, montmorillonite, illite and kaolinite). While our work is mainly focused on 

the Fe,Mg-rich clays, the Al-rich clays were initially identified in previous studies (Noe Dobrea 

et al., 2010; Turner et al., 2021) and analyzed here to complement our discussion.  

Figure 12 – Scatterplot of 2.3 µm vs 2.5 µm band centers for studied clay-bearing outcrops and 

candidate minerals: carbonates (siderite, magnesite, calcite and dolomite) from Gaffey (1986; 

1987) and Leask et al. (2021), serpentines (lizardite and antigorite) and chlorites (clinochlore and 

chamosite) from King and Clark (1989); Bishop et al. (2008) and Ehlmann et al. (2010). Dashed 

outlines indicate the error areas: 2.5 nm for the candidate minerals (sampling) and standard 

deviations for the CRISM data (Table 2). 

Figure 13 – Laboratory spectra of main candidate carbonates (magnesite, calcite, dolomite and 

siderite), serpentines (lizardite and antigorite), and chlorites (chamosite and clinochlore). All 

major absorptions are shown with vertical lines at 1.41, 1.92, 2.30, 2.40 and 2.53 µm. Colored 

arrows indicate specific absorptions associated with carbonates (3.4–3.5 µm and 3.8–3.9 µm), 

serpentines (2.10–2.12 µm) and chlorites (2.25–2.26 µm). 

Figure 14 – (left) Subsets of band parameters covering the outcrop in FRT810D cube. (A) “Hydr-

FeMg-clay index” to outline the Fe,Mg-rich clay-bearing outcrops (Loizeau et al., 2018), (B) 

“BD2500” to show the shallow band depth near 2.5 µm (Viviano-Beck et al., 2014), and (C) 

“BD3900” to show the drop of reflectance near 3.9 µm (Ehlmann et al., 2008a). (right) 

Scatterplots comparing the three parameters: (D) BD3900 vs Fe,Mg-rich clay index, and (E) 

BD3900 vs BD2500. They indicate a possible correlation between the clay features (combined 

absorptions at 1.41, 1.92, 2.30 and 2.40 µm) and the carbonate features (absorption at 2.53 µm 

and broad peak near 3.6–3.7 µm). 
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Figure 15 – Band parameters covering the outcrop in ATU38B10 cube: (A) “Hydr-FeMg-clay 

index” to outline the clay-bearing outcrops (Loizeau et al., 2018) and (B) “OLINDEX3” to show 

the olivine-rich areas (Viviano-Beck et al., 2014). (C) Two major outcrops mapped as regions of 

interest (ROIs). Both show strong olivine absorption near 1 µm, while one is having strong clay 

absorptions (ROI1) and another has weak clay absorptions (ROI2). (D) Denoised reflectance 

spectra of the two outcrops compared with two laboratory spectra of olivine (fayalite and 

forsterite). Although the clay signal is weaker in ROI2, the absorptions near 1.9 and 2.3 µm are 

still present. 

Figure 16 – Sketch of the stratigraphic column (vertical sequence) for a possible pedogenesis 

alteration scenario in Oxia Planum and its surroundings (adapted from Bultel et al., 2019): Al-

rich clays and kaolins on top (e.g., montmorillonite, kaolinite), Al,Fe-rich clays in an 

intermediate horizon (e.g., nontronite), and Fe,Mg-rich clays at the bottom (e.g., saponites and 

vermiculites). The pedogenic weathering of the soil also involves an increase in the pH from 

slightly acidic near the surface to neutral - alkaline near the weathering front, where the Fe,Mg-

rich clays form. Carbonates are found in different horizons like in the weathering profiles 

described in Mawrth Vallis, and suggest a denser CO2-rich atmosphere at the time of their 

formation during or after the formation of the clay minerals. 

Highlights 

 Detailed analysis of infrared signatures within Oxia and its catchment

 Spectral characterization of clay-rich outcrops and their distribution in the region

 Clays in Oxia match Fe-rich saponites but vermiculite assemblages cannot be ruled out

 Isolated clays in catchment are clearly consistent with nontronites and Al-rich clays

 Our results support the presence of carbonates with clays in Oxia and its catchment
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