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A B S T R A C T

The martian soil is of particular interest as it can help us understand the different processes that have occurred
on Mars by studying the chemistry and mineralogy of its constituents as a function of grain size. The fine-
grained martian soil is thought to be homogeneous across the planet and thus to represent a global component.
In this study we report on the soil targets analysed by the SuperCam instrument aboard the Perseverance rover,
which is currently exploring Jezero crater. A total of 343 targets were analysed. Their grain size distribution
confirms the sparsity of 250–900 Âμm particles in the martian soil, although both smaller and larger grains are
present. We found that the local components, due to erosion of the local bedrock, are present not only in the
very coarse grains or larger gravels of the soil, but also in the very fine ones (<250 Âμm). We detected some
very coarse grains enriched in olivine, pyroxene and carbonate in both the crater floor and the delta front
locations, whereas phyllosilicate-rich grains have been encountered only in the delta front. We have compared
the Jezero fine-grained soil targets with those of Gale crater using ChemCam data. We found that those at
Jezero show no evidence of Mg sulfates, in contrast to the observation at Gale. In addition, the fine-grained
soil at Jezero is more hydrated than that at Gale, probably due to its higher specific surface area.
1. Introduction and objectives

The martian soil (Certini et al., 2020; Van Es, 2017) is formed
through a variety of processes, such as physical and chemical alteration.
Soil contains some dust component and are composed of various grain
sizes, which indicate a range of mineral phases originating from local,
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regional, or even global sources due to wind transport and mixing (Mc-
Sween et al., 2010; Yen et al., 2005). The martian soil is therefore often
considered as representative of the bulk martian crust composition (Yen
et al., 2005; Clark, 1993). Understanding the different mineralogies
that constitute the martian soil can provide clues concerning the past
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environment, as the soil records the different aqueous alteration pro-
cesses that Mars’ surface has undergone. Moreover, better constraining
the formation processes of the soil can help to better understand
the different primary and secondary processes responsible for such
phases. The study of the soil is also important to better constrain some
modern processes, such as the exchanges between the surface and the
atmosphere.

Bulk compositions of soil have been measured in situ at multiple
landing sites (Viking1, Viking2, Mars Pathfinder, Spirit, Opportunity,
Phoenix and Curiosity). Even though the analysis footprints of the
instruments onboard are quite large, these missions revealed simi-
larities in the chemical composition of the soil across the different
locations (Yen et al., 2005; Ming et al., 2008; Meslin et al., 2013;
O’Connell-Cooper et al., 2017), with components mixed between ig-
neous minerals and secondary products (Rogers and Aharonson, 2008;
Yen et al., 2005). Soil has been found to be enriched (compared
to bedrock) in Cl, H and S (Yen et al., 2005). Some sulfate and
chlorine salts have been detected in all of the landing sites (Clark,
1993; Arvidson et al., 2010; Yen et al., 2005; Rampe et al., 2018;
David et al., 2022), as well as some perchlorates at the Phoenix
landing site (Kounaves et al., 2014) and oxychlorine compounds at
Gale crater (Leshin et al., 2013). At Gale crater, the mineralogy of soil
targets sieved to < 150 μm has been explored for the first time by the
CheMin and SAM instruments. CheMin uses the XRD technique (Blake
et al., 2012) and SAM includes a quadrupole mass spectrometer, a tun-
able laser spectrometer, and a six-column gas chromatograph (Mahaffy
et al., 2012) - that are used on the same powder as CheMin. These
analyses showed that the < 150 μm soil grain size was mostly composed
of a mixture of primary igneous phases (40.8 wt% plagioclase, 22.4
wt% olivine, 14.6 wt% augite, and 13.8 wt% pigeonite), minor phases
include magnetite, hematite, anhydrite and some quartz; around 30 %
of the material was seen as amorphous with the XRD technique (Blake
et al., 2013; Rampe et al., 2018).

The ChemCam instrument, onboard Curiosity was the first to use
the LIBS (Laser-Induced Breakdown Spectroscopy) technique on Mars,
analysing for the first time the martian soil at a very fine scale (its
LIBS spot size is 350–550 μm depending on the focus distance Maurice
et al., 2012) and therefore several studies have used ChemCam LIBS to
investigate the chemistry and inferred mineralogy of soil grains (Meslin
et al., 2013; Cousin et al., 2015, 2017b; David et al., 2022). Meslin
et al. (2013) and Cousin et al. (2015) have shown that the coarsest
components were from local inputs, whereas the finer ones (<500 μm,
e.g., smaller than the laser spot size) originated more globally. David
et al. (2022) also showed the presence of hydrated sulfates in the
amorphous component of the fine-grained soil in the lowest part of Gale
crater, the source of which still needs to be understood, e.g., whether or
not it is sourced from the sulfate unit of Mount Sharp (Fraeman et al.,
2016; Rapin et al., 2021).

The Perseverance rover has been exploring Jezero crater since early
2021 (Farley et al., 2020). The rover explored the crater floor during
the first 1.5 years of the mission (Sun et al., 2023). The Máaz and
Seítah units revealed some unexpected terrains, with a succession of
several lava flows in Máaz (Wiens et al., 2022; Farley et al., 2022; Udry
et al., 2022), and an olivine-rich cumulate in Seítah (Wiens et al., 2022;
Farley et al., 2022; Beyssac et al., 2023b; Liu et al., 2022). Perseverance
also explored the delta front (Williams et al., 2023) and the delta itself.
soil targets have been investigated both during the crater floor and the
delta front campaigns.

At Jezero, Vaughan et al. (2023) used the MastCam-Z (Bell et al.,
2021) multispectral data to investigate the different types of soil de-
pending on their mineralogy, and the different imagers to study the tex-
ture of the soil, such as grain sizes and roundness, up to sol 350. Haus-
rath et al. (2023) described some aspects of the soil observed in the
floor of Jezero Crater, focusing on the surface–atmosphere interactions,
and showed that some crusts can form at the surface. In the context of

Mars Sample Return (MSR), a soil sample was acquired and stored in

2 
its sample return tube at Observation Mountain, which is a megaripple
(samples called Atmo_Mountain and Crosswind_Lake), and its descrip-
tion is published in Hausrath et al. (2023). Detailed in-situ soil analyses
are therefore important for a better context and a more representative
understanding of this sample.

The remote-sensing SuperCam instrument (Wiens et al., 2021; Mau-
rice et al., 2021; Fouchet et al., 2022) has used three techniques
to study soil in Jezero crater: LIBS (Laser-Induced Breakdown Spec-
troscopy), the VISIR (Visible and near InfraRed) reflectance spec-
troscopy and the Remote Micro Imager (RMI). VISIR spectroscopy is
being used for the first time in-situ, allowing the first comparisons
between orbital and in-situ observations. SuperCam is the second
instrument using the LIBS technique on Mars, after ChemCam.

The aim of this study is to provide new insights into the formation
processes of the Martian soil. Chemical and mineralogical compositions
of the soil as a function of grain size and rover localization are therefore
investigated.

All soil targets analysed by SuperCam LIBS and VISIR techniques up
to the MSR soil sample acquisition (sol 650) have been explored. Su-
perCam can perform observations rapidly around the rover, allowing a
large number of observations to be done in order to perform several sta-
tistical analyses such as chemistry and mineralogy as a function of grain
size, and as a function of rover location. The LIBS technique returns
spectra containing all the emission lines for the elements present in the
target, allowing elemental compositions to be determined. Comparing
these spectra acquired at Jezero to those acquired at Gale crater can
shed light about the similarities or differences between the fine-grained
soil observed at both landing sites, even for non-quantified elements.
Indeed, the two instruments not only share the same technique; they
are very similar in design, and both have a sub-millimetric spot-size
analysis. By investigating the fine-grained soil (<250 μm Wentworth,
1922) analysed at Gale crater by ChemCam and those analysed at
Jezero crater by SuperCam, a direct comparison between the two sites
can be done and the hypothesis of the global homogeneity of the
fine-grained soil can be further tested.

2. Methodology

2.1. SuperCam instrument

The SuperCam instrument onboard Perseverance is a combination
of five different remote-sensing techniques: Laser-Induced Breakdown
Spectroscopy (LIBS), Raman, and VISIR spectroscopy, along with a
microphone and a colour camera. The instrument is made of three
parts: the Mast Unit (containing the laser, telescope, RMI camera,
infrared spectrometer, electronics), the Body Unit (three spectrometers
from UV to near infrared) and the Calibration targets located on the
rover deck. More details about the instrument can be found in Wiens
et al. (2021), Maurice et al. (2021), Manrique et al. (2020) and Cousin
et al. (2022c). The synergy from the combination of techniques is
of great interest to investigate the mineralogy, structure, chemistry,
physical parameters as well as textural context of the remotely analysed
targets. Raman spectroscopy can be performed up to around 5 m away,
LIBS up to 10 m and VISIR and imaging up to infinity.

The LIBS technique is very similar to that of the ChemCam instru-
ment onboard the Curiosity rover (Maurice et al., 2012; Wiens et al.,
2012). It consists of a pulsed 1064 nm Nd-YAG laser, with a spot size
varying from 160 μm at 2 m to 450 μm at 7 m (Maurice et al., 2021).
From this technique, the chemical composition of the target can be
assessed and is reported as eight major-element oxides (SiO2, TiO2,
Al2O3, FeO, MgO, CaO, Na2O and K2O) (Anderson et al., 2021). H,
S and Cl elements could also be considered as major elements as they
are found at more than 1 wt% in soil (O’Connell-Cooper et al., 2017;
Yen et al., 2005). These elements can be detected by SuperCam but
are not yet quantified, such as most of the minor and trace elements.

However, Ba, Li, Sr, Cr, Mn quantification is under progress (Gabriel
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et al., 2023). The microphone is used for each LIBS analysis to provide
physical properties (i-e, hardness) of the target when possible (Chide
et al., 2020).

The RMI uses a CMOS camera of 2048x2048 pixels, with an angular
size of 10 μradians and a resolution of 50 μradians (Gasnault et al.,
2021). The camera gives therefore information about the pointing for
each of the techniques, along with the textural and morphological
information of the target, as shown in Mangold et al. (2021).

The Raman technique uses a 532 nm pulsed laser and has a shift
range from 150 cm−1 to > 4000 cm−1. This technique is used to identify
major mineralogies, when sampling a relatively pure crystal. Mixture
of small phases will decrease the signal-to-noise ratio until no mineral
phases can be distinguished. Indeed, the Raman spot size analysis varies
from 1.5 mm for a target at 2 m, up to 5.2 mm for a target at 7 m,
which therefore is larger than the LIBS spot size. Therefore, the Raman
technique is rarely used in soil targets, as the spot size corresponds to
a mixture of several different grains, with no signal as a consequence.

The VISIR spectroscopy uses the reflection of sunlight to analyse
the frequencies of molecule bond vibrations on a target surface. From
the analysis of these vibrations, some of the minerals present in the
target can be determined. SuperCam’s VISIR technique has several
spectral regions: the VIS part from 379–464 nm and 535–855 nm, using
the VIO and transmission spectrometers (Wiens et al., 2021), and the
IRS (Infrared Spectroscopy) part in the 1.3–2.6 μm range, that uses
an Acousto-Optic Tunable Filter (AOTF) spectrometer to acquire the
spectrum of reflected light. The field of view for the VISIR technique
is 0.75 mrad at wavelengths < 1 μm and 1.15 mrad at wavelengths
> 1.3 μm. Therefore the analytical footprint is around 1.4–2.3 mm for a
target at 2 m, and up to 5–8 mm for a target at 7 m. Therefore, the VISIR
field of view is larger than that of the LIBS (160 μm at 2 m to 450 μm
at 7 m). Description of this specific IRS technique is given in Fouchet
et al. (2022).

Spectral observations are made at individual points on the targets,
with each observation sequence consisting of a raster of between three
and ten points in a line or grid pattern. The spacing of the rasters can
be adjusted, but is normally 1–5 mm between points. The instrument
is focused on the target for the initial point, and is refocused for the
final point; focus activities are sometimes spaced throughout the raster,
depending on the spacing and local topography of the target.

The LIBS observations use a number of laser shots per point; in
most cases 50 shots have been performed in soil, even though in some
targets only 30 shots were used (the norm for rocks), such as in rasters
that included both rocks and soil. LIBS compositions normally combine
the results of these shots into a single average spectrum per point.
However, each laser shot creates a shock wave that expels the fine-
grained material and dust (David et al., 2021). Therefore, each LIBS
shot samples a new set of grains. Therefore, single-shot spectra (instead
of average spectra) are used for many aspects of soil observations.

The VISIR observations are acquired before the LIBS technique in
soil. In doing so, the VISIR field of view is composed of a mixture of
grains that have not been moved away by the LIBS laser shock wave.
When preparing the activities, VISIR observations are planned when
the target is in sunlight, avoiding shadows.

Instrument details can be found in Wiens et al. (2021) and Maurice
et al. (2021). This study uses data from the LIBS and VISIR techniques,
along with RMI images for the context and grain size assessment.

2.2. VISIR data analysis

The calibration of the radiometric response of the IRS technique was
performed shortly after landing (Royer et al., 2023), using a dedicated
onboard calibration target (the aluwhite target Manrique et al., 2020;
Cousin et al., 2022c). For this study, several absorption bands along
with spectral slopes have been investigated from soil spectra in order
to assess the mineral compounds of the analysed targets. The same

methodology from Viviano et al. (2014) has been used and adapted (

3 
to SuperCam data, as explained in Royer et al. (2020). The presence
of carbonates and/or Mg-OH phyllosilicates is inferred via the 2.32 μm
band, carbonates via both the 2.32 and the 2.53 μm bands, molecular
hydration with the 1.93 μm band, low-calcium pyroxene with the
.81 μm band, and ferric oxides and/or oxyhydroxides via the 545 nm
and. The 1.3–1.8 μm slope is used as a proxy for olivine.

.3. LIBS data quantification and stoichiometric analyses

A spectral database of 334 targets has been used to quantify the
uperCam LIBS data from Mars. This database is a ChemCam heritage,
.g. built from the same samples used for the ChemCam database (Clegg
t al., 2017). The SuperCam database has been acquired mainly at
n instrument-sample distance of 3 m, using the Body Unit Flight
odel and the Mast Unit Qualification Model. Both units were in a

old chamber (around −15 ◦C) and the targets were placed under
ars atmosphere [around 7 mbar of CO2], at Los Alamos National

aboratory (Anderson et al., 2022). Major-element oxide compositions
MOC) from Mars targets are determined from multivariate tools devel-
ped using this spectral database. Details about models can be found
n Anderson et al. (2022). Minor and trace elements (such as Rb, Sr,
a, Cr, Mn, Zn, F, Li, Cu, Ni) as well as S, CL and H are not quantified
et (Gabriel et al., 2023) and therefore relative values are given for
ow. For most of these minor and trace elements this qualitative value
s obtained by the peak area after fitting the line of interest, or by
alculating a score (such as described in Meslin et al., 2022 for the Cl
nd S, respectively). The H signal is assessed by its ICA score (Meslin
t al., 2022; Clavé et al., 2022). The SuperCam signature for Cl and S is
eally weak, especially in the shot-to-shot data, making the sensitivity
ery low. Therefore, when looking for correlations between Cl and/or
with other elements, only the point to point data (and not the

hot-to-shot) will be used in order to increase the signal sensitivity.
When the grain size in the soil becomes sufficiently large, i.e., larger

han the LIBS spot size (around 220 μm at 3 m), the laser may sample a
ingle crystal. It is then possible to perform a stoichiometric analysis of
his crystal from the MOC derived abundances. To test stoichiometric
omposition of plagioclase, olivine, and pyroxenes, we applied the
eries of criteria defined by Beyssac et al. (2023a) and Udry et al.
2022) for the crater floor units with only minor modification. We first
dentified the possible pure grains by applying these criteria to the
ntire MOC dataset. Then the same approach is used with the single-
hot data to make sure that the point-averaged MOC composition that
ppears to be a single mineral does not coincidentally happen to be
mineral mixture, and that relevant elements (e.g., Fe, Mg, Si for

livine) are constant throughout the laser burst. If all criteria are met,
hen a stoichiometry is calculated for the point considered, assuming 4
xygens for olivine and 6 for pyroxenes, and that all Fe is in the form
e2+.

Even though the ChemCam and SuperCam instruments are very
imilar in terms of their LIBS technique, their data quantifications
epend on different databases developed in laboratory, as mentioned
bove for SuperCam (Chemcam’s quantification details can be found
n Clegg et al. (2017). Therefore there could be some possible biases
nherent in each instrument and/or database, which has not been
nvestigated yet. In order to compare the fine-grained soil observed
ith ChemCam and SuperCam, the Independent Component Analysis

ICA) technique is then used for qualitative comparisons.
The ICA technique is a multivariate tool used to classify different

ata sets such as LIBS spectra (Comon, 1994; Forni et al., 2013;
asue et al., 2011). ICA identifies different statistically independent
omponents among the data set, which allows us to sort the spectra
epending on these components. These components are directly related
o chemical elements (i-e they are close to a pure elemental spectrum).
ovariance scores are then computed for each component. ICA scores
re related but not linearly to the elemental contents. We have used
n the study the Joint Approximate Diagonalization of Eigenmatrices

JADE) ICA algorithm (Cardoso and Souloumiac, 1993).
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Fig. 1. Map of the rover traverse in the crater floor (grey line), with all the SuperCam soil targets highlighted with orange dots.
2.4. Data selection

Selection of the data for this study has been made following several
steps: 1/ visual selection of points that sampled a soil target, 2/ quality
assessment of the associated spectra, 3/ removing points for which a
buried pebble has been identified.

The first part of the selection is made via visual inspection, using the
RMI image of each LIBS SuperCam target. Rock-dedicated observations
sometimes include points that sampled the soil. This is the case for
example when the rock shows a depression that is filled with soil and
dust, or when a few points missed the target. In this study, pockets of
soil/dust on a rock have not been used, as it is difficult to make sure
the rock beneath is not contributing to the signal. However, when some
points missed the rock target, they have been taken into account when
they corresponded to the first or the last one of the raster, as these are
always associated to a focus activity, which maximizes the quality of
the data. If another point among the raster missed the rock and fell into
the soil, then we checked if there was a focus on that point. If yes, the
data has been included in the study, otherwise it depends on several
aspects: if this point is following a focused point that already sampled
the soil (for example, point #2), it has been included in the study; if
the point is occurring after a focus performed on the rock, then this
point is discarded as the distance between the rock and the soil may be
different enough to affect the LIBS signal quality.

Sometimes on coarse-grained soil (or heterogeneous ones) the LIBS
points are not easy to spot. When in doubt (when the point is between
pebbles, or when it is in shadow), the point is also discarded. soil targets
are not classified according to their context deposit (whether or not
they are part of a lag deposit or an aeolian bedform).

Once all the data points sampling a soil target have been selected
from the images, a quality check of the data acquired has been per-
formed. Indeed, as the spectral quality can affect the quantification
obtained, the quality of the spectra has been verified. To do so, only
the spectra with a total signal emission higher than 1.1014 and with
a signal-to-noise ratio higher than 1.106 have been selected (only one
data point was not meeting these criteria and was removed).

The last part of the data selection corresponds to the verification of
any buried pebble. In Cousin et al. (2015), three different approaches
were used to identify buried pebbles through shot-to-shot analyses: H
signal, total signal variability, and ICA scores of Na and H. Clustered
4 
shot-to-shot data for the major elements and H signal were indicative
of a buried pebble, along with a very stable shot-to-shot total intensity
(as used in Hausrath et al., 2023). This method was difficult to use
and Cousin et al. (2022b) have shown that the presence of some buried
pebbles in the fine grained soil were not changing significantly the
overall composition. Therefore, in this study, the most striking buried
pebbles were identified by their shot-to-shot composition variation,
mainly by looking at MgO vs SiO2. Buried pebble detection using to
the microphone shot-to-shot signal is in progress (Martin et al., 2023),
and has not been used in this study. A total of 29 suspected buried
grains were removed.

After selection, a total of 343 LIBS data points sampling a soil target
are used in this study, corresponding to 46 different targets. There is no
filter on distance on the selected data. 79% of them have been acquired
at less than 4 m, 18% are between 4 m and 5 m, and only 3% were
acquired over 5 m. The soil observations are located along the rover
traverse in Fig. 1, and the list of the data points used in the study is
shown in Table S1.

2.5. Grain size classification

Grain size classification of the 343 LIBS soil points has been per-
formed using the RMI images. Some of these targets have also been
observed by the Watson imager, and Vaughan et al. (2023) have
quantified their grain sizes, their roundness as well as their colour
distribution, for the entire field of view of each image. However here
the objective is to investigate the grain size of the soil exactly where
the laser hit the target. In that respect, the region of interest for the
grain size analysis is localized around the LIBS spot only, and does not
include the entire image. The SuperCam LIBS spot size is between 160–
450 μm depending on the distance of the target (Maurice et al., 2021).
Therefore, each point analysis encompasses a mixture of grains if these
are smaller than the LIBS spot size.

Previous studies at Gale crater have used a very detailed grain size
classification (Cousin et al., 2017b; Ehlmann et al., 2017), similar to the
method described in Vaughan et al. (2023), where the roundness and
colour of each grain is investigated. Concerning ChemCam analyses, the
classification was very conservative, as all the detected buried pebbles
were removed from the dataset (Cousin et al., 2015), or even the entire
data point was also removed of the analysis (Cousin et al., 2017a).
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Fig. 2. Percentage of LIBS points for each grain size category.
However, Cousin et al. (2022a) have shown that these suspected buried
pebbles were actually not affecting the average bulk composition of soil
targets at Gale crater, as they shared the same composition of the fine-
grained soil (only their shot-to-shot behaviour of the spectra intensity
was different). Therefore, for this study, only a visual classification of
the soil grain size around the LIBS spot has been performed, and the
suspected buried pebbles have not been removed. Only the points with
evident (from a change in chemistry) buried pebbles have been re-
moved. In order to perform this grain size classification, the RMI before
and after the LIBS activity are compared. It allows us to distinguish the
grains that are present in the beam line before the LIBS shock wave
moves them, and therefore assess to their grain size. This before/after
LIBS RMI investigation is also necessary when looking for soil crust, as
described in Hausrath et al. (2023). This methodology is used to classify
each LIBS point analysis on a soil.

In the present study, RMI images have been investigated for each
of the 46 soil targets analysed by SuperCam to classify each LIBS point
on soil following the Wentworth scale (Wentworth, 1922), including
fine-grained sand (<250 μm), medium sand (250–500 μm), coarse sand
(0.5–1 mm), very coarse sand (1–2 mm), granule or larger gravel
(>2 mm).

3. Results

3.1. Grain size classification

The visual grain size classification for each LIBS point shows that
the vast majority of soil is fine grained (250 μm), representing 59% of
the dataset (Fig. 2). Very coarse grains (1–2 mm) and larger (>2 mm)
represent 29% of the dataset, whereas the medium (250–500 μm) and
coarse (0.5–1 mm) grains correspond only to 12% of the data points.
Therefore, this study will mainly focus on the chemistry and mineralogy
of the very fine-grained and very coarse grained (and larger) soil
targets.

As an example, the target called ‘‘Daa’’ was analysed on sol 357
(Fig. 3). This target is relatively heterogeneous in terms of grain sizes,
as seen in Fig. 3A. Points 2 and 3 correspond to cobble gravels (around
1 cm), points 4 and 10 correspond to a very coarse sand (1–2 mm). All
the other points have sampled a fine-grained soil (<250 μm). The LIBS
5 
craters are well observed (Fig. 3B), showing the non-cohesive aspect of
the fine-grained soil.

The distribution of the analysed soil targets is not homogeneous
along the traverse, as seen in Fig. 4. Indeed, most soil targets have been
analysed in the Máaz formation and during the Delta Front campaign
(Fig. 1). The Máaz formation represents an important igneous surface
of the crater floor (Farley et al., 2022; Wiens et al., 2022; Udry et al.,
2022; Liu et al., 2022; Sun et al., 2023) and therefore the rover spent a
lot of time exploring this unit, which can explain why many soil targets
were analysed there (around 240 sols were spent there). The majority
of the soil targets analysed by SuperCam were observed during the
Delta Front campaign, especially at Observation Mountain (the rover
stayed at this location for 23 sols), at the base of the Jezero delta
fan where the soil sample was collected by the sampling and caching
subsystem (Hausrath et al., 2023). For a better understanding of the
context where the soil samples have been acquired, many soil targets
have been investigated there, including disturbed surfaces. Indeed, 25%
of the fine-grained soil targets investigated by SuperCam are located
at Observation Mountain. Seítah, an olivine cumulate (Farley et al.,
2022; Wiens et al., 2022; Beyssac et al., 2023b), corresponds to the
second geological formation investigated by Perseverance during the
Crater Floor campaign (Fig. 1). However, the main focus was about the
understanding of rock textures, chemistry and mineralogy compared to
those observed at Máaz, and therefore fewer soil targets were analysed
there.

3.2. Chemistry of the fine and very coarse-grained (and larger) soil

It is interesting to look at the chemistry of soil as a function of their
grain size, in order to understand better their different sources, forma-
tion and/or alteration processes. Fig. 5 shows the chemical distribution
for each major element for both fine-grained soil (<250 μm, in orange)
and very-coarse grains and larger gravels (>1 mm, in blue) encountered
all along the traverse up to sol 650. Several differences can be observed.
The first one concerns the FeO and MgO contents. Coarser grains (in
blue in Fig. 5) have a bimodal distribution for these two elements
(mainly for MgO), leading to a higher average content. Actually, the
bimodal distribution is observed for both fine and coarse-grained soil
for the MgO content, even though it is more pronounced for the very
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Fig. 3. RMI mosaic of the target called Daa using natural colours. A/ before LIBS, B/ after LIBS (LIBS pits visible in the fine-grained soil, i-e points 1 and 7). Credits:
NASA/JPL-Caltech/LANL/CNES/CNRS.
coarse and larger grains. Moreover, very-coarse and larger grains show
more extreme compositions for all the elements: a few points have a low
content in SiO2, and they show both lowest and highest TiO2, Al2O3,
CaO and Na2O contents.

These different distributions can be observed in Fig. 6 as well. A
clear mixing trend is observed for the very coarse and larger grains
(>1 mm, in blue), between olivine, feldspar and clinopyroxene end-
member (shown with a dashed line in Fig. 6), with a few shots trending
towards the Fe–Mg apex and some others very close to the Si+Al apex.
Shots trending towards almost pure feldspars explain the few data with
the highest Na, K and Al contents in Fig. 5, along with the few shots
towards Ca-rich pyroxenes that could be related to the Ca enrichment
in a few shots. Nevertheless, the majority of the shots fall very close to
the olivine end-member.

However, the fine-grained soil (in orange) shows much less disper-
sion. It shows a more pronounced trend between olivine and feldspar,
6 
with a vast majority of the shots falling in the middle of that trend, close
to the dust signature (Lasue et al., 2023). No fine grains trend towards
the Fe–Mg apex, and much fewer shots plot towards the clinopyroxene
end-member compared to the very coarse grains, as expected from
laboratory experiments (David et al., 2021).

The dispersion in composition is also well illustrated in the Daa
target (Fig. 7). All the shots sampling a mixture of fine grains (shown as
circles) fall into the middle of the mixing trend (Fig. 6/right), whereas
the coarser grains (shown as crosses) plot either towards the olivine
end-member (point 10) or towards the feldspar end-member (points 3
and 4).

Figs. 5 and 6 show that the fine-grained soil is overall homogeneous,
with a composition of a mixture between basaltic and felsic compo-
nents, with probably some dust. Some dispersion is still observed as
some coarser buried grains can be still present in this dataset. On the
other hand, the very coarse grains and larger gravels show a clear trend
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Fig. 4. Distribution of the LIBS analyses on the soil as a function of grain size and region of interest along Perseverance traverse.
Fig. 5. Major element distribution of the shot-to-shot SuperCam data for the fine-grained (orange) and coarser-grained (very coarse and bigger - blue) soil. The first five shots
have been removed, for each point, in order to remove the dust signature. Number of shots have been normalized for comparison. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
between three main endmembers: olivine, feldspar and high-Ca pyrox-
enes - with however the majority of the data close to the olivine one.

The minor and trace element signatures in the fine-grained and
coarser-grained soil have been investigated (Fig. 8). Coarser-grained
(>1 mm) soil targets have higher signals in Mn, Li, and Ba, whereas
fine-grained soil targets are more enriched in Sr. The Ni and Cr signals
are very low in both datasets.

Even though the signal of H in LIBS data behaves differently be-
tween loose and consolidated targets (Rapin et al., 2017a,b), it has
been demonstrated that it is a good indicator of hydration in granular
materials such as soil targets, independently of the grain size (David
et al., 2021). Both fine grains and very coarse grains contain some
volatile elements such as Cl, H and S. Fine grains observed at Jezero
are clearly more hydrated compared to the coarser grains (Fig. 9). How-
ever, some of the coarse grains show a H signal similar to that of the
fine grains, and this seems consistent with the fact that some alteration
7 
rinds have been detected in some of the coarser grains (Hausrath et al.,
2023). Cl is difficult to observe and most of the data do not show
any line for this element. However, fine-grained soil is slightly more
enriched in Cl compared to the larger grains (Fig. 9). The sulfur signal
is also higher in fine-grained soil. Volatile elements do not show any
obvious correlation with major elements (See Figures S1, S2 and S3
in Supp. Material). However, these elements are correlated with each
other (Fig. 10), mainly H and S that have a R2 of 0.93.

Looking at the composition of soil at the different locations of the
rover in the crater floor (up to sol 650 - Fig. 1) could help investigate
the different possible sources for the coarser grains, as well as the size
threshold for their transport. Concerning the fine-grained soil, the vast
majority of the data overlap in the middle of the trend from basaltic to
more felsic (Fig. 6/right) and the same is observed for the four regions
where most of the fine-grained material has been analysed (Màaz,
Séítah, Observation Mountain and the rest of delta front - Fig. 11).
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Fig. 6. Ternary diagram (molar Si+Al/K+Ca+Na/Fe+Mg) for the very coarse and larger grains (>1 mm, left, in blue) and for the fine-grained soil (<250 μm, right, in orange)
observed by SuperCam. All the shots (except the first 5) are displayed. The ideal compositions of the calibration targets are shown in different symbols for Ref. Cousin et al.
(2022c) and dashed lines represent the main trends. The median composition of the dust is shown as well Lasue et al. (2023). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
Fig. 7. Ternary diagram (molar Si+Al/K+Ca+Na/Fe+Mg) for the Daa target. Each data point is represented in a different colour and each shot is presented (after shot #5 to
remove the dust contribution). Points 2, 3, 4 and 10 have a different symbol, as those points correspond to very coarse grains or larger gravels, whereas the other points are fine
grains.
Fig. 12 shows that the coarser grains have a larger dispersion in the
Máaz formation, probably because the dataset is larger. Very coarse
grains observed in Observation Mountain represent two main types of
compositions: some grains correspond to a mixture of different phases
(similar to the fine-grained soil), and some trend towards the Fe+Mg
apex. At Séítah, the same two populations are observed, but with also
a lot of shots very close to the olivine end-member. Data from the delta
front are overall similar to the previous regions. However, no shots
trend towards the Fe+Mg apex whereas some plot very close to the
Si+Al apex.

These observations show that the chemistry of fine-grained soil is
similar to each other all along the traverse. The very coarse grained
soil show pretty much always the same variability along the traverse,
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with chemistry generally close to olivine, or some mixtures of different
phases. However, there seems to be a relation with the location of the
rover, with more outliers (Si–Al rich) in the delta front regions.

3.3. Mineralogy of the fine and very coarse-grained (and larger) soil

The mineralogical composition for this study can be assessed via
SuperCam through the LIBS technique (ternary diagrams will give some
hints, and stoichiometry when possible) and through the VISIR data.

3.3.1. Mineralogical assessment from LIBS
Some distinct mineralogies can be assessed via stoichiometric anal-

yses from the LIBS data, as explained in the methodology section and
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Fig. 8. Boxplot distribution of the main minor and trace elements observed in LIBS spectra. The rectangle shape corresponds to the first and third quartiles. The median is shown
as a line in that rectangle. Outliers are shown as circles.
Fig. 9. Distribution of the H, Cl and S signatures in both fine-grained soil (<250 μm, orange) and larger-grained soil (>1 mm, blue) in Jezero’s soil. The data are normalized in
order to compare them, as the number of points between the fine-grained and the very coarse and larger grains is different. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
from Beyssac et al. (2023a) and Udry et al. (2022). We have not iden-
tified any point with a composition consistent with pure plagioclase in
the soil targets, although some points locally approach a plagioclase
composition (Fig. 6). Among all the soil targets, we identified 19
and 5 points having a composition consistent with pure olivine and
pyroxene, respectively. Note that our criteria are highly restrictive and
that many other points have compositions really close to pure olivine
and pyroxene.

Olivine grains are found on the crater floor as well as on the delta
front not far from the sampling location, only in coarse-grained soil
9 
(seven of them actually correspond to buried coarse grains). Fig. 13
shows that these olivine grains have Fo# (where Fo# is the molar
Fe/(Fe+Mg)x100) in the range 52–69 matching well the range of
olivine Fo# in the Séítah unit (Beyssac et al., 2023a).

Pyroxene grains were mostly detected on the crater floor and
only one point was detected in the delta front. Pyroxene grains are
found mainly in very coarse-grained soil (only one has been found
in a fine-grained soil). Pyroxene grains include low Ca orthopyrox-
ene and pigeonite (Wo3-14Fs42-78En19-51) as well as high Ca diopside
(Wo Fs En ) compositions. Wiens et al. (2022) noted that
41-44 18-33 23-41
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Fig. 10. Point-to-point Cl peak area, H and S scores for fine-grained soil at Jezero. Blue dashed line corresponds to a linear fit, including the data points where Cl peak areas is 0.

Fig. 11. Ternary diagram (molar Si+Al/K+Ca+Na/Fe+Mg) for fine-grained soil at each region of the traverse. Technically Observation Mountain is in the Delta Front, but is shown
on its own as it is the soil sampling location. All the shots (except the first 5) are shown. Median composition of the dust is shown in purple for comparison (Lasue et al., 2023).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Ternary diagram (molar Si+Al/K+Ca+Na/Fe+Mg) for very coarse-grained soil at each region of the traverse. Technically Observation Mountain is in the Delta Front, but
is shown on its own as it is the soil sampling location. All the shots (except the first 5) are shown. Median composition of the dust is shown in purple for comparison (Lasue
et al., 2023).
Artuby ridge, bounding the explored portion of Séítah on the southwest
side, was especially rich in high-Ca pyroxene. Fig. 13 shows the compo-
sitions of the pyroxene grains compared to the pyroxene composition
in the Séítah (Beyssac et al., 2023a) and Máaz (Udry et al., 2022)
units. For low and high Ca pyroxenes, some grains have compositions
matching the compositions observed in Séítah while some other grains
match the Fe-rich compositions observed in Máaz. This suggests that
the pyroxene grains in the soil have inputs from these two formations.

Some very coarse grains seem to have a particular mineralogy,
different from primary minerals. From the ternary diagram, some shots
are particularly enriched in Fe and/or Mg and trend towards the Fe+Mg
apex (Fig. 6a). These correspond mainly to AEGIS_0456B point 2,
as well as Granite_Peak pt 9. Granite_Peak point 9 has a low total
of oxides (average at 67.3 wt%), and a low SiO2 content (<21wt%)
whereas its FeO content is quite elevated (average at 25.6 wt%). MgO
is slightly elevated, to a lower extent (average at 13.6 wt%). There is
however no clear trend between the SiO2 content and FeO nor with
MgO, all of these being relatively stable shot to shot. This point has
a C/O signal similar to previous carbonates that have been detected
along the traverse (Clavé et al., 2022), which therefore favours the
Fe/Mg-carbonate hypothesis.

Similarly, Aegis_0456B point 2 does not show any trend between
SiO2and FeO or MgO. The SiO2 content is low (18.2 wt% in average),
with an elevated FeO and MgO content (25.8 wt% and 31.2 wt% in
average, resp.). The sum of oxides (considering the major elements
only) is however higher than that of Granite_Peak pt 9, at 85.7 wt%
in average. The shot-to-shot content is very stable for FeO, MgO and
SiO2. This point also seems to be enriched in carbonate, from the C/O
analysis (Clavé et al., 2022).
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Some other particular shots from the very coarse grained soil
(Fig. 6a) show a very distinct composition, very close to the Si+Al
apex: ‘‘Gas_Creek’’ (pt 6) is really enriched in SiO2 (74wt%) whereas
the target ‘‘Barrier_Range’’ (pt 5) is enriched in Al2O3 with more than
40 wt%. Al-rich targets have been observed along the traverse, pre-
senting diverse textures and mineralogical compositions. Barrier_Range
corresponds to a smooth light-toned pebble that presents a low hy-
dration, with a signature corresponding to a mixture with differ-
ent phases, including kaolinite. Such Al-rich targets are discussed in
specific papers (Royer et al., 2024; Forni et al., 2024).

3.3.2. Mineralogical assessment from VISIR
VISIR data can also be used to investigate mineralogical differences

between the fine-grained and the very coarse-grained (and larger) soil
targets (Fig. 14). Some coarse-grained soil points show a strong 1.3–
1.8 μm slope, which corresponds to the longward side of a broad Fe22+-
related absorption band typical of an olivine spectrum (King and Rid-
ley, 1987; Viviano et al., 2014; Mandon et al., 2020; Royer et al., 2020).
This is consistent with the overall LIBS chemistry showing most of the
coarse grains close to the olivine end-member in ternary diagrams. The
highest VISIR slope corresponds to the points identified as olivine by
stoichiometric analyses (targets Hastaa pts 1, 10 and Gas_Creek pt 8 for
example), along with other points. Olivine has also been detected with
LIBS in many rocks from the crater floor (Beyssac et al., 2023a; Liu
et al., 2022; Wiens et al., 2022) and the delta (Beyssac et al., 2023b;
Dehouck et al., 2023). The 1.3–1.8 μm slope in fine-grained soil is
homogeneous and flatter (Fig. 15). Besides the olivine signature, some
coarse grains seem to be more hydrated, with a deeper 2.3 μm band
as well. These points correspond to Granite_Peak target (mainly point
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Fig. 13. Pyroxene and olivine composition observed in bedrock from Séítah and Màaz units (green squares) compared to those found in very coarse and larger-grained soil targets
(red circles). The olivine and pyroxene compositions are only found in soil where the grain is large enough (compared to the laser sot size) to represent a pure mineral composition,
and this is why these observations are relatively rare. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
4) and Gas_Creek (point 2), and this signature could be attributed to
the presence of phyllosilicates. Only one point (Red_Mountain point
1, from the Delta Front) shows some carbonate signature, showing a
deeper 2.3 and 2.5 μm absorption band. Granite_Peak pt 9, found to be
a carbonate from the LIBS analysis, does not particularly shows up in
Fig. 14, probably due to the different field of view between the different
techniques.

On the other hand, the fine-grained soil shows overall less disper-
sion. It seems to have a greater proportions of ferric oxides/
oxyhydroxides, as the band depth at 545 nm is more pronounced.
These ferric oxides/oxyhydroxides could correspond to small particles,
as no pure Fe oxide has been observed with the LIBS technique in
the fine-grained soil (Figure S4 in Supp. Material). Also, the finest soil
targets tend to have a stronger absorption for the low-Ca pyroxenes
(and maybe for the pyroxenes in general). Interestingly, from the VISIR
data, the fine-grained soil is not particularly hydrated compared to
the coarser-grained, and lack absorptions related to carbonates and
phyllosilicates. This VISIR signature seems consistent with the fact that
no particular mineralogy has been detected with LIBS stoichiometry,
confirming some fine-grained mixtures of different phases or compo-
sitional control by a variable-composition amorphous phase such as
glass (Rampe et al., 2020).
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4. Discussion

4.1. Grain size

Our grain size classification shows that the soil targets analysed
by SuperCam are mostly made of fine-grained components (<250 μm,
representing 59% of the data points) followed by very coarse and
larger components (>1 mm, representing 29% of the dataset). Medium
and coarse soil components (between 250 μm and 1 mm) represent a
minority, only 12% of the dataset. This grain size distribution, showing
a lack of grains between 250 μm - 1 mm was observed already during
the MER missions (Sullivan et al., 2010). In fact, moderate-size grains
below 900 μm are thought to be relatively short-lived (Sagan et al.,
1977), as their size makes them more prone to saltation. Due to high
kinetic collisions they suffer greater attrition, with a relatively rapid
reduction in grain size (Sullivan et al., 2010; Hausrath et al., 2023),
explaining their rarity in martian soil.

4.2. Very coarse-grained (and larger) soil

Stoichiometric analyses of the SuperCam LIBS, along with VISIR
observations have shown some specific mineralogies among the very
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Fig. 14. VISIR spectral parameters for the fine-grained and coarser-grained and larger soil targets. LCP index is from the band depth at 1.86 μm and the olivine slope is the slope
from 1.35 and 1.8 μm. BD stands for ‘‘Band Depth’’. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 15. IR average spectrum of fine-grained soil (orange) and of very coarse-grained (and larger) soil (in blue). The green spectrum corresponds to Hastaa pt 1, which is an
olivine-rich pebble, as identified by LIBS as well. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
coarse and larger soil targets (>1 mm grain size) analysed at Jezero,
such as olivine (19 points), pyroxenes (5 points), phyllosilicate-rich
(2 points) and carbonate-rich (3 points) ones. These mineralogies are
consistent with the analyses performed by WATSON and PIXL (Bhartia
et al., 2021; Allwood et al., 2020) at the soil sampling location (one
disturbed target, ‘‘Topographers Peak’’, and one undisturbed, ‘‘Marmot
Bay’’, at Observation Mountain) (Hausrath et al., 2023).

In-situ investigation of Jezero has revealed that the crater floor
bedrock is enriched in mafic minerals such as pyroxenes and olivines
(Udry et al., 2022; Wiens et al., 2022; Farley et al., 2022; Liu et al.,
2022). Even though the Máaz formation contains principally Fe-rich
pyroxenes (Udry et al., 2022), the Séítah formation is particularly
enriched in phenocrysts of olivines (Mg# between 0.55 and 0.74) that
13 
are relatively pristine, this formation being interpreted as a cumu-
late (Beyssac et al., 2023a; Liu et al., 2022). Therefore, olivines and
pyroxenes found as very coarse and larger soil grains can come from the
erosion of local rocks, as suggested for the olivine-rich pebbles found
in the Máaz formation in Beyssac et al. (2023b), Hausrath et al. (2023),
Vaughan et al. (2023) and Mandon et al. (2023).

A specific mineralogical composition other than primary igneous
is found in several coarse-grained soil targets from the Delta Front
campaign. Some points from the Granite_Peak target at Observation
Mountains present the deepest band at 2.32 μm in the VISIR data
(Fig. 14). Another coarse grained soil target, located at Enchanted
Lake (called Gas_Creek pt 2) in the Delta Front investigation, shows
a similar phyllosilicate signature. Moreover, a carbonate signature has
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Fig. 16. Al/Si vs (Fe+Mg)/Si (molar) for the fine and very coarse-grained soil (and larger). Bedrock observed in Máaz, Séítah and Delta are shown for comparison. Reference
standards are shown in purple. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
been observed in one coarse-grained soil target (Red_Mountain pt 1),
also located in the Delta Front area (Cannery Passage). These carbonate
and phyllosilicate signatures in soil targets have only been observed in
the very coarse-grained soil, in the vicinity of the Delta Front. Delta
Front bedrock has been shown to significantly contain more secondary
phases compared to the crater floor bedrock (Dehouck et al., 2023;
Hausrath et al., 2023). These observations are consistent with the pres-
ence of carbonate and/or phyllosilicate-rich coarse grained soil coming
from local bedrock of the Delta Front. Discussions about the different
hypotheses for the formation of such secondary materials in the Delta
Front are still ongoing, even though the presence of phillosilicates
indicates a low temperature alteration (Dehouck et al., 2023).

There are no other clear detections of possible alteration phases in
the coarse-grained material elsewhere in the soil of the crater floor,
which is also consistent with the low alteration of the crater rock
bedrock (Udry et al., 2022; Mandon et al., 2023; Wiens et al., 2022;
Farley et al., 2022).

The chemistry of the soil has been compared to that of the various
bedrock analysed by SuperCam in the Máaz, Séítah, the Delta Front and
Delta Top areas. These bedrock show distinct chemical and mineralog-
ical compositions due to different formation processes and sources, as
discussed in several previous studies (Wiens et al., 2021; Beyssac et al.,
2023a; Udry et al., 2022; Dehouck et al., 2023; Mandon et al., 2020).
Even though the soil targets show some overlap, as seen in Figs. 5 and
6, the very coarse and larger soil data (in blue) mainly plot close to
the olivine standard (around (Fe+Mg)/Si =1.6), thus overlapping with
the rocks observed in Séítah. This is consistent with the hypothesis of
a local contamination from these rocks, as discussed in more details
in Beyssac et al. (2023b). The rocks observed in the delta show a wide
range of compositions and there is no evidence of relationship between
those and the soil observed in the crater floor.

Very coarse-grained and larger soil (>1 mm) observed at Jezero
has a very different composition from those observed at Gale crater.
Very coarse grains and pebbles encountered in the soil at Gale crater
have indeed a felsic composition (Meslin et al., 2013; Cousin et al.,
2015, 2017b; O’Connell-Cooper et al., 2017; Ehlmann et al., 2017).
This was interpreted as a local contamination from the erosion of felsic
float rocks that were encountered mainly at the beginning of Curiosity’s
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traverse (Cousin et al., 2015; Sautter et al., 2015; Payré et al., 2020),
as these felsic pebbles were observed in the same area (Cousin et al.,
2015).

4.3. Fine-grained soil

We have shown that Jezero fine-grained soil targets have overall
a similar composition all along the traverse inside the crater floor of
Jezero, very close to the dust signature. However some contamina-
tion from local bedrock or local pebbles has been observed via the
enrichment in Mg in some shots. Moreover, a few shots from the delta
Front location (at Cannery_Passage and Three Forks) deviate towards
the Al+Si apex in Fig. 11. These few Al-rich shots could be explained by
a local contamination from the erosion of local Al-rich rocks observed
at this location (Royer et al., 2024; Forni et al., 2024), as also suggested
in Fig. 16.

Mineralogy of the fine-grained soil is difficult to assess using the
LIBS technique, as a new mixture of grains is sampled by each laser
shot. Laboratory experiments in granular media showed that only the
surface (to around 1 μm depth) of the grains is measured with LIBS
when the grain size is <500 μm, and that for mechanical mixtures the
end-member compositions can be retrieved depending on the grain size
of the mixture (David et al., 2021). Concerning Jezero fine-grained
soil, Fig. 6b shows that its composition is very similar to that of
dust (Lasue et al., 2023). From this mixing line between feldspars
and mafic minerals, we can estimate the proportion between the two
end-members at around 47% feldspars and 53% mafic minerals. This
fine-grained soil is more enriched in mafic minerals compared to the
dust, and this has be attributed to some local contamination.

PIXL and SHERLOC data acquired at Observation Mountain have
shown that the fine-grained soil was consistent with mainly primary
phases, with a few signatures of Mg-sulfates, carbonates and Cr–Ti–
Fe oxides (Hausrath et al., 2023). With SuperCam, only a few (<10)
shots trending towards Fe oxides were observed (Figure S4 in Supp.
Material). In addition to the fact that all these secondary-phase grains
are small (<150 μm) and mixed together, they represent a small volume
of the fine-grained soil, and this can explain why they have not been de-
tected in the fine-grained soil with SuperCam. SuperCam’s Cl, H and S
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Fig. 17. MgO (wt%) vs H score (left) and MgO (wt%) vs S score (right) for the fine-grained soil. This figure shows only the point-to-point data instead of the shot-to-shot data,
as the S score cannot be determined for shot-to-shot data in soil.
Fig. 18. Ca-Fe–Mg ternary diagram for very coarse grains (blue) and very fine-grained (orange) soil at Jezero. SuperCam calibration targets are shown in circle for reference.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
signals are higher in fine-grained soil compared to coarser grained soil,
but no obvious signatures of Mg-sulfates or carbonates were detected
(Fig. 17).

Fine-grained soil targets analysed by SuperCam all along the tra-
verse do not show any clear VISIR signature (Fig. 15), which is surpris-
ing compared to other studies (Vaughan et al., 2023; Hausrath et al.,
2023; Mandon et al., 2023).

Nevertheless, the LIBS shot-to-shot technique clearly shows a mix-
ture of primary phases in the ternary diagrams and Harker plots
(Figs. 11 and 16). The Ca-Mg-Fe ternary diagram (Fig. 18), shows that
the fine-grained soil (in orange) has only a few shots trending towards
specific end-members. The coarser grains shown in blue in Fig. 18
are clearly dominated by olivine, high- and low-calcium pyroxenes, as
expected from laboratory LIBS experiments on granular medium (David
et al., 2021). These observations are also consistent with the stoichio-
metric analyses presented in Section 3.3.1, and with the fact that this
component is made of a mixture of primary phases, with no distinction.
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Moreover, the Chemin instrument at Gale crater showed that the
fine-grained soil is made of 35 +/− 15 wt % XRD amorphous com-
ponent, along with > 60 wt % primary minerals and a small amount
of secondary phases. When taking into account the mineral abun-
dances renormalized to 100% crystalline phase, the main constituents
correspond to plagioclase (40.8 wt% plagioclase, 28 wt% pyroxenes,
22.4 wt% olivine) (Blake et al., 2013; Rampe et al., 2018). From our
analysis, Jezero fine-grained soil presents a similar mineral mixture to
Gale’s fine-grained soil, with slightly more mafic minerals compared to
the feldspars, almost in equal mixture.

Jezero crater fine-grained soil is more hydrated compared to the
coarser grains (>1 mm) soil (Fig. 9). However, our preliminary analysis
does not show any evidence of hydrated Mg-sulfates, even though some
presence of sulfate has been detected at the soil sampling location by
SHERLOC (Hausrath et al., 2023) and elsewhere in crater floor and
delta bedrock (Phua et al., 2023), and also by SuperCam in some
crater-floor bedrock (Meslin et al., 2022). On the other hand, the H
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signal correlates to Cl and S. This correlation has been attributed, at
least partially, to the presence of soil crust that is enriched in salts
such as perchlorates and sulfates (Hausrath et al., 2023). Moreover,
some salts such as perchlorates have been detected in some crater
floor bedrock (Meslin et al., 2022; Wiens et al., 2022), but also at
different landing sites in soil (especially perchlorates) (Clark, 1993;
Arvidson et al., 2011; Kounaves et al., 2014). Besides with Cl and
S, H signal does not correlate with any other element, even major
ones (see Figures S2–S4 in Supp. Material). Therefore, the observed
hydration does not seem to be particularly related to the presence
of carbonates or phyllosilicates, which is consistent with SHERLOC’s
observations (Hausrath et al., 2023).

Contrary to the LIBS observations, the VISIR signature of the fine-
grained soil (Figs. 14 and 15) does not show any clear evidence of
hydration. Indeed, the 1.9 μm absorption band is relatively small, as
presented also in Hausrath et al. (2023) and Vaughan et al. (2023).
Moreover, the 1.9 μm band is less distinct in fine-grained soil compared
to rocks from the crater floor (Mandon et al., 2023), which is the
opposite of what is observed with LIBS data. This lack of hydration
signature in the VISIR data of the fine-grained soil can be explained
by several factors. First, hydrated phases are small by definition in our
classification < 250 μm and are potentially aerosols of micron size. In
this size regime, absorption bands in the VISIR spectrum are diminished
if not absent (Pommerol and Schmitt, 2008b,a; Sultana et al., 2021),
which can explain the overall lack of signature in the VISIR data.
Therefore, if hydration comes from very fine-grained components (as
observed from Gale crater data Rampe et al., 2018; Blake et al., 2013;
Ehlmann et al., 2017; Cousin et al., 2017b), it would be difficult
to identify it with VISIR. The presence of Fe oxides can make the
detection even more complex and such phases have been detected from
PIXL (Hausrath et al., 2023).

Secondly, the main hydration band observed by SuperCam is located
at 1.9 μm, as the SuperCam IRS range goes up to 2.6 μm. Besides
its dependency to grain size (Pommerol and Schmitt, 2008b,a), this
absorption band is mainly related to structural or molecular water.
We do not have access to the 3 μm absorption band that is mainly
related to adsorbed water (Pommerol et al., 2009). Therefore, if the
water in the soil is present in the form of adsorbed water, then the
1.9 μm band will not necessarily be significant, as shown in Pommerol
et al. (2009). Adsorbed water in fine-grained soil has been observed
already with previous missions, such as at Gale crater via the SAM
instrument (Leshin et al., 2013; Ehlmann et al., 2017). Therefore,
we can suggest that fine-grained soil at Jezero crater contains some
adsorbed water, which is consistent with the elevated H signature
observed in LIBS data, and the fact that H is not correlated to any major
elements.

Some mineralogical phases are particularly hygroscopic and can
therefore adsorb some water, as measured at Gale crater with the SAM
experiment (Leshin et al., 2013) and observed in LIBS data with Chem-
Cam (Meslin et al., 2013; Cousin et al., 2017a). Laboratory experiments
carried out under conditions similar to those in SAM showed that
sulfates and perchlorates tend to adsorb water, as their temperature
of water-release was relatively low (Bish et al., 1990). It has also
been shown that small amounts of Fe sulfates (or even Ca chloride)
can have a significant impact on water content due to their high
adsorption capacity (Vakkada Ramachandran et al., 2021). Mg sulfates
were detected in some bedrock from the crater floor (Meslin et al.,
2022; Phua et al., 2023), even though they have not been detected in
the fine-grained soil of Jezero by SuperCam (Figure S2 and Fig. 17).
Nevertheless, a weak sulfate detection was made in SHERLOC data in
the soil sample (Hausrath et al., 2023).

Anhydrous Na-perchlorates have been detected with SuperCam in
some of the crater floor bedrock (Meslin et al., 2022; Wiens et al.,
2022). Perchlorates have not been directly detected yet in SuperCam
soil targets, but Cl is detected and correlated to the H signal. Hydrated

perchlorates were detected in soil in previous in-situ missions, such
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as in the two Viking landing sites (Clark, 1993), in the arctic plains
with Phoenix (Kounaves et al., 2014) and at Gale Crater (found in
same proportions as at Phoenix soil Leshin et al., 2013). Even though
such perchlorates have not yet been detected unambiguously in the soil
at Jezero, modelling studies show that the stability of perchlorates at
Jezero crater is longer than that of Gale crater (Li et al., 2022). Per-
chlorates are highly hygroscopic and can adsorb an important amount
of water, playing an important role in the water content of soil (Hud-
son et al., 2009). In consequence, a small amount of sulfates and/or
perchlorates (below our LOD) can be part of the fine-grained soil of
Jezero crater.

In addition to the mineralogical phases that constitute the fine-
grained soil, the Specific Surface Area (SSA) of the soil itself plays
an important role in the soil’s ability to retain exchangeable water.
Indeed, it has been shown that the amount of H2O adsorbed was
relatively insensitive to the mineralogies (Meslin et al., 2013; Zent
and Quinn, 1997). SSA of fine-grained soil targets at Gale crater has
been estimated to less than 30–45 m2g−1 (Meslin et al., 2013), using
the results obtained between day/night experiments on the same soil
target, as well as the water content measured by SAM and the relative
humidity (RH) given by REMS. At Jezero, only one soil analysis was
performed at night, with no significant change in the H signal in
LIBS data. RH measured by MEDA is below 2% and therefore below
the instrument sensitivity (Polkko et al., 2023). However, MEDA data
acquired between 21:00 and 09:00 suggest that some changes in the
soil hydration state could be possible (Hausrath et al., 2023; Polkko
et al., 2023), as also observed with REMS at Gale (Savijärvi and Harri,
2021).

All these observations strongly suggest that the hydration of fine-
grained soil at Jezero is mainly in the form of adsorbed water. Its
content is driven by two factors: the presence of several hygroscopic
phases, such as some sulfates and perchlorates, and also the SSA of the
particles that constitute the soil.

4.4. Comparison to Gale crater

Fine-grained soil (<250 μm) contains the smallest particles that
are transported by winds, which have been considered as representing
a global component (Clark, 1993; Yen et al., 2005; Sullivan et al.,
2010). This possibly global component is of particular interest to better
constrain the different rock sources all over the planet, but also the
different processes that have participated to the soil formation as we ob-
serve it today (i.e., alteration processes, atmosphere–surface exchanges,
transport).

Therefore, our comparison between Jezero and Gale crater soil is
based only on the fine-grained soil observed at both sites. The Curios-
ity rover has been exploring Gale crater for more than eleven years
now, representing more than 3800 sols, with 125 targets (782 points)
corresponding to fine-grained soil targets observed by the ChemCam
instrument up to sol 3500. At Jezero, SuperCam has analysed 30
fine-grained soil targets up to sol 650, corresponding to 219 points.
Fine-grained soil targets are compared between the two locations using
their spectra directly, as one of the strengths of SuperCam and Chem-
Cam is that they use the same analytical method (LIBS). In addition to
direct spectral comparison, we use the ICA scores (see Section 2.3).

In order to make sure such a comparison was correct, we have
acquired data from both instruments (ChemCam and SuperCam) in
laboratory on the same targets. For this, we used the characterized
SuperCam calibration targets (Manrique et al., 2020; Cousin et al.,
2022c). ICA scores obtained from spectra acquired with ChemCam
and SuperCam setups are shown in Fig. 19, where the red dashed
line corresponds to the 1:1 comparison. ICA scores obtained from the
ChemCam and SuperCam laboratory datasets are similar for several
elements, such as for H and Ca in the UV range. For Mg, K, Si and Ca
(UV and VNIR ranges), the ICA scores are in good agreement between

the two datasets, but tend to be higher in SuperCam for the highest
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Fig. 19. ICA scores obtained from ChemCam (𝑋 axis) and SuperCam (𝑌 axis) spectra on the SuperCam Calibration targets in laboratory. SuperCam calibration targets are used
for several reasons: they have been acquired both with ChemCam and SuperCam setups, their composition is known as they are well characterized (Cousin et al., 2022c), and
they have a wide range of content for each major elements. Red dashed line corresponds to the 1:1 comparison. These laboratory data as well as the ICA scores can be available
via the Zenodo platform (see Data Availability Statement).
values. Moreover, there seems to be an instrumental bias for the Na
scores from the Na line at 589 nm, which are systematically higher in
the SuperCam dataset compared to the ChemCam one. Concerning the
Na scores from the Na line at 820 nm, they are more consistent but
higher in the SuperCam dataset for the higher ones. Therefore, only
the scores obtained from Na at 820 nm will be used for the comparison
between the two datasets, keeping in mind that for high values these
could be overestimated for the SuperCam data. Finally, Al scores cannot
be compared as there is no correlation obtained between the ChemCam
and SuperCam laboratory data in Fig. 19.

The ICA scores from Mars data are presented in Fig. 20 for Chem-
Cam (in green) and SuperCam (in orange) for all the major elements
as well as for the H signal. First, it can be observed that the fine-
grained soil from Gale crater shows more dispersion compared to that
from Jezero. A few differences between the fine-grained soil from
Gale and Jezero can be observed: 1/ data from Gale crater are more
enriched in alkali (Na, K) compared to those observed at Jezero. The
fact that the Na score tends to be overestimated in SuperCam data (see
Fig. 19) suggests that the enrichment in Na in Gale data is even more
important. 2/ Fine-grained soil from Jezero crater present in average
more Mg compared to those from Gale, as well as slightly more H.
Indeed, Mg vs H scores show two different distributions, suggesting
that the soil at Jezero is more hydrated compared to those at Gale
crater. In the SuperCam data, extreme high Mg scores do not have
particularly high H scores, and could be undocumented buried pebbles.
A few points are intermediate in both their Mg and H scores, and
could correspond to some altered olivines as seen by PIXL (Hausrath
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et al., 2023). A few shots of the data acquired at Gale crater show
some Ca enrichment, probably related to some Ca sulfate veins that
are ubiquitous at Gale (Nachon et al., 2017).

Volatile elements such as Cl and S are difficult to compare using
the ICA technique, as these elements present very small emission lines
and therefore do not represent an important covariance between the
spectra. Moreover, these elements are not routinely quantified yet,
even though some quantitative models are being developed for S for
the ChemCam data (Clegg et al., 2017; Rapin et al., 2019). Here we
therefore compare directly the spectra obtained for each landing site.
To do so, we calculated the average spectrum for the fine-grained soil
from Jezero, the average spectrum from the fine-grained soil from
Gale crater, along with the standard-deviation spectrum from each
landing site. Also, we focused on the relevant spectral range where
the Cl and S lines are observed (540–620 nm for the S lines, and 711–
851 nm for Cl lines), and this spectral range is normalized to its total
intensity to correct for the different intensities due to the different
setups and possibly different distances. Fig. 21 is a close-up of these two
elements’ main emission lines. S lines are challenging because of their
interferences with Fe lines, and therefore are expressed by a shallower
dip between the Fe lines. It can be observed that the average spectrum
from ChemCam data (in green) presents a shallower dip between the Fe
lines compared to the average spectrum obtained at Jezero, even with
a larger dispersion in the ChemCam data. This means that overall the
S signal is higher in the ChemCam data. This can be observed mainly
with the S lines at 543 nm and 545.4 nm, located on the shoulder of
Fe lines. Concerning the Cl line, it is slightly higher in the SuperCam
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Fig. 20. ICA scores for each major element and H signal for both ChemCam (in green) and SuperCam (in orange) point-to-point fine-grained soil. The ICA scores obtained from
both Mars dataset can be available via the Zenodo platform (see Data Availability Statement). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Fig. 21. Close-up of the LIBS spectral regions for the Cl line at 837.8 nm (left) and for some of the S lines (right). The green spectrum corresponds to the average spectrum of
all the fine-grained soil analysed at Gale crater with ChemCam, whereas the orange one corresponds to the average spectrum of the fine-grained soil analysed by SuperCam at
Jezero crater. The green and orange shadows correspond to the dispersion found in fine-grained soil at Gale and Jezero craters, respectively. Data have been normalized to the
total intensity of the range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
average spectrum (orange), higher than the highest observation from
Gale.

David et al. (2022) have shown that the amorphous component in
the soil at Gale crater contains some hydrated Mg sulfates (and to a
lesser extent, probably some Fe-sulfates too), which are probably the
main carrier of the hydration of the soil at Gale crater. However, the
fine-grained soil observed at Jezero do not seem to be enriched in Mg
sulfates from Fig. 17, and the VISIR data do not show any presence
of sulfates in the fine-grained soil either (Fig. 14). This could imply
different weathering conditions at Jezero compared to Gale, where the
Mg-sulfates are thought to come from the weathering of olivine in
water-limited acidic conditions (David et al., 2022).

This comparison to Gale crater fine-grained soil targets shows that
local contaminations are not only observed in the coarsest particles of
the soil, but also in the fine-grained ones. Indeed, the average higher
ICA scores for Mg in the fine-grained soil at Jezero compared to Gale
(Fig. 20) can be explained by some local inputs from the erosion of the
ubiquitous Mg-rich olivines (as well as of the pyroxenes) observed in
bedrock of the crater floor and in the delta. The local influence can
also be observed in the fine-grained soil from Gale crater, which shows
higher ICA scores for Na, K, Al and Ca compared to fine-grained soil
analysed at Jezero (Fig. 20). The enrichment in those elements comes
18 
from the erosion of the felsic float rocks or their pebbles. Moreover,
Gale has been demonstrated to be particularly rich in Ca sulfate veins
as these have been observed in most of the terrains traversed by the
rover (Nachon et al., 2017). Therefore, the overall higher Ca ICA score
observed in ChemCam fine-grained soil could also be related to the
ubiquitous presence of Ca sulfate at Gale, which are not observed at
Jezero. This would also be consistent with the fact that overall the
fine-grained soil at Jezero contain less sulfur compared to those from
Gale.

Finally, Jezero fine-grained soil targets seem to contain several
components that contribute to this higher hydration compared to Gale.
Amorphous material is hard to detect with Perseverance’s payload.
However, as discussed in 4.3, adsorbed water seems to play an im-
portant role concerning the water content in soil. Indeed, hygroscopic
phases such as sulfates and perchlorates have been detected in the soil
of Jezero (Hausrath et al., 2023), also in some bedrock targets (Phua
et al., 2023; Meslin et al., 2022; Wiens et al., 2022). Their individual
amount in the fine-grained soil might be too low though to be detected
by the LIBS technique. The S signal is lower at Jezero, probably due
to a lack of local inputs, as sulfate veins are scarce at this location.
However, Cl signal is slightly more elevated at Jezero, in accordance
to the presence of some perchlorates. This presence of salts is also
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supported by the observation of some soil crust (Hausrath et al., 2023).
Another factor that contributes to the high hydration of Jezero soil is
the SSA of the grains. If we assume that the hydration of the Jezero fine-
grained soil comes largely from adsorbed water, and that the RH during
the day at Jezero is similar to that at Gale (around 0.1% Pommerol
et al., 2009; Meslin et al., 2013), then we can deduce that the SSA
of the grains that make up Jezero soil might be greater than at Gale.
Fine-grained soil at Gale crater contains 1.5–3 wt% water (Leshin et al.,
2013). Our observations suggest that 1.5–3 wt% is a lower limit for the
Jezero fine-grained soil water content.

5. Conclusions

SuperCam has analysed a total of 343 LIBS points in soil targets
up to sol 650 when the backup sample depot was created (Prepared
by the MSR Campaign Science Group (MCSG)). Along the traverse, a
majority of fine-grained (<250 μm) soil targets have been investigated
representing 59% of the points), with 29% of the dataset correspond-
ng to gravels larger than 1 mm (very coarse sand grains, granules
nd larger gravels). These observations support the paucity of grains
etween 250 μm and 1 mm, related to the saltation effect that implies
greater grain attrition.

For the first time in-situ on Mars, soil targets have been analysed
oth with VISIR and LIBS techniques, with a very similar field of
iew (slightly larger for VISIR). The weak signature in VISIR data in
ine-grained soil targets seem to be related to the grain size of these
argets, as the LIBS data revealed a mixture of mainly primary phases,
onsistent with previous in-situ observations at Gale crater.

Contributions from erosion of local rocks are observed, both in the
ine-grained and very coarse-grained (and larger) soil at Jezero. These
ery coarse grains and larger gravels (>1 mm) come mainly from local
aterials. Several coarse grains showed a clear signature of olivine

imilar to that of the crater floor bedrock. Several other very coarse
rains from the delta front location showed instead a signature of
g-rich phyllosilicates, as observed in the rocks of this location.

The fine-grained soil has a composition relatively close to that of
he dust, with enrichment in mafic elements. Some very elevated Mg
ontents are observed in some shots, due to erosion of local rocks. On
he other hand, Gale crater fine-grained soil is more enriched in Ca due
o the ubiquitous presence of Ca sulfate veins at this location, which are
ery rare at Jezero up to sol 650.

Fine-grained soil targets, thought to represent a global component of
ars, seem to be composed mainly of a mixture of primary phases that

epend on local bedrock. The global component therefore is related
ainly to the finest particles, such as the dust.

Fine-grained soil targets are more hydrated at Jezero compared to
ale. This could be explained by several possible factors: 1. fine-grained

oil is primarily made of a mixture of primary phases, but also contain
ome hygroscopic material such as some sulfates and perchlorates. They
re below the SuperCam detection limits, but have been detected by
HERLOC; 2. the water is in the form of adsorbed water; 3. the specific
urface area of the fine-grained material in soil at Jezero is higher
han that of Gale crater. The water content in Jezero fine-grained soil
as a lower limit at 1.5–3 wt %. Our measurements at Jezero and
heir comparison with results obtained at other landing sites (e.g. Gale
rater) demonstrates that the carrier of hydration in the soil varies
ith the location. At Jezero crater the presence of X-ray amorphous
aterial is hard to detect, but Mg sulfates are clearly less present (either

morphous or crystalline) in fine-grained soil compared to that at Gale

rater.
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