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ARTICLE INFO ABSTRACT

Keywords: The NASA Perseverance rover is exploring Jezero crater on Mars since February 2021. Orbital data from
Mars2020 Nili Fossae and Jezero crater show a wide diversity of mineralogical signatures including primary mineral
SuperCam

like olivine as well as diverse secondary minerals like clays and serpentines and one of the strongest
spectral signatures of carbonate on Mars from orbit. This olivine and carbonate-bearing unit is regionally
extensive. Most of the studies interpreted the relationship between olivine and carbonate-bearing units as
a result of weathering processes involving fluid-rock interactions such as serpentinization and carbonation.
Since February 2021, Perseverance has confirmed this large diversity of primary and secondary minerals.
The detection of serpentine is of particular interest in order to better constrain the past environment at
Jezero crater. Among the science payload, SuperCam is combining three spectral techniques (Laser-Induced
Breakdown Spectroscopy - LIBS, Raman, and Visible and near InfraRed - VISIR) that give access to the elemental
composition of the targets but also to their mineral and molecular structure. Here, we use terrestrial ultramafic
rocks with various degrees of alteration that were well characterized from previous studies, and we analyze
them with SuperCam replicate laboratory setups to investigate the sensitivity of SuperCam to detect olivine
and secondary phases, in particular serpentines. Distinguishing serpentine from olivine by LIBS is challenging
since they have similar chemistry. On the other hand, Raman spectroscopy is able to detect all the phases
present in the analyzed samples, when their content is high enough. Finally, the VISIR technique detected the
secondary phases while it did not observe easily the olivine. We found that the synergy between these three
techniques is of particular importance to differentiate such specific phases, which occur as intricate mixtures
down to the sub-micrometer scale in natural targets.

Serpentinization

1. Introduction km wide ancient lake system, estimated to be older than 3.5 billion
years. It locally hosts a well preserved delta fan deposit presenting some

Perseverance landed in Jezero crater, located in the Nili Fossae diverse mineralogies, including clays and carbonates from orbital signa-
region, Mars, on February 18th, 2021. The goal of this mission is
to identify samples of astrobiological interest and characterize their
environment at the surface of Mars [1]. Some of these samples are
collected and are planned to be returned to Earth in the future by the . . . .
NASA/ESA Mars Sample Return Program (MSR). Jezero crater is a 45 carbonate on Mars from orbit. This olivine and carbonate-bearing unit

tures [2]. Orbital data from Nili Fossae and Jezero crater show a wide
diversity of mineralogical signatures including olivine and pyroxene as
well as clays, serpentines and one of the strongest spectral signatures of
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is regionally extensive [3,4,4-10]. In general, these studies interpreted
the relationship between the olivine and the secondary minerals as a
result of aqueous alteration processes involving serpentinization and
carbonation [9,11,12].

Among the science payload onboard Perseverance, SuperCam is a
multi-technique instrument performing remote analysis of the targets. It
is being used to analyze rocks and soils with its five subsystems [13,14].
The Laser Induced Breakdown Spectroscopy (LIBS) can determine the
elemental composition of the targets, while Raman and VISIR [15]
spectroscopy give access to their mineral and molecular structure. In
addition, SuperCam includes a color Remote Micro Imager (RMI) which
provides context imagery for each SuperCam analysis of the targets.
The fifth technique consists in a microphone that provides information
about the atmospheric processes like wind or turbulence, and gives also
access to some physical parameters of the rock targets analyzed by LIBS.

Olivine and pyroxene spectral signatures were detected from orbit in
Jerero crater’s floor [2-5], of prime importance for understanding the
magmatic activity of the planet, its evolution, and a better refinement
of the crater chronology via the sampling. Perseverance has confirmed
in situ orbital detections of olivine and pyroxene in the crater floor,
and has revealed that the two main formations Séitah and Maaz are
igneous and not sedimentary [16-20]. Perseverance has shown that
these igneous rocks are relatively pristine [19,20], with only a few
local secondary phases due to fluid-rock interactions such as clays,
sulfates, perchlorates and/or carbonates [17,21-23]. These secondary
minerals are sometimes associated with serpentine and/or carbonates
in Séitah rocks, as seen from the PIXL data [23]. No serpentine has been
detected by SuperCam in these rocks, probably due to their very fine
scale. In Maaz, SuperCam has not detected any serpentine either, but
the association of the PIXL scans and the SuperCam VISIR data may
help identify some Fe-rich serpentines [24,25], even though serpentine
is not always easily differentiated from other phyllosilicates [26,27].
The delta front of Jezero crater has shown to be much more enriched
in secondary phases (Fe/Mg-rich phyllosilicates, Fe-Mg carbonates,
sulfates and even serpentines locally), revealing either different sed-
iment sources or different alteration or diagenetic processes [28,29].
Nevertheless, the serpentine that has been detected is very local, and
detected by VISIR only. The LIBS data support this detection but are
not sufficient on their own to identify the serpentine in this specific
outcrop. More recently, the Margin Unit [30] revealed the strongest
content of Fe-Mg carbonates [31], but SuperCam did not find any no
evidence for serpentine signatures. Some PIXL data, after correction
from the S and C content, could have detected a few points enriched in
Fe-rich serpentine [32]. The first results from the transition between the
margin unit and the crater rim [33] do not show either any strong ser-
pentine detection from all instruments [34-37]. The SuperCam VISIR
technique shows some detection of some Mg-rich clays, but without any
strong characteristics to conclude on the mineralogy [34].

Fluid-rock interactions may significantly alter ultramafic rocks in-
volving various reactions such as serpentinization. This alteration may
modify significantly the rocks’ bulk physical properties and possibly
their chemistry. Among various reaction pathways, an example of a
classical equation for serpentinization occurring during hydrothermal-
ism in a temperature ranging from ambient to about 400 °C [38]
is:

2Mg,SiO, + 3H,0 — Mg;Si,05(OH), + Mg(OH),
That is,
forsterite + water — serpentine + brucite

Serpentinization is one among various chemical reactions occurring
during such alteration processes, which can generate various mineral
phases like carbonate, serpentine and talc.

The stoichiometric equivalences obtained from the chemical for-
mula are:

olivine : (Mg, Fe),[SiO4] — (Fe + Mg)/Si =2
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serpentine : (Mg, Fe)sSis0,o(OH)g — (Fe + Mg)/Si= 1.5

On Earth, serpentine is rarely found as a pure mineral phase and
is rather often mixed with primary minerals as well as other alteration
phases. When the serpentinization process is not complete, serpentine
phases are often found in replacement textures (e.g., mesh texture)
or within fractures inside other minerals. If the process is further ad-
vanced, serpentine phases will become more abundant, but serpentine
will rarely appear as pure since other mineral phases are formed during
the alteration process. Identifying serpentines, but also other alteration
phases, is a challenge since these phases are intimately mixed down
to the sub-micrometric scale, even on Earth [39]. In this article, we
investigate in laboratory various ultramafic rocks from Norway that
were variably altered by fluid-rock interactions and that are well
characterized [40-42].

The objective of this study is to investigate the possibility of de-
tecting serpentine and other alteration phases and distinguishing them
from the primary mineralogy (e.g. olivine) by using experimental se-
tups which are replicates of the SuperCam instrument. The expected
outcome is to determine a strategy to improve the chemical and min-
eralogical characterization of such complex rock in situ on Mars using
the SuperCam instrument suite.

2. Sample description

The two rocks analyzed for this study are variably serpentinized
ultramafic rocks from Norway. These rocks are particularly interesting
since their petrology and geochemistry have been exhaustively charac-
terized and the protolith as well as the alteration processes have been
investigated in detail. Here, we use these rocks as possible analogues to
the variably altered rocks of the Nili fossae region detected from orbit
and locally investigated by Perseverance.

Notably, the protoliths of these samples (igneous olivine-rich rocks)
bear some similarity in terms of primary composition with the rocks ob-
served in the Séitah formation [20] as well as in the Margin units [21].
These samples have undergone multiple cycles of alteration. One of
these cycles includes serpentinization in a low-temperature hydrother-
mal environment. Subsequently, these rocks were also altered by me-
teoritic waters. Such context for alteration is plausible for Mars in the
past.

The first sample named ROR0311 comes from an altered ultramafic
body originating from Feragen in Norway [42]. The protolith rock is an
alpine peridotite, a dunite, and it was in situ altered for a long period
with likely several weathering stages including current alteration under
arctic conditions. The sample used for this study covers the three
textural zones (Fig. 1a) described by [41,42] with a fresh core showing
a typical mesh texture made of serpentine and brucite enclosing relicts
of primary olivine with minor chromites. In the weathered rinds (called
hereafter “alteration 1” and “alteration 2”), brucite disappears and is
replaced by pyroaurite, and carbonates are detected mostly in veins.

The second sample named Solund, originates from the Solund region
in Norway [40]. This sample consists of an altered peridotite boulder
from a conglomerate collected in a Devonian basin. Again, the rock
has undergone a long and polyphased alteration history that resulted
in spectacular color zoning in the boulder section. In our sample (Fig.
1b), the greenish core of the rock is more serpentinized compared to
RORO311 as it shows a mesh texture where the relict olivine is fully
replaced by serpentine, a Deweylite assemblage and minor carbon-
ates. The dark rim zones (called “alteration 1”) consist of talc with
variable amounts of carbonates while the external reddish rim (called
“alteration 2”) is dominated by talc and hematite with the presence
of carbonates. At the outcrop scale, various degrees of serpentinization
for the protolith (core) are observed and various degrees of weathering
have been described, the ultimate one consisting in an hematite-stained
calcite and quartz-rich assemblage, nearly a jasper. Further details on
these rocks can be found in [40-42].
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ROR0311

Core
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Solund

Alteration 2

Alteration 1 Core

Fig. 1. (Left) Photograph of the rock section of sample ROR0311 from Feragen (Norway). The three alteration zones are well identified : the core in dark grey,
the alteration 1 in light gray and the alteration 2 in yellow-ish. (Right) Photograph of the rock section from Solund (Norway). The three alteration zones are
discernable : the core in grey, the alteration 1 in light gray and the alteration 2 in dark gray with red zones. The scale is shown for both targets (ROR0311 is
about 10 cm wide and Solund is about 13 cm wide). The circles in both samples represent the areas analyzed with LIBS (See supplementary material for more

details, Figures S24 and S25).

3. Methodology

The two samples were cut from the rock in two halves (Fig. 1) with
a diamond saw. The first half with a raw surface from the cut was used
for SuperCam-like techniques: LIBS, time-resolved Raman and VISIR
spectroscopy. From the second half of the rock, polished petrological
thin sections were prepared for analysis with Raman microspectroscopy
and Scanning Electron Microprobe (SEM).

3.1. Raman: SuperCam-like and micro-Raman

The polished thin sections were analyzed using a continuous-wave
(CW) Raman microspectrometer Renishaw InVia Reflex for point anal-
yses and Raman hyperspectral mapping. All measurements were per-
formed using a green 532 nm solid-state laser focused on the sample
through a Leica DM2500 microscope with a short-working distance
50X objective (NA = 0.75). This configuration yielded a horizontal
resolution of ~ 1-2 pym for a laser power delivered at the sample
surface set at less than 1 mW using neutral density filters to prevent
irreversible thermal damage. This corresponds to a laser irradiance in
the range of 0.3-1.3.10° W m~2 [43]. All point measurements were
performed with a circularly polarized laser using a 1/4-wave plate
placed before the microscope in order to minimize polarization effects.
The Raman signal was dispersed by a grating with 2400 lines/mm and
the signal was analyzed with a RENCAM CCD detector. For Raman
mapping and the acquisition of hyperspectral maps, the sample was
moved with an appropriate step size using a XYZ Renishaw motorized
stage. Laser focus was optimized by correcting topographic variation
prior to analysis (surface mode using the Renishaw Wire 4.3 software),
and all maps were processed using the Wire 4.3 software. To process
the hyperspectral maps and build the mineralogical composition maps,
we used an algorithm provided by the Renishaw software and based on
DCLS (Deep Constrained Least Square) deconvolution, using reference
spectra for each mineral phase. The analysis gives a map with a color
code to highlight each mineral phase and is described in [44]. All
measurements were performed at controlled room temperature.

The distribution of the mineralogical phases highlighted in the map
has been calculated using the software Gimp. The methodology used
was to count the pixels associated with a color (linked to a mineral).
Knowing the total number of pixels in each map, it was therefore
possible to obtain the percentage of the presence of this mineral in the
image. This micro-Raman mapping provided semi-quantification across
the mapped areas as presented in Figs. 2, 3, 10 and 11.

The raw cut surfaces of each sample were also analyzed using
a custom time-resolved (TR) Raman and luminescence spectrometer
described by previous studies [43,45-47]. This instrument includes a
Raman microscope (micro TR Raman) as well as a telescope (remote
TR Raman) in a configuration similar to the SuperCam instrument. The
laser is a nanosecond (1.2 ns FWHM, 1mJ per pulse) pulsed Diode-
Pumped Solid State laser operating at 532 nm with a 10 to 2000 Hz
repetition rate. Here, we used the remote configuration: the laser is
collimated at the sample surface 8 m from the telescope Schmidt plate
on a spot of ~ 6 mm diameter, and the Raman signal is collected
by a conventional Schmidt-Cassegrain telescope (Celestron-C8 202 mm
diameter Schmidt plate) on a spot of ~ 5 mm diameter co-aligned with
the laser spot. The laser is linearly polarized in the remote TR Raman
as for SuperCam and the possible polarization effects on the relative
intensity of the Raman peaks are not investigated here. A Notch filter
cuts off the Rayleigh scattering at ~ 90 cm~! and the signal is collected
by an optical fiber and sent into a modified Czerny-Turner spectrometer
(Princeton IsoPlane 320) coupled with an intensified Princeton PIMAX4
ICCD camera. The fine control of both time delay and gating time of
the camera allows sub-nanosecond time resolution experiments thanks
to an accurate synchronization between the laser pulse and the ICCD.
This spectrometer has three motorized gratings which can be selected
depending on the spectral window and resolution requested for the
experiment. Here we used a grating with 600 lines/mm providing
a spectral resolution of 10-12 cm~! similar to that obtained with
SuperCam Raman. Irradiance associated with a pulsed laser can be
roughly estimated as Q/(zS), with O = P/ f being the laser energy per
pulse, P being the time-integrated laser power measured at the surface
of the sample, f the laser repetition rate, r the pulse duration, and
S the surface of the laser spot on the sample [43]. Irradiance was set
at ~ 10'® W m~2 which is conservative even in the case of absorbing
minerals [43]. In remote TR Raman we use a 100 ns ICCD gate similar
to that used with SuperCam and centered on the laser pulse (1.2 ns
pulse for the laboratory instrument versus 4 ns for SuperCam). For this
study, 200 000 to 500 000 laser shots have been used for each point
analysis.

Calculating the Fo# (corresponding to the elemental ratio
of Mg/(Fe+Mg)) of the olivine using the Raman spectra can be very use-
ful to better understand the nature of the olivine and its conditions of
formation. The Fo# has been calculated using the technique described
in [48]. The technique consists in using the two characteristic peaks of
olivine (DB1 and DB2) in the Raman spectrum, positioned at 823 and
855 cm~! approximately, and compute the olivine Fo#, by using the
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DB2 equation provided by [48]. This has been applied to SuperCam
Mars data in different papers [20,21].

3.2. LIBS

In this study, the LIBS analyses were performed using the SuperCam
replica at two locations: at IRAP (Toulouse, France), and at Los Alamos
National Laboratory (LANL, USA) which is calibrated to get quantita-
tive chemical data. The SuperCam LIBS technique (for all SuperCam
replica) uses a Nd:YAG crystal laser, with an emission at 1064 nm,
and an irradiance exceeding 10 MW mm~2. SuperCam is also equipped
with three spectrometers covering from the UV to the near Infra-Red
range (UV:243.7-345.0 nm, VIO: 379.0-465.0 nm, Tspec: 532-853 nm
- [13,14]). The Tspec (Transmission Spectrometer) corresponds to one
spectrometer that covers three bands: Green (535-620 nm), Orange
(620-712 nm) and Red (712-853 nm) [13]. The samples were placed
at around 3 m from the instrument, in a martian chamber replicating
the Mars atmospheric composition and pressure (Figure S19). At this
distance the analytical footprint of LIBS is around 220 pm [14]. We
tried to acquire the spectra from the same spot on the rock between
the two setups. However, it is possible to have a few pm difference in
position between the IRAP and the LANL points.

The IRAP setup is made of the Engineering and Quantification
Model for the Mast Unit (MU-EQM) and of the Engineering Develop-
ment Unit model for the Body Unit (BU-EDU). At LANL, the SuperCam
setup is composed of the refurbished first version of the flight model
for the Mast Unit (MU-FM1) and of the BU-EQM. Both setups are
overall similar, and similar to the SuperCam FM (BU and MU). More
information can be found in Wiens et al. [13] for the Body Unit and
Maurice et al. [14] for the Mast Unit. These models have nevertheless
some specific characteristics: the LANL setup is used under cold tem-
perature (~0 °C) in order to have an optimum laser energy ; while the
IRAP setup, for its part, does not need to be cooled down, except the
spectrometers that must be cooled to 15 °C for a better signal to noise
ratio.

Quantitative elemental-calibration models are developed using a
spectral database of 334 standards analyzed with the LANL setup,
enabling the SuperCam team to extract quantitative chemistry from
Mars data [49]. Only major elements are quantified for now (Si, Ti,
Al, Fe, Ca, Na, K), whereas for minor and trace elements the effort
is still ongoing [50]. The estimated accuracy of the major-element
quantifications are around 6.1 wt% (SiO,), 0.3 wt% (TiO,), 1.8 wt %
(Al,05), 3.1 wt% (FeOT), 1.1 wt% (MgO0), 1.3 wt% (Ca0), 0.5 wt%
(Na,0), 0.6 wt% (K,0), although a better estimate is given as a function
of predicted composition [49]. The precision is significantly better than
the accuracy, enabling the SuperCam LIBS data to be used to distinguish
trends in composition and the possibility of doing some stoichiometric
analysis [17,19,20,49].

LIBS spectra can also be used directly in a qualitative way, compar-
ing some peak areas or ratios. Elemental peak areas can however follow
a different trend than the quantitative content of the same element,
as only one elemental peak is used for the qualitative investigation,
whereas the quantitative models use the entirety of the spectral range
(and therefore a multitude of peaks for this specific element - [49]).
Moreover, the qualitative observations are not necessarily linear with
their quantitative information due to several factors such as the matrix
effects [51]. Nevertheless, it is generally assumed that the higher the
peak area, the higher the quantity of the associated element. Several
elemental lines of interest have been fitted in order to retrieve their
peak areas. The fits were performed using a Lorentzian function. The
fitting algorithm employed the Levenberg-Marquardt technique [52]
to solve the least-squares problem and to optimize the adjustment
of Lorentz parameters to the data points. For this study, elements of
interest are Fe, Mg and Si, as they are part of the crystallographic
structure of olivine and serpentine minerals. Hydrogen signal is also
of interest to trace the presence of serpentine. Finally, the C line has
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Table 1
Principal elements analyzed with LIBS and the
position of their peaks of interest in the spectrum.

Mg II 448.24 nm
Sill 634.9 nm
Fel 438.48 nm
CI 658 nm
HI 656.5 nm

been investigated as well, as some carbonates are significantly present
in the Solund sample. All the elements of interest for this study have
several emission lines, and the selected ones are listed in Table 1. This
selection was based on results from [53]. Before the fitting process,
spectra are normalized to the total intensity of the spectral range of
interest (UV, VIO, Green, Orange, Red) in order to correct for any bias
related to the ablated volume, and therefore better compare spectra
acquired from different targets and/or different setups. Concerning the
H and C signals, they are normalized to the Oxygen triplet at ~ 778 nm,
as described in [21,54,55].

In this study, the H/O and C/O ratio are useful to investigate any
possible the trend from the core to the alteration 2 of both targets. Nev-
ertheless, their absolute values between the two different setups do not
seem directly comparable. Indeed, a very slightly different gas is used
to mimic the Mars atmosphere in the two laboratories. In Toulouse a
mixture as close as possible as the Mars atmospheric composition (1.7%
Ar, 2.6% N, 95.7% CO,) is used, whereas at LANL a pure CO, gas is
injected into the chamber. Moreover, the pressure in the Mars chamber
is slightly higher at LANL compared to IRAP (7.3 mbar vs 7 mbar,
respectively). These very minor differences do not have any impact for
most of the elements, but could possibly be relevant when looking at
the signal from C and O, as most of it comes from the atmospheric
contribution as shown in [55]. Concerning the H signal, it is highly
dependent on the relative humidity, as samples can have some adsorbed
water on their surface. In our study no specific approach to handle the
samples has been applied to investigate the H signal in a quantitative
way, and therefore they have not been heated nor maintained with
Silica gel to avoid any adsorption of humidity. In such case, H/O signal
can be used to investigate the trend between the different areas of
the rock, for each setup, but the absolute values cannot be compared
between the two setups, as the humidity is different between IRAP and
LANL.

3.3. VISIR

The SuperCam infrared spectrometer [15] is an opto-acoustic filter
based instrument, providing reflectance spectra in 1.3-2.6 pm spectral
range. The instrument spectral resolution is 32 cm~! (5 nm at 1.3 pm
and 21 nm at 2.6 pm) and provides reflectance spectra with Signal to
Noise Ratio (SNR) typically > 50 [27,56]. The IR reflectance observa-
tion can be completed by using the LIBS spectrometer in passive mode
to collect the visible part of the spectra between 400 and 850 nm [27,
57].

In order to provide IR spectra comparable to SuperCam IRS, we used
the Shadows instrument [58] installed at IPAG (Grenoble, France). This
monochromator-based system uses a synchronous detection technique
to measure reflectance spectra up to 5 pm. This setup has an approxi-
mately 5.2 mm diameter beam size, comparable to SuperCam footprint
for targets at 4.5 m from the rover. The spectra were obtained with a
10 nm spectral sampling at a roughly 20 nm spectral resolution. Spectra
were measured using a combination of Si (wavelength < 1000 nm) and
InSb detectors (wavelength > 1000 nm).
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3.4. Scanning electron microscope

We used Scanning Electron Microscope (SEM) to characterize the
elemental chemistry of the two rocks in various zones by Energy
Dispersive X-ray (EDX) spectroscopy in mapping mode to compare
with elemental chemistry retrieved by LIBS. It is important to precise
that SEM-EDX mapping was done on polished thin sections while LIBS
analysis was done on the rock slab, so there is no direct correspondence
between the areas analyzed (see supplementary material for more
details, Figures S20 and S21). We used the TESCAN CLARA (FEG-
ESEM/dual-EDS) SEM of the Electron Microscopy and Microanalyses
Technical Platform of the Museum National d’Histoire Naturelle (Paris,
France). To preserve some area of the thin section from carbon coating
for other analysis (e.g., Raman spectroscopy), a part of each thin
section was covered by aluminum foil during the coating process which
deposited a 15 nm-thick coating of carbon. The microscope was run
with an acceleration voltage of 15 kV and a probe current of 3 nA, a
scan speed of 32 ps/pxl and under high vacuum in the analysis chamber.
EDX maps covering large representative areas for each alteration zones
of the two rocks were obtained, and the quantification of elemental
chemistry was performed in various zones of these maps.

Three thin sections were analyzed using SEM-EDX: one for the
RORO0311 sample and two for the Solund sample. Only one thin section
was analyzed for ROR0311, as all the zones of interest were present in
this section. For the Solund sample, two thin sections were needed to
analyze all zones of interest: one thin section with the core and the
alteration 1, and one thin section with the alteration 2.

Data were processed using the ESPRIT software. The SEM map has
been divided into 349 squares of 1 mm?2. For each of these squares,
an average EDX spectrum is calculated. For ROR0311, the chemistry
has been estimated from the average of 4 squares for each zone of
interest (core, alteration 1 and 2) (see Table 6 and Figure S22 in the
supplementary material). For the Solund sample, only the two zones of
the core and the alteration 2 were analyzed, using 3 squares for each
of these two zones. The alteration 1 was not analyzed due to lack of
data (see Table 6 and Figure S23 in the supplementary material). After
adjusting the baseline, elements of interest were selected in this final
spectrum and quantified based on the intensity of the relevant peaks in
the analyzed zones. The absolute errors for the elements of interest are
0.46% (Si), 0.11% (Fe), 0.84% (Mg) and 0.002% (Ca).

The distribution of the different mineralogies using the SEM images
is determined in the same way as with the micro-Raman images. The
only difference is that for the SEM, the average of 3 images was
processed (instead of one for the micro-Raman), representing an area of
3 mm?. However, this has been possible only for the ROR0311 sample.
The Solund sample had too many different phases present in these SEM
analyses, which made our methodology not applicable in this sample.

4. Results

For each sample, we present the advanced characterization using
conventional laboratory techniques, SEM and micro-Raman, to provide
specific characterization of our samples for comparison with the lit-
erature. Then, we present the data obtained with the SuperCam-like
techniques: remote TR Raman, VISIR and LIBS.

4.1. ROR0311

4.1.1. Micro-Raman analyses

Core of the peridotite

Fig. 2 presents two maps of the same region of the core of the
peridotite, as well as representative spectra for each of the minerals ob-
served in the map. For the maps, the spectra allow us to identify olivine
with the peak doublet at 820-860 cm~1. This doublet is characteristic
of olivine and is due to coupled symmetric (v;) and asymmetric (v3)
stretching modes in the SiO, tetrahedron. Serpentine is also detected
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Table 2
Main minerals detected with micro-Raman and SEM techniques.
Sample ROR0311

Micro-Raman SEM

Zones Refs. [42]

41% serpentine
51% olivine
8% brucite

30% serpentine
61% olivine
8% brucite

1% iron oxide

45% serpentine
53% olivine

Core . .
2% iron oxide

10% porosity 50% serpentine
35% olivine

15% porosity

51% serpentine
46% olivine
3% iron oxide

Alteration 2

by peaks at 230 and 384 cm~! as well as 688 cm~! corresponding to
the vibration of Si-O-Si. Hydration is detected by a doublet peak at
3680-3700 cm~! due to the stretching vibration of OH bonds. Locally,
some brucite is observed based on its hydration signature consisting
of a doublet of peaks in the hydration region at lower wavenumber
compared to serpentine, around 3640-3650 cm~!. Finally the iron
oxides are detected with the large peak between 600 and 800 cm™!.

The map Fig. 2A/ depicts the mineralogy from the analysis of the
100-1400 cm~! spectral range while the map Fig. 2B/ depicts the hy-
dration for the same area based on the analysis of the 3200-3600 cm~!
spectral range. This zone exhibits large fractured olivine crystals (red)
filled with serpentine (green). Additionally, brucite (blue) is detected
inside some veins of serpentine, and a small amount of iron oxide
(cyan) is also present. The second map, showing the OH —H,O spectral
range, enables us to distinguish brucite and serpentine by considering
the relative intensity of the peaks at 3640 and 3650 cm~!, which is
stronger for brucite.

Alteration 2

The most altered section of the rock (alteration 2) has also been
analyzed by Raman and is processed the same way as the core. Only
the spectral range from 100 to 1400 cm™! is presented here (Fig. 3).

Two mineral phases are detected in this map: olivine crystals and
serpentine surrounding them, as well as a third feature located in the
central of the serpentine veins (black). The olivine crystals are generally
more fractured and smaller compared to those in the core of the rock.
The spectrum associated with the third feature is represented in black
in the lower figure and appears flat with no peak detected, indicating
the absence of mineral phases. [42] discovered that in the altered part
of ROR0311, brucite, which was detected in the core, is dissolved and
replaced by porosity due to weathering. Therefore, the flat spectra in
the black zones of the map correspond to void in the local porosity.

The mineral phase distribution throughout the rock has been ana-
lyzed using the micro-Raman and SEM maps. The results obtained are
shown in Table 2. The SEM results are not as precise as the micro-
Raman ones, because neither brucite nor porosity are detected. The
results of the semi-quantification with the micro-Raman maps on the
core of ROR0311 gives 30% serpentine, 61% olivine, 8% brucite and
1% iron oxide. For the alteration 2, we obtain 50% serpentine, 35%
olivine and 15% porosity.

Moreover, the average Fo# of the olivines, calculated using the
micro-Raman spectra, is Fo# = 92 + 3. This value was obtained by
analyzing eight spectra. This Fo# is consistent with the results of [41],
which also report an Fo# of 92 based on electron microprobe analysis.

4.1.2. SEM-EDX analyses

The compositions obtained from the SEM-EDX analyses for each
alteration phase of ROR0311 are presented in Fig. 4. From the core
(almost unaltered) to the alteration 2, a decreasing trend for MgO and
an increasing trend for SiO, are observed while the concentration of
FeO remains stable across these zones.

The trend of molar (Fe+Mg)/Si is convenient and used on Mars
to explore mafic minerals and some silicate alteration phases [20].
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Fig. 2. Raman map and associated spectra of the core of sample ROR0311. Color code : red/black = olivine, green = serpentine, cyan = iron oxide, blue = brucite.
A/ Map in the range 100 to 1300 cm™'; 484.9 x 720.2 pm, 206 642 spectra, 1.3 pm X 1.3 pm sampling step. Note the mesh texture of olivine and serpentine
assemblage. Olivine is present as large crystals with size ranging from submicrometric to about 500 pm. B/ Map in the OH — H,O range 484.9 x 720.2 pm, 206
642 spectra, 1.3 x 1.3 sampling step. Brucite is observed in the central parts of the serpentine veins. C/ Spectra in the range 100 to 1300 cm~! (no normalization,
no offset) of the minerals highlighted in the map (A). D/ Spectra in the range OH —H,O (no normalization, no offset) of the minerals highlighted in the map (B).

Stoichiometrically, this ratio is 2 for a perfect olivine while it should
be ideally 1.5 for serpentine.

As shown in Fig. 4, the core of the peridotite has an (Fe+Mg)/Si
ratio close to 2, suggesting that olivine is the main mineralogical phase.
The (Fe+Mg)/Si ratio is then lower in the alteration 2, suggesting a
decrease in the amount of olivine and an increase in the amount of
serpentine or other phases.

4.1.3. SuperCam-like Raman

Nine spots were analyzed on ROR0311 using the remote TR Raman,
with three in each of the alteration zones (Figure S24 in supplementary
material). The averaged spectrum for each zone is shown in Fig. 5.
Olivine and serpentine are observed throughout the rock (with the
spectral signature identified in the table S5 in the supplementary ma-
terial). The serpentine signal, mostly in the hydration region, increases
in the alteration zones whereas the olivine signal decreases. Brucite is

detected in the core, where a large peak at 3647 cm™~! is more intense
compared to the spectra in the altered zones where brucite has been
dissolved. This broad peak corresponds to the doublet identified in
micro-Raman but the two peaks are not completely resolved here be-
cause of the low spectral resolution. Overall, the spectra are relatively
noisy, and the continuum is stronger, compared to the data obtained
using the micro-Raman. This is expected since possible grain size effects
and/or external light may affect the analysis in the remote TR Raman
mode [43].

The average Fo# of the olivines calculated using the SuperCam-like
Raman spectra is Fo = 92 +10 by using 8 spectra covering the various
zones. This is in agreement with the value obtained by micro-Raman
and with literature data [41].

4.1.4. VISIR
Nine areas were analyzed on the sample (Figure S24 in supplemen-
tary material); their corresponding spectra are shown in Fig. 6-A. The
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Fig. 3. Raman map and associated spectra of the alteration 2 of sample ROR0311. Color code : red = olivine, green = serpentine, black = porosity. A/ Map in
the range 100 to 1300 cm™!; 575.9 x 764.4 um, 260 484 spectra, 1.3 pm x 1.3 pm sampling step. Note the mesh texture of olivine and serpentine assemblage.
Olivine is present in grain sizes from submicrometric to about 500 pm. Porosity is observed in the central parts of the serpentine veins, reflecting the dissolution
of brucite. B/ Spectra in the range 100 to 1300 cm™! (no normalization, no offset) of the minerals highlighted in the map (A).
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spectra show an increase of reflectance with alteration. The serpentine
signature absorption bands located at 1.39 pm, 2.33 pm and 2.5 pm can
be observed in most spectra. These bands correspond to the O-H groups
bonded to magnesium cations. The depth of these bands increases
with the alteration, which corresponds to the increase of proportion
of serpentine from the core to the altered parts. The characteristic
signature of olivine (large absorption band between 0.75 pm and 1.5 pm)
is absent from all spectra. For references, the typical spectra of the three
main minerals in this sample are plotted in Fig. 6-B. The serpentine
reference spectrum displays also a smaller band at 2.1 pm that is unique
to serpentine, but it is much more difficult to observe in mixtures.

4.1.5. LIBS

A total of twenty-three points were acquired on the ROR0311
sample in both the IRAP and LANL facilities: eleven in the core (un-
weathered part), and six in each of the two altered zones (Figure S24 in
supplementary material). The average spectrum obtained for each part
of the ROR0311 sample (core, alteration 1 and 2) with the instrument
at IRAP is shown in Fig. 7. It can be observed that they are very similar
to each other. The small variations between the different parts of the
rock can be assessed by comparing the peak areas of the elements
of interest, even though the relation between the LIBS signal and the
elemental content is not necessarily linear as explained in Section 3.2.

The peak areas retrieved for each element of interest (Si, Mg, Fe,
H) and for each setup are shown in Fig. 8 in gray. Signals obtained
from both setups are very similar (only the absolute intensity differs,
as explained in Section 3.2) and therefore a moving average is shown
to highlight the possible trends and reduce the outliers. The Mg signal
decreases slightly from the core to the second alteration, while the
Fe and Si signals slightly increase, even though a lot of dispersion
is observed. The H signal remains overall stable, with much more
dispersion at IRAP (Fig. 8).

The quantitative results retrieved from the LANL dataset are shown
in Fig. 9, for the same elements of interest. The concentration of MgO
decreases and that of FeO is variable but overall constant from the core
to the alteration 2. The SiO, content is slightly higher in the alteration

2 only. These trends are overall consistent with the SEM-EDX results, as
well as with the LIBS qualitative analysis. The main difference is about
the Fe signal that seemed to increase from the core to the alteration 2
via the LIBS qualitative assessment, whereas it is stable from the SEM-
EDX and quantitative LIBS results. These slight differences are discussed
in Section 5.3.

RORO0311, as seen on the micro-Raman maps, exhibits large enough
grains of olivine to conduct some stoichiometric ratios, assuming the
LIBS laser sampled a single grain of olivine. Looking at the (Fe+Mg)/Si
ratio 9, data are sparse for the core and the alteration 1, ranging from
1.45 to 1.93. This suggests that these zones actually include olivine
and other phases and that they are heterogeneous with several phases
being sampled. The alteration 2, on the other hand, shows a constant
ratio at 1.5. The dispersion seems smaller compared to the core part
reflecting less heterogeneity, which could confirm the presence of more
serpentine in this part. The comparison with the SEM-EDX results is
discussed in Section 5.3.

4.2. Solund

4.2.1. Micro-Raman analyses

Core of the peridotite

Fig. 10 displays a map of the core of Solund and its associated
spectra, where calcite and serpentine are detected, using the spectral
range between 100 and 1400 cm™!. Calcite is identified with the peaks
at 1088, 154 and 281 cm~!. Micro-Raman analysis of the core of
Solund revealed no evidence of olivine, but only serpentine, calcite and
quartz. The absence of olivine may be due to the advanced stage of
serpentinization in the sample studied.

Alteration 2

The map and associated spectra from the most altered section of the
Solund sample are presented in Fig. 11. The map displays three main
phases : hematite in gray, talc in purple and calcite in yellow. Hematite
is detected with its broad band at 1317 cm~! and talc with its peaks at
195 cm~! and at 677 cm™1.
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Serpentine is also present in the outer rim, but not in the specific
zone shown on the map.

The results of the semi-quantification with the micro-Raman maps
on the core of Solund gives : 65% of serpentine and 31% of calcite. For
the alteration 2, we obtain 54% of hematite, 42% of talc and 4% of

calcite.

4.2.2. SEM-EDX analyses

For the Solund sample (Fig. 12) the SEM-EDX data obtained from
the core to the altered part show a slight decreasing trend for MgO.
The SiO, content remains stable. Concerning CaO and FeO, there is a
lot of dispersion in the alteration 2 part of the sample, with one point
(over 3) being higher. Nevertheless, the CaO content seems to drop in
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(see Section 3.2).

the alteration 2. Overall, there is more dispersion for all the analyzed
elements in the alteration 2, indicating a heterogeneous mineralogy in
this part of the sample. The stoichiometric ratio of (Fe+Mg)/Si shows a
relatively constant value between both areas that is in the range 1-1.6,

consistent with the absence of olivine and the presence of serpentine.
Again, more dispersion is observed in the alteration 2, likely due to the
small grain size and local strong heterogeneity. However, in terms of
stoichiometry, it is not relevant to perform (Fe+Mg)/Si on this sample

10
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Fig. 10. Raman map and associated spectra of the core of sample Solund in the spectral range from 100 to 1400 cm™!. Color code : green = serpentine, yellow
= calcite. A/ Map in the range 100 to 1400 cm™'; 356 x 146 pm, 12 994 spectra, 2 pm X 2 pm sampling step. Note the altered texture of the rock composed
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Fig. 11. Raman map and associated spectra of the alteration 2 of sample Solund. Spectral range analyzed : 100 to 1400 cm™!. Color code : yellow = calcite,
purple = talc, gray = hematite. A/ Map in the range 100 to 1400 cm™'; 1060.8 x 538.2 pum, 84 456 spectra, 2.6 pm X 2.6 pm sampling step. B/ Spectra in the
range 100 to 1400 cm™! (no normalization, no offset) of the minerals highlighted in the map (A).

because the size of the mineralogical phases are too small, and, thus,
when looking at a 1 mm? portion of the thin section, several phases are
encountered (Figure S21 in supplementary material).

4.2.3. Remote TR Raman
Thirteen points were analyzed on Solund, two in the less altered
core, three in the alteration 1 zone and eight in the alteration 2

11

zone (Figure S25 in supplementary material). Overall, the spectra are
relatively noisy. Spectral data are presented in Fig. 13. Data from the
core show evidence of serpentine and calcite despite the low signal-
to-noise ratio of the spectra. In the alteration 1, talc, calcite and
serpentine are detected. For the alteration 2, we have acquired data
in two different areas - some in the bulk grey area, and others were
obtained specifically in the hematite-rich red area (see Figure S21 in
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the supplementary material). In the grey area of the alteration 2, talc,
calcite and serpentine are observed. In the red-part of alteration 2,
the same minerals are detected, with an additional peak at 1317 cm™!
indicating hematite.

4.2.4. VISIR

As for ROR0311, nine regions in the sample were analyzed (Figure
$25 in supplementary material) and their spectra are plotted in Fig. 14.
Spectra acquired on Solund have a low reflectance (< 0.1) and present
no obvious absorption bands (Fig. 14/a). Only the spectrum from the
hematite-rich area of the sample has a higher reflectance and clear
absorption bands, around 0.9 pm that can be attributed to hematite, and
sharp bands around 1.4 and 2.3 pm that are consistent with talc (Fig.
14/b). For reference, the typical spectra of the three main minerals in
this sample are plotted in Fig. 14/c. The absorption bands of calcite
may overlap with those of serpentine, particularly the one at 2.34 pm.
Nevertheless, serpentine can still be distinguished, as its spectrum
exhibits three characteristic absorption bands at 1.39 pm, 2.33 pm, and
2.50 pm. In contrast, calcite shows a stronger absorption feature at
2.55 pm than at 2.34 pm. By analyzing the position and intensity ratio of

12

the 2.34 pm and 2.55 pm bands, along with the presence or absence of
the 1.39 pm band, it is possible to differentiate serpentine from calcite.

4.2.5. LIBS

Twenty-one LIBS points were observed on Solund at both the IRAP
and LANL facilities. Eight are located in the core, five in the alteration
1 and eight in the alteration 2 (Figure S25 in supplementary material).
The spectra are shown in Fig. 15, with a close-up on the Mg peak in the
VIO range, where an increase in its intensity with increasing alteration
is observed.

Fig. 16 shows the peak areas of the elements of interest as a function
of the alteration of the rock. In this sample, the Mg and Si LIBS
intensities increase with the alteration. Fe LIBS signal remains overall
stable, even though large variations are observed in the alteration 2
part. H/O results tend to decrease from the core to the alteration 2,
with both setups, even though the absolute signal for H/O cannot be
compared between the setups, as explained in Section 3.2.

With the LIBS techniques, carbonates are often investigated using
their C/O signal, as described in [55] and applied in [21]. Fig. 17 shows
the values of C/O using the peak areas from both setups. This ratio is
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overall constant between the core and alteration 1. However, there is
a decrease in alteration 2 that is well observed in the IRAP setup, but
less pronounced in the data from LANL. As with the H/O ratio, only
the trends can be compared for the C/O, as explained in Section 3.2.
Fig. 18 shows the evolution of the averaged concentration retrieved
from the LIBS data of MgO, SiO,, FeO and CaO between the three areas
of the rock. The concentration of SiO, increases considerably from the
core to the alteration 2 while the one of FeO is the lowest in alteration
2. The evolution of MgO is complex, with a decrease from the core to
the alteration 1, but a content slightly higher in alteration 2 compared
to the core. CaO has a particular behavior, as its content drops nearly
to zero in alteration 2. This could be explained by the fact that in
the core and alteration 1, some calcite was observed from the Raman
observations (and as reported in [40-42]). These observations, com-
bined with that of the evolution of C/O, suggest a decreasing amount of
carbonate in the last weathered phase. Besides the Si trend, these LIBS
quantitative results do not necessarily match the observations from the
qualitative analysis. Indeed, the trend observed in Mg content is less
pronounced than the one from the Mg peak areas (as seen in Fig. 16).
The biggest difference is observed for the Fe signal. From the qualitative
observation (Fig. 16), the Fe peak area is overall stable from the core to
alteration 1, with much more dispersion in alteration 2 and a few points
clearly lower than any other. This heterogeneity in alteration 2 was
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Table 3

Summary table obtained with the three SuperCam techniques on ROR0311
samples. For LIBS results, a combination of quantitative data and peak areas
are presented. The literature section is a summary of the results presented
in [40-42]. “+” means the presence of the element/mineral. “~” means the
presence of the element/mineral, but to a lesser extent. “N/D” means that the
mineral has not been detected.

Sample ROR0311

Mineral Core Alteration 1 Alteration 2
olivine + + +
serpentine + + +
Literature chromite - - -
brucite + N/D N/D
porosity N/D N/D +
olivine ++ + -
TRR serpentine + + +
brucite + N/D N/D
VISIR serpentine - + ++
Mg ++ + -
LIBS Fe - + +
Si - - +
(Fe+Mg)/Si + + -

also noticed from the SEM-EDX analyses. However, the predicted LIBS
content for FeO drops for most of the points in alteration 2 compared
to the core and alteration 1, which is different from what is observed
from the peak areas. As explained in Section 3.2, here we are looking
at only one Fe peak, whereas the quantitative model uses all the Fe
lines from the entire spectral range. This sample also presents some
abrupt variations in mineralogical assemblages, with a clear drop in
calcite content in alteration 2 (as seen in Section 4.2.1). This drop in
calcite content could bias our Fe peak areas (and probably the Mg peak
selected as well), due to the way we normalize the spectra. Indeed,
the lower total intensity due to less Ca lines could then enhance the
signal of the remaining elements (such as Fe and Mg), compared to
their signal in the core or alteration 1, where the calcite content was
at a higher level. This should not affect the Si qualitative assessment,
as its elemental line selected is from another spectral range, where
much fewer Ca emission peaks are present, affecting much less the
normalization. Nevertheless, besides the trends, the quantitative values
are not entirely consistent with those from the SEM-EDX data and this
is discussed in Section 5.3.

Solund exhibits mineral phases that are overall smaller than the
LIBS spot size, with a fine-grained mesh texture (Figs. 10, 11). There-
fore, stoichiometric analyses cannot be performed directly, as the LIBS
point will sample a mixture of phases (see part 4.2.2). In that case, as
shown with the SEM results in part 4.2.2, the (Fe+Mg)/Si ratio should
be used with caution. Indeed, this ratio is lower in the alteration 2, not
because of the higher presence of serpentine, but because the Si content
in that area is much higher compared to that of the core and alteration
1, due to its enrichment in talc.

5. Discussion

Each technique (LIBS, VISIR, Raman, SEM-EDX and micro-raman)
used in this study has its own specificity (footprint size, sensitivity, etc.)
that needs to be discussed, in order to better compare and interpret the
results. In particular, the combination of LIBS and Raman for planetary
exploration has long been investigated as these two techniques have the
same instrumental architecture and are complementary in terms of sci-
entific input [61,62]. Results obtained with the SuperCam techniques
are compared to the litterature for discussion, for both samples (see
Tables 3 and 4)
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5.1. Performance of Raman spectroscopy

It is important to stress that remote TR Raman is quite differ-
ent compared to laboratory commercial microspectrometers like the
Renishaw InVia system used in this study. First, SuperCam Raman
performs remote analysis whereas commercial Raman systems mostly
do micro-analysis, involving a difference in footprint between the two
techniques (in the micron range for the commercial Raman systems
versus 5 mm for the TR Raman in this study). Therefore, laboratory
instruments generally probe a single mineral phase while SuperCam
will likely probe a population of minerals depending on grain size.
However, SuperCam can perform analyses from several meters away,
which results in significant operational efficiencies for the rover.

A second major difference is that nearly all commercial instruments
use continuous-wave laser excitation while SuperCam is a time-resolved
instrument using a pulsed laser synchronized with a gated detector. The
idea is that the Raman signal (lifetime ~ 10714 s) will last only during
the excitation pulse, while other signals like luminescence (lifetime
> 1079 s) will be excited by the pulse but will continue to decay after it.
Using a short(-time) gate (100 ns for SuperCam) that is synchronized
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with the laser pulse allows efficient rejection of parasitic signals like lu-
minescence or daylight entering the telescope and maximization of the
Raman signal. Compared to continuous-wave instruments, SuperCam
Raman benefits from signal intensification and filtering in the time-
domain but uses considerably less excitation, hence receives less signal
because of the non continuous excitation.

In sample ROR0311, the SuperCam-like Raman detects all the ex-
pected mineral phases detected by the micro-Raman survey, as de-
scribed by [42]. In particular, it detects brucite which is not observed
by either LIBS or VISIR and this is a key detection to help interpreting
the chemical data and their variation in SEM-EDX and LIBS data.

On Mars, up to the crater rim, SuperCam has detected olivine and
carbonates in more than 20 rocks [20,21] via the Raman technique.
In both cases, the signal was good enough to retrieve chemical infor-
mation based on peak position [20,21,31]. However no serpentine or
Mg-rich phyllosilicates has been directly identified from the Raman
spectra. This is likely due to the scarcity of these phases in the Martian
rocks analyzed so far as they were not detected by VISIR also, and/or
to their small grain size that makes them challenging to detect with
Raman. In addition, on Mars, the usual setting corresponds to 400 laser
shots per point which is considerably lower than the 200 000 to 500
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Table 4

Summary table obtained with the three SuperCam techniques on Solund
samples. For LIBS results, a combination of quantitative data and peak areas
are presented. The literature section is a summary of the results presented
in [40-42]. “4” means the presence of the element/mineral. “~” means the
presence of the element/mineral, but to a lesser extent. “N/D” means that the
mineral has not been detected.

Sample Solund

Mineral Core Alteration 1 Alteration 2
olivine + N/D N/D
serpentine + + N/D
chromite + N/D N/D
quartz + N/D +
Literature dolomite + N/D N/D
magnesite + N/D N/D
magnetite + N/D N/D
calcite N/D + +
talc N/D + +
hematite N/D N/D +
serpentine + ++ ++
calcite N/D + +
TRR talc N/D ++ +++
hematite N/D N/D +
serpentine N/D N/D +
VISIR hematite N/D N/D ++
talc N/D N/D ++
Mg - + ++
Fe + + -
LIBS Si - + ++
Ca + ++ -
(Fe+Mg)/Si ++ + -

000 shots used for the SuperCam-like instrument in the laboratory. This
significant difference in the number of shots can explain the easier and
better detection of alteration phases like serpentines or phyllosilicates
in the laboratory. Indeed, when using 400 shots in the laboratory on
RORO0311, no olivine was detected while the rock is composed of 50 to
60% of this mineral, with a grain size of a few hundred microns. On the
other hand, SuperCam Raman on Mars in the Séitah unit was able to
detect olivine even with only 400 shots [20]. This is probably due to the
cumulate texture of these rocks composed dominantly by millimetric
grains of olivine, allowing the analytical footprint to observe only this
single mineral phase.

Laboratory and SuperCam-like Raman data from ROR0311 yield a
Fo# of about 92 for the two instruments. This value is in excellent
agreement with the Fo# 91-92 obtained by [41] based on electron
microprobe data. A same approach was applied to the Martian data
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by [20] yielding Fo# in good agreement with LIBS chemical data. A
similar approach was recently applied for the carbonates in the margin
units and the Fe-Mg composition of carbonates estimated from the
position of the nul peak is in agreement with the estimation based on
LIBS data [31].

5.2. Performance of VISIR spectroscopy

VISIR spectra of ROR0311 do not exhibit the expected detections.
Indeed, olivine, which comprises a significant fraction of the sample at
approximately 60% in the core and 35%-40% in the alteration 2 zone,
is not observed via the infrared instrument (Fig. 6). This is somewhat
surprising since olivine is easily detected on Mars with the SuperCam
infrared instrument either in bedrocks or in regolith [20,27]. The
question raised is then, why is the primary and dominant mineralogical
phase not observed with the VISIR in the laboratory?

The analyzed surfaces are saw cut, and the presence of coatings or
rinds [63,64] can be excluded as a mechanism to explain the blue slope
and lack of absorption band in the spectra of the rocks. The presence
of a bluer slope for measurement obtained on rocks than that on
powder has been observed in several studies [65-67], without a well-
accepted explanation at the moment. This increase in reflected light at
lower wavelength should not be related to the refractive index, that
is relatively constant for silicate in this spectral range. The increased
reflectivity at lower wavelength could rather be due to the presence
of wavelength scale roughness, leading to enhanced scattering of the
lower wavelength. While [67] found that reflectance spectra of rocks
have weaker absorption bands than related powders, they did not show
such a disappearance of absorption bands. On the other hand, a similar
behavior was observed by [65], in the case of rocks with reflectance
< 0.1, as is the case of ROR0311. This effect was explained by a “weak
surface scattering” regime, for which the reflected light is dominated
by the first reflection on the slab surface (almost all photons that enter
the rock are absorbed by opaques). Given the low reflectance measured,
we propose that we are in a similar regime for ROR0311. Moreover,
the olivine in this sample has a Fo# of 92, which means it is mostly
Mg-rich and low in Fe content. As the slope between 1.5-1.8 pm (used
to detect olivine) is mostly related to Fe?*, this could explain why
the olivine on the ROR0311 sample has not been detected with VISIR.
Interestingly however, although olivine is not detected, the signatures
of phyllosilicates are weak but visible (Fig. 6). Having accurate optical
constant of serpentine may help understand if this is due to grain-size,
intrinsic strength of the olivine and -OH bands, or a combination of the
two.

5.3. Performance of LIBS

In contrast to Raman and VISIR spectroscopy, LIBS yields elemental
rather than direct mineralogical information. As a result, mineralogical
interpretation relies on indirect approaches such as stoichiometric cal-
culation [19,20] or analysis of elemental correlations in sequential laser
shots, as demonstrated in ChemCam studies on Mars (e.g., [68-70]).
Distinguishing between different mineralogical phases is therefore facil-
itated if their compositions are really distinct, but is more challenging
when the different phases are made of the same elements, as in the case
with olivine and serpentine.

With its small analytical footprint compared to SuperCam Raman
and VISIR, the LIBS technique can however detect small (< 300 pm) or
minor phases. In this study, in the Solund sample, the change in calcite
content was detected via the decrease in CaO content in alteration 2
compared to that of the core, both in LIBS and SEM-EDX data, even
though a strong heterogeneity was observed. The C/O ratio of this
target also showed a decreasing trend between the alteration 1 and 2.
These two elements (Ca and C) are not part of the structural composi-
tion of olivine or serpentine and this observation is an important clue
about the presence of calcite in the sample.
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Fig. 18. Evolution of MgO, SiO,, FeO, CaO and Fe+Mg/Si in Solund in the three zones of alteration obtained from the LIBS quantification. Each point corresponds

to one point analysis (see Section 3.2).

On the other hand, a stoichiometric approach can help deciphering
between olivine and serpentine mineralogies by using the (Fe+Mg)/Si
ratio, taking into account the different textures or grain sizes of the
samples. Besides the stoichiometric approach, the H signal could be a
good proxy to detect the presence (or variation in content) of secondary
hydrated material. One could expect to see an increase of H from
the less altered core to the most weathered alteration 2. However, in
RORO0311, brucite is present in the core, and replaced by porosity in the
alteration 2 zone, which may explain the nearly constant H signal along
the transect (from core to alteration 2). Moreover, on natural samples,
the H signal in LIBS spectra can be biased by a roughness effect, that
tends to enhance the H peak intensity when the LIBS footprint falls
into a groove or a small hole in the target [71]. This roughness effect
is usually compensated when comparing similar rock types and textures
to each other’s, or also when using many data points to identify a main
trend.

Some differences between the LIBS predictions and SEM-EDX results
are observed (especially for the Solund sample), and can be explained
by two considerations. First, the footprints considered for chemical
quantification are different, much smaller for LIBS compared to that
of the SEM-EDX (see Section 3.4 for details). Therefore, the SEM-
EDX technique incorporates many more grains and therefore includes
assemblages of several mineral phases in its analysis, whereas the LIBS
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will tend to observe less mixture, and even probably sometimes will
probe single grains of a given phase. Second, the sample itself was
different for the LIBS and SEM-EDX analyses: rock sample for LIBS, and
thin section for SEM. The thin sections are made from the counterpart
of the sample, so should be relatively similar to it, but there is not a
perfect match. However, the samples are somewhat heterogeneous with
a spatial zonation-like structure of the alteration, especially the Solund
sample (see Section 4.2.1).

Besides the differences related to the intrinsic heterogeneity of the
samples, some differences are related to biases for each technique.
This is probably the case for the SiO, content in ROR0311, that is
higher from the LIBS quantification compared to that from the SEM
in the core (~ 44 vs 35 wt%, resp.). This can be explained by the
fact that the quantification from LIBS tends to overpredict the SiO,
content in olivine-rich samples on Mars, as shown in [20,49]. The
SiO, content is also higher from the LIBS data (compared to that of
the SEM-EDX) in the alteration 2 of Solund (~ 60 vs 37 wt%, resp.).
Nevertheless, we can also observe in Fig. 12 that in the alteration
2 of Solund, SiO, SEM-EDX data are much more variable (Fig. 18).
There is no known bias for the SiO, predictions from LIBS on talc
and serpentine. This high SiO, content from LIBS would suggest that
the LIBS footprint mainly sampled some talc compared to the SEM-
EDX. This hypothesis is supported by the micro-Raman map performed
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on the thin section used for the SEM-EDX analyses (Fig. 11), where
hematite is the dominant phase. Therefore, the SEM-EDX analyses
might represent an area mainly composed of hematite (mixed with
some talc). This would explain the higher dispersion observed for all the
elements in alteration 2 of Solund, along with the differences between
the SEM-EDX and LIBS data in this sample.

Whether using the LIBS quantification or the LIBS spectra, olivine
and serpentine can hardly be distinguished as mentioned above. This
is where the synergy between all the SuperCam techniques becomes
essential.

5.4. Benefit of the synergy between the techniques

The three SuperCam techniques are not based on the same physical
signal: while Raman and infrared spectroscopy are vibrational spec-
troscopy techniques, LIBS is an atomic emission spectroscopy. In this
way, they complement each other and allow a variety of information
to be compared in order to draw conclusions.

Comparing directly the results obtained with the three SuperCam-
like techniques is challenging, first because their analytical footprints
are different : 5 to 8 mm for VISIR, about 5 mm for Raman (in
laboratory) and 0.45 mm for LIBS (for a target at equal distance of
7 m) [14]. Similar differences in the size of the analytical footprints
are valid for SuperCam on Mars. The smaller LIBS footprint allows it to
be less biased by mixtures, whereas the infrared and Raman techniques
have more possibilities to analyze a combination of phases, making
the interpretations highly dependent on the grain size of the analyzed
target.

LIBS data help interpret the Raman data via the chemical quantifi-
cation (it gives the information about which cation is present in the
mineral structure [72]). However, the LIBS technique itself can hardly
distinguish minerals with an overall similar elemental composition
(olivine and serpentine for instance), as those are often mixed together
at the micrometric scale.

VISIR observations, when combined with Raman analyses, confirm
the presence of serpentine and its increasing abundance in the most
altered part of the sample ROR0311. Nevertheless, VISIR data obtained
for this specific study did not detect olivine (even though on Mars
olivine is easily detected by this technique [17,20,27]). Without consid-
ering the Raman results, the detection of brucite becomes impossible,
and thus the understanding of the LIBS quantification results is more
difficult (in particular the H/O trend). The only indicator of brucite in
the LIBS quantification was the decrease of magnesium between the
core and the alteration 1, which could be explained by the dissolution
of brucite and its replacement by porosity. On the other hand, Raman,
unlike LIBS, cannot detect small changes in mineral quantification.

In the Solund sample, carbonates (calcite) were identified by Ra-
man, and calcium was detected with LIBS. To understand the possible
link between the observation of the two techniques, the LIBS C/O ratio
was analyzed and gave the results shown in Fig. 17. The decreasing
trend observed from the core to the alteration 2 could mean that the
calcite content was decreasing.

The two analyzed samples, whilst they were altered through simi-
lar processes, show differences in terms of mineralogical assemblage.
Taking into account the results for both samples, we observe that
in one case olivine coexists with serpentine, whereas in the second
case, only serpentine and other alteration phases are detected. The
mineral phases, being dependent on the degree of alteration, can be
very different from one protolith rock to another, even if these rocks
are originally similar and have undergone the same types of alteration.
Thus, differentiating olivine from alteration phases such as serpentine,
brucite and calcite would be possible using Raman, with their distinct
signature, whereas it would be much more challenging with only the
LIBS technique to have one criteria that would work for all mafic
rocks. On the other hand, thanks to the synergy between the different
techniques of SuperCam, we have shown that it is possible to detect
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and distinguish the different major and secondary phases of these two
samples, and therefore highlight their differences in alteration stage.

A future work would be to investigate the use of data fusion between
the LIBS, Raman and VISIR techniques for such kind of dataset. Indeed,
several studies have already shown the advantages of such approach in
planetary sciences (at least between the LIBS and Raman techniques),
either at low-level (combination of spectra at the data level [73,74])
or by selecting specific variables per data type prior to concatenate
the datasets [75]. However, these tests are usually performed using
linear mixtures of specific compositions that are relatively easy to
distinguish, and whereas it could be more difficult on these complex
natural samples.

6. Perspectives

In the next decades, the planned landed missions to Mars already
include Raman and Infrared with the ESA/ExoMars Rosalind Franklin
rover. The Raman Laser Spectrometer (RLS - [76]) and MicrOmega IR
imager [67,77] are accommodated inside the rover and will analyze
powdered samples collected by the rover arm/drill. This mode of opera-
tion is different from SuperCam where VISIR and Raman are performed
in remote sensing following a reconnaissance approach, with fields
of view significantly larger than what will be achieved by ExoMars.
The higher spatial resolution (about 20 pm for MicrOmega and 50 pm
for RLS) should enable a better spatial unmixing of constituents, an
improved understanding of vibrational signatures and a better control
for the localization and grain size of the mineralogy (and organics
if present) compared to SuperCam. Concerning the rock types we
investigated, this spatial resolution would have likely enabled us to
separate the individual contributions of the various phases present
which have grain sizes typically above 20 pm. This is typically the case
for MicrOmega, as described in [67]. However, since both techniques
(Raman and VISIR) can yield non-linear response when mixtures are
present, and since some phases are not, or are only weakly IR or Raman
active (ex: sulfides, opaques, glasses), the presence of LIBS would help
build a more quantitative picture of the sample, and assess the presence
of some trace elements to which IR and Raman are insensitive. In the
framework of a small rover platform or helicopter-based exploration of
Mars, a micro-LIBS instrument is currently being developed [78] with
intended spatial resolution of 50 pm, and the capability to perform scans
of 30 x 30 points, on a 5 x 5 mm area. This spatial resolution may
help extract the mineralogical endmembers, which was not possible in
our work based on current LIBS instrumentation on Mars. However,
to do so, a very accurate calibration of elemental abundances may be
needed to look at the alteration of ultramafic rock since for instance
(Fe+Mg)/Si ratio are very close between olivine and serpentine. Alter-
natively, if the H abundance shows clear grain boundaries, that could
also aid in distinguishing between olivine and secondary phases.
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