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ARTICLE INFO ABSTRACT

Keywords: Onboard NASA's Curiosity rover, the ChemCam LIBS instrument has provided a wealth of information on the

M?rs chemistry of rocks within Gale crater. Here, we use ChemCam in order to search for carbonates among the >3500

Mineralogy individual targets analyzed by this instrument. Because the carbon-lines are a combination of signal from the

Carbonates COy-rich atmosphere and possible carbon from the targets, we developed a laboratory-based univariate cali-

Atmosphere . . . . . .
bration obtained under Mars-like atmosphere. We measured different type of carbon-bearing samples (sediments,
coals, carbonates) and their mixture with a basaltic powder. Based on this work, the preferred approach to
qualitatively assess carbon under a CO»-rich atmosphere is to use a ratio to an oxygen line (777 nm) and the
estimated limit of detection for carbon in a single LIBS point are found to be of 4.5 wt% and 6.9 wt% for reduced
and organic carbon, respectively. Considering carbonate, this LOD correspond to about 50 wt% carbonate in the
analyzed volume.

Analysis of data obtained on Mars by ChemCam up to sol 3350 reveals the presence of a correlation between
the intensity of carbon and oxygen lines, as observed in the laboratory, confirming that most carbon signal is
related to ionization of the atmosphere. Some variability in the carbon signal appears related to the physical state
of the atmosphere (density, temperature).

Based on a combined analysis of carbon lines and major element compositions (Ca, Fe, Mg), there was no
detection of carbonate in the ChemCam dataset up to sol 3355. Therefore, we conclude that carbonate was not
present as a major constituent (>50%) in the ChemCam LIBS targets, and that soils are not enriched in carbon
beyond the limit of detection. The dominant salts present are sulfate, chlorides, and the lack of carbonates in
Gale, while observed in Jezero, may at least partly be related to a difference in protolith.

1. Introduction present-day climate. The Martian atmosphere also contains carbon in
the form of CHy4, a molecule that was detected by Earth-based telescopes,

The nature and mass of Mars' carbon reservoirs remain to be pre- from orbit and by in situ observations (Formisano et al., 2004; Mumma
cisely assessed. Carbon dioxide is the dominant constituent of Mars' et al., 2009; Giuranna et al., 2019; Webster et al., 2015, 2018, 2021),
atmosphere and its seasonal condensation as CO3 ice is a major driver of though more recent observation may challenge this detection (Korablev

* Corresponding author at: Univ. Grenoble Alpes, IPAG, F-38000 Grenoble, France.
E-mail address: pierre.beck@univ-grenoble-alpes.fr (P. Beck).

https://doi.org/10.1016/j.icarus.2023.115840
Received 9 June 2023; Received in revised form 11 October 2023; Accepted 12 October 2023

Available online 17 October 2023
0019-1035/© 2023 Published by Elsevier Inc.


mailto:pierre.beck@univ-grenoble-alpes.fr
www.sciencedirect.com/science/journal/00191035
https://www.elsevier.com/locate/icarus
https://doi.org/10.1016/j.icarus.2023.115840
https://doi.org/10.1016/j.icarus.2023.115840
https://doi.org/10.1016/j.icarus.2023.115840
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2023.115840&domain=pdf

P. Beck et al.

etal., 2019). Beside these volatile species of carbon, refractory carbon in
the form of carbonate minerals has been identified on Mars' surface,
based on diagnostic absorptions in the near- and shortwave-infrared
spectral ranges (Ehlmann et al., 2008). These carbonates are encoun-
tered within ancient crustal outcrops and are generally geographically
associated with phyllosilicates (Ehlmann et al., 2011; Bultel et al.,
2015). Based on the position of the spectral features around 2.3 and 2.5
pm, the composition of these carbonates is expected to be Mg- and/or Fe-
rich.

Carbonates were also detected in Martian outcrops by in-situ mis-
sions. While carbon abundance was constrained <0.3 wt% in Ares Vallis
by Pathfinder APXS (Foley et al., 2003), Fe—Mg carbonates were
observed by the Spirit rover at the Columbia Hills of Gusev crater, by a
combination of Mossbauer and thermal emission spectroscopy (Morris
et al., 2010). Constraints on structural carbonate in Mars soil were
provided also by in-situ data from the Curiosity rover as part of NASA's
Mars Science Laboratory (MSL) mission which landed in Gale crater in
2012 . While CheMin did not report any observable carbonate, neither in
the soil (Blake et al., 2013) nor in the lake sediments within its detection
limit of ~1% (Rampe et al., 2020), evidence for both organic as well as
inorganic carbon was provided by the SAM instrument. Although in
trace amounts, a variety of organic compounds have been detected
within fine-grained mudstones by the Evolved Gas Analyzer (EGA) and
Gas Chromatography- Mass Spectrometer of the SAM instrument
(Sample Analysis at Mars) (Freyssinet et al., 2015, Szopa et al., 2020;
Stern et al., 2022; Eigenbrode et al., 2018). Later on, the amount of
organic carbon in one of these rocks (mudstone ‘Cumberland’, Yellow-
knife Bay, near the landing site) was estimated by the SAM combustion
experiment to be of the order of 300 ppm (Stern et al., 2022). In addi-
tion, the analysis of soils and bedrock with SAM EGA revealed CO»
release in a broad temperature range (300-550 °C) which may, at least
in parts, come from (oxidized) organic material. A possible explanation
for the high-temperature CO release (above 550 °C) is the decrepitation
of Mg or Fe-bearing carbonates (Leshin et al., 2013; Sutter et al., 2017).
Small amounts of carbonates (up to 3 wt%) were only observed recently
by the CheMin instrument based on X-ray diffraction (Thorpe et al.,
2022). At the same time, Fe- Mg- bearing carbonates were also identified
in-situ by the Perseverance rover in bedrock targets in Jezero crater
(Seitah area) using different onboard instruments and techniques (Far-
ley et al., 2022; Wiens et al., 2022; Clave et al., 2023). These predictions
are confirmed from orbital near-infrared observations of this site (Ehl-
mann et al., 2008; Horgan et al., 2020).

Aboard Curiosity, the ChemCam instrument using the LIBS (laser-
induced breakdown spectroscopy) technique has shown great utility in
assessing the chemistry of rocks and soils remotely in the close vicinity
of the rover (Maurice et al., 2016; Wiens et al., 2015). For LIBS, a laser
pulse is focused onto the surface of a sample, where a small plasma is
created from the sample material. The light of the plasma is then
analyzed and provides information about the elemental composition of
the sample. One of the strengths of ChemCam resides in its high spatial
resolution (< 1 mm, Maurice et al., 2016), its fast analysis capability at
distance of a few meters from the rover and the large number of indi-
vidual analyses (>935,000 laser shots on >3500 different targets at the
time of writing), which allows to fill gaps in between the drill sites. So
far, emission lines of 24 elements have been detected on Mars, with
important implications for the geochemistry of rocks encountered at
Gale crater (see for example Mangold et al., 2019; Rapin et al., 2019;
Dehouck et al., 2022). Regarding the dominant constituents of life,
hydrogen, oxygen, fluorine, phosphorous and sulfur have all been
identified by ChemCam in Gale crater rocks, while carbon, nitrogen, and
sulfur have been found as part of molecular/mineral fragments in these
rocks by SAM (Freissinet et al., 2015; Stern et al., 2015, 2017, 2018;
Eigenbrode et al., 2018).

In this paper we focus on the detectability and search for carbon with
ChemCam LIBS. Carbon emission is seen in all Martian LIBS data due to
the contribution from the COj-dominated atmosphere in the laser-
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induced plasma. In an earlier work, the detectability of carbon and ni-
trogen with LIBS under martian conditions was investigated, with a
focus on organic compounds (Dequaire et al., 2017). Carbonates were
also studied with LIBS in Anderson et al. (2017a) as part of a more
general study on salts. We expand the laboratory dataset with macro-
molecular organic carbon, and further investigate the detectability of
inorganic carbon in the form of carbonates. Then, an exploration of the
extensive ChemCam dataset up to sol 3355 is described and discussed,
searching for possible carbon signatures beyond the usual ChemCam
carbon signature that stems from atmospheric COs.

2. Laboratory measurements of carbon with LIBS: Samples and
methodology

The major challenge for carbon detection with LIBS under Martian
conditions is the presence of the CO, -dominated atmosphere which
contaminates the laser-induced plasma with atmospheric carbon atoms
(Ollila et al., 2011, 2013; Anderson et al., 2017a; Dequaire et al., 2017;
Schroder et al., 2019). When performing LIBS on solid targets, the
produced plasma is composed of elements from the target, but the
breakdown of the atmospheric constituents also contributes to the
measured signature. The carbon and oxygen emission lines that are
measured in LIBS data are thus a combination of signal from the target
(if O and/or C bearing) and from the atmosphere. This leads to a carbon
signal that is systematically detected in spectra acquired under Martian
conditions (Gasnault et al., 2015a, 2015b), while most Martian targets
analyzed likely contain carbon below ChemCam's detection limit. We
aim here to assess the detectability of carbon and the contribution of
atmospheric carbon (and its variability) in ChemCam-like LIBS and
therefore studied a combination of C-bearing targets together with a
suite of C-free samples in a laboratory approach.

2.1. Samples

2.1.1. Carbon-free end-members

The carbon-free samples we analyze include anhydrous silicates and
rocks: a Réunion island basalt, a dunite, and a peridotite from the French
Massif Central. In addition, a suite of hydrated or hydroxylated minerals
were studied: a synthetic goethite (Beck et al., 2011), a serpentinite from
the Chenailler Massif, an obsidian glass, and last, two different types of
sulfates (kieserite and schwertmannite). Samples were prepared as raw
flat surfaces with the exception of the goethite and sulfates that were
prepared as pressed pellets from ground powder (typical grain size
<150 pm). This suite of samples was defined as being to some extent
representative of some of the mineralogical diversity encountered on
Mars, and the list is presented in Table 1.

2.1.2. Carbon-bearing end-members

Two types of carbon-bearing endmembers were used in this study:
organic and inorganic. In the case of organic carbon, samples from the
Penn State coal sample bank were used, which have the advantage of
originating from a large batch of homogenized samples, and to have
been widely analyzed for their elemental chemistry. We selected coal as
an organic carbon endmember because it is relatively easy to handle,
and since it has been used in the past as a structural analogue of extra-
terrestrial abiotic compounds encountered in meteorites (Quirico et al.,
2016). The structure and chemistry of coal is a function of the type of
precursor (i.e. which kerogen), as well as of the thermal history of the
sample, which leads to chemical and structural modifications, a process
called maturation. Because coal samples can have very different ab-
sorption properties at 1067 nm (Quirico et al., 2016), i.e. at the wave-
length of the ChemCam laser, several samples were chosen in order to
span a range of maturities (where maturation is a structural modifica-
tion induced by burial during geological processes), and therefore a
range of absorption coefficients at 1067 nm. Being natural samples,
these coals can contain some mineral impurities (quartz or clay
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Table 1
List of samples used in this work.

Sample Locality Provider Preparation

Salts NacCl unkn. Grenoble Museum Pellet
Dolomite Alps P. Beck collection Raw and pellet
Calcite Alps P. Beck collection Raw and pellet
Siderite Alps Grenoble Museum Raw
Gypse unkn. P. Beck collection Raw
Mg-sulfate (heptahydrate) Synthetic Commercial Pellet
Schwermannite Spain A. Fernandez-Martinez Pellet

Coal PSOC 1532 Penn State Coal Sample Bank Pellet
PSOC 1521 Penn State Coal Sample Bank Pellet
PSOC 1552 Penn State Coal Sample Bank Pellet
PSOC 1539 Penn State Coal Sample Bank Pellet
PSOC 1516 Penn State Coal Sample Bank Pellet
PSOC 1540 Penn State Coal Sample Bank Pellet
DECS 9 Dietz Penn State Coal Sample Bank Pellet

Natural rocks JSC-Mars 1 Hawaii Johnson Space Center Pellet
Serpentinite E. Lewin collection Raw
Peridotite E. Lewin collection Raw
Basalte Reunion Island P. Beck collection Pellet
C-rich Schist Laffrey lake P. Beck collection Pellet
Obsidian Lipari P. Beck collection Pellet
Sediment 7006 Alps, La Grave S. Schwartz Pellet
Sediment 7007 Alps, Lac du Chambon S. Schwartz Pellet
Sediment 7008 Alps, Verdache S. Schwartz Pellet
Sediment 7010 Alps, Digne S. Schwartz Pellet
Sediment 7012 Alps, Muzelle S. Schwartz Pellet
Sediment 7013 Alps, Embrun S. Schwartz Pellet
Sediment 7014 Alps, La Salce S. Schwartz Pellet
Sediment 7022 Alps, Calibier Path S. Schwartz Pellet
Sediment 7025 Alps, Replatte du Gondran S. Schwartz Pellet

Mineral
Monazite E. Lewin collection Raw

minerals) whose signature could be present in the LIBS signal.

The inorganic carbon bearing samples that were studied are anhy-
drous carbonates. Samples of natural (alpine) calcite, dolomite and
siderite were used, from a local Museum in Grenoble. The selection of
these three carbonates offers the possibility to investigate the behavior
of carbon lines for three different chemical matrices (Ca, Ca + Mg, Fe)
and therefore assess possible “matrix effects” on carbonate detection. In
order to assess the effect of grain size on the detectability, samples of
carbonates were sieved to different size fractions (<25 pm, 25-50 pm,
50-100 pm, 100-200 pm), and pressed as pellets. By preparing such
samples, we can investigate how the volume density of light scattering
events (grain-grain and grain-void interfaces) can impact the LIBS laser
coupling and the detectability of carbon. Note that the size of the laser
spot diameter of the ChemCam reference instrument at the Institut de
Recherche en Astrophysique et Planétologie (IRAP) is close to 500 pm,
and that for coarser grains sizes only a single or very few grains are
analyzed.

2.1.3. Natural carbon-bearing samples

In order to assess the detectability of carbon in the case of natural
mixtures of carbon-free and carbon-bearing materials, a series of
terrestrial rocks was analyzed. These samples originate from the French
Alps and were collected by S. Schwartz and P. Beck. This suite of samples
first includes a carboniferous micaschist that was sampled in the vicinity
of Laffrey lake, close to the anthracite mine of La Mure. The rest of these
terrestrial rocks are sediments from the paleo-margin that were sub-
ducted to different depths during disappearance of the Thetys ocean
(Schwartz, 2000, PhD). In order to determine the total organic carbon
(TOC) and the mineral carbon (MinC) contents of these rocks, aliquots of
these samples were analyzed using the Rock Eval 6 pyrolysis procedure
(Behar et al., 2001) at the Institut Frangais du Pétrole et des Energies
Nouvelles (Paris, France).

2.1.4. Carbonaceous chondrite

A carbonaceous chondrite of the CM family was analyzed (ALH
84044) as a pure sample and mixed with basaltic material. This sample
was selected since carbonaceous chondrites may be seen as analogues to
exogenous dust and meteorites falling on Mars, and have the advantage
of being available in sufficient abundance to be analyzed by LIBS (unlike
Interplanetary Dust Particles). The chosen sample is a CM chondrite
(ALH 84044), whose mineralogy is dominated by Mg and Fe-rich ser-
pentines, together with sulfides. The sample contains a few weight
percent of carbon in the form of organic matter and to a lesser extent in
the form of carbonates (Alexander et al., 2012). So far metallic and
chondritic meteorites have been found in Gale crater (Lasue et al., 2019,
2020; Meslin et al., 2019), but carbonaceous chondrites remain
undetected.

2.1.5. Mixtures

Further mixtures of carbon-free and carbon bearing samples were
prepared by mixing different materials as grounded powders and
pressing them into pellets. To this purpose, a large amount of basalt
(200 g) was ground and sieved to grain sizes below 100 pm. This large
amount was extensively stirred in order to ensure homogeneity of the
powder. Then, aliquots of this powder were used and mixed with
different carbon-bearing samples. Two types of coal were selected for
the mixtures, representing extremes in terms of maturity of the coal
(PSOC 1532, less mature, and PSOC 1521, most mature). These two
samples were chosen based on earlier work on the IR properties of coals
(Quirico et al., 2016; Phan et al., 2021). Two types of carbonates, calcite
and dolomite, were additionally used for mixing with the basalt powder.

In addition to mixtures with basalt, a suite of samples was prepared
in which carbon-rich materials were mixed with a Martian regolith
simulant (JSC Mars-1, Allen et al., 1998, Moroz et al., 2009). These
experiments were intended to assess the impact of possible soil
“contamination” on the detectability of carbon, but also the detectability
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of a carbon-bearing phase if mixed with martian soils.

As will be discussed in the following, the approach to detect carbon is
to use the carbon and oxygen line areas and the C/O line area ratio. An
oxygen-free sample was therefore studied (NaCl), as well as its mixtures
with basalt.

For all mixture studies, mass fractions were prepared with 1, 2, 5, 10
and 25 wt% of carbon-bearing sample that were mixed respectively with
99, 98, 95, 90 and 75 wt% of basalt. Samples were prepared as pressed
pellets. For each sample we typically analyzed three locations, to assess
the repeatability of the measurement and the possible spatial hetero-
geneity of the samples.

2.2. IRAP's ChemCam twin instrument

The ChemCam Mast Unit Engineering Qualification model (MU
EQM) combined with the Body Unit engineering model (BU EM) is the
replica used in the laboratory at IRAP for calibration purposes (see Rapin
et al., 2017). The MU EQM is operated in a climate chamber at —10 °C
through a window similar to the Remote Warm Electronic Box (RWEB)
setup on Mars. The instrument laser beam and line of sight are directed
vertically onto a sample tray placed in a vacuum chamber using an
adjustable mirror. It can be filled with a Martian gas simulant to create a
plasma in conditions similar to those found at the surface of Mars. The
typical distance to the targets in the laboratory is 1.6 m, similar to the
distance to the calibration targets on the rover but shorter than a typical
distance to a target on Mars (from ~2.2 to ~5 m). Due to the presence of
additional optics (folding mirror and Martian chamber entrance win-
dow), and due to differences in laser performance, the energy on target
achieved in the laboratory (~10 mJ) is slightly lower than usually used
on Mars (~14 mJ, Maurice et al., 2016), which compensates for the
shorter distance to the target in laboratory measurements (Rapin, 2016).
The pulse duration is 6 ns and the beam waist is ~500 pm (assuming a
Gaussian profile).
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All measurements were performed under a simulated Martian at-
mosphere (by using a pre-mixed gas simulant containing Mars-like
proportions of CO,, Ar and N») at a pressure of 8 mbar, in order to
reproduce typical atmospheric conditions occurring on the Martian
surface. Each sample was analyzed at usually three locations, and 30
spectra (resulting from 30 laser shots) were acquired, and averaged, for
each location.

2.3. Data processing and methodology

2.3.1. Line selection

In Fig. 1, the spectra of several of our mineral endmembers are
shown, including carbon-rich (coal, carbonate) and carbon-free samples.
In this figure, we focus on the Visible and Infrared (VISIR) part of the
spectra that was selected for investigations of the carbon signatures.
While ChemCam measures the plasma emission across three wavelength
ranges corresponding to three different spectrometers (UV, VIS and
VISIR), the reasoning behind focusing on the VISIR part is that the
carbon signal was normalized to the strong oxygen line at 777 nm as a
probe of the excitation of the Martian atmosphere. Therefore, we
focused on carbon-lines present in the same spectrometer as the oxygen
777 nm emission feature which actually is a triplet that is not resolved in
ChemCam LIBS data. In Fig. 1 we can observe that the chemical elements
detected for the various mineral endmembers when analyzed with LIBS
are within expectation (Ca for calcite, Mg and Ca for dolomite, Si, Na, K,
Ca, Mg for the basalt). For all samples, emission lines related to carbon
are clearly visible. They include emission at around 658 nm partially
superimposed by hydrogen emission, 678 nm and 723 nm, and a broad
signature around 490-515 nm that is attributed to molecular carbon
emission (Swan bands, King, 1948, Fig. 1). The attribution of these lines
to carbon can be further confirmed by the experiments performed on the
mixtures. In Fig. 2, we can observe their progressive increase in intensity
as the amount of coal increases in the mixture with basalt.

Si

Mg

Swan bands ‘M

N

Intensity (0777 Norm & offset)

Ca Ca

Basalt

CM chondrite

PSOC 1532

PSOC 1521

Calcite

III[\\\\‘IIII|I!!\‘\\\I|IIII[\\\\}\III|

500 600

700 800 900
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Fig. 1. LIBS spectra across the VISIR spectrometer for different pure end-members used in this study. Emission of selected elements are annotated.
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Fig. 2. LIBS data of the basalt-coal mixtures normalized to oxygen emission at 777 nm. The top panel shows the full VISIR spectra, while the bottom panels are
focused on carbon-related emissions. In the bottom left panels shows carbon swan bands for the 25 wt% coal bearing mixture. The region around 656 nm corresponds
to the superposition of two ionic carbon emission lines which are not resolved in ChemCam LIBS data at approximately 658 nm and the hydrogen emission at 656 nm.

After this first observation step, the two most intense carbon features
at 678.6 nm (2 x CII unresolved) and 723.5 nm (CII and CII) were
initially investigated and the C678.6 line was selected because it was
showing the best detection capability for C (see section 3.4). These two
lines were also selected in Anderson et al. (2017a). While the line at
247.9 nm (CI) should be virtually more reliable (since neutral and less
sensitive to irradiance), it was not selected given its generally low in-
tensity and the weak correlation of this line intensity with the carbon
content of the target possibly due to interferences with iron lines
(Schroder et al., 2019). Also, the line at 658 was not analyzed given its
proximity to a hydrogen line making its analysis less straightforward. In
Fig. 2, the carbon and oxygen peaks used in this study are emphasized.

2.3.2. Combining carbon and oxygen signal to detect carbon

The presence of the CO5 rich atmosphere makes carbon detection
particularly challenging on Mars, since the carbon signal is a combina-
tion of carbon from the atmosphere and carbon from the target. Our
approach here is to combine LIBS information from both carbon and
oxygen. On Mars, the oxygen signal is also a combination of atmospheric
and target signal. Indeed, all LIBS spectra obtained on Mars show carbon
emission lines and spectra obtained on the oxygen-free Ti target present
a strong oxygen signature.

One useful aspect is that dominant minerals encountered on the

Martian surface show a relatively narrow variation of oxygen abun-
dance. The fraction of oxygen among major silicates (NaAlSi3Og,
MgSiO3, Mg,Si0y4, SiO3) is between 44 wt% to 52 wt%, and this value is
similar to that for carbonates (between 41 and 57 wt% for Ca, Fe, Mg
carbonate). If we consider bassanite or gypsum (sulfates detected on
Mars) the oxygen fraction are 50 wt%. and 56.5 wt% respectively.
Therefore, when silicates are analyzed for example, the carbon signal is
purely atmospheric while the oxygen signal is the sum of atmospheric
signal and target signal. For a similar ablation efficiency and for a
stoichiometric ablation, when a carbonate is analyzed the oxygen signal
should be of similar magnitude compared to a silicate, while the carbon
signal should be higher.

In order to investigate the oxygen signal, the triplet at 777.6 nm was
chosen because of the high intensity of this peak and earlier laboratory
work (Schroder et al., 2019). Note that the spectral resolution of
ChemCam does not resolve the structure of the 777.6 nm oxygen triplet
lines (O(I) at 777.41 & 777.63 & 777.75 nm), which is only observed as
a single wide line. Similarly, the carbon feature observed at 723.5 nm is
in fact a doublet (723.33 and 723.84 nm), which is not resolved.

2.3.3. Line fitting
The selected lines were fitted using pseudo-Voigt functions with the
mpfit package available with the IDL software. For each peak, a set of
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guess parameters is calculated from the spectrum and used as an input
for an efficient fitting. A linear baseline was also adjusted for each peak
by using reference points outside of the emission. The typical spectral
range where the fit is performed is 4 nm. The quality of the fit was
visually inspected for all laboratory spectra. The quality of the fitting
process was also verified by calculating fit residuals, and by verifying
that the modeled line positions and line widths were correct. Because the
oxygen triplet at 777 nm and the C doublet at 723 nm cannot be resolved
with ChemCam spectral resolution, these bands were fitted with a single
peak.

3. Laboratory measurements: Results
3.1. Carbonaceous chondrites

In Fig. 3, we present the spectra obtained from measuring the mix-
tures of a basalt and the CM-chondrite, as well as the LIBS spectra of a
pure CM chondrite normalized by the triplet oxygen feature at 777 nm.
It appears that the intensity of carbon lines is not particularly stronger
for the mixture containing 10 wt% of carbonaceous chondrite or less.
However, in the case of the pure CM chondrite and the 25 wt% carbo-
naceous chondrite mixture, the C-lines seem slightly higher than for the

2.0 L T T O O S S S N A S SO S SN B
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pure basalt (Fig. 3), and carbon from the target is detected. While the
name of this class of chondrite is “carbonaceous chondrites”, members
from this class do not contain more than a few wt% of carbon. In the case
of the sample we studied, measurement by Alexander et al. (2012) of
another piece of that meteorite gave a value of 1.70 wt% C. We can note
that a significant H signal is detected for this sample, in agreement with
a phyllosilicate-rich mineralogy (0.703 wt% H or 6.3 wt% H0).

3.2. Organic carbon

In Fig. 4 the oxygen 777.6 nm line (O777) area is plotted against the
carbon 678.6 nm line (C678) area. On this graph, the measurements
obtained for carbon-free samples are shown, as well as the measure-
ments obtained for coal and their mixture with basalt.

First, this graph shows that carbon-free samples define a trend,
where the intensities of C678 and O777 are strongly correlated. This
correlation can be explained by the fact that as ablation efficiency in-
creases, more atmosphere is excited (increasing carbon and oxygen
signal) and more oxygen from the target goes in the plasma (increasing
oxygen signal only). It is not possible here to assess the balance between
oxygen from the target and oxygen from the atmosphere. The trend
defined by C-free samples is not perfect and variability may be related to
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matrix effects, small variation in the oxygen content of the sample, or
non-stoichiometric ablation. We investigated whether the different C-
free minerals (silicate, sulfate) define different trends in this diagram,
but this was found not to be the case. To further add to the complexity of
carbon signal, ChemCam and its twin instrument at IRAP are measuring

the LIBS signal over some duration, that encompasses different stages of
the plasma plume (Vogt et al., 2022).

The series of coal measured are clearly located outside of the carbon-
free trend and define an almost horizontal trend in this diagram (black
symbols on Fig. 4). The data obtained on mixtures between basalt and
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also shows the spectra obtained on calcite pellet made out of different grain sizes. The carbonates define a trend slightly offset from the C-free samples. Both C and O
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coal fall on a trend that extends from the carbon-free trend to the carbon-
rich samples. Measurements obtained for mixtures with carbon con-
centrations above 5 wt% are located clearly outside of the carbon-free
trend, suggesting that in the case of organic carbon, concentrations
above 5 wt% C should be readily detected with LIBS under Martian
conditions. Note that the low CO, abundance under Earth-like condi-
tions makes detection of carbon with LIBS easier in that environment
(Dequaire et al., 2017).

3.3. Carbonates

The results obtained for carbonates are shown in Fig. 5 in the plots of
0777 vs C678 line areas. This figure shows that pure carbonates define a
trend with a lower slope than C-free samples, in other words with a
higher C678/0777 line area ratio. This suggests at first order that pure
carbonates may be detected with LIBS under Martian conditions (at least
the 3 types of carbonates studied here) and could be recognizable in
ChemCam data if present as pure phases. More quantitative assessment
will be provided in section 3.5.

Carbonates were prepared as a single pressed-pellet for each type,
with the exception of calcite, where the impact of grain size was assessed
by performing LIBS measurements on a single crystal as well as on
pellets pressed from powders with different grain sizes (and therefore
different volume densities). The results (Fig. 5) show that the higher the
grain size the lower the intensities of the carbon emission features in the
LIBS data which can be explained by less good coupling between the
laser and the sample. Nevertheless, independently of grain size, all
samples fall on a roughly linear trend, distinct from the C-free trend.

In the case of 25 wt% carbonates mixed with 75 wt% basalt, the
measurements overlap with the carbon-free samples. These results
emphasize the difficulty to detect carbonates under Martian conditions
with LIBS, based on a univariate approach with the carbon and the ox-
ygen emission lines. Note that pure carbonates only contain about 12 wt
% of carbon (in the case of calcite and dolomite) and that the 25 wt%
carbonates - 75 wt% basalt mixtures therefore only contains 3 wt% of
carbon.

Icarus 408 (2024) 115840
3.4. Alpine sediments

Results obtained for the alpine sediments are presented in Fig. 6.
Samples with the lowest carbon content appear to fall within the carbon-
free trend, but samples for which the carbon content was determined to
be above 5 wt% are significantly offset from the trend defined by carbon-
free samples. For almost all these natural samples, the carbon budget is
dominated by carbonates of unknown mineralogy as determined by the
Rock Eval 6 analysis. The behavior observed for artificial carbon-bearing
mixtures (sections 3.2 and 3.3) is therefore similar to the one observed
for natural carbon-bearing rocks.

3.5. Calibration curves and LODs

Our goal is to distinguish the carbon signal coming from the target,
from the carbon signal coming from atmospheric CO, breakdown. For
that, the ratio of the 0777 to C678 lines was used, based on our labo-
ratory measurements. In Fig. 7 this ratio is plotted against the carbon
content of the analyzed samples. In this diagram, two trends are
distinguished. A first trend is defined by samples that are mixtures with
PSOC 1521 coal. These are the basalt - PSOC 1521 mixture (1,2,5,10, 25
wt%) and the JSC Mars-1-PSOC 1521 mixture (where only one mixing
ratio was studied, 25 wt% PSOC 1521-75 wt% basalt). All other samples
define a second trend, with a lower slope than the first trend. The reason
for these two separate trends is not fully understood at present. Sample
PSOC 1521 is the most mature coal of all samples studied. It is also the
poorest in oxygen (O/C atomic ratio = 0.024), and has a lower moisture
content. This lack of oxygen may explain the presence of a separate and
steeper trend. Another explanation could be related to its different laser
absorption properties given its high-maturity. While all coals are dark in
the visible, only mature coals have a high absorption coefficient around
1 pm (Quirico et al., 2016). In any case, this suggests that matrix effect
may be at play for carbon and non-univariate methods may need to be
investigated further.

From these two calibration trends, limits of detection (LOD) for
single point measurements were estimated using the 97.5% prediction
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intervals (97.5%).

interval of the linear regression and were found to be of 5 wt% C (for the
first trend, mixtures with PSOC 1521) and 13 wt% C (for the second
trend, mixtures with oxidized carbon) at the 97.5% confidence level (i.
e., the risk of false negatives and false positives is 2.5%). If we calculate
the critical level (Lc) of detection (Currie, 1968), defined here for a risk
of false positives of 5%, from the C678/0777 line area ratio of C-free
samples (average+1.640), the L values found are 4.5 wt% for reduced
carbon and 6.85 wt% for organic carbon. The LOD and L are given for
single point measurements because the likelihood of detecting carbon-
ates or other carbon-bearing compounds over several adjacent LIBS
points on Mars (e.g., in carbonate-rich rocks) is considered less likely
than hitting a single mineral at the LIBS scale, especially at low bulk
abundances of carbon.

While we use a univariate approach in this study, alternative
methods should be tested and used in the future to try to improve the
limit of detection or provide independent approaches to confirm carbon
detection. In particular the use of supervised or unsupervised

classification methods has shown great performances in the analysis of
terrestrial rocks (Chen et al., 2020) and for planetary exploration even
when distance to target varies significantly (Yang et al., 2022).

The detection limits we obtained here are higher (and then worse)
than the values found by Anderson et al. (2017a, 2017b) in which a 2 wt
% LOD was estimated for carbon. This is likely related to their different
approach, that only looks at the intensity of the carbon-lines in a binary
mixture, and therefore does not take into account variability in their
intensity with efficiency of laser coupling (variable on Mars), distance to
targets, atmospheric state, which all need to be taken into account when
looking at Mars LIBS data. This is why, we designed an approach based
on coupled carbon and oxygen lines, that will be applied to Mars in the
next section.

4. Applications to Mars LIBS data

ChemCam is a LIBS instrument that enables to determine major and
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minor element abundances in the vicinity of the Curiosity rover. Typi-
cally, LIBS data are acquired in the form of a “raster”, where usually 5 to
10 locations on a target are analyzed with 30 consecutive 10-14 mJ laser
shots. The size of the area that is analyzed is in the range of 300 to 550
pm for bedrock targets (Maurice et al., 2016). The LIBS is coupled to a
Remote Mast Imager (RMI, Gasnault et al., 2017) providing imaging of
the geological context and exact location of the LIBS spots.

4.1. The carbon and oxygen line areas in LIBS spectra of Martian targets

In Fig. 8, the intensity of the O777 line is plotted as a function of the
C678 line for data obtained by ChemCam at Gale Crater, Mars. This
graph includes all ChemCam targets (soil and rocks) as well as the
measurements obtained on the on-board graphite calibration target,
from the beginning of the mission to sol 3355 (January 2022). Inter-
estingly, this graph is reminiscent of the results obtained in the labora-
tory using ChemCam's twin instrument at IRAP. The Martian targets
define a trend of correlated increase in the 0777 and C678 lines and a
similar behavior is observed with the C723 carbon line. This trend im-
plies that these two carbon lines are impacted by contribution from the
atmosphere, and the location of a given analysis on this correlation trend
may be related to variability in coupling efficiencies and excitation of
the atmosphere. The data obtained for the graphite calibration target
define a trend with a much lower slope (and therefore higher C/O ratio)
in agreement with laboratory results obtained on coal (Fig. 4).

In Fig. 8, the points are color-coded according to the distance to
target, which reveals that some of the variability observed in this dia-
gram is due to a distance effect. The targets analyzed closer to Chem-
Cam's telescope tend to have a high (C678/0777), while the targets
analyzed further away tend to have a lower (C678/0777). The effect of
target distance on the oxygen line and overall LIBS signal was described
in Mezzacappa et al. (2014). Because the carbonlines we use are ionized
(CII with an ionization energy of 24.38 eV) and the oxygen line is neutral
(OI, ionization energy of 13.62 eV), the line intensity ratio should be
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sensitive to plasma temperature, that itself may be related to laser
irradiance on the target. This provides an explanation for the decay of
the C678/0777 ratio with distance to target since laser irradiance de-
creases with distance (Maurice et al., 2012). Because the (C678/0777)
ratio will be used to detect and estimate carbon content based on lab-
oratory results (i.e. Fig. 7), the effect of target distance on C678/0777
needs to be considered when building a carbon detection method. In
Fig. 8, several points are located outside of the general trends. These
points were explored further individually, but an analysis of their major
element chemistry (in particular Major-element Oxide Composition
(MOC) totals) ruled out the presence of carbon in the sample, suggesting
these points are false detections (see further discussion in 4.3)

4.2. Transferring laboratory results to Mars data

Results obtained in the laboratory cannot be directly transferred to
data obtained on Mars by ChemCam. This is due to the fact that the twin
instrument in the laboratory is not strictly identical to ChemCam flight
model on Mars, and the distance to the targets analyzed with the testbed
is fixed while on Mars, targets are analyzed in distances of 2.2 to 5 m. In
order to transfer laboratory results to Mars, one can use the fact that
both carbon-free and carbon-rich targets were analyzed both in the
laboratory and on Mars. In laboratory data obtained here, the C678/
0777 ratio derived for graphite is 12.2 times higher than that of carbon-
free samples. In the martian dataset, the C678/0777 ratio derived for
the graphite calibration target is 11.5 times higher than that derived for
the other calibration targets (carbon-free). Because those ratios are
similar, we can propose to transpose the laboratory calibration obtained
on Earth to the Martian dataset. However, the laboratory-based cali-
bration curves cannot be directly transferred to Martian conditions since
the absolute values (C678/0777) are different between Earth and Mars
for the C-free trend. The approach we pursued is to make a rough
approximation that the (C678/0777) ratio is linearly correlated with the
carbon content. This hypothesis surely underestimates the influence of
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the effects of varying experimental conditions on Mars as well as of
general matrix effects, but is motivated by laboratory data. If we
consider « as the slope of the linear relation between carbon content and
C678/0777 (Fig. 7) then:

C678 C678
(7)€" (57 e ®
and then:
.-
(e Wt'%]Targer _ Target Carbon—free @

X

The value of alpha can be determined for laboratory data, but this
value cannot be used for Martian data because of uncertainly in the
Earth to Mars transfer function. Therefore, the value of « is calculated
using solely data obtained on Mars on a C-pure target (graphite, [C] =
100 wt%) and carbon-free calibration targets, (see Wiens et al., 2012,
Fabre et al., 2011, and Vaniman et al., 2012 for a description of the
calibration targets). Then the value is found to be x=5.11 x 10~*. By
design, the onboard calibration targets of ChemCam can only be
measured at a single distance (1.57 m) for which this value of « is
derived; we cannot determine « at different distances on Mars.

$578) rbon freedepends on the target distance (Figs. 8-9) the

ChemCam dataset was binned as a function of distance, and for each
range of distances the average (C678/0777) was calculated as well as its
standard deviation (Fig. 9). This set of values was taken as our carbon-
free reference ($528) to be used in eq. 2. This approach as-

Because (

Carbon—free
sumes that the typical targets analyzed by ChemCam are dominated by
carbon free targets, which is a very reasonable hypothesis given the
results obtained by the SAM and CheMin experiments.

4.3. Lack of carbonates up to sol 3355

In order to assess whether carbonates could be present within the
suite of rocks and soils analyzed by ChemCam, the (C678/0777) anal-
ysis described above was coupled to the MOC computed from ChemCam
data (Wiens et al., 2013; Clegg et al., 2017; Anderson et al., 2017b). In
Fig. 10, MOC values for CaO, MgO and FeOr (total iron as FeO) were
plotted as a function of the (C678/0777) line area ratio.

In these graphs, the predicted location of carbonates is shown for
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calcite, dolomite, magnesite and siderite, that was obtained using eq.
(1). For that we use the carbon content in each of those (in wt%) based
on the structural formula (CaCO3, CaMg(COs3)s, MgCOs3, FeCO3), the
value of alpha we obtained by comparing carbon signal between the
graphite and carbon-free calibration targets (see previous section), and
last the (C678/0777) of carbon-free Martian targets. Because the
(C678/0777) of carbon-free Martian targets depends on the distance to
target, we plot in Fig. 10 the expected location of these carbonates if
they were analyzed at different distances, by using (C678/0777) ob-
tained for distance bins within the Martian dataset.

It is clear from this graph that there is no pure carbonate analysis
within this dataset, nor are there any strong trends toward one of these
carbonate endmembers. A few points show an elevated FeOr together
with a high C678/0777 ratio, however these are interpreted to be Fe-
meteorites (based on texture and Ni abundance, Meslin et al., 2019),
for which the depletion in oxygen explains the high C678/0777 ratio.

Our results suggest that there were no pure phase carbonates
detected by ChemCam at the ~300-500 pm scale. Based on Fig. 10, we
can also estimate that there was not more than ~50% carbonate in any
of the targets analyzed by ChemCam. These constraints are not as strong
as those derived for instance by CheMin analysis (< 1 wt%). However,
given the number of analyses performed by ChemCam and the small
volume analyzed by LIBS, the presence of carbonates as a cement would
produce a trend toward a carbonate endmember in Fig. 10 which is not
observed. The major cement that appears to be present is rather Ca-
sulfate (Rapin et al., 2016), which explains the horizontal trend seen
in the (C678/0777) vs CaO plot (Fig. 10). The lack of carbonates in the
ChemCam dataset is in agreement with orbital CRISM observations in
this region (Ehlmann and Buz, 2015).

Based on ChemMin X-ray diffraction data, carbonates were only
identified relatively recently within the Glen Torridon location (Thorpe
et al., 2022). These carbonates are present in minute amounts (1-3 wt%)
and are likely Fe-rich. Investigation of ChemCam data failed to detect
these carbonates, confirming that they are present in minor amounts,
and probably absent in the form of large grains or veins.

Icarus 408 (2024) 115840
4.4. Soils vs rocks: Any exogenous carbon signature?

Models of exogenous carbon flux to Mars clearly predict that there is
a non-negligible input of organic-containing extra-terrestrial matter
(Quirico and Bonal, 2019). The accretion rate of meteoritic carbon on
Mars has been estimated to be around 2.4.10° kg/year (Flynn, 1996;
Steininger et al., 2012), which converts into 1.7 kg of carbon per Gy and
per square meter. The present-day amount of carbon in the martian soils
depends on the soil production rates (mechanical or chemical erosion)
and destruction rate (by UV irradiation for instance). The present-day
amount of carbon also depends on the chemical processes that specif-
ically remove carbon from the soil: fragmentation of large molecules by
irradiation (UV photon, solar wind and galactic cosmic rays) (Quirico
and Bonal, 2019; Goetz et al., 2016) and oxidation of reduced carbon
(for example by chemical interaction with perchlorates).

In Fig. 11, the (C678/0777) line area ratio is presented as a function
of distance to target, for “standard” ChemCam targets as well as for soil
targets (including data only up to sol 1550). Soils were studied by
ChemCam at different locations, and analyzed at different distances
(Cousin et al., 2015). This figure shows that there is no strong difference
between soil analyses and other ChemCam targets. The average (C678/
0777) values are (334 +/— 7)#107> and (286 +/— 4)e107° for soil
targets and other targets, respectively, where the given uncertainties are
the standard errors of the mean. The averages are therefore statistically
distinct and this is due to the high (C678/0777) value of several targets
analyzed at random location referred to as bling targets. This difference
could be due to an enrichment in carbon of the soil targets; but given the
variability that was found in (C678/0777) values within laboratory data
obtained on carbon-free samples with different matrices, there is no
definite evidence for carbon enrichment in martian soils at the detection
limit of ChemCam. This is generally in agreement with the lack of car-
bonate detection in ChemCam rock targets from which soil should be at
least partially derived. It is also in agreement with the lack of carbonate
detection in the two eolian sediment samples analyzed by CheMin
(Achilles et al., 2017).
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4.5. Atmospheric effects on the carbon line

In Fig. 12, the variability of the C678/0777 line area ratio is shown
as a function of sol since landing of Curiosity. Note that on this graph,
only LIBS spectra with a total intensity above 2.10'* (photons/shot/
cm?/Sr/nm) were selected. This filtering was applied in order to remove
from our dataset targets for which the quality of coupling was likely poor
(bad focus). Also, data obtained on calibration targets are not included
since acquired at a distance much shorter than Martian targets, and only

Icarus 408 (2024) 115840

targets measured at a distance lower than 4.5 m were selected.

Typical Martian targets have a C678/0777 ratio around 0.004, but
some variability is seen across the transect. Four maxima appear to be
present around sols 700 and 1400, 2100 and 2800 which are separated
by about one Martian year. In order to assess possible relation between
the C678/0777 ratio and the physical state of the atmosphere, we used
surface temperature, atmospheric pressure and density at Gale crater
derived from the Mars Climate Database (Forget et al., 1999; Millour
et al., 2018) (Fig. 12). Values of these parameters were calculated at
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target. The various curves were calculated using the Mars Climate Database (Forget et al., 1999; Millour et al., 2018).

13



P. Beck et al.

noon, typical time of ChemCam observation. As can be seen in Fig. 12,
the maxima in C678/0777 seem to correspond to maxima in surface
temperature, and minima in atmospheric density. Such variations in
temperature are too low to produce an effect on the plasma condition,
but the variations in density are significant and may explain a seasonal
behavior.

In order to confirm the presence of a dependence to atmospheric
conditions, we used the variation of the C678/0777 ratio with local
mean solar time (LMST), and take benefit of the presence of rare but
useful measurements perform in the early morning. It can be observed
(Fig. 13) that in the early morning observations, corresponding to a cold
and dense atmosphere, the C678/0777 ratio is significantly lower than
during more typical observations (around noon). This behavior is
therefore consistent with the seasonal evolution we observed (Fig. 12).
While these effects may be related to the physics of plasma production in
relation to the thermodynamical state of the atmosphere, we cannot rule
out an effect related to instrumental performance at variable
temperature.

4.6. Jezero vs Gale: Sulfates vs carbonates

Unlike Gale crater, carbonate-bearing deposits have been detected
within Jezero crater from orbital observations (Ehlmann et al., 2008;
Horgan et al., 2020). Relatively soon after landing, Perseverance in-
vestigations of geological units from the igneous crater floor confirmed
the presence of carbonates in some of the bedrock targets (Wiens et al.,
2022; Farley et al., 2022). The SuperCam instrument (Maurice et al.,
2021; Wiens et al., 2021), with a strong heritage from ChemCam, was
able to detect Fe—Mg carbonates by combining LIBS, VISIR spectros-
copy and Raman spectroscopy (Clavé et al., 2023). These carbonates are
intimately associated to mafic minerals (in particular olivines), and were
possibly formed during hydrothermal alteration of the igneous protolith
at relatively low water-rock ratio (Clavé et al., 2023).
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In order to assist with carbonate detections, the Perseverance rover
also hosts calcite, ankerite, and siderite calibration targets on its deck,
among other SuperCam Calibration Targets (SCCTs, Manrique et al.,
2020, Cousin et al., 2022). Analysis of these targets revealed C- vs O-line
correlations (Clavé et al., 2023) as well a target distance effect on C678/
0777 ratio determined on martian targets, similar to our observations
for ChemCam. The presence of the carbonate targets provides additional
grounds for carbon quantification. The C678/0777 area ratio for C-poor
calibration targets is around 0.011, while it is around 0.019 for the
calcite calibration target. This increase by roughly a factor of two in the
C678/0777 in the calcite SCCT compared to other SCCTs is in agree-
ment with the increase observed here in the laboratory for carbonates
compared to carbon-free samples (Fig. 7).

The confirmed detection with a similar instrument in another loca-
tion on Mars (Clavé et al., 2023) suggests that ChemCam could have
detected carbonates if there were enough in the targets reported here for
Gale crater.

While carbonates were observed in ultramafic rock of Jezero crater,
including as veins (Wiens et al., 2022), the vast majority of veins and
other diagenetic assemblages analized by ChemCam are made of hy-
drated sulphate (Ca or Mg), halite (NaCl) or sylvite (KCl) (Nachon et al.,
2014; L’Haridon et al., 2018). Our analysis confirms that none of the
numerous diagenetic mineralization are made of pure carbonates. Jez-
ero and Gale craters have roughly similar ages (Hesperian; Grotzinger
et al., 2015; Mandon et al., 2020), and the deposits investigated within
the craters by the rover are of roughly similar epoch, from the early to
late Hesperian. Therefore, the absence/presence of carbonates cannot be
attributed to a global evolution of the atmospheric composition over
geological times. Experimental simulation of weathering of crustal rocks
under a COy-bearing atmosphere, does not produce significant carbon-
ate (Baron et al., 2019). A possibility is that the presence of carbonate in
Jezero crater may be related to a different protolith, locally much more
mafic that in Gale crater, leading to a different chemistry of the fluid and
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its precipitates. As noted by Ruff et al. (2022), the presence of carbonates
on Mars seems to be associated to an elevated abundance of olivine
whether in the Comanche outcrop in Gusev crater, or in the Nili Fosae
area. On Earth, one of the major occurrences of Mg-rich carbonates is the
hydrothermal alteration or chemical weathering of ultramafic rocks
(Scheller et al., 2021). Chemical weathering of ultramafic rock will lead
to Si- and Ca-poor, Fe- and Mg-rich fluids, that, pending a sufficient CO5
activity, may promote Fe—Mg carbonate precipitation (Scheller et al.,
2021). This process was initially proposed by Ehlmann et al. (2008) as
the mechanism that led to the precipitation of the Nili Fossae carbonate.
Altogether, the paucity of Fe—Mg carbonate in Gale may be related to
the paucity of olivine in the protolith encountered so far.

5. Conclusion

We reported on laboratory studies of carbon detection with LIBS and
an investigation of carbon signatures in data from the ChemCam in-
strument in Gale crater, Mars. We conclude that:

The detection limit of carbon with LIBS under a CO5 atmosphere is
strongly impacted by the excitation of atmospheric carbon and oxygen.
This is shown by the presence of a strong correlation between carbon
and oxygen emission lines. This leads to a degraded detection limit
compared to analysis performed in terrestrial atmosphere. Carbon in the
target can still be identified, if present in significant amount, by looking
at a deviation from this correlation. Based on an analysis of carbon-rich
phases (coal, carbonate) with basaltic material, the inferred single-point
limit of detection is 4.5 and 6.9 wt% C for reduced and oxidized carbon
respectively. This implies that, based on carbon-lines, carbonate can
only be detected at high mass fractions (typically >25 wt%). These
limits of detection may be lowered by combining the measurement of
carbon with signatures of other carbonate-forming elements.

The C vs O correlation observed in the laboratory dataset is also
found in Martian data, showing that the C signature is also dominated by
an atmospheric contribution. The correlation depends on the distance to
the target, probably in relation the variation of the irradiance with
distance.

Based on a combined analysis of carbon lines and major element
compositions (Fe,Mg,Ca), there was no detection of carbonate in the
ChemCam dataset up to sol 3355 found. We estimate that carbonate
therefore was not present as a major constituent (>50%) of any of the
analyzed ChemCam LIBS analysis.
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