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ARTICLE INFO ABSTRACT

Keywords: Carbon is a key element on Mars, where it is present in the atmosphere, cryosphere and rocks. It has influenced
LIBS the Martian climate over billions of years, and records the conditions of past habitable environments. Laser-
Mars

Induced Breakdown Spectroscopy (LIBS) is an efficient technique for fast in situ analysis of the chemical
composition of rocks on the Martian surface, used on several Mars exploration missions already. However, to
characterize the carbon content of rocks with LIBS on Mars, one must take into account the contribution of
the CO,-dominated Martian atmosphere to the signal recorded in LIBS spectra. In support of LIBS analyses on
Mars, we investigate this atmospheric contribution using a plasma-imaging setup in the laboratory. We study
the temporal and spatial dynamics of the carbon and oxygen signals in different experimental configurations,
where these elements originate from either the sample or the atmosphere. The significance of the atmospheric
contribution to the carbon and oxygen signal in Martian atmospheric conditions is highlighted. We show that
CI emissions come from different areas of the plasma depending on the origin of the carbon; such difference is
not observed in the spatial distributions of CII, OI or OII. The CII/CI ratios are different in atmospheric and
sample contributions, with a higher relative abundance of CI in the atmospheric contribution. To recognize
carbonate in Martian LIBS data, we recommend using CI/OI if possible, or CII/O1I ratios, with appropriate
precautions.

Carbon
Carbonate

1. Introduction also been inferred with X-ray Fluorescence (XRF) [10,11]. These car-
bonate detections mostly rely on the characterization of the mineralogy
(eg. vibrational techniques), since most techniques which measure the
elemental composition, with the exception of LIBS, are not sensitive to
low-Z elements and thus cannot detect carbon directly (eg. XRF). Or-
ganic carbon has been detected with Evolved Gas Analyzer (EGA), gas
chromatograph-mass spectrometer and combustion experiment from
the SAM instrument [12-14], as well as Raman spectroscopy [15,16].
LIBS is therefore the only technique performing in situ analysis on Mars
Martian carbonates, in particular, have been researched and discussed with the potential to quantify carbon, remotely as well as under an
for decades [1,2] and keep providing new constraints on the past hour [17,18].

Martian climate [3,4].

Few analytical techniques enable the detection, let alone quantifi-
cation, of carbon in rocks in situ, and even fewer can do it remotely
with only short acquisition times and with no sample preparation.
Carbonate minerals have so far been detected in situ in Martian rock
or soil targets with Mossbauer (MB) [5], near-infrared reflectance Chinese Zhurong rover [24] and the SuperCam instrument onboard
(NIR) [6,7], X-ray diffraction (XRD) [3], Raman spectroscopy [8,9] and NASA'’s Perseverance rover [25,26]. Using these three instruments, the
Laser-induced Breakdown Spectroscopy (LIBS) [4,8]; carbonates have chemistry of thousands of rocks was characterized by analyzing the

Martian carbon - stakes, carbonates. Carbon is a key element on Mars,
where it is present in the atmosphere, the cryosphere and the rocks. It
has influenced the Martian climate over billions of years, and records
the conditions of past habitable environments on the red planet. The
characterization of carbon on the surface of Mars, in mineral or or-
ganic form, is therefore of particular interest for in situ missions.

LIBS on Mars. The use of LIBS (Laser-induced Breakdown Spec-
troscopy) for in situ analysis on the surface of Mars has been
investigated for many years [19-21], and successfully implemented
since 2012 with the ChemCam instrument onboard NASA’s Curiosity
rover [22,23], followed by the MarsCode instrument onboard the
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line emissions of a plasma induced by laser ablation on the targets
of interest. Appropriate models enable to derive quantitative chemical
composition of the targets from the LIBS data, especially for the major
elements [27,28]. Typically quantified oxides are SiO,, TiO,, Al,0Os,
FeO, MgO, CaO, Na,0 and K,O; other measured elements include Li,
B, Cr, V, Mn, Ni, Cu, Rb, Sr, Ba, Zn, C, H, N, O, P, F, Cl, with variable
limits of detections [26,29].

Challenge of characterizing carbon with LIBS on Mars. One of the chal-
lenges of the interpretation of LIBS data is to differentiate signal coming
from the sample or from the atmosphere. In particular, every LIBS
spectrum measured in the Martian atmosphere, which is composed of
96% CO, [30], shows carbon and oxygen emission lines. This is due to
the breakdown of atmospheric CO, molecules through interaction with
the plasma [31-33].

The emission lines typically used to characterize carbon and oxygen
signal in LIBS in Martian atmosphere are CIII 230 nm, CI 247.9 nm,
CII 658.1 nm, CII 678.5 nm, CII 723.3 and 723.8 nm for carbon,
and OII 441.6 nm and OI 777.5 nm for oxygen [8,32-40]. Further
line selection depends on the context (laboratory vs. in situ), the
characteristics of the spectrometer, the application and the composition
of the considered targets (e.g. Fe interferences with CI 248 nm).

An often used strategy to account for atmospheric contribution to
the carbon signal in Martian LIBS consists in normalizing the carbon
signal to the oxygen signal [31,32]. An important constraint for this
approach is that only lines of similar ionization degree should be ra-
tioed together, to avoid the influence of different laser radiances, decay
times, etc. [33,41]. Unfortunately, this is not necessarily applicable to
the analysis of in situ LIBS data acquired with ChemCam or SuperCam
on Mars, where often only CII (658 nm, 678 nm, 723 nm) and OI
(777 nm) lines are usable [8,39], due in part to the interference of Fe
emissions. Parameters like laser irradiance, and thus distance to the
target, do not affect lines of different ionization degrees in the same
way, and precautions thus have to be taken to correct for their influence
on the C/ O values if lines of different ionization degrees (eg. CII and
O1) are used [4,8,39].

The characterization of carbon with LIBS in Martian atmospheric
conditions thus requires further work, to understand the interactions
between the plasma and the atmosphere and the characteristics of the
atmospheric contribution to the LIBS signal.

Plasma imaging. Although plasma emissions are generally integrated
spatially with space instruments to measure in-situ LIBS spectra, plasma
imaging is an experimental approach which enables to look at the
spatial heterogeneity of the plasma and investigate the dynamics of the
plasma expansion and its interactions with the atmosphere. It has been
used previously with slightly different approaches to study the spatial
distribution of species or variability of plasma parameters within the
plasma [38,42-44] or observe the expansion of the plasma in different
atmospheric conditions including those of Earth and Mars [45]. It has
also been used to investigate the contribution of the atmosphere to the
LIBS signal [46], highlighting the complex mixing of species originating
from the sample or the ambient medium inside the plasma. This shows
the potential of plasma imaging to study more deeply the interactions
of the plasma and the atmosphere.

This study. To investigate LIBS plasma-atmosphere interactions for im-
proved in-situ analysis of carbon-bearing samples on Mars, we present
temporally and spatially resolved LIBS data measured in the labora-
tory in different atmospheric conditions. Measurements were done on
carbon-bearing and carbon-free samples as well as in atmospheric con-
ditions with and without CO, to isolate the contributions of the sample
and atmosphere to the carbon signal, respectively. From this data,
we derive and discuss implications for identification of carbon-bearing
samples with LIBS on Mars.
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2. Method
2.1. Experimental setup

The plasma imaging setup used for this study was described in
details in previous studies [38,45] and is illustrated in Fig. 1. It relies
on a 1064 nm Nd:YAG laser (Quantel Viron) delivering 8.1 ns pulses
of about 11.9 + 0.8 mJ to an area of ~900 um? on the sample surface.
Samples are placed in an air-tight simulation chamber for control of the
composition and pressure of the ambient gas. The light of the plasma is
imaged on the detector of a Czerny Turner spectrometer (Andor Solis)
equipped with an intensified CCD. The image of the plasma on the
detector is rotated by 90°, with the horizontal extent of the plasma
being imaged in each column, parallel to the entrance slit, and the
height of the plasma along the rows. In the setup, the vertical imaging
position is adjustable, to accommodate samples of different thicknesses,
and cover different parts of the plasma plume.

Two different acquisition modes of the spectrometer are used. To
acquire time-resolved spectra (called TR data in the following), the
opening of the entrance slit is set to 100 pm and the setup is used
in Full Vertical Binning (FVB) mode, i.e. summing all the pixels of a
given column on the detector. With such a narrowly-opened slit, the
emission of only a thin horizontal section of the plasma is collected,
and imaged onto a few columns of the CCD. In this mode, the spatial
information is lost, but the spectral resolution and signal to noise ratio
(SNR) are improved. To image the plasma, the Imaging mode with a
fully open entrance slit (2500 pm) is used, providing the plasma images
(called PI). Using the appropriate grating within the spectrometer, the
spectral range of interest can be selected. Then, the vertical extent of
the plasma and the spectral information are convoluted on the same
axis of the images. Recording PlIs of specific elemental emission lines
therefore requires the lines to be sufficiently isolated (> 2-3 nm each
side with the 240 nm blaze grating; > 10 nm with the 750 nm blaze
grating, typically). Additionally, plasma height might be overestimated
in the images if the diffraction of the grating is not taken into account.
To image the OI 777 nm signal, a bandpass filter centered at 780 nm
with a FWHM of 10 nm (Edmund Optics) is added to the optical path,
as illustrated in Fig. 1.

The simulation chamber is pressurized and hermetically sealed; the
pressure is maintained between 6 and 7 mbar to match Mars surface
conditions. Either air or Mars simulant gas (96% CO,, traces of Ar and
N,, Linde) is used both at the same pressure to ensure consistent plasma
confinement conditions. We refer to the Mars simulant gas as CO, in
the rest of this study.

2.2. Samples

The suite of samples was chosen with the simplest possible compo-
sitions to minimize overlap of lines with the carbon and oxygen lines of
interest and to be relevant to the Mg-rich carbonates detected in Jezero
Crater [4,8,9]. For comparable laser-target coupling between samples,
we used only pressed pellets. Three pure pellets were prepared (1 g of
reagent grade powders pressed for 10 min under a pressure of 5 tons):
graphite, Mg-carbonate, Mg-sulfate. The Mg-carbonate is anhydrous.
For the Mg-sulfate, we started with an anhydrous Mg-sulfate powder, to
reduce the influence of H, which had the dual advantage of (i) limiting
interference with the 658 nm line of CII and (ii) keeping the sample
composition as simple as possible to maximize comparability of the
different samples and configurations. However, the pellet was unstable,
absorbing water, resulting in an unreliable understanding of the actual
water content of the sample. We thus switched to a MgSO, x1H,0
powder, with finer grains, more similar to the other powders used in
this study, and much more stable than its anhydrous equivalent. An
image of the pellets is included in Supplementary Material (Figure S1).

To observe the dynamics of C and O in the laser-induced plasma
depending on their origin, we combine atmospheric and sample com-
positions in four experimental configurations, summarized in Table
1.
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Fig. 1. Plasma imaging setup. The sample is placed in the atmospheric simulation chamber, for control of the ambient conditions. The plasma is generated by
focusing the pulsed laser along the vertical axis on the surface of the sample. The emission of the plasma is collected with a lens, located to the side and focused
on the entrance slit of the imaging spectrometer. The imaging height can be adjusted, and/or a filter inserted between the plasma and spectrometer for selection

of the signal to be analyzed.
Source: Copied from [47].

Table 1

Overview of the four experimental configurations: sample and atmospheric
conditions. For both air and CO,, the measurements were done at around
6-7 mbar pressure.

No C in the atmosphere C in the atmosphere

Mg-sulfate / CO,

No C in the sample -

C in the sample Mg-carbonate / air

Graphite / air

Mg-carbonate / CO,

Note: Although some carbon is technically present in air, it is denoted as 'no C’ in the
atmosphere as the amount is negligible.

2.3. Data acquisition

All data are acquired as time series to document the temporal
evolution of the signals of interest. Two sets of temporal parameters,
initial delay Dy, time step D, and gate width G, are used, with ten
steps each, to cover lifetimes of singly ionized and atomic species (same
time parameters for TR and PI data): (i) D, = 50 ns; G = 50 ns;
Dy, = 50 ns (series called s1); (ii) Dy = 100 ns; G = 100 ns; D, =
300 ns (series called s2). Series sl are acquired for all lines while s2
series are only acquired for neutral lines, as they have longer lifetime.
For each step of each time series, spectra of 10 laser-induced plasmas
are accumulated to increase the signal to noise ratio. All TR data are
acquired with a CCD intensifier gain 1000; the gain is set to 2500 for
all PI data. In figures, the time indicated for each image corresponds to
the center of the acquisition gate (D + G/2).

During acquisition, the laser beam is moved over the surface, so that
ablation takes place on a pristine surface at all times, leading to similar
laser-target interaction and thus repeatable conditions.

Time-resolved LIBS spectra. For each line of interest, TR spectra were
first acquired to assess the risk of line interferences and the feasibility
of plasma imaging.

Plasma imaging. PI data were then acquired for the lines which are
spectrally isolated enough (CI 248 nm, CII 251 nm and OII 689 nm),
or for which we have a bandpass filter (Ol 777 nm) enabling to
remove unwanted emissions. For neutral lines, which last longer and
are detected further from the samples’ surface, images acquired at
two distinct imaging heights are required to cover the whole plasma
(Fig. 1). We call HO the image which covers the sample surface and
lower part of the plasma; image H1 is acquired 1.75 mm higher than
HO (same as [45]). HO and H1 images are then stitched together to
produce an image of the entire plasma emission. The horizontal extent
of the imaged plasma is determined by the width of the slit, which is a

physical constraint of the setup and cannot be changed. For most of the
plasmas imaged in this study, this is not a problem as the width of the
plasma fits entirely in this field of view; only for O I at delays longer
than 1 ps the plasma is possibly larger than what is imaged by the slit,
but the signal is very weak at that stage anyways (Figure S5).

A summary of the data acquired in this study in presented in
Supplementary Material (Table S1).

2.4. Data processing

Time-resolved LIBS spectra. The only preprocessing step applied to the
TR spectra is the subtraction of the dark spectrum which is performed
directly in the data acquisition software of the spectrometer.

Plasma imaging. Plasma imaging data require some processing, the
different steps are illustrated in Fig. 2 and detailed below. In the
following, the images are oriented with the sample at the bottom, the
plasma expanding along the vertical axis. The words column and row
are used to refer to a vertical or horizontal unit of pixels, respectively.
With the plasma imaging a side-view intensity image is recorded, where
each pixel’s value is the line-of-sight integral of the plasma’s radial
emission coefficient. This measured intensity profile is mathematically
the Abel transform of the true emission distribution [48]. Thus, an Abel
inversion is required to obtain the underlying distribution. We will not
go into detail about the specific algorithm used here but refer to [38]
as we used the python code developed for this study.

1. For each image (HO and possibly H1, if two imaging heights are
used):

Subtract dark measurement (performed directly in the data
acquisition software).

Extract baseline noise level: compute the standard devia-
tion of an area of the original image away from the image
of the slit (columns 2 to 180).

Set lowest intensity pixels to 0 to reduce the noise.

Find the symmetry axis of the image: sum the signal per
column of pixels, fit the distribution with a pseudo-Voigt
profile; the center of this profile is the symmetry axis of
the plasma.

Fit a 3D baseline to the image and subtract it. The fit
fails for a few 3D baselines, in which case they are not
subtracted from the images.

Crop region of interest of the image around the plasma
(200 pixels each side of symmetry axis horizontally; height:
220 to 290 pixels depending on line considered).
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Fig. 2. Illustration of processing pipeline, for an image of CI 248 nm on Mg-carbonate in CO,, acquired with a gate of 50 ns and a delay of 100 ns. The color
range of each image is internal to maximize contrast: blue for the minimal value, white for the half maximum and red for the highest signal. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

+ Fold image along its symmetry axis (average both sides).

2. Stitch HO and H1 images together if two imaging heights are
used (i.e. for CI 248 nm and OI 777 nm lines).

+ Pixel lines corresponding to same plasma locations in HO
and H1 images were manually identified, to localize the
overlapping area.

The stitched image is then assembled as follows: the bot-
tom rows of the HO image are used as is; the overlapping
rows of HO and H1 images are averaged together; the top
rows of image H1 are used as is. To make for a smooth
image, the top and bottom sections are normalized so
that the stitching line matches with the intensity of the
averaged section.

3. Smoothing. The Abel inversion step that comes next is very sensi-
tive to noise, hence a strong smoothing and denoising approach.

+ Set highest intensity pixels to their min value.
« Set lowest intensity pixels to 0.
* Gaussian filter: sigma = 8.

4. Abel inversion: This step enables to invert the integration of
the signal along the line of sight through the plasma, and see
the actual internal structure of the emitting species. The Python
script developed in [38] is used.

5. Final steps:

 Unfolding (cutting external 10 and central 2 columns be-
cause of border effects).
» Smoothing: Set lowest intensity pixels to 0.

For smoothing, multiple approaches were considered, including the
use of Uniform or Savitzky-Golay filters, as well as denoising using
wavelet decomposition, and smoothing before and/or after Abel inver-
sion. The choice of filters and parameters was the least complex one
which yielded the apparent best result (denoising with limited apparent
loss of information), after testing many combinations and parameters.

Some quantitative characteristics of the signal are also extracted
from the plasma imaging data.

» Emission width: in smoothed images (after step 3), the signal
is projected onto the horizontal axis (parallel to the surface of
the sample), i.e. the signal for each column of the image is
summed; the distribution is fitted with a pseudo-Voigt profile
(Imfit package, Python) and the width of this profile (full width
half maximum, FWHM) is extracted. The width is not calibrated
to real life distance units, but the readers are referred to [45] for
a precise characterization of plasma sizes in different atmospheric
conditions.

» Total signal per image: computed either directly after step 1,
when no stitching is applied, or directly after stitching (i.e. before
Step 3: Smoothing). Note that for a few images this will include
signal from a second line in addition to the line of interest, but
at the scale of the time series, this should not be too significant.
Images with signal below noise level (extracted before any pro-
cessing) are to be considered carefully for interpretation; they are
represented with low opacity throughout the paper.
Time-integrated signal: for each line and configuration, the area
under the decay curve (signal as a function of time, see Fig. 7)
is integrated (using the scipy.integrate package) to derive the
time-integrated signal, for comparison with the long-gate spectra
acquired with ChemCam and SuperCam on Mars.

TR spectra correspond to the signal coming from a thin cut of the
plasma, at fixed height. They are therefore not representative of the
whole plasma emissions and are not used to compare signal intensities.
Longer delay images (series s2) are used only to extract quantitative
parameters; the signal is not of sufficient quality for Abel inversion or
to look closely at spatial distributions after 500 ns (Figures S5, S6).

3. Results
3.1. Time-resolved LIBS spectra

Examples of TR spectra from series sl at one time step (delay
100 ns, gate 50 ns) acquired for the four experimental configurations
and the different spectral ranges of interest are presented in Fig. 3. The
identification of a few of the emissions lines in these spectra was not
clear. For example, some lines visible only with the sulfate sample could
correspond to S or a trace element in the reagent powder, but no good
match was found in the NIST database based on the line positions and
lifetimes.

In these spectra (Fig. 3), the significance of the atmospheric con-
tribution to the LIBS signal is directly observable in the differences
between spectra acquired in air (in blue) and in CO, (in red/orange).

On the one hand, it appears that the 658 nm, 678 nm and 723 nm
CII lines, which are most commonly used for Mars data, are relatively
weak and suffer from significant interferences of neighboring lines. For
these reasons, these are not usable for PI. On the other hand, the CII
doublet around 251 nm and the O1II line around 689 nm are strong and
isolated enough to be used for plasma imaging, which led to the choice
of these lines in this study.

3.2. Plasma imaging
Plasma imaging series for the four lines of interest are shown in

Supplementary Material: Figures S3 and S4 (series s1, cropped and
smoothed, respectively). Images acquired at the same time (delay) are
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Fig. 3. Examples of spectra in the four experimental configurations, in the 5
spectral ranges of interest, acquired with a delay of 100 ns and a gate of 50 ns.
Orange/red for CO,, blue for air. OI spectrum around 777 nm acquired with
bandpass filter (corresponding spectra without the filter are shown in Figure
S2). Lines were identified based on peak position and rapidity of signal decay,
based on the NIST database [49]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

displayed in the same column, with the delay increasing from left
to right in the Figure, showing the temporal evolution of the plasma
emissions. The faster decay of ionized lines (CII and OII, bottom of
the figures) compared to neutral ones (CI and O1, top of the figures) is
clearly visible (Figures S3 and S4).

Spatial distribution of carbon and oxygen signals. Abel inverted image
series for the four lines of interest are shown in Figs. 4 and 5 for C and
O signals, respectively (series s1).

For both C and O (Figs. 4 and 5), the spatial distribution of neutral
lines appears wider (larger apparent plasma) than for ionized lines, for
both elements, although it is more significant for oxygen lines.

Focusing on carbon (Fig. 4), in the first image (time 75 ns) in
air conditions (top 2 lines), two plasmas are visible. The bottom one
corresponds to the carbon line of interest. In the CI images, the top
plasma corresponds to the CII 251 nm emission, which then shifts
higher and out of the cropped images. In the CII images, the top plasma
is attributed to the emission of CIV 253.0 nm.

Looking at CI distribution in Abel inverted images, there is a first
order difference between measurements in air (top 2 lines) or in CO,
(bottom 2 lines): measurements in air have a tighter distribution,
whereas in CO,, the CI emission has a larger apparent diameter.
Moreover, all three configurations which have carbon in the sample
have CI signal towards the center of the plasma. On the other hand,
the Mg-sulfate / CO, configuration, where all the carbon comes from
the atmosphere, has a hollow center in the CI Abel inverted images.
This indicates that the CI from the sample remains close to the center
of the plasma, whereas the atmospheric contribution to C1I is distributed
in an outer layer.

Spectrochimica Acta Part B: Atomic Spectroscopy 241 (2026) 107537

The CII distributions do not show such clear differences based on
configuration, and hence origin of the carbon, although it is hard to
interpret for Mg-carbonate in air, due to weak signals. In all configu-
rations, there seems to be slightly weaker CII emissions at the center
of the plasma for short delay images. This could be explained by the
presence of C III in the center of the plasma at short delays, as shown
in previous studies [38].

The Abel inverted data of OI (Fig. 5) all show the same distribution
along a relatively thin outer envelope, farther from the sample surface
than the one seen for CI in CO,. Some differences are visible between
configurations, but considering the difference in signal intensity, and
thus noise level in the images, it is hard to identify anything sys-
tematic and interpretable. We thus cannot conclude that there is any
significant difference in the distribution of O observed in the different
configurations.

OII distributions are tightly clustered around the center of the
plasma, with a higher concentration on the edge, similar to CII. How-
ever, the shape is more elongated, less circular than for CII. Similarly
to CII and OI, no clear difference in distribution depending on the
configuration can be observed. The O1II signal decays before the end
of the s1 series and the latest images are dominated by noise.

To complement this qualitative analysis of the images, the width
of each emission was extracted from the plasma imaging series (as
described in the Method section), and plotted as a function of time after
the laser pulse (delay, Fig. 6).

The evolution of the size of OI apparent plasma follows the same
two-regime evolution described in [45], with the stagnation size being
reached after about 500-700 ns. These new results are very consistent
with this previous study, confirming the repeatability and robustness
of the approach. That study also provides a scale for our images: the
maximum size of the plasma recorded from OI emissions should be
around 2.6 to 3.6 mm [45].

For O I, OII and C II, the composition of the sample and atmosphere
do not appear to play a significant role on the width of the observed
emissions. However, for C I, there is a significant difference between the
curves corresponding to plasma developing in CO, (red and orange) or
in air (blue), with a larger apparent width in CO,. This is consistent
with the observations of the images presented above.

Signal intensity. The image series do not clearly show the signal decay,
as the color code of every image is internally normalized. To observe
the changes in signal intensity, we therefore look at curves of total
signal per image (as described in the Method section; Fig. 7).

The contribution of the atmosphere is most visible in the CI signal,
where both CO, configurations have stronger CI signal than in air for
most of the considered time range. Also of interest is the difference
in decay for carbon-bearing and carbon-free samples for CI emissions.
Measurements on Mg-sulfate, the only carbon-free sample in this study,
show a continuous decrease of signal intensity for the considered time
range. On the other hand, measurements on all three carbon-bearing
samples show an initial fast decrease, followed by an increase of CI
signal until around 0.7-1 ps, before the signal decreases for good. The
CI signal is clearly weakest in the Mg-carbonate / air configuration.

The OI signal shows some variability in the decay curves resulting
from the different configurations, with a seemingly monotonous decay
especially for graphite in air and Mg-sulfate in CO,, and a visible
increase around 0.7-1 ps for the Mg-carbonate in air configuration. The
signal is initially higher in the CO, configurations than the measure-
ments in air. It is overall lowest in the graphite/air configuration,
which could be expected as this is the only configuration with no
oxygen in the sample. OII and CII signals show monotonous decay.
These signals are overall highest in the graphite /air configuration.
This might have been expected for CII but may be more surprising for
O II. The overall higher signal for graphite may be explained by its
lower reflectivity at the laser wavelength compared to Mg-carbonate, as
well as its significantly higher absorption [50,51]. Since the refractive
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indices for these materials do not vary significantly between the visible
part of the spectrum and the laser wavelength, this can also be seen
directly from the perceived brightness of the sample pellets. From its
visual appearance, a behavior similar to the Mg-carbonate sample may
be expected for Mg-sulfate. Generally, the higher absorption coefficient
of graphite leads to a smaller interaction volume in which the laser
energy is deposited, increasing the local energy density in that region.
This leads to enhanced heating of the material, ultimately resulting in
stronger emission of ionized species. The O1II signal decays the fastest
and is below or around noise level for all configurations before the end
of the s1 series.

Fig. 8 shows the evolution through time of ionic to neutral emissions
for carbon. All curves decrease with time, due to the faster decay of
ionic species compared to neutral ones. The CII/CI curves show some
important differences between measurements performed in air (blue
curves) and those performed in CO, (red and orange curves), which
have significantly lower CII / CI values over the whole time range. This
indicates that the atmospheric contribution to the carbon signal comes
mostly in the form of CI, with a much lower relative abundance of CII
than the contribution from the sample. The trends of CII / CI decay for
Mg-carbonate / air and graphite / air are different, with a steeper neg-
ative slope in the graphite / air configuration. Similarly to the overall
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stronger signal from ionized species in the graphite sample discussed
above, the faster decay may be explained by the optical properties of
the samples. Ablation from graphite may occur from a smaller volume,
producing a plasma with stronger emission of ionized species. As the
plasma expands and its energy density decreases, emission from ionized
species decreases as the ions recombine with electrons [52]. For Mg-
carbonate, the energy density may be lower compared to graphite,
resulting in an overall lower CII/ CI ratio that remains relatively stable
over the first 200 ns.

Various processes, generally called matrix effects, can affect plasma
emissions due to physical or chemical characteristics of the targets,
affecting laser-matter interactions, plasma evolution, etc. To attenuate
signal variations due to these matrix effects and enable comparison
from one target to another, C-to-O ratios are most often used. They
also allow to take into account the atmospheric contribution to the
C signal. It was showed that it is best practice to normalize lines of
the same ionization degree, otherwise the ratio is very dependent on
parameters such as the laser irradiance [33,41]. We therefore look
at the evolutions of the CI/OI and CII/OII ratios through time, in
the four experimental configurations of this study. Since CI lines are
generally hard to use in Martian LIBS data, CII lines are most often
used, normalized to the O signal [4,8,39], so we also investigate this
ratio (Fig. 9).

The CI/OI ratios are about one order of magnitude lower for Mg-
carbonate in air compared to measurements on the same sample in CO,,
showing again how significant the atmospheric contribution is (Fig. 9).
Looking at the two measurements performed in CO,, the CI/OI ratio
is higher in Mg-carbonate than Mg-sulfate over most of the time series,
which is expected and consistent with the approach used in several
studies [8,39], but the difference is a factor 2 at most and lower for
most of the considered time range. For measurements in air, graphite
leads to much higher CI/OI ratio for most of the time series, even
higher than those in CO, after a few hundred ns.

CII/O1I show similar behaviors for all four configurations, so long
as the signal is sufficient (opaque vs transparent markers; Fig. 7). Sur-
prisingly, the CII /O1II ratio is higher in Mg-sulfate than Mg-carbonate
for the CO, measurements between 50 and 200 ns.

CII/O1Iratios decrease with time, due to the faster decay of ionized
lines compared to neutral ones. The measurements for graphite in air
show higher CII/OI ratios than the other three configurations (factor
5). Those show roughly similar CII / O ratios, with both Mg-carbonate
configurations only slightly above the configuration with Mg-sulfate in
CO,.

Finally, to enable comparison with the signals extracted from Chem-
Cam or SuperCam LIBS spectra on Mars, which have long integration
gates (> 100 ps, [22,25]), we integrate the signal acquired for each
emission line of the whole time range covered by the time series
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(described in Method section). The time-integrated signals, and ratios
of these signals are shown in Fig. 10.

The time-integrated CI and O1I signals are highest in CO, measure-
ments, for carbonate, then sulfate, followed by measurements in air.
Singly ionic emissions are highest in the graphite /air configuration,
for both carbon and oxygen, probably due to the darker color of that
graphite pellet leading to higher laser absorption and hence higher
temperatures. The second highest CII and OII signals are found for
carbonate in CO,.

In practice, absolute signal intensities are rarely usable for in situ
geologic analysis, as they are affected by multiple matrix effects. Nor-
malization is used to attenuate these effects and enable signal compar-
ison from one target to the other. Out of the three plotted C/ O ratios,
two are higher for the carbonate than the sulfate in CO, (red circle vs
orange plus): CI/OI and CII/OI, which are both about 25% higher
in carbonate compared to sulfate. It is unclear why the CII/OII ratio
is not higher for carbonate than sulfate in CO,.

4. Discussion

Technical aspects. Even though we chose the simplest possible samples
for this study to make comparison easier, matrix effects are not entirely
ruled out: the graphite is dark gray whereas the other two are white,
likely affecting laser absorption. This appears to lead to higher initial
plasma temperatures and hence higher ionic to neutral ratio on this
sample. Another aspect is related to water content: we first worked
with an anhydrous sulfate powder, but it had larger grains than the
other powders, and was unstable: absorbing water and thus expanding
significantly. To mitigate these effects, we decided to use a Mg-sulfate
with 1 H,O in the structure. The water might lead to slightly different
matrix effects, but the pellet being more stable and of similar grain size
than the others was considered the more important aspect.

Regarding the data acquisition procedure, one limitation of the
method is that we are not measuring the exact same plasma through
its entire lifetime but collecting data from many plasmas. The signal is
accumulated from 10 distinct laser-induced plasmas for each measure-
ment, and then comparing distinct measurements such as two different
heights or different emission lines. Although we did our best to make
measurements as repeatable as possible so that plasma characteristics
and emissions are similar between measurements, the observations for
one nominal configuration did not always match perfectly. The solution
which is most often used in LIBS spectroscopy to improve repeatability
is signal normalization, but it is not applicable in this case, for the same
reasons. The main factors that might affect the repeatability are:

» local changes in surface characteristics of the sample (roughness,
hydration, ...), although this was mitigated as much as possible
by using pure pellets, prepared in the same way, with homoge-
neous powders, and moving the laser beam on the surface of the
sample throughout measurements to ablate pristine surfaces with
each pulse.

slight changes in pressure: in some cases, we noticed degassing
leading to an increasing pressure in the experimental chamber
(1 mbar in a couple of hours). The pressure was controlled and
adjusted regularly if needed to remain between 6 and 7 mbar for
all measurements, to limit this effect.

the wavelength calibration in the spectrometer used in this study
is not entirely stable when switching gratings, leading to small
shifts in wavelength calibration. This is not too critical in this
study, which focuses on specific and isolated lines, but might lead
to uncertainties in the line positions in the presented spectra.

We also highlight the challenge of finding suitable lines for plasma
imaging studies, with the need for sufficient signal and sufficiently
isolated lines. We were not able to work with the CII lines which are
most often used with in situ LIBS data from Mars, but assume that
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the lines used in this study are representative of the populations of
interest, namely CI, CII, OI and OII. Going back to Mars data, it is
likely that some of the lines used in this study will not be usable, due
to the characteristics of the spectrometers onboard the Martian rovers
and the emission line intensities in the time-integrated mission data or
being superimposed by other emission lines.

Atmospheric contributions to plasma emissions. Overall, we observe a
significant contribution of the atmosphere to the carbon and oxygen
signal, in terms of intensity, decay and distribution, especially for
neutral emission lines.

The atmospheric contribution to carbon emissions appears to come
with a high neutral to ionized ratio. This is observed in the significant

difference between measurements in air and CO, in the CI decay
curves, as well as in the CII/CI ratio. This is understandable since
carbon coming from the breakdown of atmospheric CO, molecules re-
sults from plasma-atmosphere interactions rather than direct heating of
the sample by the laser. It thus comes at lower temperature, consistent
with the higher abundance of neutral carbon. With this relatively low
CII/CI in atmospheric contribution, evidence of recombination of CII
to CI is very small for atmospheric contribution whereas it is strong
for sample contribution, observed as a “bump” in the CI decay curves,
corresponding to the CI population being replenished by this process.
Moreover, the spatial distributions of CI from atmospheric and sample
sources appear distinct, with the atmospheric CI being in an outer part
of the plasma compared to the sample contribution which stays close to
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the center. Such difference in spatial distribution for atmospheric and
sample contributions is not observed for the other species investigated
in this study, neither is any strong difference in decay curve, etc. for
the singly ionized species.

Based on the results of this study, it is recommended to use car-
bon neutral emission when possible to characterize a sample’s carbon
content, as most of the differences between atmospheric and sample
contributions are visible in these emissions. With access to time series,
modeling the CI decay curve as the sum of a direct decay and the
recombination of CII in CI might help separate the sample and atmo-
spheric contributions (to be investigated), since the sample appears to
be contributing most of the recombining CII. Otherwise, the CI/OI1
ratio has the highest relative contribution from the sample. However,
the CI 248 nm emission line is not usable in most cases on Mars due to
the overlap of iron lines around and on top of this CI line [33], which
is problematic when most of the carbonates detected in situ on Mars so
far are Fe-bearing [3,4,8,53]. One way to use this emission line could
be to use spectral unmixing/modeling, taking into account surrounding
lines to accurately separate the Fe and C contributions, rather than with
univariate fits [54]. Otherwise, one would have to use CII lines, as
done in most Martian in situ LIBS studies; in that case, normalizing
to OI seems to be more efficient than normalizing to O II, although
one would then have to be careful to take into account any influence
of laser irradiance, timing, etc. For both CI/OI and CII/O1I ratios, the
sample contribution is in the order of 20%-25% of the signal for the
pure carbonate samples analyzed in this study. For carbonates mixed in
other substances, it is therefore expected that the carbon contribution
of the sample would be challenging to identify clearly, consistently with
previous work [39].

The heterogeneity of the plasma, especially the different spatial
distribution of neutral and ionized species (consistent with previous
plasma imaging studies as [38]), or sample and atmospheric contribu-
tions (this study), highlights how important it is to collect emissions
from the entire plasma when generating a LIBS spectrum, to accurately
document species ratio and plasma characteristics. In particular, this
must be especially taken into account when designing instruments
for measurements in different atmospheric conditions, as documented
in [45].

5. Conclusion

Despite the contribution of the Martian atmosphere (96% CO,) to
the carbon signal in Martian LIBS, it remains the only technique with
the potential for in situ characterization, and even possibly quantifica-
tion of carbon remotely, under an hour and without sample prepara-
tion. To reach the full potential of LIBS on that topic, further studies
are necessary, to better understand the plasma-atmosphere interactions
and hence better account for this atmospheric contribution. This study
is a first step in that direction.

Using a unique plasma imaging setup combined with a vacuum
chamber to experimentally simulate Martian atmospheric conditions,
we investigated the spatial and temporal dynamics of carbon and
oxygen in the laser-induced plasma, depending on their origin, from
the sample or the atmosphere. We highlight some characteristics of
the emissions originating from the atmosphere, such as a low CII/CI
ratio, subsequent weak recombination of CII to CI observed in the
CI decay curve, and a distinct spatial distribution of the CI emissions
compared to those originating from the sample. Based on the results of
this study, it appears most efficient to use CI/OI or CII/OI ratios to
distinguish the contribution of carbon from the sample, such as in form
of carbonates, from carbon from the breakdown of the CO,-dominated
Martian ambient atmosphere.
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