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Laser-Induced Breakdown Spectroscopy (LIBS) characterization of granular soils: Implications for

ChemCam analyses at Gale crater, Mars

to ~835 °C, including H 2 O, SO 2 , CO 2 and O 2 [START_REF] Leshin | Volatile, isotope, and organic analysis of martian fines with the Mars Curiosity rover[END_REF]. The range of release temperatures suggests that water is bound to the amorphous component. The CheMin instrument did not detect any hydrated mineral in the soil, which also suggests that H 2 O is associated with the amorphous component.

ChemCam, the Laser-Induced Breakdown Spectroscopy (LIBS) instrument [START_REF] Wiens | The ChemCam instrument suite on the Mars Science Laboratory (MSL) rover: Body unit and combined system tests[END_REF][START_REF] Maurice | The ChemCam instrument suite on the Mars Science Laboratory (MSL) rover: Science objectives and mast unit description[END_REF], enables elementary chemistry to be determined at a sub-millimeter scale, and so is a relevant tool to constrain the chemical constituents of soils. The laser beam has a sampling area that ranges from 350 to 550 μm diameter, depending on the distance to the target. This resolution allows us to directly isolate soil components at or above some size scale, thus providing the first discrimination between different populations of grains [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale crater[END_REF][START_REF] Cousin | Compositions of coarse and fine particles in martian soils at Gale: A window into the production of soils[END_REF]. Near the landing area, some grains coarser than the laser beam were found to have predominantly a felsic composition (enriched in Si, Al, Na, and K).

These grains have the same composition as rocks encountered in the Bradbury landing site and so might come from locally eroded rocks [START_REF] Sautter | Igneous mineralogy at Bradbury rise: The first ChemCam campaign at Gale crater[END_REF][START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale crater[END_REF][START_REF] Cousin | Compositions of coarse and fine particles in martian soils at Gale: A window into the production of soils[END_REF]. The second population contains grains that are both coarser and finer than the laser sampling area, with a mafic composition (enriched in Fe and Mg). The Mn, Cr and Mg signals are lower for these grains than in the neighboring rocks, suggesting a lack of direct genetic connection between these soil grains and local mafic rocks [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale crater[END_REF][START_REF] Cousin | Compositions of coarse and fine particles in martian soils at Gale: A window into the production of soils[END_REF]. ChemCam data recorded a stronger hydrogen emission peak linked to the mafic part, which may be associated with weathering products among the non-crystalline components [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale crater[END_REF]. Consequently, constraining the nature and chemistry of these hydrated amorphous phases is important to better understand the aqueous history of these sediments.

Analyses made by Curiosity in the Bagnold Dunes

The Bagnold Dunes, located near the base of Mount Sharp, are the first active dunes studied in situ on another planet [START_REF] Bridges | The Mars Science Laboratory (MSL) Bagnold dunes campaign, Phase I: Overview and introduction to the special issue: Bagnold dunes campaign overview[END_REF]. Two samples were scooped at different locations: Gobabeb on Sol 1225, and Ogunquit Beach on Sol 1650 (Figure 1), corresponding to the upwind and downwind margins of the dune field. The CheMin instrument was used to determine their mineralogies. They are relatively similar to that of the Rocknest sand with a crystalline part mostly composed of igneous basaltic minerals (plagioclase, olivine, augite, and pigeonite), with minor abundances of hematite, magnetite, quartz, and anhydrite [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF][START_REF] Rampe | Sand minerology within the Bagnold Dunes, Gale crater, as observed in situ and from orbit[END_REF][START_REF] Morrison | Crystal chemistry of martian minerals from Bradbury landing through Naukluft Plateau, Gale crater, Mars[END_REF]. Similarly to Rocknest, the Gobabeb and Ogunquit Beach samples have substantial fractions of amorphous materials, with respectively 35±15 [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF] and 40±15 wt.% [START_REF] Rampe | Sand minerology within the Bagnold Dunes, Gale crater, as observed in situ and from orbit[END_REF] of the bulk mineralogy. The X-ray amorphous component compositions show some differences between Gobabeb and Ogunquit Beach, especially in SiO 2 and FeO T abundances that could be a result of different local sediment sources (Rampe et al., 2018). Second-order mixing of local bedrock contributions and mineral sorting were also observed through subtle mineralogical variation between the two locations, especially in olivine and plagioclase abundances [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF][START_REF] Lapotre | Compositional variations in sands of the Bagnold Dunes, Gale crater, Mars, from visible-shortwave infrared spectroscopy and comparison with ground truth from the Curiosity rover[END_REF][START_REF] Ehlmann | Chemistry, mineralogy, and grain properties at Namib and high dunes, Bagnold dune field, Gale crater, Mars: A synthesis of Curiosity rover observations[END_REF][START_REF] Rampe | Sand minerology within the Bagnold Dunes, Gale crater, as observed in situ and from orbit[END_REF]. Several scoops of the Gobabeb samples were sieved to supply portions with controlled grain sizes to the SAM and CheMin instruments. Leftovers with relatively well-constrained ranges of grain sizes were dumped onto the J o u r n a l P r e -p r o o f Journal Pre-proof ground. The Sample Acquisition/Sample Processing and Handling (Sa/SPaH) subsystem of the rover [START_REF] Anderson | Collecting samples in Gale crater, Mars; an overview of the Mars Science Laboratory sample acquisition, sample processing and handling system[END_REF] delivered four piles of the Bagnold sand: dump A (<150 μm), dump B (>150 μm), dump C (150 μm-1 mm) and dump D (>1 mm). ChemCam measurements were performed on these four different dumps [START_REF] Cousin | Geochemistry of the Bagnold dune field as observed by ChemCam and comparison with other aeolian deposits at Gale crater[END_REF]. Grain size distributions were also measured with ChemCam RMI images and MAHLI (Mars Hand Lens Imager) images, the latter of which has a spatial resolution better than 19 μm per pixel at a ~1 cm standoff distance [START_REF] Edgett | Curiosity's Mars hand lens imager (Mahli): Sol 0-179 activities, observations, range and scale characterization[END_REF]. These images reveal that no grains larger than 500 μm are detectable in piles B and C, and, as a matter of fact, no pile was formed at the expected dump D location, due to the absence of grains larger than 1 mm [START_REF] Ehlmann | Chemistry, mineralogy, and grain properties at Namib and high dunes, Bagnold dune field, Gale crater, Mars: A synthesis of Curiosity rover observations[END_REF]. ChemCam analyses in these dump piles reveal that at least two different chemical components are present in the Bagnold Dunes. Indeed, [START_REF] Cousin | Geochemistry of the Bagnold dune field as observed by ChemCam and comparison with other aeolian deposits at Gale crater[END_REF] show a mixing line between two end-members: the first one is enriched in Al, Na, Si, and Ca suggesting the presence of felsic compounds, while the other one is depleted in these elements, suggesting the presence of mafic minerals, which is in agreement with CheMin mineralogy.

Finally, although the hydrogen abundances recorded in the dunes were lower compared to the Rocknest soil samples (respectively 1.5-3 and ~1 wt.%, [START_REF] Leshin | Volatile, isotope, and organic analysis of martian fines with the Mars Curiosity rover[END_REF][START_REF] Sutter | Evolved gas analyses of sedimentary rocks and eolian sediment in Gale crater, Mars: Results of the Curiosity rover's Sample Analysis at Mars instrument from Yellowknife Bay to the Namib dune[END_REF][START_REF] Gabriel | Water abundance of dunes in Gale crater, Mars, from active neutron experiments and implications for amorphous phases[END_REF], the amorphous component of the dunes is also thought to hold the H 2 O content [START_REF] Cousin | Geochemistry of the Bagnold dune field as observed by ChemCam and comparison with other aeolian deposits at Gale crater[END_REF]Sutter al., 2017, Achilles et al., 2017, Ehlmann et al., 2017, Rampe et al., 2018). Similarly to Rocknest soils, constraining the origin and nature of the hydrated amorphous phases is an important step to understand the aqueous alteration processes that made the history of these soil deposits. 

Objectives of the present study

Direct analyses of the amorphous component by ChemCam require first to understand the complexity of the interaction between the laser beam and the granular materials. The goal of this study is to conduct analyses of martian soil simulants with a replica of the ChemCam instrument in the laboratory, where experimental parameters and end-member compositions are well constrained, to better understand ChemCam flight data. Only a few studies were done on LIBS performance on non-indurated targets (see for example the review by [START_REF] Harmon | Applications of laser-induced breakdown spectroscopy for geochemical and environmental analysis: A comprehensive review[END_REF], and even less under martian atmosphere conditions. Indeed, ChemCam represents the first use of the LIBS technique on another planet, and the interpretation of ChemCam data of soils is complicated in the martian environment because of the large diversity of grain sizes and the unknown physical form (i.e., the kind of grain mixtures) of soil particles, including the amorphous component. Here, we studied the interaction of the laser beam with two kinds of mixtures that occur or may occur in martian soils. The first kind corresponds to mechanical mixtures of two populations of grains of distinct chemical compositions (Figure 2, left panel). This may be applied to two populations of J o u r n a l P r e -p r o o f Journal Pre-proof crystalline grains (e.g., mafic and felsic minerals, [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale crater[END_REF][START_REF] Cousin | Compositions of coarse and fine particles in martian soils at Gale: A window into the production of soils[END_REF], but also to a population of amorphous grains mingled with crystalline grains. The second kind of mixtures that we studied corresponds to a material forming a compositionally-distinct coating at the surface of grains (Figure 2, right panel). Such a coating may be formed by the precipitation of salts from a saturated solution, for which grains can serve as nuclei. Alternatively, grains may also develop alteration rinds due to aqueous weathering processes, or get coated by dust during their transport due to electrostatic forces. Here again, the coating may be crystalline or amorphous in nature. In martian soils, these two kinds of mixtures can occur simultaneously, for example, with the mixing of primary grains, grains with secondary coatings, and fragments derived from the coatings. In addition to chemistry, constraining the physical form of the noncrystalline part is important because it can yield information about its origin and consequently result in a better understanding of the geology and aqueous history of these sediments. Dust and precipitated coatings on indurated rocks were studied previously for ChemCam data interpretation purposes [START_REF] Graff | Dust removal on mars using laser-induced breakdown spectroscopy[END_REF][START_REF] J O U R N A L P R E -P R O O F Lanza | Understanding the signature of rock coatings in laser-induced breakdown spectroscopy data[END_REF] but not with the aim of understanding soil properties. The objective of our work is to show how the LIBS technique can provide specific insight into the physical and chemical properties of soils. In addition to hydrogen, sulfur is also an important element to study aqueous alteration processes on the martian surface. Sulfur is present in abundance in martian soils (i.e., ~6.2 wt.% SO 3 , [START_REF] Taylor | Planetary crusts: their composition, origin and evolution[END_REF] mainly in the form of sulfates (e.g., [START_REF] King | Sulfur on Mars[END_REF]. Sulfate minerals have been widely detected by remote-sensing (e.g., [START_REF] Gendrin | Sulfates in martian layered terrains: the OMEGA/Mars Express view[END_REF][START_REF] Langevin | Sulfates in the north polar region of Mars detected by OMEGA/Mars Express[END_REF][START_REF] Bibring | Global mineralogical and aqueous Mars history derived from OMEGA/Mars Express data[END_REF], especially in the equatorial Valles Marineris canyon, in the adjacent Meridiani area, and in the circumpolar deposits. In situ analyses also reveal that sulfates correspond to abundant secondary products in martian soils. Magnesium, calcium and/or iron sulfates were identified at the Viking, Pathfinder, Phoenix and MER landing sites (e.g., [START_REF] Clark | Geochemical compnents in martian soil[END_REF][START_REF] Foley | Final chemical results from the Mars Pathfinder alpha proton xray spectrometer: Mars exploration rover mission and landing sites[END_REF]Kounaves et al., 2010;[START_REF] Wang | Sulfate deposition in subsurface regolith in Gusev crater, Mars[END_REF][START_REF] Soderblom | Soils of Eagle.crater and Meridiani Planum at the Opportunity rover landing site[END_REF]. In Gale crater soils, only anhydrite has been observed by CheMin, but the mass balance calculations indicate that sulfur is abundant in the amorphous component of the Rocknest soil with ~14 wt.% SO 3 [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF]. Consequently, in this study, we also tested the sulfur LIBS emission peaks as a potential geochemical marker of S-bearing phases in martian granular media.

Methods

Preparation of martian analog samples

J o u r n a l P r e -p r o o f

Journal Pre-proof

For the purpose of this study, we produced simple laboratory mixtures corresponding to the two model cases mentioned above: mechanical mixtures, and grains with a surface coating (Figure 2).

Preparations were made for several grain sizes, ranging from smaller to larger than the laser beam (~425±25 μm, [START_REF] Chide | Listening to laser sparks: a link between laser-induced breakdown spectroscopy, acoustic measurements and crater morphology[END_REF]. Although this is a simplification with respect to natural martian soils, we prepared only binary mixtures to facilitate data interpretation. To enable direct comparisons between samples, the same reference was used in all kinds of mixtures: the JSC-1A lunar soil simulant (referred to as JSC-L in this paper). This glass-rich, mostly unaltered basaltic material is composed of volcanic ash from a pyroclastic sheet deposit, located in the San Francisco volcano field [START_REF] Mckay | JSC-1: A new lunar soil simulant[END_REF][START_REF] Hill | Apollo sample 70051 and high-and low-lunar soil simulants MLS-1A and JSC-1A: Implications for future lunar exploration[END_REF]. It contains <1 % of olivine, feldspar and pyroxene phenocrysts. This lunar analog does not exactly match the composition of Gale crater soils (Table 1) in particular regarding the FeO T , Al 2 O 3 , CaO and SiO 2 contents but it makes an excellent basaltic volatile-poor end-member for our soil analogs because of its homogeneous composition and its low level of alteration.

Table 1: Chemical composition reference for the lunar and martian soil simulants (in wt.%, volatile free and normalized). The ratio between lunar and martian simulants is calculated for all major elements. Gale soil composition from the APXS and the fine fraction of Gale soil (defined as Aeolis Palus soil) from ChemCam are also represented, as well as the Meridiani and Gusev soils (from APXS) and the average martian soil reference. Note that APXS data for Gale soils were renormalized with 2 wt.% water (similarly to [START_REF] Lasue | Martian eolian dust probed by ChemCam[END_REF] 6 [START_REF] Taylor | Planetary crusts: their composition, origin and evolution[END_REF] 2.1.1. Mechanical mixtures Two kinds of mechanical mixtures were prepared using the JSC-L powder, with two different volatile-bearing end-members. The first one is the JSC-1 martian regolith simulant (referred to as JSC-M in this paper). These basaltic grains are composed of altered glassy ash and cinders from the Pu'u Nene volcanic cone on Mauna Kea, Hawaii. Mineral phases present in this material include anorthite, Ti-rich magnetite, pyroxene, olivine, allophane, as well as ferrihydrite [START_REF] Allen | JSC Mars-1: a martian soil simulant[END_REF]. Among major oxides, Al 2 O 3, FeO T , MgO, and CaO show the most significant divergence between the martian and lunar simulants (Table 1). JSC-M is also much more altered than JSC-L and contains a higher hydrogen content. Heating for half an hour at 200°C with a thermo-balance shows that the volatile abundance (assumed to be mainly water), is greater in the bulk martian analog compared to the bulk lunar regolith simulant (respectively 11 and 1.4 wt.% materials released). The two simulants were separately sieved to produce different grain size ranges, both smaller and larger than the laser beam of the ChemCam Qualification Model used in this study (~425±25 μm at ~1.8 m, [START_REF] Chide | Listening to laser sparks: a link between laser-induced breakdown spectroscopy, acoustic measurements and crater morphology[END_REF]. The four grain size ranges used for the experiment are equivalent to <45 μm, 125-250 μm, 250-500 μm and 0.5-1 mm. For each grain size fraction, JSC-L and JSC-M simulants were then mixed, in variable concentrations, with JSC-M abundances of 1.5, 5, 15, 25 and 50 wt.%. Only results for the fine-grained mixture (<45 μm) with 25 wt.% JSC-M are not reported here due to an autofocus issue during the LIBS analysis.

Additional mixtures were prepared using JSC-L and magnesium sulfate, to have mechanical mixtures of end-member materials also used in the coating experiments discussed later (see section 2.1.2).

The use of similar materials enables us to compare the results directly between the two kinds of mixtures.

Although the goal of our experiments is not to reproduce the martian soil mineralogy, magnesium sulfate was used because it was observed in other martian soils (e.g., Kounaves et al., 2010;[START_REF] Clark | Geochemical compnents in martian soil[END_REF][START_REF] Soderblom | Soils of Eagle.crater and Meridiani Planum at the Opportunity rover landing site[END_REF][START_REF] Wang | Sulfate deposition in subsurface regolith in Gusev crater, Mars[END_REF] and in Gale crater bedrock (e.g., [START_REF] Milliken | Paleoclimate of Mars as captured by the stratigraphic record in Gale crater[END_REF][START_REF] Fraeman | The stratigraphy and evolution of lower Mount Sharp from spectral, morphological, and thermophysical orbital data sets[END_REF][START_REF] Rapin | An interval of high salinity in ancient Gale crater lake on Mars[END_REF], and consequently could be a potential candidate for amorphous phases. Magnesium sulfates are also easily soluble in water, facilitating the production of coating for our experiments (see section 2.1.2). For these mechanical mixtures, we used the same concentrations as the above-mentioned JSC-M and JSC-L mixtures, but with only one range of particle sizes (250-500 μm diameter). The thermo-balance analysis shows that the magnesium sulfate powder consisted of ~31 wt.% of volatiles at ambient conditions (assumed to be mainly water). Hydration of the magnesium sulfate results from the experimental protocol used to obtain a similar material to that used in the surface coating experiments. Indeed, kieserite powder (25 g) from Sigma-Aldrich was dissolved into distilled water (100 mL). Next, the magnesium sulfate was precipitated by heating the solutions with an oven at 90°C at ambient pressure for several hours until complete evaporation of the solution. Then the resulting sulfate was crushed with an agate mortar, and J o u r n a l P r e -p r o o f

Journal Pre-proof finally, sieved. While stored in a vacuum chamber at 10 -3 mbar (see section 2.2), the end product of this protocol released the same amount of volatiles (30.6 wt.%) as the heated powder, as found by the precise weighing of the sample before and after exposure to the vacuum.

As noted above, both primary (glass) and secondary (allophane, ferrihydrite) amorphous phases are present in our end-members. These latter are probably mostly present as aggregates within other mineral phases rather than as individual grains. However, it was not our goal to try to reproduce precisely the composition of the amorphous component of the martian soil, which is not well-constrained. In addition, the crystalline or X-ray amorphous nature of the mineral constituents of the samples does not matter for our LIBS analyses, which are only sensitive to chemistry, and not to mineralogy.

Surface coatings

Grains with surface coatings were simulated by precipitating different amounts of magnesium sulfate

(1.5, 5 and 15 wt.%) onto the JSC-L basaltic grains from a saturated aqueous solution (Figure3.b-c).

Saturation was reached by heating the solutions (distilled water with different concentrations of Mg-sulfate) containing the basaltic grains at 90°C in an oven at ambient pressure. Different grain sizes (125-250, 250-500, 500-1000 μm) of JSC-L were used as substrates for magnesium sulfate nucleation. Unlike mechanical mixtures, the finest fraction (<45 μm) was not used for this kind of samples because the decrease of intergrain porosity did not allow efficient fluid circulation and thus decreased the coating homogeneity among grains considerably. Magnesium sulfate concentrations of 1.5 and 15 wt.% were used for the three different grain sizes (expressed here as a mass proportion between Mg-sulfate and JSC-L in the final samples). An additional concentration of 5 wt.% was also used for the 250-500 μm grain size range only. Using confocal microscopy, we roughly estimated the coating thickness to 10±5 μm for 15 wt.% of Mg-sulfate deposited on basaltic grains, by focusing on the top and the bottom planes of the coating for different grain orientations.

Figure 3: Stereo-microscope images of a) 0.5-1 mm diameter of pure grains of JSC-1 lunar soil simulant; b) 0.5-1 mm diameter of JSC-1 lunar soil simulant with a coating obtained by precipitation of 1.5 wt.% magnesium sulfate; c) 0.5-1 mm diameter of JSC-1 lunar soil simulant with a coating obtained by precipitation of 15 wt.% magnesium sulfate,

The coverage and homogeneity of the coating were estimated by pixel analysis. At least two images

showing randomly chosen grains (several dozen grains per image) were acquired with a Leica S8 APO stereo-microscope for each sample. Pixels were then filtered following their red, green and blue components.

Pixels belonging to uncoated basaltic surfaces were black (e.g., Figure 3.a), and the remaining pixels were attributed to the coating after removing pixels from the background. Finally, the ratio between the two populations of pixels gave the coating coverage ratio. The coating coverage for each concentration of material and grain sizes is given in Table 2. Qualification Model [START_REF] Maurice | The ChemCam instrument suite on the Mars Science Laboratory (MSL) rover: Science objectives and mast unit description[END_REF], and the Body-Unit Engineering Model [START_REF] Wiens | The ChemCam instrument suite on the Mars Science Laboratory (MSL) rover: Body unit and combined system tests[END_REF]. The Nd: KGW laser emits pulsed light for 5 ns at 1067 nm to generate the plasma. The frequency of the laser used in our experiment was 1 Hz with ~10 mJ power on target [START_REF] Maurice | The ChemCam instrument suite on the Mars Science Laboratory (MSL) rover: Science objectives and mast unit description[END_REF][START_REF] Rapin | Hydratation de la surface de Mars à partir des données du rover Curiosity[END_REF]. The Mast Unit instrument was operated in a climatic chamber at -10°C for best performance. The samples were analyzed at a distance of 1.8 m (similar to the distance to the calibration targets on the rover), which corresponds to a laser beam width of 425±25 μm on target [START_REF] Chide | Listening to laser sparks: a link between laser-induced breakdown spectroscopy, acoustic measurements and crater morphology[END_REF]. The telescope also collects the light emitted by the radiative decay of excited species constituting the plasma and transmits it to the three spectrometers of the Body-Unit (using 3 ms integration time), which cover the 240-906.5 nm spectral range.

Samples were placed in a martian chamber (Figure 4), which allowed us to run experiments in a simulated martian atmosphere in terms of pressure (~7 mbar) and composition (mainly CO 2 , 1.6 % Ar and 2.7 % N 2 ).

The gas composition and pressure have an important influence on spectral intensities, resolution and detection limits [START_REF] Knight | Characterization of laser-induced breakdown spectroscopy (LIBS) for application to space exploration[END_REF][START_REF] Colao | LIBS application for analyses of martian crust analogues: search for the optimal experimental parameters in air and CO 2 atmosphere[END_REF][START_REF] Effenberger | Effect of atmospheric conditions on LIBS spectra[END_REF][START_REF] Lasue | Remote laser-induced breakdown spectroscopy (LIBS) for lunar exploration[END_REF].

Before the LIBS analyses themselves, the chamber was pumped to vacuum (10 -3 mbar) for several hours to release volatile species adsorbed on the grains. A micro-barometer inserted into the chamber enabled us to ensure that the samples were no longer degassing before introducing the simulated martian atmosphere.

Then, five observations ("points") were acquired on different locations of the sample, each corresponding to 10 laser shots for mechanical mixtures between JSC-M and JSC-L (0.5-1 mm grain sizes). All other samples were analyzed with 30 laser shots per observation point (typical of ChemCam martian measurements), which resulted in 150 spectra per sample. 

Data processing and ICA method

Data processing was performed the same way as for spectra collected by ChemCam on Mars [START_REF] Wiens | Pre-flight calibration and initial data processing for the ChemCam laser-induced breakdown spectroscopy instrument on the Mars Science Laboratory rover[END_REF]. For each laser burst, a passive spectrum was acquired (without laser) with the same integration J o u r n a l P r e -p r o o f

Journal Pre-proof time, to remove the baseline counts of the CCD as well as ambient light reflected by the sample. Spectral noise removal and removal of the continuum linked to the Bremsstrahlung emission and free-electron recombination was done following the method presented in [START_REF] Wiens | Pre-flight calibration and initial data processing for the ChemCam laser-induced breakdown spectroscopy instrument on the Mars Science Laboratory rover[END_REF]. Finally, the wavelength calibration was done by analyzing a titanium plate in similar experimental conditions. The pixel shift between spectra acquired on the titanium sample and a titanium standard [START_REF] Wiens | Pre-flight calibration and initial data processing for the ChemCam laser-induced breakdown spectroscopy instrument on the Mars Science Laboratory rover[END_REF] was corrected on our spectra.

Similarly to the ChemCam quantification method [START_REF] Clegg | Recalibration of the Mars Science Laboratory ChemCam instrument with an expanded geochemical database[END_REF], each spectrum acquired on a geological target was normalized in different ways depending on the chemical element considered. For Fe and Mg, each pixel was divided by the standard deviation of the emission intensity whereas Si and Ca were divided by the total emission obtained on the full spectral range covered by the three spectrometers together.

Conversely, for Ti, Al, Na, K, and H, each pixel belonging to the three spectral ranges was divided by the standard deviation of the emission intensity obtained on the three spectrometers separately. Instrumental effects like fluctuation in the laser irradiance due to focus quality are thereby partly corrected. However, chemical quantification from LIBS spectra is also made complex by physical and chemical matrix effects. As a result, emission peak intensities are not necessarily correlated linearly with concentrations. For example, grain sizes, cohesion, and sample roughness, as well as the thermal and optical properties of the target will directly affect the mass of ablated matter.

Major oxide quantifications on martian data use two multivariate techniques explored earlier by the ChemCam team: Partial Least Squares [START_REF] Clegg | Multivariate analysis of remote laserinduced breakdown spectroscopy spectra using partial least squares, principal component analysis, and related techniques[END_REF] combined with an Independent Component Analysis [START_REF] Forni | Independent component analysis classification of laser-induced breakdown spectroscopy spectra[END_REF], both using more than 400 calibration standards measured at the Los Alamos National Laboratory [START_REF] Clegg | Recalibration of the Mars Science Laboratory ChemCam instrument with an expanded geochemical database[END_REF]. Such quantitative analysis cannot be fully applied in this study because of experimental constraints. Indeed, the folding mirror and the window of the climatic and martian chambers (Figure 4) induce different instrumental response functions between the flight model and the laboratory setup, and the full set of calibration standards has not been analyzed at IRAP. Consequently, as the calibration was developed for the flight model only, we are not able to easily quantify our data with this setup. Instead, we used only the Independent Component Analysis (ICA), which can be employed for qualitative analyses (and it will be shown in the next section that ICA scores behave well with concentrations in the frame of this experiment). ICA is a blind source separation method, which allows one to deconvolve pristine signals from a complex signal of several sources. Here, the sources are the contributions of each chemical element to the signal that may be considered as independent components. Ten independent components corresponding to Si, Ti, Al, Fe, Mg, Ca, Na, K, H, and Li were extracted from the martian dataset [START_REF] Forni | Independent component analysis classification of laser-induced breakdown spectroscopy spectra[END_REF] by the orthogonal ICA program JADE (Joint Approximate Diagonalization of Eigenmatrices; [START_REF] Cardoso | Blind beamforming for non-gaussian signals[END_REF][START_REF] Cardoso | Infomax and maximum likelihood for blind source separation[END_REF]. Our mixture spectra are more or less correlated with these independent components. Then, the covariance between the spectrum of a sample and each independent component gives an ICA score for each chemical element. As these covariances are linked to the chemical compositions, trends in ICA scores reflect chemical changes, which can eventually be interpreted as mineral variations when appropriate.
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Sulfur is an important element to consider when studying aqueous alteration processes on Mars.

However, sulfur is challenging to detect with ChemCam, because there are only a few corresponding emission lines in the spectral range covered by the three spectrometers and because of their low intensities.

Moreover, the close proximity of Fe emission peaks near the sulfur ones creates interferences. In this study, we tested the sulfur emission peaks as a potential geochemical marker of S-bearing phases in martian sediments. Therefore, we extracted the three most intense sulfur peaks at 543.2, 545.5 and 548 nm from laboratory spectra of pure magnesium sulfate, and created an artificial pure sulfur spectrum that serves as an ICA component. A Pearson correlation factor can then be calculated between the empirical sulfur spectrum and the different experimental mixture spectra.

Results

Mechanical mixtures

Relationship between ICA scores and concentrations

The spectra of the three end-members used in our experiments are shown in Figure 5.a, illustrating their chemical differences. The Independent Component Analysis applied to these spectra successfully discriminated the end-member compositions. Figure 5.b represents the Fe ICA scores as a function of the Mg ICA scores obtained for the pure JSC-L, JSC-M, and magnesium sulfate samples. Although we observe some variability among the 150 shots of a given sample due to some chemical heterogeneity and intrinsic analytical repeatability, the four end-members are overall well separated. In geological terms, it means that we are able to distinguish between these different components (independently of mechanical mixtures or grain coatings), as long as we choose discriminating pairs or groups of chemical elements. The average ICA scores obtained on JSC-L and JSC-M mixtures reveal overall linear relationships for the concentrations of all elements (Figure 6). When the concentration of JSC-M increases in the mixtures, the corresponding ICA score also increases linearly for Al, Ti, Fe and H. The same observations apply for decreases in ICA scores for Si, Mg, Na, K, and Ca, in agreement with the estimated chemical composition of the mixtures. For the larger grain sizes, some variability is observed among the mean ICA scores that can be attributed to the laser sampling of preferential minerals, unrepresentative of the bulk sample stoichiometries.

Our 150 laser shots per sample enable us to approach a bulk analysis, but there is still a possible statistical bias that introduced these variabilities. Linear regressions exhibit slopes that are relatively independent of particle sizes, except for Si, Na and K. The average ICA scores for these elements show trends for the fine-
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Journal Pre-proof grained fraction mixtures (<45 μm) that contrasts with other particle size mixtures. The global shift toward lower values for Si (and Na and K) in this fine fraction possibly reflects chemical variations induced by the sieving process, compared to the bulk composition found in the literature (McKay et al., 1993;[START_REF] Allen | JSC Mars-1: a martian soil simulant[END_REF][START_REF] Hill | Apollo sample 70051 and high-and low-lunar soil simulants MLS-1A and JSC-1A: Implications for future lunar exploration[END_REF]. For example, higher olivine abundance relative to plagioclase and/or basaltic glass in the fine fraction of the JSC-L could be responsible for the decrease of the Si, Na and K ICA scores for this grain size. Similarly, the Fe-Ti oxides (ilmenite and titanomagnetite) identified in the bulk fraction [START_REF] Hill | Apollo sample 70051 and high-and low-lunar soil simulants MLS-1A and JSC-1A: Implications for future lunar exploration[END_REF] could be present in higher abundance in the coarser grain sizes (especially in the mixture including 1.5 wt.% JSC-M) and responsible for the increase of the Ti (and Fe) ICA score for this mixture. On the other hand, physical matrix effects due to lower grain sizes cannot be ruled out, especially for Na and K, which appear to be particularly susceptible to these effects as seen in the laboratory. Moreover, linear coefficients decrease with grain sizes for Si and K, undermining the usefulness of these two elements to discriminate mixtures for fine-grained sediments. As other elements like Al, Ti, Mg, Fe, Ca and H show ICA scores quite independent from the grain sizes used, we can conclude that these elements are less subject to physical matrix effects if present, and consequently will be used preferentially in the remainder of the article as discriminatory elements to differentiate end-member products. The observation of similar linear relationships between the ICA score and concentration for all grain size ranges is particularly interesting for hydrogen because it is a marker of aqueous alteration phases.

Previous works have revealed that several factors, including physical target properties, can affect the hydrogen emission peak intensities [START_REF] Kurniawan | Review of laser-induced plasma, its mechanism, and application to quantitative analysis of hydrogen and deuterium[END_REF][START_REF] Schröder | Hydrogen detection with ChemCam at Gale crater[END_REF]Rapin et al., 2017a;Rapin et al., 2017b). Generally, unconsolidated targets show overall higher H peak intensities than indurated rocks.

The roughness of the target as well as the gradual evolution of the LIBS crater in soil can change the lasermatter interaction (Rapin et al., 2017a;Rapin et al., 2017b). In addition to physical matrix effects between cohesive and non-cohesive materials, shot-to-shot hydrogen variability has also been observed in homogeneous indurated rocks [START_REF] Rapin | Hydratation de la surface de Mars à partir des données du rover Curiosity[END_REF]. The origin of this phenomenon is not yet well understood but could be linked to dehydration induced by heating from the laser pulses. But these artifacts do not seem to affect our experiments, as we did not notice any shot-to-shot trend for the hydrogen signal, and the H ICA score is found to be independent of the particle sizes of the mixtures (Figure 6.i). Consequently, the ChemCam hydrogen signal constitutes a reliable geochemical marker to distinguish materials with different hydration states in martian soils and could be used in the next section to discriminate our end-member J o u r n a l P r e -p r o o f

Journal Pre-proof products. The hydrogen signal could be also particularly useful for the characterization of the amorphous component in martian soils, which is suspected to contain the H 2 O content measured by the SAM and ChemCam instruments in the Rocknest soils and the Bagnold dunes since CheMin did not detect any hydrated crystalline phase in the corresponding samples [START_REF] Blake | Curiosity at Gale crater, Mars: Characterization and analysis of the Rocknest sand shadow[END_REF], Bish et al.,2013[START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale crater[END_REF][START_REF] Cousin | Geochemistry of the Bagnold dune field as observed by ChemCam and comparison with other aeolian deposits at Gale crater[END_REF][START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF], Rampe et al., 2018[START_REF] Morrison | Crystal chemistry of martian minerals from Bradbury landing through Naukluft Plateau, Gale crater, Mars[END_REF].

For JSC-L and magnesium sulfate mixtures, we computed the Pearson Correlation Factor (PCF) between our sulfur reference spectrum (see Methods, section 2.3) and our mixture spectra, to test the feasibility of sulfur detection by this approach. Other sulfur quantification methods are currently being developed for application to ChemCam data (e.g., [START_REF] Clegg | ChemCam sulfur quantitative analysis and interpretation[END_REF]2019;[START_REF] Rapin | An interval of high salinity in ancient Gale crater lake on Mars[END_REF]. In our experiments with magnesium sulfate, the average sulfur-PCF per sample increases linearly with increasing sulfate concentrations (Figure 7). Consequently, we show that this experimental "independent sulfur component" is successful in discriminating magnesium sulfate in our analog samples. The magnesium sulfate limit of detection (LOD), which corresponds to the lowest concentration that can be reliably detected using the sulfur peaks, with 97.5 % level of confidence (with respect to false negatives and positives), is graphically obtained following the horizontal projection from the upper prediction band (at zero magnesium sulfate content) onto the lower prediction boundary. This LOD is equivalent to ~16 wt.% MgSO 4 •H 2 O for a set of 150 shots (Figure 7). Interference of iron emission peaks near the sulfur ones is not responsible for the PCF trend, as the Fe content of the total mixture decreases with increasing sulfate concentration. Although JSC-L has only 10.4 wt.% iron, which is less than the iron concentration observed in Gale soils (Table 1), this result is encouraging for ongoing efforts within the ChemCam team to identify S-rich compounds in Febearing matrices. (Figure 8, respectively white and red dots) because the abundances of these elements are very different between both materials. For mixtures containing the same proportion of JSC-L and JSC-M but with varying grain sizes (along the vertical axis in Figure 8), we observe that the scatter of the shot-to-shot ICA scores increases with increasing grain sizes. This is also observed in Figure 6: the error bars (which correspond to
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Journal Pre-proof the standard deviation among the 150 shots) are larger for coarser grain sizes. This implies that the scatter of the ICA scores provides direct information on the grain size distribution. The same observations have been made for indurated rock surfaces, where the grain size distributions can be linked to the scatter in elemental compositions between observation points (Rivera-Hernandez et al., 2019). For mechanical mixtures between the two JSC simulants with grains smaller than 45 μm, we observe the lowest scatter in Mg and H ICA scores compared to other grain sizes (blue dots in Figure 8 and error bars in Figure 6.e.i), as expected.

Indeed, the grain size is small enough compared to the laser beam that the measured chemical composition is equivalent to an average of the two materials, weighted by their relative concentrations. Increasing the proportion of one of the constituents shifts the entire point cloud toward the end-member of this constituent.

Here we highlight that it is very difficult to extract the chemistry of all individual components mixed in a soil when their grains are smaller than 45 μm, because these components are never probed individually if well mixed. Indeed, the laser beam of our ChemCam replica is significantly larger than the grains, and consequently, all pure end-member chemistries in the sample are never reached in mixtures, as also observed For grain sizes larger than 125 μm, the shot-to-shot H and Mg ICA scores start to form a mixing line between the two pure end-members for a concentration larger or equal to 5 wt.% of the JSC martian simulant (Figure 8. e, f, h, i.). In these cases, the scatter of the shot-to-shot ICA scores increases towards the minor end-member (in red). Indeed, even if the bulk compositions are overall similar among all the grain size ranges (vertical axis), the scatter of the ICA scores increases with grain size, as more data points plot along the mixing line. This is observed in Figure 6, where the mean ICA scores remain relatively constant regardless of the grain size but the shot-to-shot error-bar dispersion increases. It is an important point because it shows that even for the 125-250 μm range, i.e. smaller than the laser beam scale (~425±25 μm), a mixing line emerges and reaches the two end-members. Consequently, it is possible to identify the chemistry of individual components considering the extrema of the mixing line.

A concentration of only 1.5 wt.% of JSC-M does not yield any significant influence on the scatter of the ICA scores for any of the grain sizes used. Indeed, the ICA scores for the mixtures and for the JSC-L end-member completely overlap for all the grain size ranges (blue and white dots in Figure 8. a, d, g). It can be assumed that for mixtures with grains smaller than 45 μm, the shift is too small and is masked by the dispersion of the two clusters. Therefore, the detection limit for a minor component in a binary mechanical mixture should be between 1.5 and 5 wt.%, for a soil with a chemical composition similar to the one used in our experiments. In coarse-grained mixtures (equal and over 125-250 μm), 1.5 wt.% of JSC-M is too weak to

J o u r n a l P r e -p r o o f

Journal Pre-proof be detectable for a set of 150 shots. In this case, it is likely a statistical limit, because grains of JSC-M are big enough to influence the LIBS signal if a shot eventually reaches one of them, but this occurs too rarely to be seen.

Coated grains

3.2.1. Fine coated-grains (<500 μm)

The second type of mixtures that we considered in this study consists of coated grains. For mixtures composed of basaltic grains smaller than 500 μm, the Fe and Mg ICA scores are highly influenced by the presence of a surface coating (Figure 9). Indeed, almost all laser shots on coated grains (blue dots in Figure 9) show a contribution from the magnesium sulfate. This can be explained by the small penetration depth of the laser per shot, combined with grain ejection at each shot due to the associated shock wave ( The composition of the end-member coating is never totally reached in our experiment, not because the laser shots pass through the coating and probe the underlying basaltic grains, but because the coating does not cover the entire surface of the grains (Table 2), which are therefore also sampled. The coverage ratio varies strongly with the concentration of the magnesium sulfate used. Indeed, images of the samples (e.g., Figure 3. c-d) reveal that the relative areal coverage of the coated grains is only ~40 % with 1.5 wt.% Mg-sulfate and reaches ~75 % with 15 wt.% Mg-sulfate (Table 2). Consequently, in all our experiments, the basaltic substrate always influences the measurements, and this effect is dependent on the level of coating coverage (as discussed later in the section 4.2). 

Coarse coated-grains (>500 μm)

The results obtained with basaltic grains larger than 500 μm coated with magnesium sulfate differ from those obtained with finer grains (see part 3.2.1). Most Fe and Mg ICA scores for mixtures with grain sizes higher than 500 μm fall close to the basaltic end-member, and only a few shots are located near the
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Journal Pre-proof magnesium sulfate end-member (Figure 10.a, obtained for 15 wt.% of magnesium sulfate). Moreover, by averaging the Fe ICA and Mg ICA scores by shot number, we highlight a common pattern in all LIBS observation points: a monotonic variation is observed within each burst, starting from the chemical signature of the coating in the first few shots and evolving toward the basaltic substrate end-member as the shot number increases (Figure 10.b). This trend in ICA scores with shot number (Figure 10.b) is interpreted as a gradual removal of the coating by repeated laser ablations, with magnesium sulfate from the coating analyzed first, followed by the ablation of the basaltic grain itself. Once again, the end-member coating chemistry is never totally reached in our experiment, likely because of the imperfect coating coverage. This experiment shows that grains larger than 500 μm are coarse enough to remain in place under repeated laser shots and are not ejected by the associated shock waves, in contrast to the behavior of smaller particles. Occasional grain replacement may occur due, e.g., to the creation of a LIBS crater and grains falling into it, but averaging the results of the five observation points smoothes out these occasional events. Hence, the observed monotonic ICA score variations not only give access to the chemistry of the two compounds but can also provide a clear signature of the presence and nature of coatings at the surface of the grains. Obviously, it requires that the coating and its substrate have significant chemical differences to be observed. A similar observation was made by [START_REF] Lanza | Examining natural rock varnish and weathering rinds with laser-induced breakdown spectroscopy for application to ChemCam on Mars[END_REF]2015) for indurated rocks.

Discussion

Sulfur detection

Magnesium sulfate used in our samples is assumed to contain from 0 to ~20 wt.% H 2 O, considering partial and total hydration of the pristine kieserite powder into epsomite (~51 wt.% H 2 O) during the experimental precipitation process and subsequent degassing of ~31 wt.% H 2 O in the vacuum of the martian chamber (see section 2.1.2). The lower limit expressed here is probably not realistic because a significant H signal is visible in the spectrum (Figure 5.a). Considering such hydration levels, our Mg-sulfate samples must contain between 53 and 67 wt.% SO 3 . Consequently, the corresponding LOD for sulfur (see section 3.1.1) is equivalent to 8.5-10.6 wt.% SO 3 . This concentration is higher than the bulk sulfur content estimated from the APXS instrument (5.48 wt.% SO 3 ) in the Rocknest soil [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF]. It means that for a single martian soil target probed with 150 laser shots (as in our experimental conditions), sulfur is not sufficiently abundant to be detected with high confidence. However, as the LOD usually decreases as the
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Journal Pre-proof number of sample analyses increases, this 8.5-10.5 wt.% SO 3 threshold probably corresponds to an upper limit. From mass balance calculation, the amorphous component of martian soils contains ~14 wt.% SO 3 [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF], larger than the previously estimated sulfur LOD. This implies that our approach would allow us to confidently detect sulfur in an average ChemCam spectrum of (at least) 150 shots probing preferentially the amorphous component. This average spectrum may be built by selecting single-shot spectra showing low SiO 2 and low totals, which are the two main compositional characteristics of the amorphous component [START_REF] Dehouck | Independent characterization of the Amorphous Component of martian soils using ChemCam LIBS data[END_REF]. Based on the LOD, the mass ablated by the laser needs to consist of at least 61-75 % amorphous component, which could occasionally occur based on statistics of a number of laser shots, as the amorphous component represents 35±15 wt.% of the bulk soil mineralogy (Achiles et al., 2017).

Mechanical mixtures vs. coatings

Since we prepared both mechanical mixtures and coatings using magnesium sulfate, we can directly compare the sensitivity to this end-member in the two experiments. To this purpose, Figure 11 compares the Mg ICA scores obtained in both cases (i.e. mechanical mixture and grains coatings) as a function of the actual concentration of Mg-sulfate in the samples. At the concentration of only 1.5 wt.%, the Mg score is already significantly higher for coated grains than for a mechanical mixture. It highlights the strong influence of the superficial part for grains < 500 μm on LIBS measurements, and consequently the higher sensitivity of the LIBS technique to elements present as coatings compared to mechanical mixtures.

For grain sizes of 125-250 μm and 250-500 μm, the areal coverage of the coating increases from ~40

% with 1.5 wt.% of Mg-sulfate deposited to ~70-75 % with 15 wt.% of Mg-sulfate deposited, according to the pixel color analysis (Table 2). This means that the basaltic grain always influences the measured composition due to the heterogeneous coating of the grains in our samples. A comparison of Mg ICA scores obtained for varying surface areal coverages in coating mixtures and varying sulfate proportions in mechanical mixtures reveals a direct correlation (Figure 11). As the JSC-L and the magnesium sulfates have more or less the same density, respectively 1.55-1.95 [START_REF] Hill | Apollo sample 70051 and high-and low-lunar soil simulants MLS-1A and JSC-1A: Implications for future lunar exploration[END_REF] and 1.67-2.57 (considering epsomite and kieserite), areal coverage can be directly translated into a mass fraction. Indeed, for a given mass, the two products should have a relatively similar volume and thus a similar surface. In Figure 11, similar ICA scores are obtained, between a given areal coverage and the same proportion of sulfates in the mechanical mixtures. Consequently, by extrapolating, we can conclude that if the coverage was complete (and the coating thicker than the ablation depth per shot), the LIBS analysis would be fully dominated by the chemistry of the coating. This observation also confirms the good linearity of the LIBS technique and ICA analyses, i.e., the composition measured for a mechanical mixture of different components reflects the relative areal coverage of each component illuminated by the laser beam. In the case of grains larger than 500 μm with full coating coverage, we can assume that considering extrema of the ICA monotonic variation (the very first shots and when ICA scores become constant, as shown in Figure 10.b) would give access to the true chemistry of the two components, i.e. the coating and the grain. The grain size threshold (500 μm) above which it is possible to observe a coating signature from a monotonic ICA score trend with shot number is likely sensitive to the experimental conditions. The main difference with martian conditions is gravity, which is almost three times smaller on Mars and thus facilitates the ejection of grains from the laser beam. Moreover, in our laboratory experiment, the laser is oriented perpendicularly to the surface of the samples (incidence angle = 0° relative to normal) because of the experiment design. On Mars, the ChemCam laser incidence angle is always higher than 0°, and the surface of the soil is seldom in the horizontal plane, which probably favors grain displacement during laser bursts.

Accordingly, this 500 μm threshold should be considered as a first-order lower limit.

The correlation between coating areal coverage and mixing proportion in a mechanical mixture is important because it also demonstrates that the grain nucleus will have strictly no influence in the measurement for grains smaller than 500 μm if the coating coverage is complete and a few microns thick.

Consequently, this result demonstrates that the very superficial part of the grains dominates the chemistry measured by the LIBS technique in fine soils, which can lead to an incorrect interpretation of its nature and an erroneous bulk composition of the sample. The strong influence of surface coatings on the chemistry derived by the LIBS technique is related to the small penetration depth of the laser per shot, which seems to never fully penetrate the coating in our experiments due to grain ejection. Indeed, the second important parameter is the size of the grains that are small enough to be ejected by the plasma shock wave between each shot (Figure 2b). Grain ejection leads to the continuous renewal of material between each laser shot. A gradual LIBS ablation of the coating is not possible and thus the chemistry of the grains themselves is never probed. Consequently, ChemCam chemical data, and LIBS measurements in general, can be potentially biased for fine-grained materials if coatings or alteration rinds are present.

Application to the Bagnold Dunes

Our laboratory approach is helpful to improve our understanding of the ChemCam martian dataset.

Observation of grain size influences identified in this study may be used to constrain the types of mixtures that exist in martian soils.

Here we apply our laboratory results to the measurements made by ChemCam in the Bagnold Dunes, which are of particular interest because they offer the possibility to test experimental observations with a real and relatively well-constrained dataset. Indeed, this dataset is unique because it includes several targets with J o u r n a l P r e -p r o o f

Journal Pre-proof varying grain size ranges. ChemCam analyses were performed on two populations of grain sizes in these dunes: grains smaller than 150 μm (dump A) and grains in the 150-500 μm size range (dump B and C). The two datasets have relatively similar statistical significance, as roughly the same number of LIBS shots were acquired (500 on dump A vs. 650 on dumps B and C). To ensure that the laser beam did not drill through the piles and hit the underlying bedrock, we checked the shot-to-shot total emission variation, which is sensitive to the nature of the targets (loose sediment vs pebble or indurated rock), as described in [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale crater[END_REF] and [START_REF] Cousin | Compositions of coarse and fine particles in martian soils at Gale: A window into the production of soils[END_REF]. The distance of each dump pile target from ChemCam is pretty similar (∆ distances <12 cm), which ensures similar laser beam diameters. The determination of ICA scores in these dump piles reveals that at least two different chemical components are present in the Bagnold Dunes (similarly to [START_REF] Cousin | Geochemistry of the Bagnold dune field as observed by ChemCam and comparison with other aeolian deposits at Gale crater[END_REF]. Indeed, the ICA score dispersion shows a mixing line between two end-members: the first one has a felsic composition (enriched in Al, Na, Si and Ca), while the other one is depleted in these elements, suggesting the presence of mafic minerals (Figure 12.d). As we observed two distinct grain compositions, we can first highlight that these two groups are not covered with the same coating composition (if coatings are present). As demonstrated by our laboratory experiments, the scatter of the clusters may contain information about the kind of mixture (mechanical or coating) formed by the two components. We first assume that the composition of the grains is independent of their size, as in our experiments. It is thought to be the case for the Bagnold Dunes, although the coarser fraction of the sand appears to contain a slightly higher olivine abundance [START_REF] Cousin | Geochemistry of the Bagnold dune field as observed by ChemCam and comparison with other aeolian deposits at Gale crater[END_REF]. We also assume that if a coating is present, the areal coverage is relatively constant across all probed grains. In the present study, we demonstrated that for coated grains smaller than 500 μm (and maybe more under martian conditions), grains are small enough to be replaced after each laser shot. Therefore, the LIBS technique gives only access to the superficial part of the soil material. Consequently, if the two chemical components of the Bagnold Dunes were present as grains with coating, the two LIBS datasets (<150 μm and 150-500 μm) should have similar ICA score dispersions, and all measured compositions should fall close to the coating end-member (as summarized in Figure 12.b).

In the case of a mechanical mixture between the two components (without coating), our study shows that an increase in grain size over 125 μm leads to a transition from a small cluster of ICA scores to a mixing line between the two end-members (as illustrated in Figure 12.a).

In the Bagnold Dunes dump samples, the increase in grain sizes between the two groups (<150 μm and 150-500 μm) is also accompanied by an increase in the dispersion in the direction of the two end- 

Penetration depth measurement in soils

The laser penetration depth for the ChemCam instrument is estimated to be between ~0.3 and ~0.8 μm per shot from experiments made on indurated basaltic rocks [START_REF] Wiens | The ChemCam instrument suite on the Mars Science Laboratory (MSL) rover: Body unit and combined system tests[END_REF]. Similar results were found on a basalt rock with a manganese varnish coating, with a laser penetration depth of ~0.3-0.4 μm per shot [START_REF] J O U R N A L P R E -P R O O F Lanza | Understanding the signature of rock coatings in laser-induced breakdown spectroscopy data[END_REF]. Slightly higher laser penetration depths were observed in indurated JSC-M simulants with the formation of ~50 μm laser pits after 5 laser shots (Chide et al., 2018). In the present study, we found a similar penetration depth of the laser in our analog soil samples as the indurated basaltic rocks.

Indeed, we estimated the coating thickness to be between 5 and 15 μm (for 15 wt.% of Mg-sulfate deposited on basaltic grains). Shot-to-shot profiles on grains larger than 500 μm show that 10 to 15 shots are necessary to reach the pure substrate composition (Figure 10.b.), meaning that the sulfate coating is fully penetrated.

From these observations, we can derive a penetration depth of 0.3 to 1.5 μm per shot. Consequently, we

show that the laser depth penetration is similar between coarse-grained basaltic soils coated with magnesium sulfate and indurated basaltic rocks.

While LIBS measurements of the bulk chemistry of fine-grained soils may be hindered if coatings are present, the small penetration depth of the laser is, on the other hand, an advantage to detect the presence of a coating and constrain its chemistry. A comparison between the chemical compositions provided by the ChemCam and APXS instruments can also provide clues about the presence of grain coatings because of the difference in probing depths between the two techniques. For some specific elements, the APXS instrument can have a much higher penetration depth than a single shot with ChemCam [START_REF] Campbell | A fundamental parameters approach to calibration of the Mars Exploration Rover alpha particle x-ray spectrometer[END_REF]. Indeed, the signal measured by the APXS is a function of the attenuation level of the excitation X-rays and of those emitted by the targets. This attenuation depends on their energy and thus on the elements from which they were emitted. As an example, in a basaltic matrix, and for elements with an atomic number equal to or higher than iron (Z≥26), 90 % of the X-rays emitted by the sample come from deeper than ~89.3 μm [START_REF] Campbell | A fundamental parameters approach to calibration of the Mars Exploration Rover alpha particle x-ray spectrometer[END_REF]. The D 90 value defined this depth above which 90 % of the detected X-rays are generated. The APXS penetration depth for such heavy elements is consequently at least sixty times larger than the J o u r n a l P r e -p r o o f
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ChemCam single-pulse laser penetration depth derived above. Theoretically, in Fe-rich martian basaltic finegrained soils with only a few microns of iron-free sulfate coating, the iron signal should be dominated by the grain contribution in the APXS measurement and thus, a high Fe content should be obtained. Conversely, the signal measured by ChemCam would be dominated by the chemistry of the coating and a low Fe content should be recorded. More generally, a significant divergence in iron concentration (or heavy elements other than iron) between both instruments would be a good indication of the presence of coatings or alteration rinds on soil grains. Such a comparison applies to a much lesser extent to low-Z elements, such as Na, Mg, Al, or Si. The penetration depth of the lightest element measured by APXS, Na, approaches that of a single laser shot of ChemCam [START_REF] Campbell | A fundamental parameters approach to calibration of the Mars Exploration Rover alpha particle x-ray spectrometer[END_REF].

APXS measurements of the Rocknest sand in Gale were performed on the bulk material and a sieved fraction (<150 μm) similar to that delivered to CheMin and SAM. Both bulk and sieved material show nearly identical chemistry except for the Ti contribution from the observation tray in the sieved fraction (Blake et al., 2013). The bulk APXS target named Portage was also analyzed by ChemCam. Previous studies have shown that the composition of the fine fraction of Rocknest soil is similar to the other fine-grained fraction of loose, unconsolidated materials found at Gale [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale crater[END_REF][START_REF] Cousin | Compositions of coarse and fine particles in martian soils at Gale: A window into the production of soils[END_REF]. Such fine-grained material is defined as Aeolis Palus soil. Figure 13 shows the chemical abundances of the Aeolis Palus soil from ChemCam measurements (blue dots), in addition to the bulk composition of the crystalline phases (red squares) and amorphous component (green diamonds) estimated from mass balance calculation using CheMin mineral phases and the bulk APXS chemistry [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF]. All three datasets are normalized to the APXS bulk abundance. K and Na elements are thought to be particularly susceptible to physical matrix effects when present as a fine-grained powder, which tends to underestimate their abundances. Therefore, these elements should be used with caution. The FeO T content measured by ChemCam of the Aeolis Palus soil is relatively similar to the bulk APXS abundance. Similarly, the TiO 2 abundance measured by ChemCam, the second heaviest element after iron (D 90 ~18.2 μm) also falls between the crystalline and the amorphous iron estimations. This would imply that no coating is present around all grains, or that a coating with Fe and Ti contents similar to the grains is present. This observation suggests however that the amorphous component is not present as a coating, because it is estimated to have higher Fe and Ti contents than the crystalline component [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF], and in this case, ChemCam should "see" more iron and titanium than the bulk APXS. This would make sense from a geological perspective, as eolian processes are efficient at abrading and exfoliating the surface of grains being transported. However, we note that the uncertainties of the ChemCam measurements and of the actual Fe and Ti contents of the amorphous component derived by CheMin-APXS are large (e.g., [START_REF] Dehouck | Constraints on abundance, composition, and nature of x-ray amorphous components of soils and rocks at Gale crater, Mars[END_REF]. Also, in the case of incomplete coverage of the coating, the difference between the ChemCam and APXS Fe and Ti values would be reduced. For other elements (except Na 2 O), the chemical abundances recorded by ChemCam are also intermediate between the crystalline and amorphous compositions, which suggests that the amorphous component is not present at the surface of all grains but rather present as a mechanical mixture.

Alternatively, it is also possible that the amorphous component may be present as a coating around some specific groups of soil grains, themselves mechanically mixed with another population of crystalline grains.
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Finally, our work provides some insight into the detectability of the amorphous component with ChemCam. The estimated proportion of the amorphous component in the Bagnold eolian soil and the Rocknest soil is 35±15 wt.% [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib dune, Gale crater, Mars[END_REF]. Consequently, considering the uncertainties, the smallest proportion of the amorphous component expected in these soils is ~20 wt.%. Based on our laboratory observations, we conclude that we should be able to probe and assess the chemistry of the amorphous component by ChemCam shot-to-shot analyses if it is present as a coating (for all ranges of grain size), as well as if present as a mechanical mixture (for all ranges of grain size above 125-250 μm) with a laser beam diameter of ~425 μm. Our laboratory results pave the way for a full characterization of the detectability, composition and physical form of the amorphous component of Gale soils with ChemCam.

Conclusion

The interpretation of the ChemCam soil measurements is made challenging by the complexity of the physical interaction between the laser and the grains, but also by the diversity of grain sizes and mineral phases found in martian soils. This study aimed to produce and analyze martian soil analogs in the laboratory to better understand the effects of all these parameters. We studied two kinds of mixtures (Figure 2), each with several grain size ranges: (1) mechanical mixtures of two populations of grains of distinct chemical compositions, and (2) grains with a compositionally-distinct coating. Our experiments show that LIBS analyses of such materials are sensitive to both the type of mixture and the grain size, which in turn allows us to retrieve interesting information about the nature and composition of the sample.

First, for mechanical mixtures, we have shown that the scatter of shot-to-shot ICA scores provides information about the grain size distribution: the larger the grain size, the larger the scatter. We also showed that for mixtures of grains larger than 125 μm, elemental compositions of the two constituents can be determined by considering the extrema of the mixing line formed by the scatter of the ICA scores.

Conversely, for mixtures of grains smaller than 45 μm, constraining the composition of the end-members (if well mixed) is not possible, as all measurements correspond to an average of these end-members. However, if, over a large number of analyses, the proportion of these end-members varies, they could then become detectable.

Secondly, in the case of fine coated grains (<500 μm), our experiments show that the LIBS technique only gives access to the chemistry of the coating, due to the ejection and replacement of grains between each J o u r n a l P r e -p r o o f

Journal Pre-proof shot. Consequently, soil analyses could be biased by the chemistry of a coating, if such a coating exists and covers a large fraction of the grain surfaces, and if its thickness exceeds the laser penetration depth per shot (estimated here between ~0.3 to 1.5 μm). This can be either a difficulty or an opportunity, depending on whether one is interested in the composition of the bulk sample or in the composition of the coating.

Indeed, the small penetration depth of the laser beam can be an asset to characterize the composition of the grain coating. From our laboratory observations, the identification of a coating at the surface of grains in soils can be achieved in three different ways. First, a significant divergence in chemical abundances measured by two instruments with different sampling penetration depth (e.g., ChemCam and APXS) can suggest the presence of coated grains, although the chemical differences between the coating and underlying grains need to be significant to exceed the uncertainty of the measurements. Such a method was applied to Rocknest soil to constrain the distribution of the amorphous component in martian soil. Secondly, the lack of change in the scatter of ChemCam shot-to-shot ICA scores for different sieved fractions of the same soil sample can also enable us to detect coatings on grains. Third, in the case of coarse coated grains (>500 μm),

we have demonstrated that the presence of a coating would be detectable through the observation of a monotonic trend in the shot-to-shot ICA scores, resulting from the progressive ablation of the coating first, followed by the ablation of the grain itself. Indeed, grains with sizes higher than 500 μm are coarse enough to remain immobile (no ejection) under the laser beam and thus behave as a consolidated material. Such a trend is a clear signature that would enable us to distinguish between a mechanical mixture and coated grains, although the threshold size above which grains remain immobile in the martian environment is not yet fully constrained.

The distinct signatures of mechanical mixtures and coated grains highlighted in this work could be helpful for future ChemCam studies, as well as for LIBS experiments in general. For example, we have shown that the measurements performed by ChemCam on the Bagnold Dunes dump piles were consistent with a mechanical mixture between a mafic component and a felsic component. Our results are also promising for the detection and characterization of the amorphous component of martian soils with

ChemCam. Previous studies have demonstrated that the amorphous component is likely the host of the hydrogen and sulfur measured in martian soils, and we have shown here the potential of these two elements to be used as geochemical markers of alteration products in granular samples. However, regarding sulfur, future work is needed to confirm our findings, especially in a Fe-rich matrix. This could be explored with an additional sets of mixtures, more representative of martian soils. For example, MGS-1 is a good simulant for Rocknest soils with elevated iron abundance [START_REF] Cannon | Mars global simulant MGS-1: A Rocknest-based open standard for basaltic martian regolith simulants[END_REF]. To further assess the ability to differentiate coatings and mechanical mixtures with LIBS, the use of mixing models based on predictive ICA score ratios (similar to the method followed by Usui and McSween, 2006) could also be explored. Finally future efforts should focus on the search for shot-to-shot chemical trends in the ChemCam soil dataset.

Isolating the contributions of the amorphous component in these measurements would allow us to better constrain its chemical composition and physical form (i.e., coating or mechanical mixtures), and ultimately to better understand its origin.

J o u r n a l P r e -p r o o f
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Figure 1 :

 1 Figure 1: a) HiRISE mosaic of the Curiosity traverse showing the locations of the Rocknest sand and the Bagnold dunes (Gobabeb and Ogunquit Beach stops). b) MAHLI image showing the scoop locations at Rocknest (Sol 93). c) View of the Gobabeb stop in the Bagnold Dunes from one of Curiosity's front hazard avoidance cameras (Sol 1229). d) Ogunquit Beach location from the MastCam instrument. Image credits: NASA/JPL/University of Arizona (Sol 1647). (a), NASA/JPL-Caltech/MSSS (b, d), NASA/JPL-Caltech (c).

Figure 2 :

 2 Figure 2: Two types of mixtures considered in this study: mechanical mixtures of two populations of grains of distinct chemical compositions (left), or grains with a surface coating (right). The right-side panel shows that the laser beam may scatter soil grains with diameters smaller than a critical size.

Figure 4 :

 4 Figure 4: Schematic of the ChemCam experimental setup at IRAP (EQM: Engineering and Qualification Model, EM: Engineering Model).

Figure 5

 5 Figure 5: a) LIBS spectra obtained on the three end-members used in our experiments, to illustrate their main chemical and spectral differences. b) Mg ICA scores as a function of the Fe ICA scores for the four end-member products used in this study.

Figure 6 :

 6 Figure6: Mean ICA scores obtained for elements Si, Ti, Al, Fe, Mg, Ca, Na, K and H as a function of the JSC martian simulant in the mixtures (lower X axis) with JSC lunar simulant. The upper X axis represents the concentration (reported as oxides wt.%) estimated in the mixtures from bulk compositions(McKay et al., 1993;[START_REF] Allen | JSC Mars-1: a martian soil simulant[END_REF][START_REF] Hill | Apollo sample 70051 and high-and low-lunar soil simulants MLS-1A and JSC-1A: Implications for future lunar exploration[END_REF]. The average of the five observations is displayed for each sample. Red, blue, black and pink colors correspond respectively to grain sizes equivalent to: <45 μm; 125-250 μm, 250-500 μm and 0.5-1 mm. Linear correlation coefficients between average values are also computed, expressed as R 2 , as well as the p-values. Error bars represent the standard deviation of ICA scores obtained among the 150 shots. Consequently, they reflect chemical heterogeneity within samples and intrinsic shot-to-shot repeatability of the LIBS technique, and not the error on the average.

Figure 7 :

 7 Figure7: Pearson Correlation Factor between the pure sulfur spectrum and each JSC-L/magnesium sulfate mixture (250-500 μm grain sizes) as a function of the magnesium sulfate content in the mixture. The blue lines correspond to the prediction bands (at the 95% confidence level) and the green lines to the 95% confidence bands obtained from the mean values. The limit of detection is graphically obtained following the horizontal projection from the upper prediction band (at zero level of magnesium sulfate content) onto the lower prediction boundary. The LOD is equivalent here to ~16 wt.% MgSO 4 •H 2 O. The critical level (Lc ~8 wt.% MgSO 4 •H 2 O) defined with respect to false positives only (at 97.5%), is obtained similarly by projecting horizontally the upper prediction boundary (at zero magnesium sulfate content), onto the linear regression. Error bars here represent the standard deviation of the ICA scores among the 150 shots (1σ). Consequently, they reflect chemical heterogeneity within samples and intrinsic shot-toshot repeatability of the LIBS technique, and not the error on the average.

by

  [START_REF] Mccanta | Testing the veracity of LIBS analyses on Mars using the libssim program[END_REF] on grains from indurated rocks. This is reflected in the ICA scatter plot by ICA scores of the 50 wt.% JSC-M mixture (blue dots Figure8.c) which do not significantly overlap with the two pure materials (red and white dots Figure8.c).

Figure 8 :

 8 Figure 8: H ICA scores as a function of the Mg ICA scores obtained on JSC-L and JSC-M mixtures. Red and white dots represent respectively the JSC-M and JSC-L pure end-members, and blue dots correspond to mechanical mixtures. The grain size increases along the vertical axis, and the JSC-M concentration along the horizontal axis.

  Figure 2.b)which consequently leads to a constant replacement of ablated material. The strongest effect can clearly be seen for the highest concentration of magnesium sulfate deposited on grains, which corresponds to 15 wt.% Mg-sulfate relative to the total mass of the sample (Figure9. b. d). Indeed, the Mg and Fe ICA scores are dominated by the composition of the superficial layer and almost completely reach the magnesium sulfate end-member. For the lowest concentration (1.5 wt.% Mg-sulfate), the influence is fainter but nevertheless present (Figure9. a. c), as blue dots from mixtures are strongly shifted compared to white dots of the JSC-L, sulfate-free grains. The same observation was made with the 5 wt.% Mg-sulfate concentrations (see supplementary material).

Figure 9 :

 9 Figure 9: Fe ICA scores as a function of Mg ICA scores, obtained on JSC-L coated with magnesium sulfate. White and green dots represent respectively the JSC-L and magnesium sulfate pure end-members, and blue dots correspond to JSC-L coated with Mgsulfate. The grain size increases along the vertical axis, and the magnesium sulfate concentration along the horizontal axis.

Figure 10 :

 10 Figure 10: a) Fe ICA scores as a function of Mg ICA scores obtained on JSC-L basaltic grains coated with magnesium sulfate. Grains used here range from 0.5 to 1 mm and carry 15 wt.% magnesium sulfate of the total mixture. White and green dots represent respectively the JSC-L and magnesium sulfate pure end-members, and blue dots correspond to coated JSC-L grains. b) Monotonic trends observed with depth by averaging ICA Mg scores and Fe ICA scores by shot number. Such a signature indicates the presence of coated grains. The basaltic substrate is considered as reached when ICA scores become constant (after ~10-15 shots).

Figure 11 :

 11 Figure 11: Mg ICA scores as a function of the magnesium sulfate abundance in the samples. Black diamonds represent mechanical mixtures between JSC-L and MgSO 4 •H 2 O, with grain sizes of 250-500 μm. The black dashed line corresponds to the linear

  members, and the average Na and Al values remain similar for the two populations of grain sizes (Figure 12.d). According to our laboratory experiments, the increase of dispersion in two directions only happens if the two components are present as a mechanical mixture. This result makes sense geologically speaking, because the two end-members observed are probably the mafic and felsic compounds detected by CheMin, and they are most likely mechanically mixed. Moreover, the RMI context image for this target (Figure 12.c) clearly shows different grain brightness from light-toned to dark-toned. Finally, these martian observations are in agreement with laboratory observations regarding the scattering of ICA scores with different grain sizes. Indeed, the scatter is smaller in Dump A compared to Dump B-C, which is consistent with smaller J o u r n a l P r e -p r o o f Journal Pre-proof grain sizes. These in situ observations illustrate the applicability of our experimental results to the analysis of natural samples.

Figure 12 :

 12 Figure12: a-b) Illustration of the ICA score scatter plot expected from two chemical elements (X and Y) discriminating two theoretical compounds in similar proportion for both mechanical mixtures (a) and coatings (b), with three ranges of varying grain sizes (<150 μm, 150-500 μm and >500 μm ). The assumption is made that the X and Y elements have significantly different abundances between the two materials. In the specific case of grains greater than 500 μm with a surface coating, a compositional trend with depth is expected. That means that the recorded chemistry will go from the coating composition up to the grain composition with increasing shot number. c) ChemCam RMI image of the Bagnold Dunes dump pile A (from Sol 1229). d) Shot-toshot Na ICA scores as a function of the Al ICA scores obtained in the Bagnold Dunes field sands for 2 sieved portions: <150 μm corresponding to dump A (red dots), and 150-500 μm corresponding to dump B and C (blue dots). Orange and magenta squares correspond respectively to average values for Dump A and Dump B-C).

  , to enable direct comparison with ChemCam data.

	5 Yen et al. (2006)							
		JSC-L JSC-M	Ratio	Gale soil	Gale soil by	Meridiani	Gusev	Average
				JSC-L/JSC-	by APXS 3	ChemCam 4	soil by	soil by	martian
				M simulants		(Aeolis	APXS 5	APXS 5	soil 6
						Palus)			
	SiO 2	46.2	43.5	1.06	42.61	42.00	46.1	46.3	45.41
	TiO 2	1.85	3.8	0.49	1.03	0.86	1.03	0.87	0.9
	Al 2 O 3	17.1	23.3	0.73	9.19	8.50	9.38	10.1	9.71
	FeO T	11.2	13.88	0.80	18.36	18.40	18.10	15.70	16.73
	MgO	6.87	3.4	2.02	8.19	7.70	7.41	8.60	8.35
	CaO	9.43	6.2	1.52	6.88	7.30	6.94	6.34	6.37
	Na 2 O	3.33	2.4	1.39	2.75	1.86	2.23	3.00	2.73
	K 2 O	0.85	0.6	1.42	0.56	0.23	0.49	0.44	0.44
	MnO	0.19	0.3	0.63	0.39	-	0.37	0.32	0.33
	Cr 2 O 3	-	-	-	0.42	-	0.40	0.35	0.36
	P 2 O 5	0.62	0.9	0.69	0.93	-	0.85	0.82	0.83
	SO 3	-	-	-	5.84	-	5.90	6.00	0.68
	Cl	-	-	-	0.68	-	0.66	0.72	-
	Total 97.64	100.1	-	97.83	86.85	99.86	99.56	99

Table 2

 2 performed with a laboratory copy of the ChemCam instrument available at the Institut de Recherche en Astrophysique et Planétologie (IRAP) in Toulouse, France. This setup allowed us to run experiments in a simulated martian environment, using the ChemCam Mast-Unit Engineering and
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. Coating coverage (expressed as %) of magnesium sulfate on basaltic grains of lunar soil simulant JSC-L, as a function of grain size and mixture concentration. Dash symbols correspond to mixtures that were not prepared.
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  Figure13: ChemCam chemical abundances of the Aeolis Palus soil (from[START_REF] Lasue | Martian eolian dust probed by ChemCam[END_REF], the fine-grained fraction of Gale soil, normalized to the bulk APXS abundances of the Portage target (from O'Connell-Cooper et al., 2017). Note that APXS data were renormalized with 2 wt.% water (similarly to[START_REF] Lasue | Martian eolian dust probed by ChemCam[END_REF], to enable direct comparison with ChemCam data. The accuracy of ChemCam major-element compositions is estimated by calculating the root-mean-square error of prediction (RMSE) as given byClegg et al., 2017. The amorphous component (AmC) and crystalline bulk compositions (normalized to the bulk Portage APXS target) are also represented (* from

[START_REF] Hill | Apollo sample 70051 and high-and low-lunar soil simulants MLS-1A and JSC-1A: Implications for future lunar exploration[END_REF] 

[START_REF] Allen | JSC Mars-1: a martian soil simulant[END_REF] 

[START_REF] Blake | Curiosity at Gale crater, Mars: Characterization and analysis of the Rocknest sand shadow[END_REF]), updated in O'Connell-Cooper et al. (2017) J o u r n a l P r e -p r o o f
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