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Abstract

The Curiosity rover has been characterizing mineralogical 2.2 ¢i.imical compositions of Gale crater
soils on Mars since 2012. Given its sub-millimeter scale of analy..is, *»= ChemCam instrument is well suited
to study the composition of soil constituents. However, the infzi.-ewution of LIBS data on soils in the martian
environment is complicated by the large diversity of particle cizc (from dust to sand), combined with the
unknown physical arrangement of their mineral constitu 2n’s fi.e., the type of grain mixtures). For example,
martian soils contain a significant amount of X-ray ai. arpnous materials whose physical form remains
unclear. In this study, we reproduced martian sc | aralyses in the laboratory to understand how the LIBS
technique can provide specific insights into *he physical and chemical properties of granular soils. For this
purpose, different types of samples were sti:ui~d \/ith various ranges of grain sizes, mimicking two possible
mixtures that may occur in martian soils: mec*anical mixtures of two populations of grains made of distinct
chemical compositions; and material “or..~ing a compositionally distinct coating at the surface of grains. Our
results, also supported by in situ ChemCum data, demonstrate that both the sizes and the type of mixture of
soil particles have a strong infl*>nce on the LIBS measurement. For mechanical mixtures of two populations
of grains larger than 125-?.7 w.™ *.e scatter of the data provides information about the chemical
composition of the end-membe’ 5. On the other hand, the chemistry recorded by LIBS for grains with surface
coatings is fully dominated by the outer material for grains smaller than 500 um in diameter. This is due to
the small penetration depth of the laser (~0.3-1.5 um per shot), combined with the ejection of small grains at
each shot, which leads to a constant replenishment of fresh material. This experimental work will thus
improve our understanding of martian soils analyzed by ChemCam, and more broadly, will benefit LIBS

studies of granular materials.
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1. Introduction



1.1 Martian soil observations

The surface of Mars is globally dominated by basaltic rocks, as successively shown by telescopic,
orbital and in situ observations (e.g., Pinet and Chevrel, 1990; Christensen et al., 2000; Bandfield, 2002;
McSween et al., 2004; Gasnault et al., 2010). Over time, these primary materials have undergone physical
and chemical weathering, and have been partially turned into loose sediments, referred to as “soils” on Mars.
Soils are considered as representative of the average martian crust after correcting for meteoric contributions
(Taylor and McLennan, 2009, see Table 1). Indeed, they are thought to have sampled broad areas and large
volumes of the exposed martian crust that have undergone variable degrees of chemical weathering and
aqueous alteration as they are aggregates of local, regional, and global s7.urces. In the context of in situ
missions, the chemical composition of soils is accessible to rover analys~< ai.? they are particularly useful to
characterize the alteration of the crust. Indeed, soil compositions mav u.“fe: from pristine basalts due to the
addition of volcaniclastic materials (that may be from different ionu~us provenances; Le Deit et al., 2016;
Bedford et al., 2019) and secondary phases (McGlynn et al., 2°*1, .1d references therein). Due to their small
size and large reactive surfaces compared to rocks, soils are ais~ carticularly effective in recording agueous
alteration processes during pedogenesis (McSween et al , 2910). The term “soil” in the context of martian
studies is free of any biologic connotation and simply rete. o all unconsolidated loose material, which can
be distinguished from hardened rocks (Meslin ef al., 2015). They consist of surficial deposits of fine-grained
components mixed with rock fragments (Certini et .. , 2020). It is important to make a distinction between
soils and dust, although the boundary between Loth is sometimes difficult to define. It is mainly a particle
size criterion. Dust often refers to particles s na ler than a few micrometers in size that can be easily
mobilized by the wind (Lasue et al., 26-R), whereas the more general concept of soil encompasses
micrometer- to millimeter-sized greins.

As seen from the ground, J st and soils seem to share a relatively similar chemical composition
(Berger et al., 2016). Relatve 7 so.lIs, the dust has higher sulfur and chlorine abundances, but the S/CI ratios
are comparable (~3.7), suggesti 1g that dust and soil formation may be genetically linked (Berger et al.,
2016). Dust formation probably implies wind abrasion of soft rock units and the aeolian breakdown of
saltating sand-sized particles (e.g., Ojha et al., 2018). However, dust is not the most chemically altered
component of the martian soils, and although dust may be a contributor to the amorphous component found
in soils, some differences in composition indicate that the two materials are not equivalent (Lasue et al.,
2018).

The chemical composition of martian soils seems to be relatively homogeneous among the different
landing sites. Indeed, the two Viking landers first highlighted the similar bulk soil compositions of the
Chryse Planitia and Utopia Planitia soils (Clark et al. 1977). Apart from slightly lower alkaline elements and
higher silica, Sojourner (Mars Pathfinder) in Ares Vallis also measured a similar composition (Briickner et
al, 2003; Foley et al, 2003). The Fe and Mg enrichments in soils compared to the neighboring bedrocks

suggested that soil compositions are not entirely controlled by alteration of local rocks in this region. The



Gusev crater and Meridiani Planum landing sites, respectively studied by the Spirit and Opportunity rovers,
also revealed very concordant basaltic compositions (Gellert et al., 2004; Yen et al., 2005), consistent with
orbital data from the Gamma-ray spectrometer onboard Mars Odyssey (Newsom et al., 2007). Consequently,
soils seem to be quite uniform over these different landing sites with an influence of local rock chemistry
(e.g., Yen et al., 2005). The relative chemical homogeneity of soils could be due to large-scale eolian mixing,
or/and it could also result from a global homogeneity of the source regions. Recent works based on orbital
data have shown a difference in soil S, Cl and H chemistries, especially between the northern lowlands and
southern highlands, suggesting different levels of interaction with water (Hood et al., 2019), which argues
against complete mixing at a global scale.

1.2 Analyses made by Curiosity at Rocknest

Increasing our knowledge of soil compositions is among the sc.~ntfic objectives of the Mars
Science Laboratory mission (Grotzinger et al., 2012) and its rover Ciricsity. Since 2012, it has been
investigating Gale crater, located south of Elysium Planitia, in *~a ~rder of the Aeolis Mensae region. Its
scientific payload includes tools capable of analyzing both the .»ireralogy and chemistry of soils. The bulk
chemical composition of soils in Gale crater, measured v.i.~ the Alpha Particle X-ray Spectrometer (APXS)
instrument is within 2o of the Mars Exploration Rove.s (i.:ZR) analyses, except for TiO, (Blake et al., 2013;
Morris et al., 2013; O’connell-Cooper et al., 207 /), < uggesting relatively similar basaltic soils. The CheMin
instrument (Blake et al., 2012), the first X-ray Difti.~tometer (XRD) operating on the martian surface,
showed that all major mineralogical phases ~f ti.> fine fraction (<150 um) of the Rocknest eolian soil (the
Gale crater soil reference) are consistent witl' a basaltic source (Bish et al., 2013; Achilles et al., 2017,
Morrison et al., 2018). CheMin detectew igneous minerals like plagioclase (~An50), olivine (~Fo58) and
pyroxenes (augite and pigeonite), k't vy few secondary products were identified and quantified. Only
anhydrite (0.9+0.2 wt.%), magneti.~ (..8+0.3 wt.%) and hematite (1.0+0.1 wt.%) were observed in the X-ray
diffractograms, but no clav mi.erals (Bish et al., 2013; Achilles et al., 2017, Morrison et al., 2018).
However, CheMin analyses als: revealed that 3515 wt.% of the Rocknest soil is X-ray amorphous, i.e.,
material that is insufficiently crystallized to be identifiable with the XRD method. The presence of
amorphous phases has long been suspected on the surface of Mars (e.g., Evans and Adams, 1979; Singer,
1985; Morris et al., 2000; Milliken et al., 2008; Squyres et al., 2008), but CheMin provided the first in situ
evidence with XRD data (Bish et al., 2013, Rampe et al., 2014). The composition of the amorphous
component can be estimated with a mass balance calculation, i.e., by subtracting the chemistry of minerals
identified by CheMin from the bulk chemistry measured by APXS. At Rocknest, this mass balance
calculation suggests a silica-poor amorphous component (~35 wt.% SiO,), and enrichments in iron (~23
wt.% FeOr), sulfur (~14 wt.% SO3) and possibly phosphorus (~3 wt.% P,Os) compared to the bulk
crystalline composition (Blake et al., 2013; Dehouck et al., 2014; Achilles et al., 2017). The SAM (Sample
Analysis at Mars) instrument (Mahaffy et al., 2012), which contains a gas chromatograph paired with a

guadrupole mass spectrometer, recorded volatiles released during the heating of the Rocknest soil samples up



to ~835 °C, including H,0O, SO,, CO, and O, (Leshin et al., 2013). 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,O is associated with the amorphous component.
ChemCam, the Laser-Induced Breakdown Spectroscopy (LIBS) instrument (Wiens et al., 2012;
Maurice et al., 2012), 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 um 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 (Meslin et al, 2013; Cousin et al., 2015). 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 Bre dbury landing site and so might
come from locally eroded rocks (Sautter et al., 2014; Meslin et al., 2012; Zocsin et al., 2015). The second
population contains grains that are both coarser and finer than the laser 22 pling area, with a mafic
composition (enriched in Fe and Mg). The Mn, Cr and Mg signals . e Ir wer for these grains than in the
neighboring rocks, suggesting a lack of direct genetic connecti~ b *ween these soil grains and local mafic
rocks (Meslin et al, 2013; Cousin et al., 2015). ChemCam data ~corded a stronger hydrogen emission peak
linked to the mafic part, which may be associated with v c.*hering products among the non-crystalline
components (Meslin et al., 2013). Consequently, cons.ran..:.g the nature and chemistry of these hydrated

amorphous phases is important to better underst-.nd 1 1e aqueous history of these sediments.

1.3 Analyses made by Curiosity in the £~gnold Dunes

The Bagnold Dunes, located ne.r the base of Mount Sharp, are the first active dunes studied in situ
on another planet (Bridges and Ehl:marn.> 2018). Two samples were scooped at different locations: Gobabeb
on Sol 1225, and Ogunquit Beach ¢n €0l 1650 (Figure 1), corresponding to the upwind and downwind
margins of the dune field. The “he Jin instrument was used to determine their mineralogies. They are
relatively similar to that of the 1 2ocknest 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 (Achilles et al., 2017; Rampe et al., 2018; Morrison et al., 2018). Similarly to Rocknest, the
Gobabeb and Ogunquit Beach samples have substantial fractions of amorphous materials, with respectively
35x15 (Achilles et al., 2017) and 40£15 wt.% (Rampe et al., 2018) of the bulk mineralogy. The X-ray
amorphous component compositions show some differences between Gobabeb and Ogunquit Beach,
especially in SiO, and FeO+ 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 (Achilles et al., 2017; Lapotre et al., 2017; Ehlmann et al., 2017; Rampe et al., 2018). 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



ground. The Sample Acquisition/Sample Processing and Handling (Sa/SPaH) subsystem of the rover
(Anderson et al., 2012) delivered four piles of the Bagnold sand: dump A (<150 pum), dump B (>150 um),
dump C (150 um-1 mm) and dump D (>1 mm). ChemCam measurements were performed on these four
different dumps (Cousin et al., 2017). 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 um per pixel at a ~1 cm standoff distance (Edgett et al., 2013). These images reveal that no grains larger
than 500 um 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 (Ehlmann et al., 2017). ChemCam analyses
in these dump piles reveal that at least two different chemical components are present in the Bagnold Dunes.
Indeed, Cousin et al. (2017) 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 o’her one is depleted in these
elements, suggesting the presence of mafic minerals, which is in agreem~nt \ ‘ith CheMin mineralogy.
Finally, although the hydrogen abundances recorded in the dunes were ™ :r compared to the Rocknest soil
samples (respectively 1.5-3 and ~1 wt.%, Leshin et al., 2013; Sutte. at 2.., 2017; Gabriel et al., 2018), the
amorphous component of the dunes is also thought to hold the ! '~C ~ontent (Cousin et al., 2017; Sutter al.,
2017, Achilles et al., 2017, Ehlmann et al., 2017, Rampe et al., ?2.8). Similarly to Rocknest soils,
constraining the origin and nature of the hydrated amorp:.. is phases is an important step to understand the

aqueous alteration processes that made the history of inesc Zoil deposits.

Figure 1: a) HiRISE mosaic of the Curiosity traverse showing .= locations of the Rocknest sand and the Bagnold dunes (Gobabeb
and Ogunquit Beach stops). b) MAHLI image showing u.~ scoop locations at Rocknest (Sol 93). ¢) View of the Gobabeb stop in the
Bagnold Dunes from one of Curiosity’s front hazarc av..'~1ce cameras (Sol 1229). d) Ogunquit Beach location from the MastCam
instrument. Image credits: NASA/JPL/Universit o. Arn.ona (Sol 1647). (a), NASA/JPL-Caltech/MSSS (b, d), NASA/JPL-Caltech

().

1.4 Objectives of the pre<ai.: ~udy

Direct analyses of the @ norphous 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 Harmon et al., 2013), 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



crystalline grains (e.g., mafic and felsic minerals, Meslin et al., 2013; Cousin et al., 2015), 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 non-
crystalline 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 sedime 1ts. Dust and precipitated coatings
on indurated rocks were studied previously for ChemCam data interpret-tioi, nurposes (Graff et al., 2011,
Lanza et al., 2015) but not with the aim of understanding soil propertie.. T*.e objective of our work is to

show how the LIBS technigue can provide specific insight into the rhys.cal and chemical properties of soils.

Figure 2: Two types of mixtures considered in this study: mechanica' ..."xtures of two populations of grains of distinct chemical
compositions (left), or grains with a surface coating (right). The rish. -ide panel shows that the laser beam may scatter soil grains

with diameters smaller than a critical size.

In addition to hydrogen, sulfur is alsu an important element to study aqueous alteration processes on
the martian surface. Sulfur is present in abrnr.a >%e in martian soils (i.e., ~6.2 wt.% SQs, Taylor et
McLennan, 2009) mainly in the form of su.*ates (e.g., King and McLennan, 2010). Sulfate minerals have
been widely detected by remote-sencing (e.g., Gendrin et al., 2005; Langevin et al., 2005; Bibring et al.,
2006), especially in the equatoria! Vai'~s Marineris canyon, in the adjacent Meridiani area, and in the
circumpolar deposits. In situ a'ialy ~es also reveal that sulfates correspond to abundant secondary products in
martian soils. Magnesium, ca:~iuin and/or iron sulfates were identified at the Viking, Pathfinder, Phoenix
and MER landing sites (e.g., Ciark et al., 1993; Foley et al., 2003; Kounaves et al., 2010; Wang et al., 2006;
Soderblom et al., 2004). 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; (Achilles et al., 2017). 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.

2. Methods

2.1. Preparation of martian analog samples



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
um, Chide et al., 2019). 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 (McKay et al., 1994; Hill et al., 2007). 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+, Al,O3, CaO and SiO, contents
but it makes an excellent basaltic volatile-poor end-member for our soil inalogs because of its homogeneous

composition and its low level of alteration.

Table 1: Chemical composition reference for the lunar and martian soil simulanfs 'n wt %, volatile free and normalized). The ratio
between lunar and martian simulants is calculated for all major elements. Gale s *! composition from the APXS and the fine fraction
of Gale soil (defined as Aeolis Palus soil) from ChemCam are also represe~ted, a well as the Meridiani and Gusev soils (from
APXS) and the average martian soil reference. Note that APXS data for G#’e su’'s were renormalized with 2 wt.% water (similarly to
Lasue et al., 2018), to enable direct comparison with ChemCam datz .

JSC-L JSC-M  Ratio Gale ~»il  Gale soil by  Meridiani Gusev  Average
JSC-LASC-  ry A>XS® ChemCam® soil by soil by martian
M simulants (Aeolis APXS® APXS® soil®
Palus)
SiO, 46.2 435 1.06 42.61 42.00 46.1 463 4541
TiO, 1.85 3.8 0.49 1.03 0.86 1.03 087 09
ALO;  17.1 23.3 0.75 9.19 8.50 9.38 101 9.71
FeO;  11.2 13.88 0 &0 18.36 18.40 18.10 15.70  16.73
MgO  6.87 3.4 2.0". 8.19 7.70 7.41 860 835
CaO 9.43 6.2 .52 6.88 7.30 6.94 6.34  6.37
Na,O  3.33 2.4 1.39 2.75 1.86 2.23 300 273
K,0 0.85 0.6 1.42 0.56 0.23 0.49 044  0.44
MnO  0.19 0.3 0.63 0.39 - 0.37 032 033
Cr,0; - - - 0.42 - 0.40 035 036
P,0s 0.62 0.9 0.69 0.93 - 0.85 082 083
SO, - - - 5.84 - 5.90 6.00  0.68
Cl - - - 0.68 - 0.66 072 -
Total 97.64 100.1 - 97.83 86.85 99.86 9956 99

Hill et al. (2007)
2Allen et al. (1998)
3Blake et al. (2013), updated in O’Connell-Cooper et al. (2017)



“Cousin et al. (2015), updated in Lasue et al. (2018)
SYen et al. (2006)
®Taylor and McLennan (2009)

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 (Allen et al., 1998). Among major oxides,
Al,0;3 FeO+, MgO, and CaO show the most significant divergence betwe:.~ the martian and lunar simulants
(Table 1). JSC-M is also much more altered than JSC-L and contains ¢ hig: er hydrogen content. Heating for
half an hour at 200°C with a thermo-balance shows that the volatile au.ndance (assumed to be mainly
water), is greater in the bulk martian analog compared to the bul'- luna: regolith simulant (respectively 11
and 1.4 wt.% materials released). The two simulants were senaraw 'y sieved to produce different grain size
ranges, both smaller and larger than the laser beam of the Ch-.mC.m Qualification Model used in this study
(~425£25 um at ~1.8 m, Chide et al., 2019). The four g.4i.1 s ze ranges used for the experiment are
equivalent to <45 um, 125-250 um, 250-500 um 2~ u.5-1 mm. For each grain size fraction, JSC-L and JSC-
M simulants were then mixed, in variable conce *r7.ions, with JSC-M abundances of 1.5, 5, 15, 25 and 50
wt.%. Only results for the fine-grained mixtu-e (<45 um) with 25 wt.% JSC-M are not reported here due to
an autofocus issue during the LIBS analysi .

Additional mixtures were prepe.eu using JSC-L and magnesium sulfate, to have mechanical
mixtures of end-member materials a'<o us.d in the coating experiments discussed later (see section 2.1.2).
The use of similar materials enables u> to compare the results directly between the two kinds of mixtures.
Although the goal of our experun1ts is not to reproduce the martian soil mineralogy, magnesium sulfate
was used because it was Gosc"Veu n other martian soils (e.g., Kounaves et al., 2010; Clark, 1993; Soderblom
et al., 2004; Wang et al., 200C} and in Gale crater bedrock (e.g., Milliken et al.,2010; Fraeman et al., 2016;
Rapin et al., 2019), 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 um 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



finally, sieved. While stored in a vacuum chamber at 10 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.

2.1.2. Surface coatings

Grains with surface coatings were simulated by precipitatina a, *erznt amounts of magnesium sulfate
(1.5, 5 and 15 wt.%) onto the JSC-L basaltic grains from a saturate.' aqr eous solution (Figure3.b-c).
Saturation was reached by heating the solutions (distilled wate” ‘v different concentrations of Mg-sulfate)
containing the basaltic grains at 90°C in an oven at ambient pi.-c.re. Different grain sizes (125-250, 250-
500, 500-1000 pum) of JSC-L were used as substrates for ,xgnesium sulfate nucleation. Unlike mechanical
mixtures, the finest fraction (<45 um) was not used fn " th.. «ind of samples because the decrease of inter-
grain porosity did not allow efficient fluid circu’ tior. ana thus decreased the coating homogeneity among
grains considerably. Magnesium sulfate concentrati. 1s of 1.5 and 15 wt.% were used for the three different
grain sizes (expressed here as a mass proportion “etween Mg-sulfate and JSC-L in the final samples). An
additional concentration of 5 wt.% was also 1sed for the 250-500 pwm grain size range only. Using confocal
microscopy, we roughly estimated the v ~ating thickness to 10£5 um for 15 wt.% of Mg-sulfate deposited on

basaltic grains, by focusing on the 10 «.d the bottom planes of the coating for different grain orientations.

Figure 3: Stereo-microscope imanes . fa) ( 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 coauw *g obtained by precipitation of 1.5 wt.% magnesium sulfate; c) 0.5-1 mm diameter of JSC-1

lunar soil simulant with a coating ol..ained 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.

Table 2. 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.



Mg-sulfate Mg-sulfate Mg-sulfate

1.5wt.% Swt.% 15 wt.%
125-250 um 39.2 - 69.2
250-500 um 38.2 55.9 75.1
0.5-1 mm 37.1 - 79.3

2.2. Laboratory LIBS setup

LIBS measurements were 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 Che..-Cam Mast-Unit Engineering and
Qualification Model (Maurice et al., 2012), and the Body-Unit Engine :riny Model (Wiens et al., 2012). The
Nd: KGW laser emits pulsed light for 5 ns at 1067 nm to generate f'ie \.'asma. The frequency of the laser
used in our experiment was 1 Hz with ~10 mJ power on target (* 'aurnice et al, 2012, Rapin et al., 2016). The
Mast Unit instrument was operated in a climatic chamber at -.0°C for best performance. The samples were
analyzed at a distance of 1.8 m (similar to the distance to the _ali.ation targets on the rover), which
corresponds to a laser beam width of 425+25 um on targe* (C hide et al., 2019). The telescope also collects
the light emitted by the radiative decay of excited ~nec.~s constituting the plasma and transmits it to the three
spectrometers of the Body-Unit (using 3 ms inte_*a’s0n time), which cover the 240-906.5 nm spectral range.
Samples were placed in a martian chamber ("*qure 4), which allowed us to run experiments in a simulated
martian atmosphere in terms of pressure (~7 r..~ar) and composition (mainly CO,, 1.6 % Ar and 2.7 % Ny,).
The gas composition and pressure have a ‘mportant influence on spectral intensities, resolution and
detection limits (Knight et al., 2000, ¢ olau et al., 2004; Effenberger and Scott, 2010; Lasue et al., 2012).
Before the LIBS analyses themselves, the chamber was pumped to vacuum (10 mbar) for several hours to
release volatile species adsorbr.u " we grains. A micro-barometer inserted into the chamber enabled us to
ensure that the samples were n0 runger degassing before introducing the simulated martian atmosphere.
Then, five observations (“poi.:.s”) 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.

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

2.3. Data processing and ICA method

Data processing was performed the same way as for spectra collected by ChemCam on Mars (Wiens

et al, 2013). For each laser burst, a passive spectrum was acquired (without laser) with the same integration



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 Wiens et al. (2013). 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 (Wiens et al., 2013) was corrected
on our spectra.

Similarly to the ChemCam quantification method (Clegg et al., 2017), 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 sectral ranges was divided by the
standard deviation of the emission intensity obtained on the three spectr-me. s separately. Instrumental
effects like fluctuation in the laser irradiance due to focus quality are thovehy partly corrected. However,
chemical quantification from LIBS spectra is also made complex b, nh» sical and chemical matrix effects. As
a result, emission peak intensities are not necessarily correlate” 'inc~rly with concentrations. For example,
grain sizes, cohesion, and sample roughness, as well as the the, ™z, and optical properties of the target will
directly affect the mass of ablated matter.

Major oxide guantifications on martian data 11se v..o multivariate techniques explored earlier by the
ChemCam team: Partial Least Squares (Clegg et al., 200y) combined with an Independent Component
Analysis (Forni et al., 2013), both using more than - 70 calibration standards measured at the Los Alamos
National Laboratory (Clegg et al., 2017). Surh y 'antitative analysis cannot be fully applied in this study
because of experimental constraints. Indeed, thr, folding mirror and the window of the climatic and martian
chambers (Figure 4) induce different it .frumental response functions between the flight model and the
laboratory setup, and the full set of ~an.ration standards has not been analyzed at IRAP. Consequently, as
the calibration was developed for e f.ight model only, we are not able to easily quantify our data with this
setup. Instead, we used onl tf.~> Inc ependent Component Analysis (ICA), which can be employed for
gualitative analyses (and it wilh e 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 (Forni et al., 2013) by the orthogonal ICA program JADE (Joint Approximate Diagonalization of
Eigenmatrices; Cardoso and Souloumiac, 1993; Cardoso, 1997). 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.



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.

3. Results

3.1. Mechanical mixtures

3.1.1. Relationship between ICA scores and cr: e, *rations

The spectra of the three end-members used in o1 « xperiments are shown in Figure 5.a, illustrating
their chemical differences. The Independent Compon«nt .-dlysis applied to these spectra successfully
discriminated the end-member compositions. Fir,ure 5.b represents the Fe ICA scores as a function of the Mg
ICA scores obtained for the pure JSC-L, JSC-M, an.' magnesium sulfate samples. Although we observe
some variability among the 150 shots of a given ~ample due to some chemical heterogeneity and intrinsic
analytical repeatability, the four end-membe s 7 re overall well separated. In geological terms, it means that
we are able to distinguish between thes. difterent components (independently of mechanical mixtures or

grain coatings), as long as we chooc= u.~criminating pairs or groups of chemical elements.

Figure 5: a) LIBS spectra obtained on "e 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.

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-



grained fraction mixtures (<45 um) 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; Allen et al.,
1998, Hill et al., 2007). 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 (Hill et
al., 2007) 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 thr se two elements to discriminate
mixtures for fine-grained sediments. As other elements like Al, Ti, Mg. 2. C2 and H show ICA scores quite
independent from the grain sizes used, we can conclude that these elem nte are less subject to physical
matrix effects if present, and consequently will be used preferentiai in the remainder of the article as

discriminatory elements to differentiate end-member products

Figure 6: Mean ICA scores obtained for elements Si, Ti, Al, Fe, Mg, ~a. M.a, K and H as a function of the JSC martian simulant in
the mixtures (lower X axis) with JSC lunar simulant. The up~... X« is represents the concentration (reported as oxides wt.%)
estimated in the mixtures from bulk compositions (McKay ~ta'., 1993; Allen et al., 1998, Hill et al., 2007). The average of the five
observations is displayed for each sample. Red, blue, "lack and ink colors correspond respectively to grain sizes equivalent to: <45
um; 125-250 um, 250-500 pm and 0.5-1 mm. Linear carre,. tion coefficients between average values are also computed, expressed as
R2, as well as the p-values. Error bars represent the s.a idau deviation of ICA scores obtained among the 150 shots. Consequently,
they reflect chemical heterogeneity within sampies ai. intrinsic shot-to-shot repeatability of the LIBS technique, and not the error on

the average.

The observation of sim..” lnear relationships between the ICA score and concentration for all grain
size ranges is particularly .n.ore ting for hydrogen because it is a marker of aqueous alteration phases.
Previous works have revealed *.1at several factors, including physical target properties, can affect the
hydrogen emission peak intensities (Kurniawan et al., 2014; Schréder et al., 2015; 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 laser-
matter 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 (Rapin, 2016). 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



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,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 (Blake et al., 2013, Bish et al.,2013, Meslin et al.,
2013; Cousin et al., 2017; Achilles et al., 2017, Rampe et al., 2018, Morrison et al., 2018).

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., Clegg et al., 2018; 2019; Rapin et al., 2019). 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 exper'mental “independent sulfur
component” is successful in discriminating magnesium sulfate in our ar~'ng ~amples. The magnesium
sulfate limit of detection (LOD), which corresponds to the lowest concetretion that can be reliably detected
using the sulfur peaks, with 97.5 % level of confidence (with respect to .alse negatives and positives), is
graphically obtained following the horizontal projection from =~ ugover prediction band (at zero magnesium
sulfate content) onto the lower prediction boundary. This LOL < :quivalent to ~16 wt.% MgSO,*H,0O for a
set of 150 shots (Figure 7). Interference of iron emissior p. aks near the sulfur ones is not responsible for the
PCF trend, as the Fe content of the total mixture decrease. -.vith increasing sulfate concentration. Although
JSC-L has only 10.4 wt.% iron, which is less th7.1 th ; iron concentration observed in Gale soils (Table 1),
this result is encouraging for ongoing efforts within *he ChemCam team to identify S-rich compounds in Fe-

bearing matrices.

Figure 7: Pearson Correlation Factor between th. nure sulfur spectrum and each JSC-L/magnesium sulfate mixture (250-500 um
grain sizes) as a function of the magnesium su,~te content in the mixture. The blue lines correspond to the prediction bands (at the
95% confidence level) and the green line- to th . 95% confidence bands obtained from the mean values. The limit of detection is
graphically obtained following the hc.izu. tal projection from the upper prediction band (at zero level of magnesium sulfate content)
onto the lower prediction bounc a > Ti.> '.OD is equivalent here to ~16 wt.% MgSO,*H,0. The critical level (Lc ~8 wt.%
MgS0O,*H,0) defined with respect to t dse 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 (15). Consequently, they reflect chemical heterogeneity within samples and intrinsic shot-to-

shot repeatability of the LIBS technique, and not the error on the average.

3.1.2. Effect of the grain size on the shot-to-shot variability

Hydrogen and magnesium are particularly relevant elements for discriminating JSC-L and JSC-M
(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



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 um, 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 um, because these components are never probed individually if well
mixed. Indeed, the laser beam of our ChemCam replica is significantly '~+qe. than the grains, and
consequently, all pure end-member chemistries in the sample are never -ea~hed in mixtures, as also observed
by McCanta et al. (2013) on grains from indurated rocks. This is re.'act..d in the ICA scatter plot by ICA
scores of the 50 wt.% JSC-M mixture (blue dots Figure 8.c) whi~h o not significantly overlap with the two

pure materials (red and white dots Figure 8.c).

Figure 8: H ICA scores as a function of the Mg ICA scores obtaii. 1 on JSC-L and JSC-M mixtures. Red and white dots represent
respectively the JSC-M and JSC-L pure end-members, anc olue Jfots correspond to mechanical mixtures. The grain size increases
along the vertical axis, and the JSC-M concentration along the ~arizontal axis.

For grain sizes larger than 125 um, t'ie >not-to-shot H and Mg ICA scores start to form a mixing line
between the two pure end-members for a coi.centration larger or equal to 5 wt.% of the JSC martian simulant
(Figure 8. e, T, h, i.). In these cases, th. scatter of the shot-to-shot ICA scores increases towards the minor
end-member (in red). Indeed, eve.® if the bulk compositions are overall similar among all the grain size
ranges (vertical axis), the scati ar o1 the ICA scores increases with grain size, as more data points plot along
the mixing line. This is observ. 1 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 um range, i.e. smaller than the laser beam scale (~425+25 um), 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 um, 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 um), 1.5 wt.% of JSC-M is too weak to



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.

3.2. Coated grains

3.2.1. Fine coated-grains (<500 pum)

The second type of mixtures that we considered in this study consists of coated grains. For mixtures
composed of basaltic grains smaller than 500 um, the Fe and Mg ICA scores are highly influenced by the
presence of a surface coating (Figure 9). Indeed, almost all laser shots or. coated grains (blue dots in Figure
9) show a contribution from the magnesium sulfate. This can be explair~1 b, the small penetration depth of
the laser per shot, combined with grain ejection at each shot due to the .~srciated shock wave (Figure 2.b)
which consequently leads to a constant replacement of ablated mate -ial. The strongest effect can clearly be
seen for the highest concentration of magnesium sulfate deposi*~qd . grains, which corresponds to 15 wt.%
Mg-sulfate relative to the total mass of the sample (Figure 9. b. ). Indeed, the Mg and Fe ICA scores are
dominated by the composition of the superficial layer ar. . !most completely reach the magnesium sulfate
end-member. For the lowest concentration (1.5 wt.% [ Ag-..«fate), the influence is fainter but nevertheless
present (Figure 9. a. c), as blue dots from mixtur:s a' 2 strongly shifted compared to white dots of the JSC-L,
sulfate-free grains. The same observation was made "vith the 5 wt.% Mg-sulfate concentrations (see
supplementary material).

The composition of the end-member ccating is never totally reached in our experiment, not because
the laser shots pass through the coatiny ~nd probe the underlying basaltic grains, but because the coating
does not cover the entire surface of *he 2rains (Table 2), which are therefore also sampled. The coverage
ratio varies strongly with the concutr-tion of the magnesium sulfate used. Indeed, images of the samples
(e.g., Figure 3. c-d) reveal *hai the 1 zlative areal coverage of the coated grains is only ~40 % with 1.5 wt.%
Mg-sulfate and reaches ~75 % \ sith 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).

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 Mg-

sulfate. The grain size increases along the vertical axis, and the magnesium sulfate concentration along the horizontal axis.

3.2.2. Coarse coated-grains (>500 um)

The results obtained with basaltic grains larger than 500 um 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 pm fall close to the basaltic end-member, and only a few shots are located near the



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).

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).

This trend in ICA scores with shot number (Figure 10.b) is inter~rew. as a gradual removal of the
coating by repeated laser ablations, with magnesium sulfate from the cu~tir,g analyzed first, followed by the
ablation of the basaltic grain itself. Once again, the end-member ro.tinc chemistry is never totally reached in
our experiment, likely because of the imperfect coating coveraz~ ™is experiment shows that grains larger
than 500 um are coarse enough to remain in place under repea.> ‘aser shots and are not ejected by the
associated shock waves, in contrast to the behavior of sr.a:'2r particles. Occasional grain replacement may
occur due, e.g., to the creation of a LIBS crater and grains Tuiling into it, but averaging the results of the five
observation points smoothes out these occasions. evt nts. Hence, the observed monotonic ICA score
variations not only give access to the chemistry of u » two compounds but can also provide a clear signature
of the presence and nature of coatings at the <ur.>ce of the grains. Obviously, it requires that the coating and
its substrate have significant chemical differ ncas to be observed. A similar observation was made by Lanza
et al. (2012; 2015) for indurated rocks.

4. Discussion

4.1. Sulfur detection

Magnesium sulfate used in our samples is assumed to contain from 0 to ~20 wt.% H,O, considering
partial and total hydration of the pristine kieserite powder into epsomite (~51 wt.% H,O) during the
experimental precipitation process and subsequent degassing of ~31 wt.% H,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;. Consequently, the corresponding LOD for sulfur (see section
3.1.1) is equivalent to 8.5-10.6 wt.% SOs. This concentration is higher than the bulk sulfur content estimated
from the APXS instrument (5.48 wt.% SOj) in the Rocknest soil (Achilles et al., 2017). 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



number of sample analyses increases, this 8.5-10.5 wt.% SOz threshold probably corresponds to an upper
limit. From mass balance calculation, the amorphous component of martian soils contains ~14 wt.% SO,
(Achilles et al., 2017), 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, and low totals, which are the two main compositional characteristics of the
amorphous component (Dehouck et al., 2018). 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 3515 wt.% of the bulk soil mineralogy
(Achiles et al., 2017).

4.2. Mechanical mixtures vs. coatings

Since we prepared both mechanical mixtures and coatings v.~inr, magnesium sulfate, we can directly
compare the sensitivity to this end-member in the two experin-..*s. To this purpose, Figure 11 compares the
Mg ICA scores obtained in both cases (i.e. mechanical mixture >=d grains coatings) as a function of the
actual concentration of Mg-sulfate in the samples. At the ¢ ncentration of only 1.5 wt.%, the Mg score is
already significantly higher for coated grains than for 1 mecnanical mixture. It highlights the strong influence
of the superficial part for grains < 500 um on L!3S r 1ieasurements, and consequently the higher sensitivity of
the LIBS technique to elements present as cnatings «>mpared to mechanical mixtures.

For grain sizes of 125-250 um and ?=0-270 um, the areal coverage of the coating increases from ~40
% with 1.5 wt.% of Mg-sulfate deposited to - 7(,-75 % with 15 wt.% of Mg-sulfate deposited, according to
the pixel color analysis (Table 2). This.»eans that the basaltic grain always influences the measured
composition due to the heterogenec.'s coating of the grains in our samples. A comparison of Mg ICA scores
obtained for varying surface areal L>v.rages in coating mixtures and varying sulfate proportions in
mechanical mixtures revee!s a Yire.t correlation (Figure 11). As the JSC-L and the magnesium sulfates have
more or less the same density, r :spectively 1.55-1.95 (Hill et al., 2007) 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.

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,0, with grain sizes of 250-500 pm. The black dashed line corresponds to the linear



regression obtained for these points (R?=0.976, p-value=2.93E). The star symbols represent coated grain mixtures between JSC-L
and MgSO,°H,0, with grain sizes equivalent to 125-250 um (blue stars) and 250-500 um (black stars). The black arrows illustrate
the translation from the bulk MgSO,+H,O concentration to the coating areal coverage, derived from image analysis. The gray dashed
line corresponds to the new regression obtained considering these translated points (125-250 and 250-500 um samples) in addition to

the two pure end-members samples used in mixtures (R?=0.965, p-value=1.60E™).

In the case of grains larger than 500 um 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 um) 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 time~ smaller on Mars and thus facilitates
the ejection of grains from the laser beam. Moreover, in our laboratory e¥oe.iment, the laser is oriented
perpendicularly to the surface of the samples (incidence angle = 0° rele.*ive (0 normal) because of the
experiment design. On Mars, the ChemCam laser incidence angle i alw ays higher than 0°, and the surface of
the soil is seldom in the horizontal plane, which probably favore qi>in displacement during laser bursts.
Accordingly, this 500 um threshold should be considered as a Sirst-order lower limit.

The correlation between coating areal coverage =27 mixing proportion in a mechanical mixture is
important because it also demonstrates that the grain r uc,>''s will have strictly no influence in the
measurement for grains smaller than 500 pum if t'.e ciating coverage is complete and a few microns thick.
Consequently, this result demonstrates that the very <uperficial part of the grains dominates the chemistry
measured by the LIBS technique in fine soils. v.hich can lead to an incorrect interpretation of its nature and
an erroneous bulk composition of the sampie. The strong influence of surface coatings on the chemistry
derived by the LIBS technique is relate:' to ti.e small penetration depth of the laser per shot, which seems to
never fully penetrate the coating in au: ~xperiments 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 e, 2ctic 1 leads to the continuous renewal of material between each laser shot. A
gradual LIBS ablation of the cuiting 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.

4.3. 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



varying grain size ranges. ChemCam analyses were performed on two populations of grain sizes in these
dunes: grains smaller than 150 um (dump A) and grains in the 150-500 pm 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 Meslin et al., (2013)
and Cousin et al., (2015). The distance of each dump pile target from ChemCam is pretty similar (Agistances<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
Cousin et al., 2017). 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 "he other one is depleted in these
elements, suggesting the presence of mafic minerals (Figure 12.d). As w~ ou2arved two distinct grain
compositions, we can first highlight that these two groups are not covei >4+ yith the same coating composition
(if coatings are present). As demonstrated by our laboratory experii ~ent,, the scatter of the clusters may
contain information about the kind of mixture (mechanical or =2t .9) formed by the two components. We
first assume that the composition of the grains is independent . € th.eir size, as in our experiments. It is
thought to be the case for the Bagnold Dunes, although *'c coarser fraction of the sand appears to contain a
slightly higher olivine abundance (Cousin et al., 2017". W dlso assume that if a coating is present, the areal
coverage is relatively constant across all probed grai is. It the present study, we demonstrated that for coated
grains smaller than 500 um (and maybe more under martian conditions), grains are small enough to be
replaced after each laser shot. Therefore, the 1.1°S technique gives only access to the superficial part of the
soil material. Consequently, if the two chern'ca components of the Bagnold Dunes were present as grains
with coating, the two LIBS datasets (<.~0 urn and 150-500 um) should have similar ICA score dispersions,
and all measured compositions sho:!a /Il close to the coating end-member (as summarized in Figure 12.b).
In the case of a mechanical mixtur. he.ween the two components (without coating), our study shows that an
increase in grain size over 25 wm eads 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 pm
and 150-500 um) is also accompanied by an increase in the dispersion in the direction of the two end-
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



grain sizes. These in situ observations illustrate the applicability of our experimental results to the analysis of

natural samples.

Figure 12: 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 um, 150-500 wm and >500 um ). 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 pwm 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. ¢) ChemCam RMI image of the Bagnold Dunes dump pile A (from Sol 1229). d) Shot-to-
shot Na ICA scores as a function of the Al ICA scores obtained in the Bagnold Dunes field sands for 2 sieved portions: <150 um
corresponding to dump A (red dots), and 150-500 pum corresponding to dump B and C (blue dots). Orange and magenta squares
correspond respectively to average values for Dump A and Dump B-C).

4.4. Penetration depth measurement in soils

The laser penetration depth for the ChemCam instrumer* is esumated to be between ~0.3 and ~0.8
um per shot from experiments made on indurated basaltic roc<s (v'/iens, et al., 2012). Similar results were
found on a basalt rock with a manganese varnish coating, wit'i a \><er penetration depth of ~0.3-0.4 um per
shot (Lanza et al., 2015). Slightly higher laser penetratic n Jde jiths were observed in indurated JSC-M
simulants with the formation of ~50 pum laser pits ~fte: S laser shots (Chide et al., 2018). In the present study,
we found a similar penetration depth of the lase: ‘n sur analog soil samples as the indurated basaltic rocks.
Indeed, we estimated the coating thickness i. he between 5 and 15 pm (for 15 wt.% of Mg-sulfate deposited
on basaltic grains). Shot-to-shot profiles or g .'ns larger than 500 pm show that 10 to 15 shots are necessary
to reach the pure substrate composition (.2 10.b.), meaning that the sulfate coating is fully penetrated.
From these observations, we can deri\e a ,enetration depth of 0.3 to 1.5 um per shot. Consequently, we
show that the laser depth penetration .~ similar between coarse-grained basaltic soils coated with magnesium
sulfate and indurated basaltic roui.".

While LIBS measdr.me..s of the bulk chemistry of fine-grained soils may be hindered if coatings
are present, the small penetra**.n 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 (Campbell et al., 2009). 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 um (Campbell et
al., 2009). The Dy 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



ChemCam single-pulse laser penetration depth derived above. Theoretically, in Fe-rich martian basaltic fine-
grained 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 (Campbell et al., 2009).

APXS measurements of the Rocknest sand in Gale were performed on the bulk material and a sieved
fraction (<150 um) similar to that delivered to CheMin and SAM. Both 'wulk and sieved material show nearly
identical chemistry except for the Ti contribution from the observation t=~v," the sieved fraction (Blake et
al., 2013). The bulk APXS target named Portage was also analyzed bv Che.nCam. Previous studies have
shown that the composition of the fine fraction of Rocknest soil i< «*mil.r to the other fine-grained fraction
of loose, unconsolidated materials found at Gale (Meslin et al. ?0.2: Cousin et al., 2015). Such fine-grained
material is defined as Aeolis Palus soil. Figure 13 shows the ci.~.cal abundances of the Aeolis Palus soil
from ChemCam measurements (blue dots), in addition t~, v 2 bulk composition of the crystalline phases (red
squares) and amorphous component (green diamonds’ esu.7.ated from mass balance calculation using
CheMin mineral phases and the bulk APXS cher.isti y (Achilles et al., 2017). All three datasets are
normalized to the APXS bulk abundance. K and Na ~lements are thought to be particularly susceptible to
physical matrix effects when present as a fine-g, ~ined powder, which tends to underestimate their
abundances. Therefore, these elements shoul 1 Fe used with caution. The FeOr content measured by
ChemCam of the Aeolis Palus soil is re.~tivery similar to the bulk APXS abundance. Similarly, the TiO,
abundance measured by ChemCam, the second heaviest element after iron (Dg~18.2 pum) also falls between
the crystalline and the amorphous .-2r estimations. This would imply that no coating is present around all
grains, or that a coating wi*h F ~» anr, Ti contents similar to the grains is present. This observation suggests
however that the amorphous co nponent is not present as a coating, because it is estimated to have higher Fe
and Ti contents than the crystalline component (Achilles et al., 2017), 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., Dehouck et al., 2014). 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,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.



Figure 13: ChemCam chemical abundances of the Aeolis Palus soil (from Lasue et al., 2018), 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 Lasue et al., 2018), 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 by
Clegg et al., 2017. The amorphous component (AmC) and crystalline bulk compositions (normalized to the bulk Portage APXS
target) are also represented (* from Achilles et al., 2017). For each element, the D90 values are reported, which are the depth above
which 90 % of the detected X-rays are generated (from Campbell et al., 2009).

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 3515 wt.% (Achilles et al., 2017). Consequently, considering the uncertainties, the smallest
proportion of the amorphous component expected in these soils is ~20 wi.v. Based on our laboratory
observations, we conclude that we should be able to probe and assess e ct emistry of the amorphous
component by ChemCam shot-to-shot analyses if it is present as a -oati g (for all ranges of grain size), as
well as if present as a mechanical mixture (for all ranges of grain .ize above 125-250 um) with a laser beam

diameter of ~425 WM. Our laboratory results pave the way for a full characte. *7atio . of the detectability, composition and physical form of the

amorphous component of Gale soils with ChemCam.

5. Conclusion

The interpretation of the ChemCam _il measurements is made challenging by the complexity of the
physical interaction between the laser and *ne ¢v21ns, but also by the diversity of grain sizes and mineral
phases found in martian soils. This stud, «med to produce and analyze martian soil analogs in the laboratory
to better understand the effects of all .hesc 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 wiu: ~ compositionally-distinct coating. Our experiments show that LIBS
analyses of such materials ai . sewoitive to both the type of mixture and the grain size, which in turn allows us
to retrieve interesting informé*ion 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 um, 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 pm, 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 pm), 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



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 um). 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 ‘n martian soil. Secondly, the lack of
change in the scatter of ChemCam shot-to-shot ICA scores for different ~iev 1 fractions of the same soil
sample can also enable us to detect coatings on grains. Third, in the cas. of coarse coated grains (>500 pum),
we have demonstrated that the presence of a coating would be dete.*abl : through the observation of a
monotonic trend in the shot-to-shot ICA scores, resulting from e | rogressive ablation of the coating first,
followed by the ablation of the grain itself. Indeed, grains witr ~izes higher than 500 pm are coarse enough
to remain immobile (no ejection) under the laser beam a”.u *hus behave as a consolidated material. Such a
trend is a clear signature that would enable us to distir.gui.. . oetween a mechanical mixture and coated
grains, although the threshold size above which yrair s remain immobile in the martian environment is not
yet fully constrained.

The distinct signatures of mechanica! m.:tures and coated grains highlighted in this work could be
helpful for future ChemCam studies, as weil as for LIBS experiments in general. For example, we have
shown that the measurements performe.' by ChemCam on the Bagnold Dunes dump piles were consistent
with a mechanical mixture betweer. a 1..~fic component and a felsic component. Our results are also
promising for the detection and ch.-acerization of the amorphous component of martian soils with
ChemCam. Previous studirs h. ve c 2amonstrated that the amorphous component is likely the host of the
hydrogen and sulfur measured i 1 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 (Cannon et al., 2019). 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.
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Highlights
. Mechanical mixtures and grain coatings were analyzed using LIBS in a martian atmosphere
. Grain size and concentration were varied to study their influences on LIBS signal
° We show that mixed grains or coatings have different effects on LIBS analyses

. We provide constraints on the distribution of the amorphous ~omponent in martian soil



