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ARTICLE INFO ABSTRACT

Keywords: The high mobility of Li allows it to be used as a tracer for groundwater processes, recording past aqueous

Clay mineralogy conditions. On Earth, a relationship has been noted in multiple field sites between clay mineral abundances and

E.roundwater elevated Li in bedrock. Observations from the Curiosity MSL mission at Gale crater on Mars showed a high-clay
1

mineral and high-Li area near the Vera Rubin ridge (VRR) and Glen Torridon region, suggesting Li was perhaps
substituting into clay minerals as was seen in these terrestrial field settings. However, the process of this sub-
stitution has not been examined in the laboratory using non-field samples, especially not with Mars-relevant
mineralogy. To investigate this open question in the laboratory using Mars-relevant regolith and clay min-
erals, we conducted continuous flow packed-bed reactor experiments to test whether clay minerals affect the Li
concentration of Mars regolith simulant MGS-1 during aqueous alteration. The mechanism for Li sorption was
also investigated by conducting experiments with clays mixed with glass beads and investigating changes in
other elements alongside Li via laser-induced breakdown spectroscopy (LIBS). We tested four dioctahedral clay
minerals (kaolinite, illite, nontronite, mixed layer illite/smectite) and two trioctahedral clay minerals (talc,
saponite) and found that both talc and illite are capable of increasing the amount of Li sorbed compared to MGS-
1 simulant when exposed to Li-bearing groundwater. For MGS-1, the glass beads, and the clay minerals (talc,
illite) the primary mechanism appears to be Li substitution for Mg, Al, and K, respectively. This has implications
for ongoing Mars missions as well as astrobiology, specifically relating to understanding habitability of areas on
Mars and identifying aqueous environments for future mission concepts.

Gale crater
Continuous flow reactor

relatively easy, which facilitates its incorporation into various clay
minerals (Vine, 1980; Dehouck et al., 2022). This means that in terres-

1. Introduction

Li has been observed in nearly all classes of clay minerals on Earth,
including sepiolite, illite, and smectites including montmorillonite and
hectorite (Horstmann, 1957; Ashry, 1973). Weathering processes tend to
remove highly soluble Li from minerals; this Li can then either be carried
away by groundwater or incorporated into secondary products including
clay minerals (Zawidzki, 1976; Starkey, 1982). This incorporation into
clay minerals can occur via different mechanisms (Fig. 1) including
adsorption onto the mineral surface, absorption into the bulk solid, and
exchange for another ion at the solid surface, all of which mechanisms
can be referred to as sorption (Horstmann, 1957; Ashry, 1973; Villumsen
and Nielsen, 1976; Sposito, 1984; Williams and Hervig, 2005; Ajouyed
et al.,, 2011). The ionic radius of Li makes substitution for Mg or K
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trial sediments Li is commonly elevated in the clay-size fraction
(Starkey, 1982; Villumsen and Nielsen, 1976).

Starkey (1982) observed that natural trioctahedral smectites on
Earth contain higher Li levels than dioctahedral smectites, although
both types commonly contain Li. This indicates that the structural
characteristics of clays influence Li incorporation. Furthermore, the
variation of Li is related to grain size, indicating that finer grains, which
have a higher surface area, can trap more Li (Villumsen and Nielsen,
1976). The adsorption capacity of clays increases significantly as grain
size decreases, as smaller particles provide more active sites for ion
exchange and Li retention. In particular, clay fractions smaller than 2
pm, which are dominant in weathered and sedimentary environments,
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Fig. 1. Schematic showing (a.) adsorption to a clay mineral surface, (b.) ab-
sorption into a clay mineral bulk solid, and (c.) the reversible process of
ion exchange.

exhibit enhanced Li uptake due to their high cation exchange capacity
and increased reactivity. This variation also seems to be related to the
content of montmorillonite in the clay fraction, highlighting the
importance of specific clay types in Li trapping. On a larger scale, this
means Li can become concentrated in basins and lake sediments (Benson
et al., 2017), where finer-grained clays accumulate due to their sus-
pension in water and subsequent deposition in low-energy
environments.

Gale crater, a ~ 155-km-wide impact basin on Mars, preserves evi-
dence of an ancient lake system that persisted through multiple depo-
sitional episodes during the Hesperian period (Grotzinger et al., 2014).
This long-lived lake is recorded in the finely laminated mudstones which
were deposited in a predominantly lacustrine environment at the base of
Mount Sharp. These mudstones are composed of fine-grained sediments
(<64 pm grain size) exhibiting millimeter- to centimeter-scale lamina-
tions, consistent with deposition under quiescent conditions (Grotzinger
et al., 2014; Grotzinger et al., 2015; Hurowitz et al., 2017). However,
variations within the stratigraphy, including cross-bedded sandstones,
scour-and-drape structures, and thin coarser-grained beds, suggest
episodic reworking of sediments by fluvial and deltaic processes
(Grotzinger et al., 2014; Edgar et al., 2017). The Yellowknife Bay for-
mation, for example, records the progradation of a sandy fluvial system
into a shallow lake, providing the first evidence of a habitable envi-
ronment explored by the Curiosity rover (Grotzinger et al., 2014).

As Curiosity ascended Mount Sharp, evidence for sustained lacus-
trine conditions continued through Vera Rubin ridge and the clay min-
eral rich Glen Torridon region. Vera Rubin ridge, a topographic high
within the Murray formation, preserves laminated mudstones indicative
of lakebed deposition, though diagenetic alteration, including hematite
enrichment and cementation, suggests later groundwater interactions
that modified its mineralogy (Bristow et al., 2018a, 2018b; Frydenvang
et al.,, 2020). Glen Torridon, stratigraphically above VRR, is rich in
phyllosilicates, particularly smectite clays, suggesting prolonged
aqueous alteration and a continuation of lake conditions (Rampe et al.,
2020a, 2020b; Sheppard et al., 2020; Rudolph et al., 2022; Fedo et al.,
2022). While lacustrine deposition dominated both regions, localized
sedimentary structures suggest intermittent fluvial or deltaic influence
(Fedo et al., 2022).
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Observations from Curiosity’s ChemCam laser-induced breakdown
spectroscopy (LIBS) instrument showed elevated levels of Li in regions
rich in clay minerals. The Li spike was attributed to Li specifically hosted
in clay minerals; consequently, Li was proposed as a potential proxy for
clay mineral abundance in some areas of Gale crater (Frydenvang et al.,
2020; Bristow et al., 2021; Dehouck et al., 2022). If so, then this would
be valuable since elemental abundance data (via ChemCam’s Laser
Induced Breakdown Spectroscopy (LIBS) instrument) is collected more
regularly than mineralogical data (via the CheMin X-ray diffractometer,
XRD).

Gale crater rocks generally contain 5-10 ppm Li, sometimes as high
as 80 ppm (Fairén et al., 2015). As the rover traversed across the Vera
Rubin ridge multiple times, a trend emerged. Both Li and the chemical
index of alteration (CIA) were not seen to follow elevation but rather
morphology, and both were elevated before and after the VRR, in areas
measured separately by CheMin to be higher in clay minerals (Fig. 2;
Bristow et al., 2015, 2018a, b; Frydenvang et al., 2020; Rampe et al.,
2020a, 2020b).

The presence of clay minerals in Gale crater implies past aqueous
activity, which could have facilitated the dissolution, movement, and
eventual trapping of Li in a manner similar to that observed on Earth. As
the clay minerals in Mt. Sharp, a central peak within Gale crater, are a
mix of detrital and authigenic origins (Vaniman et al., 2014; Bristow
et al., 2015, 2018a, b; Thorpe et al., 2022), initial clay mineral deposi-
tion could have subsequent effects on later diagenetic fluid events. This
dynamic interaction suggests that Li content in these minerals could
provide insights into the ancient Martian environment, including
changes in pH, temperature, and the availability of water. However, this
has not been tested in the laboratory with Mars-relevant mineralogy.

In this work we conducted continuous flow experiments designed to
test Li mobility through columns of porous media doped with clays. The
porous media was either a Mars simulant or an inert matrix (glass
beads); and the clays were selected to represent different types of rele-
vant clays on Mars, as described below. Li-bearing water (to simulate
groundwater enriched in Li leached from bedrock) was flowed through
the column, and the contents of the porous matrix and clays were
analyzed for concentration of Li to determine its mobility in these
simulated geochemical environments. This work can improve our un-
derstanding of Mars aqueous processes, including subsurface water-rock
interactions.

2. Methods
2.1. Mineral simulant selection and prep

2.1.1. Packed-bed matrix

MGS-1: MGS-1 is a Mars regolith simulant prepared by the CLASS
Exolith Lab at UCF that is commercially available as a mineralogical and
chemical simulant of the Mars regolith. Its composition is based on the
Rocknest soil observed by the Curiosity rover in Gale crater (Cannon
et al., 2019). This portion was purchased in 2021. Prior to beginning
experiments, the chemistry, mineralogy, and particle size of this
particular MGS-1 portion was analyzed by Clark Testing using ICP-OES
and X-ray diffractometry, respectively (Table 1).

The MGS-1 simulant does not contain appreciable Li (Table 1) which
is to be expected since Li is more likely to remain in solution than to be
incorporated in mineral phases (Wimpenny et al., 2010). Therefore, for
these experiments we chose to include Li in the simulated groundwater
fluid in order to observe its incorporation into clays within the column
(Section 2.1.3). The MGS-1 was used as received and was not otherwise
heated or rinsed before experiments.

Glass beads: The 3 mm glass beads (Cole Parmer) were used as
received and were not otherwise heated or rinsed before experiments.

2.1.2. Clay minerals
We tested 4 dioctahedral clay minerals (kaolinite, illite, nontronite,



R.Y. Sheppard et al. Icarus 443 (2026) 116769

B clay mineral Other

.

Li peak height
0.0001

o
0.0018-

4°4320"s %

137°22'40"E

137°22'10"E 137°22'20"E 137°22'30"E 137°22'50"E 137°23'E

Fig. 2. (a.) HiRISE imagery of Vera Rubin ridge, with Li peak height in ChemCam LIBS data in colored dots. CheMin drill holes are marked with white dots: Duluth
(DU, sol 2057), Stoer (ST, sol 2136), Highfield (HF, sol 2224), Rock Hall (RH, sol 2261), Aberlady (AL, sol 2369), Kilmarie (KM, sol 2384), Glen Etive (GE, sol 2486),
and Glen Etive 2 (GE2, sol 2527). (b.) CheMin normalized results in wt% of the drill holes divided into clay minerals (dark gray) vs. other crystalline phases (light
gray). AL & KM peaks are at 9.2 A and have been modeled as talc (Bristow et al., 2021; Tu et al., 2021; Thorpe et al., 2022). (c.) Images of each relevant drill hole.

Table 1
Elemental abundance (ICP) and XRD results of the MGS-1 Mars regolith simulant. Oxide concentrations were calculated from elemental wt% and normalized to 100 wt
% across the measured oxides to facilitate compositional comparison. XRD key: feldspar (fel.), olivine (ol), pyroxene (pyx), gypsum (gy.), ferrihydrite (fer.), magnetite

(mag.), quartz (qz.). All value are in wt%.

Icp Al,05 CaO Cr;03 FeO K>0 MgO MnO Nay0 P505 SiO; TiO;
14.88 8.99 0.24 11.81 0.49 15.71 0.12 1.79 0.35 45.25 0.39

XRD Fel. oL Pyx. Gy. Fer. Mag. Qz.
68.6 6.1 7.6 6.1 5.2 4.3 2.2

mixed layer illite/smectite) and 2 trioctahedral clay minerals (talc,
saponite). Mineralogy of the starting clays was validated using reflec-
tance spectroscopy (Fig. 3).

The kaolinite used was Clay Minerals Society KGa-1b which is low-
defect kaolinite from Georgia, USA. The illite used was IMt-2 from
Montana, USA. The nontronite used was Clay Minerals Society Nau-2.
The mixed-layer illite-smectite (I/S) used was Clay Minerals Society
ISCz-1. The talc used was laboratory-grade from Aldon talc sieved to 325
mesh. The saponite was synthesized in the laboratory based on previous
work synthesizing the ferric smectite nontronite (Decarreau et al., 2008;
Mizutani et al., 1991; Gainey et al., 2017), which is formed from a
ferrous precursor, and ferrous saponites (Baldermann et al., 2018;
Chemtob et al., 2015; Sakuma et al., 2022). Therefore, to synthesize the
ferrous saponite, instead of the ferrous precursor being oxidized, it was
dried in an anaerobic chamber; digestion followed by measurement of
the ferrozine method showed >80 % ferrous Fe, and glycolation shows
expansion characteristic of smectites such as saponites.

The synthetic clay minerals may be more poorly crystalline than the
natural standards due to synthesis over laboratory time scales rather
than natural field time scales. However, clay minerals in natural envi-
ronments may also be less crystalline than the Clay Minerals Society
natural standards.

All clay minerals were ground to ~1-5 pum particle size using an

agate mortar and pestle.

2.1.3. Groundwater simulant

For pure water experiments, Milli-Q water (18.2 MQecm) was used.
For Li-bearing groundwater simulant, 100 mM LiCl concentration
groundwater was prepared by combining 500 mL Milli-Q water with
2.1195 g LiCl. Modeling of the Gale crater groundwater by Schwenzer
et al. (2016) suggest a total dissolved solids concentration of 1.8-4.7 -
1072 mol/L, which is equivalent to 18-47 mM. We opted for a con-
centration approximately 2x higher than this upper modeled range due
to the restricted time available in laboratory experiments. We believe
this concentration is still geologically meaningful as a review of terres-
trial reservoirs shows Li concentrations spanning ~6-226 mM (Dugamin
etal., 2021). Nevertheless, as we studied the degree to which Li is sorbed
to different martian analog samples, our results remain geologically
meaningful and representative of real changes that may have occurred
in the martian groundwater system.

2.2. Experimental methodology

Experiments were carried out in two batches with and without a
capping clay-enriched layer: MGS-1 simulant experiments (Experiments
1-14, Section 2.2.2) simulated the Mars regolith under Li-bearing fluid
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Fig. 3. Laboratory reflectance spectra of the clay samples used in this study
(solid lines) and RELAB spectra for comparison (double lines below each nat-
ural sample). Pairs from top to bottom are: kaolinite (red), illite (orange),
nontronite (green), mixed-layer illite/smectite (light blue), talc (dark blue), and
saponite (purple). RELAB sample name and mineral information: kaolinite (JB-
JLB-766, KGa-1b), illite (JB-JLB-782, CMS Standard IMt-1), nontronite (BE-
JFM-015, Nau-2), mixed-layer illite/smectite (JB-JLB-261, IsMt-2), talc (EC-
EAC-006, PIG0O06), saponite (SA-EAC-059, SAP103). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

system conditions; and glass bead experiments (Experiments 15-28,
Section 2.2.3) served as controls to deduce the effects of Li-bearing fluids
on the capping clay minerals. Both sets of experiments utilized the same
clay minerals to cap the MGS-1 or glass packed columns as described in
Section 2.1.3.

2.2.1. Packed-bed reactor setup

All experiments utilized the continuous flow or flow-through reactor
setup shown in Fig. 4, where two 250 mm Diba Omnifit® EZ chroma-
tography columns utilized as packed beds were chained together with
0.03-in. i.d. tubing (e.g., Weber et al., 2024). A Harvard auto-syringe
pushed 30 mL of the relevant fluid through the column at 0.2 mL/
min. All water outflow from the column was collected in a 50 mL Falcon
tube and frozen. Liquid analysis was not carried out as it was outside the
scope of this project.

Using two packed-beds allows for separate analysis of the clay-
bearing vs. non-clay-bearing regolith simulants. We use this reactor
setup to test the hypothesis that if a clay mineral is capable of increasing
in Li content due to exposure to Li-bearing fluids, packed bed A will
show no change in Li content and clay-bearing packed bed B will show
an increase in Li.
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Fig. 4. Continuous flow experimental setup. Fluid (either Milli-Q water or
water +100 mM LiCl) was pushed via automatic syringe through packed bed A
(MGS-1 or glass beads only), packed bed B (MGS-1 or glass beads + clay
mineral) and finally into a Falcon tube for fluid collection.

2.2.2. Simulant experiments

The MGS-1 experiments (Experiments 1-14) are summarized in
Fig. 5. The packed beds could contain about 8 g of dry sediment; to
account for any swelling once water was percolated through, we limited
the volume of material to 7.5 g to avoid clogging the system. Packed bed
A contained 7.5 g MGS-1. For control experiments (Experiments 1 and
2), packed bed B also contained only 7.5 g MGS-1 and no clay. For clay
mineral experiments, packed bed B contained 6 g MGS-1 + 1.5 g of the
relevant clay mineral; this means the clay constituted 20 wt% of the
mixture, which is appropriate for Glen Torridon clay mineral abundance
(Fig. 2; Sheppard et al., 2021; Thorpe et al., 2022; Morrison et al., 2024).
Clays and MGS-1 were physically mixed in a sealed Falcon tube before
adding to the packed bed.

2.2.3. Glass bead experiments

The glass bead experiments (Experiments 15-28) are summarized in
Fig. 6. Packed bed A contained 7.5 g glass beads. For control experi-
ments (Experiments 15 and 16), packed bed B also contained only 7.5 g
glass beads. For clay mineral experiments, packed bed B contained 6 g
glass beads +1.5 g relevant clay mineral, physically mixed before adding
to the packed bed.
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Fig. 5. Experimental suite for MGS-1 experiments with simulant MGS-1. We hypothesize that if the clay mineral being tested is capable of increasing in Li content
due to exposure to Li-bearing fluids, packed bed A will show no change in Li content and clay-bearing packed bed B (dark gray) will show an increase in Li. (Note: I/S

is mixed-layer illite/smectite.)

2.2.4. Post-experimental handling

Upon completion of the experiment, the material in packed beds A
and B was collected in separate labelled Falcon tubes frozen and then
freeze-dried overnight in an AdVantage freeze dryer. VNIR spectra were
collected of the dried material. Spectra were collected of the dried
mixtures and then the mixtures were powdered using a rock crusher to
homogenize the material for LIBS.

2.3. Reflectance spectra

Reflectance spectra of the freeze-dried sample were collected using
an Analytical Spectral Devices (ASD) FieldSpecPro spectroradiometer
which collected reflectance spectra data from 0.35 to 2.5 pm. Spectra
were collected based on a Spectralon white reference and using the ASD
contact probe. Simulant was placed on Cinefoil, a highly absorbing
matte black surface.

2.4. Laser-induced breakdown spectroscopy (LIBS)

Dried samples were powdered using an agate stone mortar and pestle
for 5-10 min. Samples were then made into 13 mm diameter pellets by
applying 8 tons of force for 10 min using a manually operated benchtop
12-ton SpectroPress (4312, Chemplex Industries, Inc.). Pellets were
analyzed using a custom lab grade LIBS Chemical Imaging system built
by Impossible Sensing (1060 nm Red Energy Fiber laser, 20 W at 33
kHz). Settings were optimized for the analysis of these particular sam-
ples (250 shots, pulse repetition frequency: 20,000 Hz). Each sample
was analyzed at 10-20 different locations to minimize variation due to
sample heterogeneity.

2.4.1. LIBS processing

The LIBS instrument is composed of three spectrometers that collect
from the near-UV, visible, and near-infrared regions. All data were
processed using R software. As each region has a different signal-to-
noise ratio and background, each of the three regions were pre-
processed separately before being combined to generate a single spec-
trum. Pre-processing involved trimming the overlapping ends of each
spectrum, denoising using the wavshrink function in the wtmsa package
(Constantine and Percival, 2017) and correcting for the Bremsstrahlung
effect on the baseline using the rollingBall method in the baseline
package (Liland et al., 2010). The three regions were then combined to
form a single spectrum. To correct for intensity changes due to inherent
shot-to-shot variations and matrix effects, each spectrum was normal-
ized to the sum intensity over the entire spectrum.

2.4.2. Calculating peak areas

Peaks were deconvolved using the Levenberg-Marquardt optimizer
(nlsLM function in the minpack.lm package; (Elzhov et al., 2023)) to fita
Pseudo-Voigt function to a narrow (~2-6 nm) spectral window centered
at a pre-selected peak of interest (Thomas et al., 2018). This process
searches for fits to several parameters in the Pseudo-Voigt equation that
optimizes the fit with the raw data. The parameters describe each peak
and include: the peak center (nm), intensity, full-width half max, and the
proportion of Gaussian to Lorentzian. The number of peaks as well as a
starting guess and constraints for each parameter were derived in R for
each spectral window, leveraging first and second derivatives of the
narrow spectrum of interest. Fits that had a root mean square error > 0.1
were considered a poor fit and not used in subsequent analyses. The
deconvolved peaks were integrated to calculate area (see Fig. 7 for an
example LIBS spectrum and Fig. 8 for examples of the deconvolved peak
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Fig. 6. Experimental suite for glass bead experiments. We hypothesize that if the clay mineral being tested is capable of increasing in Li content due to exposure to Li-
bearing fluids, packed bed A will show no change in Li content and clay-bearing packed bed B (dark gray) will show an increase in Li. (Note: I/S is mixed-layer

illite/smectite.)
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Fig. 7. Example of a typical LIBS spectrum that was analyzed. Shown is the
average spectrum of the MGS-1 dry control whose peaks have been annotated
with the elements of interest for this work. Note that Li (670.8 nm) was
observed in the sample, suggesting that the martian simulant has some Li prior
to being exposed to any fluids. The blue lines indicate which emission line
belongs to the labelled element. Boxed lines indicate multiple emission lines
that belong to the labelled element. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

fits). The process by which Li was sorbed or precipitated onto the sample
was also tested by determining whether there were any significant
changes in the abundance of other prominent cations present within the
sample upon exposure to the LiCl solution. The emission lines selected
for peak deconvolution were as follows: Li: 670.8 nm, Al: 394.4 nm, Fe:
432.6 nm, Na: 589.2 nm, Ca: 393.5 nm, K: 766.7 nm, Mg: 518.5 nm, and
Si: 390.6 nm.

To determine the accuracy of using peak areas of the selected
emission lines to evaluate changes in elemental abundances with
exposure to the LiCl solution, we first compared the raw peak areas of
the glass beads with the MGS-1 simulant (Fig. 10). We also investigated
whether changes in peak areas would accurately reflect the elemental
composition of the added clays (Fig. S3, S4). To determine how adding
clays to the experimental set up impacted the elemental peak areas in
samples exposed to water or LiCl we subtracted the median of the
respective control (i.e., column A or B of the glass beads or MGS-1 based
samples exposed to water or LiCl; Fig. 9) from the peak areas derived
from the corresponding experimental samples (results shown in
Figs. 10-12; Figs. S4, S6). The median was selected to correct for
background elemental abundances instead of the mean because the peak
areas were consistently not normally distributed and included outliers.

2.4.3. Statistical analyses

For each sample, areas that fell outside 1.5x the inner quartile range
were considered outliers and removed. Given the non-normal distribu-
tion of some of the elemental data we conducted a Kruskal-Wallis test
followed by pairwise Wilcox tests to determine if there were significant
differences in the area of the elemental peaks within different matrices
(glass beads, MGS1 simulant, and a mixture of MGS-1 with kaolinite,
illite, talc, saponite, nontronite, and an illite/smectite mixture) before
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Fig. 8. LIBS algorithm deconvolves overlapping peaks and integrates the fit peaks to get an accurate peak area. Shown are typical examples of the fits. Dots are the
raw data points, green line is the overall fit, the shaded regions are the deconvolved peaks, and the dashed line is the linear fit of the background continuum. (A-D)
Peak fits in the Li region for four samples (A — Glass beads, Column A exposed to LiCl solution; B — Glass beads packed with saponite clay (Column B) exposed to LiCl
solution; C — Glass beads, Column A exposed to LiCl solution (different point than A); E — MGS-1 packed with talc (Column B) exposed to water (no LiCl)). E —
highlights the region used to acquire peak areas for Ca and Al (sample shown: MGS-1 dry standard). F — an example of the fit for deconvolving the K peak (sample
shown: Glass beads not packed with any clays (Column B) exposed to water (no LiCl)). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

and after being subjected to a flowing solution of pure water or 100 mM
LiCD).

3. Results
3.1. LIBS

Note that the LIBS spectra and deconvolved areas corresponding to
Li, Fe, Mg, Si, Al, Ca, Na, and K are provided as supplementary files (see
data availability statement).

3.1.1. Experimental controls

We used LIBS to measure Li and other cations in the glass beads and
MGS-1 pellets. A small Li peak (670.8 nm) was seen even in a control
sample of MGS-1 that was not used in a continuous flow experiment.
Using elemental standards (Fe, Mg, Si, Al, Ti, C) and the NIST LIBS
database we confirmed that prominent elements did not interfere with
the Li peak. Li was not reported in the MGS-1 simulant by Cannon et al.
(2019) (Table 1), however elemental abundances were determined by
XRF, which cannot detect Li. The presence of a Li peak in a control
sample for MGS-1 (Fig. 7) suggests that the Li is not a result of
contamination from the experimental set up or water, but rather Li that
is inherently present in the sample.

As expected, the glass beads contained more Si and significantly less
Al, Fe, Na, K, and Mg than MGS-1. Surprisingly, LIBS showed that the
glass beads contained significantly more Li than the isolated MGS-1
simulant. The difference in Li between the A (non-clay-bearing) and B
columns (clay bearing, except for these controls which contained more
of the same matrix) for both controls was negligible (Fig. 9; p = 0.39 for
MGS-1 and p = 0.98 for glass beads). In fact, no significant changes were
observed for any of the elements between columns A and B for either the
glass or MGS-1 samples apart from K (p = 0.03) for MGS-1 and Ca (p =
0.008) as well as Si for glass (p = 0.02). Thus, any difference in the
elemental abundances (except K for MGS-1 and Ca/Si for glass) seen
between the A and B columns can be attributed to the particular clay

added to column B.

Importantly, differences in elemental abundances between the glass
bead and MGS-1 experiments could be partially due to matrix effects
which stem from differences in the efficiency with which the laser
coupled with the sample matrix. For samples that couple better (typi-
cally those with more Fe and are darker colored), the LIBS signal will
have a good signal-to-noise ratio; laser coupling and the resulting
plasma temperature will also impact the ionization of elements and their
relative ratios. Consequently, it is best to keep comparisons of elemental
abundances reserved to samples with the same or similar matrices. For
this reason, we treat changes in elemental abundances between the two
experimental set ups (glass beads or MGS-1) separately. We also inves-
tigated the validity of comparing the effects of different clays on
different elements for each mineral matrix (e.g., Fig. S3 and S4 discussed
more in the subsequent paragraphs). Finally, to further mitigate matrix
effects on raw intensities, all spectra were normalized as described in the
methods. Note that LIBS is an inherently semi-quantitative technique,
producing elemental intensities that often require multivariate calibra-
tions (produced from the same matrix) to acquire quantitative values. As
our main question stemmed from whether clays could enhance Li
sorption to a degree that was observable by LIBS (rather than deducing
exactly how much was sorbed), we report changes in elemental abun-
dances in arbitrary units (derived from integrated peak areas) rather
than quantitative abundances.

Fig. 10 shows the relative differences in the Li peak area after passing
pure water through experiments containing clay in column B relative to
the control experiments that lacked clays (Fig. 9). Note that with the two
exceptions of the MGS-1 experiment with kaolinite and the glass beads
experiment with nontronite, there was no significant change (as ex-
pected) between columns B and A. This confirms that any changes
observed after passing a Li solution through the system (Fig. 11) reflect
increased/decreased Li sorption resulting from the addition of a
particular clay. Kaolinite and nontronite, having more Li in column B vs
column A suggests that there is more preexisting Li present within the
two clays than the MGS-1 simulant and glass beads, respectively. The
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Fig. 9. Control results for the continuous flow setup. Plotted are the raw peak
areas of various cations including Li observed by LIBS analysis of two connected
packed beds A & B (top panel of Figs. 4-5). The median of these two experi-
ments is used to correct for preexisting Li present in the glass beads or MGS-1
simulant so that any changes in the Li or other elemental signals due to the
replacement of 50 % of the glass/MGS-1 matrix with clays (Fig. 10) could be
determined. Note that the glass beads had significantly more Li than the MGS-1
sample. For Li, the differences between the A and B columns for both experi-
ments were determined to be not statistically significant (p = 0.39 for MGS-1
and p = 0.98 for glass experiments). ND = not detected. a.u. = arbitrary units.

column A filled with glass beads in the nontronite experimental set also
had more Li than the corresponding control column A (Fig. 10), even
though no clay was present in this column; this suggests that the sample
started off with more Li than the control experiment, possibly due to
contamination within the glass beads used in that set up. Accordingly,
the Li content of column B of that set (glass beads + nontronite) was also
elevated more than all the other samples including MGS-1 with
nontronite.

To deduce how Li could be sorbing or precipitating onto the sample
we wanted to test how changes in Li corresponded to changes in other
prominent cations. However, before this could be done, we needed to
confirm whether the areas of the selected peaks accurately reflected
changes in the elemental chemistry of the samples. To this end we
plotted the elemental abundance of all the cations of interest from the
control water experiments containing clays mixed with glass beads and
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MGS-1 in Fig. S3 and Fig. S4, respectively. Table S1 summarizes the
chemical formula and the elemental abundance for the source clays as
reported by the vendor. Table 2 summarizes the chemical formula and
predicted elemental composition for the column B experiments by
combining 50 % of the elemental abundances from MGS-1 with 50 % of
the elemental abundances of the source clays reported in Table S1
(simulating the mixing of MGS-1 and clay 1:1 in Column B).

3.1.2. Elemental variation in glass with clays

Based on Table 2 we would predict that kaolinite samples would
have the strongest Al signal (followed by illite and illite/smectite), talc
the most intense Mg signal (followed closely by MGS-1 control), illite the
most intense K signal (followed by illite/smectite), MGS-1 the most
intense Ca signal (followed by nontronite) and saponite the strongest Fe
signal. Generally, we found that our LIBS observations were consistent
with these predictions except for Ca and Na. We observed that talc had
the highest levels of Mg (p < 0.05 amongst all experiments except MGS-1
where p = 0.23), illite and kaolinite had the most intense Al peaks, K was
most intense (in decreasing order) within the illite, illite/smectite, and
kaolinite experiments (though the difference amongst these three were
not statistically significant), and nontronite had the most intense median
value for Fe (though the difference amongst the other samples was not
statistically significant). Overall, our data suggests that the Al, K, and Mg
peaks may be informative for investigating the mechanism for Li sorp-
tion/precipitation in our subsequent experiments. These relative peak
areas for these elements in the glass experiments containing clays also
accurately reflected the distributions we would expect given the
elemental composition of the source clays (see SI text and Fig. S3).

Our results for Fe, Na, Ca, and Si suggest that the relative abundance
of these elements may not be accurately represented by their peak areas.
Indeed, for our glass experiments we found that the low levels of Fe and
Na were problematic for LIBS detection; changes in the Ca intensity
amongst the glass experiments also did not correspond to predicted Ca
abundances (see SI text and Fig. S3). For MGS-1, although nontronite
had the largest median signal for Fe, it was not significantly different
compared to the other experiments as it should have been given that
samples containing it should have about twice the amount of Fe as the
MGS-1 control and about 4x the Fe content in samples mixed with
kaolinite, talc, or illite/smectite (Table 2). While iron is known to
generate a strong LIBS signal, the prominent iron peaks are typically in
the UV region, below what was measured by the instrument. Indeed, the
iron peak we selected (432.6 nm) is expected to be relatively weak
compared to the UV peaks (NIST LIBS Database). We also observed that
kaolinite was the most enriched in Na compared to the MGS-1 control (p
< 0.02). Notably, the Na abundance did not vary significantly amongst
the samples (NayO ranging from 0.9 to 1.8 wt%) — thus, it may be that
the precision of the LIBS instrument is responsible for this discrepancy.
For Ca we found that talc had the strongest signal (p < 0.01 between talc
and all experiments except saponite where p = 0.13) rather than MGS-1
or nontronite as was expected; the abundance of CaO in experiments
mixed with talc is ~4.4 wt%, with MGS-1 only ~8.9 wt%, and with
nontronite is ~5.8 wt%. One possibility for this discrepancy could be
due to saturation of the detector and self-shielding of the Ca line. Ca
generates very strong emission lines and were occasionally found to
have saturated the detector; we also observed splitting of the Ca peak. To
combeat this, we had summed up the area of the split peak and treated it
as a single area for Ca, however this approach may have introduced
error. Finally, we observed that the Si signal was highest in the illite
experiment; although this difference is considered statistically signifi-
cant compared to the other experiments, the difference may not be
meaningful given the relatively weak Si signal (thus the differences are
relatively minor compared to changes observed amongst the other
elements).

3.1.3. Changes in Li sorption due to presence of clays
Flowing a solution of 100 mM LiCl through the system enabled us to
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Fig. 10. Control results with clays. The difference in Li content observed by LIBS between mineral matrices exposed to a flowing solution of pure Milli-Q water and
the corresponding glass or MGS-1 control column that was exposed to pure water with no additional clays (i.e. column A of the same experimental set up in Fig. 9).
The dashed horizontal line represents the baseline from the corresponding control. Fig. S3 plots the difference in abundance between Column B (containing clays)
and Column B of the control (no clays as shown in Fig. 9) for each cation of interest. a.u. = arbitrary units.
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Fig. 11. Experimental results with LiCl solution. The difference in Li content observed by LIBS between mineral matrices exposed to a flowing solution of 100 mM Li
and the corresponding control that was exposed to pure water (i.e. column A or B of the same experimental set up in Fig. 10). The difference was calculated to assess
whether any changes in Li were due to the sorption capability of the clays themselves. The dashed horizontal line represents the baseline from the corresponding
control. Note that the glass beads did not sorb nearly as much Li compared to all other mineral matrices, including the MGS-1 simulant without any additional clays.
For the MGS-1 samples, the only clay that enhanced Li sorption compared to the MGS-1 baseline (i.e., column A) was talc; the average nontronite sample also had
slightly more Li sorbed, however this difference was not found to be statistically significant. a.u. = arbitrary units.

investigate the degree to which Li sorbed to different mineral matrices.
The A columns were either filled with MGS-1 simulant or glass beads and
the B columns contained a mixture of a clay mineral and either the glass
beads or MGS-1 to simulate clay capping at the surface. Generally, we
found that the glass beads was not nearly as efficient as MGS-1 simulant.
Although there does appear to be a slight increase in the overall distri-
bution of Li sorbed in column A vs B of the MGS-1 simulant (i.e., “None”
in Fig. 11) this difference was not statistically significant (p = 0.24).
There was some variability in the A columns containing only MGS-1
simulant amongst all the experiments, which we would expect to be
minimal since they are essentially experimental replicates. Indeed, these
differences were not statistically significant with the exception of non-
tronite (p = 0.003). Illite and nontronite in the B columns sorbed more Li
than the glass beads from the corresponding A columns. However, for
the MGS-1 experiments, a significant difference in Li sorption was not
observed when MGS-1 in column B was partially replaced with illite (p
= 0.57), nontronite (p = 0.85), an illite/smectite mixture (p = 0.85), or
saponite (p = 0.72), which suggests these clays were equally efficient at
sorbing Li compared to the base MGS-1 simulant. The LIBS peak area for
Li decreased when kaolinite was mixed into the column with MGS-1
simulant (i.e., the peak area for column B was less than column A
which only had MGS-1 simulant; Fig. 10). The decrease in the Li peak

area suggests that kaolinite was less efficient than the MGS-1 simulant at
sorbing Li (p = 0.03). The only mineral found to have sorbed more Li
than the MGS-1 simulant was talc (p = 0.05).

With our experimental setup the A columns would undergo more
exposure to the LiCl solution compared to the B columns (with the
bottom of the A column being the most exposed). Accordingly, we did
see an increase in the median of the normalized Li peak area in column A
compared to column B of the MGS-1 control lacking clays in Fig. 11.
Given these observations, a more apt comparison for determining
whether clays enhance Li sorption compared to the martian regolith
would be to compare the Column B sample of the MGS-1 control lacking
clays with those having clays (Fig. 12). With this comparison we once
again found that kaolinite was less efficient (p = 0.004) whereas talc was
more efficient (p = 0.05) than the base regolith at sorbing Li, respec-
tively. However, unlike our previous observations, we also found that
the enhanced Li sorption brought by illite was statistically significant (p
= 0.03). Accordingly, the experiment with the illite/smectite mixture
also increased the median Li sorbed and this difference was close to
being considered significant (p = 0.08).

3.1.4. Deducing the mechanism for Li sorption
To deduce the mechanism by which Li was being added to the system
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Table 2

Elemental Chemistry of Clays and Experimental Samples. Shown is the elemental composition (oxide wt%)
expected for each Column B experiments containing a 50/50 mixture of MGS-1 and a clay. Note, unlike
Table 1 the values are not normalized to 100 %. For the elemental composition of each source clay see
Table S1; abundances were reported by the source vendor. All clays have values reported except talc and
saponite which were not measured by the vendor and were synthesized for this work, respectively. Thus, for
this experiment we report estimated values of talc based on its chemical formula; for saponite we provide a
qualitative description of whether we expect the elemental signal to be high (hi) or low (lo/low) in the LIBS
spectra based on the general chemical formula. The values for the elements are colored relative to each

column (green = highest values, yellow = lowest values, white = no data).

Mineral Chemical Formula
MGS-1 Mineral mixture 147 18 89 155 06 117 447
Kaolinite Al2Si205(0OH)4 212 09 44 78 0.3 5.9 445
lllite (K,H3O)(Al, Mg, Fe)z+(Si Al)4*O10*[(OH)2, (HO)] | 19.56 0.9 47 9.0 42 94 47.0
Talc MgsSiaO10(OH)2 ~74 ~09 ~44 | =237 ~03 ~58 | ~B41
Saponite Cao2s(Mg,Fe)s((Si,Al)4010)(OH)2°n(H20) Hi-Lo Low Low Hi-lo Low Hi-lo Hi-lo
Nontronite (Ca0o5,Na)osFe3*2(Si,Al)4010(OH)2nH20) 9.1 09 58 7.9 03 | 227 50.9
lllite/Smectite Mineral mixture 20.2 1.0 4.8 9.0 3.0 6.3 48.2

(i.e., via replacement of alternative cations or precipitation on the sur-
face as the solution dried) we investigated the changes in the elemental
composition of each glass and MGS-1 experiment exposed to LiCl solu-
tion. Given that glass was not an efficient sorbent for Li (Fig. 11), any
changes in the elemental chemistry after adding clays and exposing to
LiCl could be attributed to Li sorption by the clays of interest. Fig. S5
shows the elemental chemistry of the glass experiments when exposed to
water or LiCl (column B — top only). We observed that Li sorption by
illite and nontronite correlated with a statistically significant increase in
Al and Mg (for both clays re. Al: p < 0.001 and re. Mg: p < 0.005
compared to their corresponding water exposed control). For the glass
beads control Li sorption correlated with a decrease in both Al (p = 0.15)
and Mg (p = 0.01), though only the Mg change was considered

10

statistically signficant. Moreover, Li sorption correlated with a drop in K
levels for all three samples, with no K being detected in the illite sample;
K levels for nontronite lowered to the levels of the glass beads control (i.
e. there was no statistical difference between the values: p = 0.4).
Notably, glass beads with illite had the highest levels of K (p < 0.001
compared to nontronite and the glass control), followed by nontronite
(p < 0.001 compared to the glass control) and both were more enriched
in K than the glass beads control (Fig. S3), thus the non detection of K in
the illite sample is significant. Further evidence supporting the rela-
tionship between these elements and Li sorption stems from the fact that
the changes in Al, Mg, and K were proportional to the amount by which
Li was sorbed by illite, nontronite, and the glass beads control (Fig. 11).
Indeed, illite (having sorbed the most Li) also had the most signficiant
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increase in Al and Mg and most signficiant decrease in K. All together,
these observations suggest that Li is replacing Al and Mg in the glass
beads whereas for the clays Li is replacing K. The liberated Al and Mg
from the glass beads could then explain the increase in Al and Mg within
the upper clay containing columns: cations (including K) within the
clays could be undergoing cation exchange with the Al and Mg stem-
ming from the bottom column. To test this hypothesis, we investigated
changes in the elemental composition between columns A (bottom, glass
beads only) and B (glass beads with clay) for the LiCl solution (Fig. S6).
Consistent with our hypothesis we confirmed that Al and Mg were
indeed less prevalent in the bottom columns (A) for the experimental set
up containing illite (p < 0.001) and nontronite (p = 0.002); the differ-
ence in Al between the A and B columns for the glass beads control was
not statistically signficant as expected given that there are no clays in the
B column to faciliate the resorption of the liberated Al from the A col-
umn (p = 0.84). In contrast, K levels were higher within the bottom (A)
columns compared to the depleted top columns (B) for each experiment
(Fig. S6).

We then explored what the elemental changes in the MGS-1 expe-
riemnts could tell us about Li sorption, espcially given that more clays
were studied with this set up. As shown in Fig. 12 the Li content for all
the samples increased compared to the water controls. If the increase in
Li was solely due to the precipitation of LiCl as the solution dried, we
would expect the signal for all the elements to decrease proportionally.
However, this was not the case. For the MGS-1 control lacking clay, we
observed a slight decrease in Mg when the MGS-1 control was exposed to
LiCl compared to pure water (p = 0.08). This suggests that part of the
mechanism for Li sorption for MGS-1 is via replacement of Mg ions.
Accordingly, the Mg signal was found to be significantly less in the
bottom column (A) compared to the top column (B) of the experimental
set containing illite. For talc, we also observed a decrease in the Mg
signal compared to the corresponding water control (p = 0.05);
accordingly, the decrease in Mg within the talc sample compared to the
MGS-1 control exposed to LiCl is near statistical significance (p = 0.09).
In contrast, the Mg signal increased (in agreement with the glass ex-
periments) for the illite sample compared to the MGS-1 control exposed
to LiCl (p = 0.02); the Mg signal within illite exposed to LiCl was also
higher than the Mg signal in an illite sample exposed to water (though
this was not found to be statistically significant; Fig. S7). Rather than
Mg, the Al and K signals decreased for illite compared to the MGS-1
control (p = 0.03 for Al); this was also in agreement with the glass ex-
periments. Finally, experiments with kaolinite that were exposed to LiCl
had (compared to the MGS-1 control) less Al (p = 0.01) and K (p <
0.001), but an increase in Mg (p = 0.14); these trends were also observed
when comparing kaolinite samples exposed to LiCl to the corresponding
kaolinite sample exposed to water (Al: p = 0.07; K: p = 0.014; Mg: p =
0.42).

Overall, our interpretations of Li sorption deduced from the glass
experiments are consistent with observations from the MGS-1 experi-
ments, bolstering our confidence in the observed trends and proposed
mechanism. Our evidence suggests that Li replaces Al and Mg in the
glass beads and Mg in MGS-1, both of which result in an increase in these
elements in the top column where they can then undergo cation sub-
stitution within the clays present (vs leaving the system). Accordingly,
Al was more prominent for illite after exposure to LiCl only in the glass
bead experiments, whereas the Mg signal was more prominent in the
illite samples for both the glass and MGS-1 experiments. For the illite
and kaolinite samples it appears that exposing the mineral mixtures to
LiCl increased the amount of Mg in the B (top) columns containing the
clay. This suggests that Li is not replacing Mg within either of these
clays; in fact, Mg released from the bottom column containing MGS-1
may be substituting other ions in each clay (increasing the amount of
Mg in the sample); indeed, Mg substitution for Al is a known phenom-
enon for kaolinite. Rather, Li may be replacing sorbed K within illite and
kaolinite samples; Li may also be substituting for Al, however the
decrease in Al may also be due to Mg substitution. These results are not
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surprising given that illite and kaolinite have relatively little Mg and are
the most enriched in Al and K whereas MGS-1 and talc have the highest
Mg levels (Table 2; Fig. S3). Notably, cation substitution is relatively
limited for kaolinite compared to the other clays used in this study
because it has a 1:1 structure that does not lend itself to the formation of
frayed edge sites that can promote cation sorption and exchange.
Moreover, the kaolinite used in our work was already relatively enriched
in Li which may have limited the degree to which additional Li could be
substituted into the clay. Like kaolinite, illite and talc are both non-
swelling clays; however, unlike kaolinite these are 2:1 clays whose
outer layers can form frayed edge sites (via substitution of K with larger
cations such as hydrated Ca). These frayed sites can promote the sorp-
tion of other cations including Li; cation exchange can also occur within
the interlayers. The 2:1 swelling clays (saponite, nontronite, smectite)
are likely not as efficient at sorbing Li because of their ability to
significantly expand upon hydration — thus Li may have to compete with
additional cations dissolved in the water including hydronium ions and
water molecules.

3.2. Reflectance spectra

Reflectance spectra of the experiments with MGS-1 showed no major
changes in clay mineralogy induced by the experiment (Fig. S1).
Reflectance spectra of the experiments with glass beads as the simulant
showed no major changes in clay mineralogy induced by the experiment
except for in the saponite experiment the metal-OH absorption appears
to shift to slightly shorter wavelengths in the post-experiment column B
sample (Fig. S2).

4. Discussion
4.1. Observations in laboratory experiments

We observed that the metal-OH absorption in VNIR reflectance
spectra shifted to slightly shorter wavelengths in the post-experiment
packed bed B sample of the saponite glass bead experiment exposed to
Li, which could suggest oxidation of the Fe?* in the saponite (Fig. S2).

Our experiments with the glass beads show that nontronite and illite
both enhanced Li sorption. We found that talc was capable of pulling Li
from groundwater simulant into the solid sample (Figs. 11, 12) and that
this enhanced sorption could be detectable by LIBS when comparing
deeper sediments (that may be more exposed to LiCl solutions i.e. col-
umn A) with upper sediments capped by talc (i.e. column B, Fig. 11).
Furthermore, our work suggests that in addition to talc, illite is also
more efficient than the base MGS-1 simulant at sorbing Li (Fig. 12). In
other words, Li can be a tracer for sediments relatively enriched in talc
or illite. Whether this was via incorporation into the mineral structure or
surface adsorption, this finding supports the observation that Li moves
with some clay minerals (here talc) in Gale crater and may be a suitable
proxy for specific types of clay minerals in rocks affected by aqueous
diagenetic processes. Both clays tested (illite and nontronite) exhibited
higher lithium (Li) sorption capacity compared to the glass beads,
however, their Li adsorption showed no statistically significant differ-
ence from the MGS-1-only column (A). This observation does not pre-
clude the possibility that Li could be indicative of an enrichment of
nontronite. Indeed, via LIBS we observed that the median Li peak area
increased after mixing nontronite to the MGS-1 column. The high vari-
ability in LIBS observations prevents us from confidently concluding
that this difference is statistically significant. Notably, ChemCam typi-
cally acquires 30 laser shots per point, each which generates its own
individual spectrum. In contrast, the JPL LIBS continuously collects light
while the 250 shots are acquired. Consequently, the resulting LIBS
spectrum from the JPL LIBS may be more susceptible to noise and
fluctuations in the laser. Given this, subtle changes in Li may be easier to
detect with ChemCam compared to our LIBS instrument. Given this, we
would recommend that future work prioritize testing whether Li could
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be a tracer of both talc and nontronite. We also recommend the devel-
opment of a calibration curve for measuring Li in martian samples via
ChemCam, such a calibration could further improve the team’s ability to
discern the significance in changes of Li observed by LIBS.

4.2. Implications for Gale crater

The types of clay minerals identified in Gale crater via CheMin
include smectite, illite, and kaolinite (Bristow et al., 2015, 2018a, b;
Rampe et al., 2020a, 2020b; Tu et al., 2021). Smectites generally indi-
cate the presence of neutral to alkaline conditions and suggest that water
was available for prolonged periods; however, recent studies, such as
Peretyazhko et al. (2018), demonstrate that smectites can also form
under acidic conditions on Mars, particularly in environments influ-
enced by volcanic activity and sulfuric acid, thus broadening the
possible environmental contexts in which these minerals can form. The
presence of smectites also suggests that water was available for pro-
longed periods, allowing for extensive chemical weathering. Illites, on
the other hand, are non-expandable clays that typically form under
slightly acidic to neutral conditions and can indicate more moderate
weathering processes or diagenetic processes (i.e., illitization). Kaolin-
ites are indicative of acidic conditions and intense weathering, usually in
a relatively warm and wet environment (Allen and Scheid, 1946; Sher-
man, 1952; Barshad, 1966; Baker and Strawn, 2014).

In the VRR region (Fig. 2), where the Li-clay mineral content rela-
tionship was proposed, CheMin observed peaks consistent with dio-
ctahedral collapsed smectites (Table 3). A ~ 9.6 A peak in High Field
and Rock Hall has been attributed to ferripyrophyllite (Tu et al., 2021).
In addition, a 9.2 A peak observed in the Aberlady and Kilmarie samples
was modeled as mixed-layer talc-serpentine when viewed in conjunction
with elemental abundance data from the alpha-particle X-ray spec-
trometer (APXS) instrument (Bristow et al., 2021; Tu et al., 2021;
Thorpe et al., 2022).

Furthermore, the trend has been noted that, around Vera Rubin
ridge, low-Li ChemCam targets are low in clay mineral content in XRD

Table 3
CheMin results from the drill holes shown in Fig. 2.

Drill site 001 d- 021 d- Interpretation Reference

spacing spacing

Duluth ~10A 45A First fully dioctahedral Rampe et al.
smectite detected (2020a, 2020b);

Thorpe et al.
(2022)

Stoer ~10A 45A Fe>*-rich dioctahedral. Rampe et al.
Collapsed smectite or (2020a, 2020b);
ferripyrophyllite McAdam et al.

(2020)
High ~9.6 A 454 Fe®"rich dioctahedral. Rampe et al.
Field Collapsed smectite or (2020a, 2020b);
ferripyrophyllite McAdam et al.
(2020)
Rock ~9.6 A 454 Fe®*rich dioctahedral. Rampe et al.
Hall Collapsed smectite or (2020a, 2020b);
ferripyrophyllite McAdam et al.
(2020)
Aberlady ~9.22, 45A 10 A due to collapsed Bristow et al.
10A smectite, 9.22 due to (2021); Tu et al.
mixed-layer talc- (2021); Thorpe
serpentine et al. (2022)
Kilmarie ~9.22, 45A 10 A due to collapsed Bristow et al.
10 A smectite, 9.22 due to (2021); Thorpe
mixed-layer talc- et al. (2022)
serpentine
Glen ~10A 45A Collapsed smectite Bristow et al.
Etive (2021); Thorpe
et al. (2022)
Glen ~10A 45A Collapsed smectite Bristow et al.
Etive 2 (2021); Thorpe
et al. (2022)
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and that high-Li ChemCam targets are high in clay mineral content
(Frydenvang et al., 2020; Bristow et al., 2021; Dehouck et al., 2022). We
extend this to say specifically that the Aberlady and Kilmarie samples
have noted talc content (Bristow et al., 2021; Tu et al., 2021) and the
highest Li content in this area (Fig. 2). Therefore, it is possible that talc in
particular is the clay mineral driving the Li-clay mineral trend in the
VRR region of Gale crater. Future CheMin investigations that identify a
9.2 A peak should examine the Li content of the bedrock using ChemCam
LIBS to test whether this relationship holds in different environments.

We envision two possible pathways of formation of Li-enriched talc
in Glen Torridon, especially at Aberlady and Kilmarie. In the first,
alkaline Li-bearing hydrothermal (50-200 °C) groundwater flows
through GT precipitating Li-bearing talc from Mg-rich precursors. This
may represent a modified version of the hydrothermal alteration
precipitating talc proposed in Brown et al. (2010) and Viviano et al.
(2013) where alteration of serpentine forms talc and carbonate. This
may be consistent with CheMin’s observations of mixed-layer talc-ser-
pentine in both samples, as well as the carbonate siderite in Kilmarie
(Morrison et al., 2024).

In the second, pre-existing talc or illite is exposed to Li-bearing
diagenetic groundwater and incorporates it. This is perhaps consistent
with the impermeable nature of Glen Torridon. Late-stage diagenetic
fluids are known to have moved through VRR, coarsening the hematite
grains found there (Fraeman et al., 2020). Adjacent to VRR, Glen Tor-
ridon is notably lacking in diagenetic nodules compared to the rest of
Mt. Sharp. Glen Torridon’s high clay mineral content may have formed
an aquitard limiting the access of the area to diagenetic fluids directed
there by the coarse-grained Greenheugh Pediment, perhaps increasing
alteration of nearby areas including VRR (Rudolph et al., 2022; Ando
et al., 2025).

Possible complicating factors to the link we propose here between
elevated Li and talc or illite content include (i) imperfect or incomplete
identification on Mars, (ii) inter-clay transformation, (iii) other clay
minerals could absorb Li under untested conditions, and (iv) primary
incorporation of Li during clay formation. (i) It is possible that talc or
illite is more widespread within Gale crater and has not been confidently
identified using CheMin due to low abundance or limitations in the XRD
signal. In this scenario, the correlation between Li and talc would be
either accidental or caused by a separate process that increased talc
abundance or XRD pattern clarity as well as Li content. (ii) It is possible
that some clay minerals identified by the rover may have originally had
another mineral form and have since transformed into talc or illite by
another process. Inter-clay transformations are common in sedimentary
and hydrothermal environments, particularly where fluid composition,
temperature, or water:rock ratios change over time (). In this case, the
current mineralogy detected by CheMin would reflect a diagenetically
overprinted signature, potentially obscuring the original Li-hosting
phase. Li may have been structurally incorporated into talc during
early diagenesis and retained through subsequent mineral trans-
formations. Thus, the present-day clay assemblage may not directly
reflect the original mineral host responsible for Li sorption. (iii) It is also
possible that conditions other than those tested by our experiments
could lead to other clays absorbing Li on Mars, but only talc responds to
the conditions we tested. If the fluids on Mars had a different pH or
temperature than we test in the laboratory, it is possible other clays
would have incorporated Li and talc not so. Therefore, the lack of sig-
nificant Li sorption in some clays (compared to MGS-1) under our
experimental conditions does not eliminate their potential to host Li in
natural martian settings. (iv) Finally, elevated Li in talc in Gale crater
could be due to primary formation conditions leading to elevated Li
rather than groundwater exposure. In this scenario, the Li-clay corre-
lation in Gale crater would reflect a primary igneous or hydrothermal
signature rather than diagenetic or weathering processes.

Ultimately, while our results suggest that talc and illite are efficient
at Li sorption under Mars-relevant conditions, it is possibly one of
multiple contributors to the elevated Li observed across VRR. A
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combination of processes may have led to the coexisting elevated talc
and Li abundances in Aberlady and Kilmarie, in particular.

Areas for future work include collection of XRD patterns for more
direct comparison with CheMin data, as well as efforts to confirm which
type of sorption are responsible for this change (e.g., Fig. 1).

Clay minerals are a main focus of the Mars Science Laboratory
mission as they are one of the most common secondary minerals on
Mars, their formation requires water, their structure can trap and bind
organics, and they dominate the most ancient martian terrains that
formed while Earth was first evolving life. Identifying elements that can
act as proxies for clay mineral content is very valuable to the search for
habitable environments and those that encourage preservation of any
past biomarkers. Our findings support the interpretation of Li as a talc
proxy in Gale crater and put forth that talc in martian rocks may be
effective at removing Li from martian groundwater.

Of the clays used in this study, talc was the only one found to have a
statistically significant boost in Li sorption as detectable by LIBS when
directly comparing to MGS-1 simulant and bottom sediments that are
likely to have undergone additional exposure to Li from groundwaters.
Notably, of the clays used in this study talc is the most relevant for
astrobiology given that it is often associated with serpentine and,
accordingly, is formed via hydrothermal serpentinization reactions
involving olivine (Bristow et al., 2021; Tu et al., 2021); illite and illite-
smectite mixtures can also be byproducts of secondary alteration of
serpentinites. Serpentinization, which also generates Hy and pH gradi-
ents that could be harnessed to drive chemical reactions, is especially
interesting in the context of abiotic organic synthesis and habitability
(Russell et al., 2010; Holm et al., 2015). The resulting H; could act as a
reductant for abiotic organic synthesis, including CO and CO; reduction
to methane and other organic compounds via Fischer Tropsch Type
(FTT) synthesis reactions (Rodriguez et al., 2024). Thus, Li, being a
potential proxy for talc and thus serpentinization could prove to be an
exciting tracer for identifying astrobiologically interesting targets for
subsequent analysis by Curiosity and for caching for future sample re-
turn by the Perseverance rover.

5. Conclusions

Li has been proposed as a clay mineral proxy in Gale crater based on
observations of elevated Li and clay mineral content in Vera Rubin ridge
(Frydenvang et al., 2020; Bristow et al., 2021; Dehouck et al., 2022). We
conducted continuous flow reactor experiments to examine how Li
content of Mars-relevant clay minerals and MGS-1 Mars simulant would
change when exposed to fluids with elevated Li content. We observed
that column packed beds that contained talc showed statistically sig-
nificant elevated Li content after exposed to Li-bearing fluid, compared
to when exposed to pure water. The drilled samples in Gale crater at
Aberladie and Kilmarie have the highest Li content and XRD peaks at
9.2 A that have been attributed to talc (Bristow et al., 2021; Tu et al.,
2021). Given these results, this proposed trend of Li as a clay mineral
proxy may be specific to talc. This is an important distinction as XRD
observations on Mars are time-intensive to acquire, while VNIR reflec-
tance spectroscopy and elemental abundance data (e.g. LIBS) are rela-
tively faster and therefore more frequently collected. Our experimental
results imply that we can get a more complete perspective of the clay
mineralogy of an area on Mars from VNIR or LIBS analysis, particularly
if it may contain talc or illite. This is important as talc not only requires
water to form but may be related to hydrothermal or serpentinization
processes which are astrobiologically important.
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Filename: LIBS_prepocessed.CSV

Pre-processed LIBS data corresponding to each measurement made
for each sample are provided as a single CSV with each row corre-
sponding to a single measurement from a particular experiment. The
columns provide details about the sample: the experiment, column (dry
standard, A, or B), with what the column was packed (glass beads, MGS-
1, clay and glass beads, or clay and MGS-1), the specific clay within the
packed bed, clay structure, clay type, the composition of the fluid (i.e.
“water”), the LIBS parameters (SR, SI, number of shots), the point
analyzed per sample, and finally the rest of the columns correspond to
intensity measured at each LIBS wavelength (nm).

Filename: Deconvolved_peak_areas.CSV

This file contains all of the peak areas deconvolved using the script
described in the manuscript. Each row corresponds to a particular
measurement for a single sample. The columns correspond peak area
corresponding to each element (Li, Fe, Mg, Si, Al, Ca, Na, K) and the
error affiliated with the corresponding fit followed by the experimental
parameters (see description for the LIBS file for details).

Supplementary_Data.doc

This document includes text describing the elemental distributions
observed in the glass bead experiments exposed to water. Also included
is Table S1 which summarizes the elemental chemistry of the source
clays and box plots showing LIBS results in Figs. S1-S6.
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