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Understanding the groundwater environments for ancient Mars and other terrestrial bodies is of great interest for evaluating their
habitability. Here, we experimentally tested simulated aqueous alterations of two Mars simulants (variants of MGS-1) using a
continuous-flow packed bed reactor, reacting with three ionic simulated groundwater analog solutions containing MgSO4,
FeSO4, or LiCl to explore the impact of the aqueous alteration on the minerals. The minerals from these experiments were
analyzed via Mars mission–relevant and field-relevant techniques (LIBS, Vis-NIR, and XRF). We demonstrated that the liquid
collected from the column outflow and the solid samples were impacted by the alteration. With the MGS-1 standard, we found
that sulfate mineral dissolution occurred in all tested experimental conditions; however, in cases with FeSO4 and MgSO4,
dissolution of gypsum might have been disfavored. In addition, when the simulants were exposed to LiCl solution, Li was
easily detectable by LIBS analysis of the residual mineral material. We then contextualize how these results could inform
observations by ongoing Mars missions.
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1. Introduction

The aqueous environment and geofluids of ancient Mars are
of great geochemical and astrobiological interest, with sev-
eral ongoing landed missions oriented around constraining
the geochemistry of the Martian surface and its ancient
groundwaters. There is evidence across Mars for varied types
of aqueous environments such as seas, oceans, deltas, valley
networks, sapping channels, outflow events, and hydrother-
mal systems [1]. Each of these environments could introduce
varied volumes of fluids over short to long periods, which
could leave signals of varied strengths in the rock record
[1]. In this paper, we focus on groundwater as all of the Mar-
tian rovers have observed evidence of former groundwater
flow through subsurface rocks, including mineral dissolu-

tion, precipitation, and alteration [2–11]. There have been
several studies into what alteration mineral assemblages
might be present on Mars that could record evidence of
water–rock reactions, such as Fe/Mg smectites, Al-bearing
phyllosilicates, and chlorites (e.g., [12]). However, while
the mineral assemblages in some systems have been identi-
fied, it is unclear what specific alteration products and
groundwater composition would be produced from aqueous
mineral weathering of whole-rock Mars simulant regolith
from different brines. Better constraining these processes
would increase our ability to contextualize mission data
(from past missions, e.g., Spirit or Opportunity; ongoing
missions, e.g., the Mars Curiosity Rover; or future missions,
e.g., the Rosalind Franklin Rover) and determine how aque-
ous weathering products reflect the evolution of the Martian
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landscape throughout its geologic history. Laboratory exper-
iments simulating aqueous mineral interaction can allow us
to predict what reactions took place in the early (~3–4Ga),
wet Martian surface/subsurface environments to explain
the observed mineral assemblages. In particular, a crucial
next step in improving our understanding of Martian geo-
chemistry is constraining the mineral transformation path-
ways that likely occurred in groundwater episodes that
may have had different chemistries through characterizing
the resulting mineral precipitation/dissolution, which form
secondary minerals. Subsurface environments exposed to
groundwaters have been proposed as potential habitable
regions due to protection from radiation/oxidation and avail-
ability of CHNOPS elements [12, 13]. Thus, identifying and
characterizing past aqueous environments would be impor-
tant for assessing past Martian habitability as well as the gen-
eral understanding of geofluids. However, groundwater
alteration in the Martian subsurface is difficult to directly
observe withmissions. Some observationmethods include ele-
mental abundance and mineralogy measurements through X-
ray fluorescence (XRF) (PIXL on Perseverance and ChemMin
on Curiosity), X-ray diffraction (XRD) (ChemMin), laser-
induced breakdown spectroscopy (LIBS) (SuperCam on Per-
severance or ChemCam on Curiosity), and infrared (IR) spec-
troscopy (SuperCam on Perseverance).

In this work, we conducted mineral alteration/weather-
ing experiments to simulate water–rock interactions of Mars
analog minerals with subsurface groundwater flows, using a
type of continuous-flow reactor. Continuous-flow chemistry
is a method where one or more reactants in aqueous solution
are flowed through a tubing or pipe-based reactor, which
may optionally contain solid reactive material in a porous
packed bed. Continuous flow methods are commonly used
in pharmaceutical chemistry to facilitate organic reactions
[14, 15], and these methods are scalable and modular and
have improved safety features compared to traditional batch
chemistry. These systems have been utilized in industry to
improve processes, especially as scalability allows for a wide
range in volumes for these experimental setups. The time
scales for these flow reactors can range from minutes to
days, depending on the desired experiment. Another benefit
of the continuous flow method is that the continuous-flow
components are commercially available, making this tech-
nique cost-effective and adaptable in comparison to
custom-built reactor systems.

A subset of continuous-flow chemistry—“flow-through”
reactors, in which fluids flow through a solid (mineral)
matrix—has been successfully utilized in the geosciences,
including cases specifically relevant to Mars groundwater
[16–20]. Previous work was primarily run at low pH and
was often focused on clay materials. In addition, these exper-
iments were commonly run on the time scale of hours to
days and have been compared to related batch experiments
(e.g., [20–22]). While these works have expanded the knowl-
edge of potential groundwater systems on Mars, further
mineral mixes and ionic solutions should be explored to
have a full picture of the environment. Overall, the use of a
contained laboratory system provides control of mineralogi-
cal composition and minimization of chemical and biologi-

cal contamination. In addition, the use of modular parts
allows for rapid setup, cleaning, and customization of exper-
iments and ensures that the experimental setup can be read-
ily replicated.

Flow reactors are inherently different than batch reactors
since it is an open (vs. closed) system. The water interacting
with the column generates some change in the matrix: Ions
are dissolved and removed from one column and emplaced
on another. The system will experience water flow, which
would not occur in a batch reactor. The flow column in this
work additionally provides an opportunity to examine het-
erogeneity (of approximately the top 8 cm of the column
vs. the lower portion of the column; Figure 1) due to disso-
lution and redeposition of ions. This successive dissolution
and precipitation at different places in a porous medium
are aspects that can only be simulated in a flow experiment,
not a batch experiment, where all solid material would be
reacting with the fluid. In continuous-flow experiments,
the bottom of the column has been more exposed to the
water compared to the top, mirroring what we would expect
with regolith exposed to ground waters compared to surface
regolith. We hypothesize that the different simulants will
exhibit different ion leaching behavior due to the different
materials present and their solubility, as well as their particle
size, and that the column will yield differences in composi-
tion along its length after flow reaction with fluid, as the bot-
tom material will have more contact with the liquid.

In this study, we utilized continuous-flow methods for
simulating low-temperature Martian geochemical condi-
tions and demonstrate methodological value in examining
Mars groundwater mineral weathering processes. We specif-
ically investigate the interactions within a Martian-like
groundwater system composed of a basaltic regolith and a
flow through solution containing Li+, Na+, Fe2+/3+, Mg2+,
Cl−, and/or SO4

−2. These groundwater system compositions
are representative of conditions observed at terrestrial Mars
analog sites. On Earth, ionic solutions interacting with basalt
formations in volcanically active regions drive key physical
and chemical processes that influence primary and second-
ary mineral formation. Weathering of basalt rocks leads to
the release and mobilization of ionic species such as Ca2+

and Na+ and produces secondary phases including clay min-
erals, iron oxides/hydroxides, carbonates, and silica phases
[23, 24]. In contrast, Cl− and SO4

2− are delivered via ground-
water flow from surrounding environments, with SO4

2−

capable of precipitating secondary sulfate minerals under
acidic conditions with H2SO4 [25]. These processes are doc-
umented in basaltic systems such as the Columbia River
Basalt Group (CRBG), Hawaii, and Iceland [23, 24, 26]. In
Hawaii, basalt weathering leads to the release of Li+ and
the formation of clay minerals, where subsequent adsorption
of Li+ onto clay minerals occurs [26, 27]. Accordingly, this
study considers a basalt–fluid environment to investigate
the geochemical interactions that may have occurred on
Mars and are observable in Mars analog settings.

We simulated various Mars groundwater compositions
flowing through established Mars regolith simulants [28,
29]; analysis of the resulting altered minerals included
mission-relevant techniques such as XRF, LIBS, XRD, and

2 Geofluids

 6816, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/gfl/6180315 by C

ochrane France, W
iley O

nline L
ibrary on [29/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



visible-near infrared (Vis-NIR) reflectance spectroscopy.
Our results demonstrate that groundwater flows can impact
Martian sediments in a manner that is detectable using
instrumentation that is presently in use on the Martian
surface.

2. Methods

2.1. Simulant Selection. For our continuous-flow packed bed
reactor, three commercially available Martian simulants were
exposed to various ionic solutions to understand geochemical
transformations and discern how aqueous weathering could
impact the chemistry and composition of past groundwater
systems. In these experiments, one of three Mars simulants
was used to fill packed beds: (1) Exolith Lab's Mars Global
Simulant (MGS)-1 [29], which was not altered in any way
from the standard composition, hereafter referred to as
MGS-1 standard; (2) a custom version of MGS-1 prepared
by Exolith Lab with only the coarser grain size components
(see Supporting Information for more information), hereafter
referred to as MGS-1 coarse; and (3) Mojave Mars Simulant
(MMS) [30] (see Figure S5 for chemistry, mineralogy, and
particle distribution curves for on these three simulants).
MMS was designed as a primarily geophysical simulant with
crystalline phases including feldspar, olivine, pyroxene,
anhydrite, ferrihydrite, goethite, quartz, and magnesite [30].
The MGS-1 mixtures are mineral simulants that are
designed to replicate the global Martian basaltic regolith,

with a focus on the Rocknest deposits on Gale Crater [29],
although remote and in situ data indicate a relatively
homogenous chemical composition of the global regolith
[28]. While the MGS-1 coarse and the MGS-1 standard are
similar, they do not have identical compositions; the MGS-1
coarse lacks the smaller materials in the MGS-1 standard.
MGS-1 coarse was chosen out of concern to not clog the
column apparatus and to explore the impacts of the finer
grained, amorphous material.

The three regolith simulants used in these experiments
exhibit distinct particle size distributions that affect fluid
flow and reactive surface area differently.

MMS has a bimodal particle size distribution, spanning
1.5–1500μm, with a small peak at 10μm (q ≈ 1 5%) and a
larger peak at 400μm (q ≈ 7%) (Figure S5a). The presence
of fine-grained material, including clay-sized particles,
increases reactive surface area but also enhances the
potential for pore clogging, which can limit fluid transport
and alter reaction kinetics.

MGS-1 spans a similar particle size range (1.5–1500μm)
but exhibits a trimodal distribution, with peaks at 15μm
(q ≈ 3 5%), 80μm (q ≈ 2 8%), and 700μm (q ≈ 3 4%)
(Figure S5b). The greater proportion of fine particles
compared to MMS suggests an increased reactive surface
area but also an elevated risk of permeability reduction due
to particle mobilization and deposition within pore spaces.

MGS-1 coarse, a modified version of MGS-1 designed to
reduce clogging, has a unimodal particle size distribution

Fluid flow

(a)

Time stamped and
collected fluid out

Top half of sediment Bottom half of sediment
Fluid in via
syringe pump

(b)

Figure 1: (a) Labeled photo/schematic of reactor setup with fluid flow direction indicated and the liquid sample collection indicated with a
red box. (b) Description of the breakdown of the top and bottom of the packed bed. The top and bottom sections collected correspond to
approximately the top and bottom 8 cm collected from the column.
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spanning 400–4500μm, with a peak centered at 1200μm
(q ≈ 17%) (Figure S5c). The absence of finer particles
significantly reduces available surface area for reactions but
improves permeability and prevents reactor clogging,
ensuring more consistent flow-through conditions.

These variations in particle size distribution directly influ-
ence reaction rates, as finer grained materials provide greater
reactive surface area but also increase the likelihood of flow
restriction due to particle settling and pore clogging. In con-
trast, coarser grained materials, while facilitating fluid flow,
limit the total surface area available for reactions, potentially
slowing overall reaction kinetics. MGS-1 coarse was chosen
out of concern to not clog the column apparatus. As MGS-1
is a modified version of the Rocknest-based MGS-1 simulant,
it may be more relevant to coarser grained sedimentary
deposits associated with fluvial or deltaic deposits that experi-
enced less chemical weathering, but we propose that it is still
appropriate to explore Noachian-to-Hesperian Martian con-
ditions, as coarse-grained size (1mm particles) has been
observed in areas within Gale Crater [31].

2.2. Geologic Setting. We explored groundwater analog solu-
tions containing dissolved MgSO4, FeSO4, or LiCl. These
salts were chosen since their anions and cations are relevant
to estimates of Noachian–Hesperian Mars groundwater con-
ditions, which are expected to have been richest in Fe2+/3+,
Mg2+, Ca2+, Al3+, Na+, K+, Cl−, HCO3

−, and SO4
2− [32,

33]. We also included Li because Li appears elevated in
clay-rich terrains in Gale Crater, and concentration has been
proposed as a proxy for clay mineral content [34, 35].
Although Gale Crater contains diagenetically altered sedi-
ments, the precise water chemistry and source are still
unclear [36], with investigations ranging from a surficial
ice source [37], deep upwelling groundwater [38], or
impact-induced hydrothermal systems [39]. The Curiosity
rover is currently exploring sulfate-rich strata in Mt. Sharp,
so sulfate solubility, transportability, and chemistry postre-
precipitation are all of great interest to interpret data from
the mission [40–42], especially as the connection between
sulfates and organic preservation on Mars is a guiding bea-
con for habitability [43–45]. SiO2 is also expected to be a pri-
mary component of early Martian groundwater [32, 33] but
was omitted from our groundwater simulant out of concern
for precipitation and clogging the apparatus. We focused on
the impacts of individual ionic materials on the Martian
analogs and did not explore a mixed groundwater solution,
as we were interested in exploring the impact of the specific
reagents. pH of the initial solutions was measured in dupli-
cate with pH strips.

2.3. Experimental Protocol

2.3.1. Reactor Setup. Weighed simulant was placed into a
Diba Omnifit EZ Chromatography Column (with one fixed
and one adjustable end piece) to create a packed bed, which
was secured vertically with clamps inside a fume hood. This
packed bed column was connected with a 0.03-in. id tubing
on the lower end to a Harvard syringe pump and on the
upper end to a liquid collection vessel (either a 20-mL glass

vial or 15-mL Falcon tube) (Figure 1). A plastic 30-mL
syringe was used to inject the desired analog groundwater
solution into the bottom of the packed bed. In initial exper-
iments, only pure Milli-Q water was injected as a control,
and then, in later tests, one of three different ionic solutions
was injected (50mM MgSO4, 50mM FeSO4, or 50mM LiCl)
into a packed bed of MGS-1 standard or MGS-1 coarse
(Table 1). (MMS clogged the column during the water con-
trol run and so could not be used further in this study.) For
all solutions, pH was measured but not adjusted or buffered,
as we were exploring specific ion impact on the mineral spe-
cies. In addition, these solutions were made open to the air,
and no attempt to replicate a Mars atmosphere was made.
Therefore, the solutions were exposed to oxygen. As a note,
this would cause oxidation of the Fe material over the course
of time. This would impact the iron mobility and redox-
sensitive elements present within the experimental setup.
All experiments were run at room temperature.

The flow/injection rate was set to 0.2mL/min for the
experiment (unless otherwise noted), and the packed beds
were never allowed to run dry; for consistency and to avoid
any flushing of materials out of the column at the end of the
experiment, every experiment was stopped with fluid still in
the syringe. A 0.2mL/min was chosen in order to collect suffi-
cient material at 15-min time points for liquid analysis. The
experiments were run over the course of 1.5–3h, which is on
a relatively short time scale but is comparable to time points
taken during some batch experiments. This flow rate allowed
for sampling substantial fluid for analysis on the minute time
scale while also allowing for a full syringe to be used in one set-
ting on the hour time scale. This flow rate also did not clog the
MGS-1 analogs. In addition, three other flow rates (0.5, 1.0,
and 2.0mL/min) were explored with 50mMLiCl to determine
if flow rate had an impact on alteration. Additional informa-
tion about all experimental runs is included in the Supporting
Information (Table S1). The experiments were run for 2–3h
with at least four time points collected to determine how
quickly alteration would be observed in these systems. For
these experiments, we were focused on short-term
alterations (e.g., on the scale of minutes to hours), and this is
in line with previous batch experiments, including Elwood
Madden [21]. This flow rate allowed for the collection of
enough liquid sample at multiple 15–30-min time points
(e.g., sampling at 15 and 30min and 1h). Increasing the flow
rate would alter the time points taken and the amount of
liquid that could be collected.

The packed bed was fully injected with liquid prior to
beginning the experiment. The run timer was started once
the reactor was fully filled to avoid delays in collecting liquid
samples. The reactions were run for 1–3h at ambient tem-
perature and pressure, and time-stamped liquid samples
were collected at different intervals throughout the experi-
ment. A t = 0 time point, a sample of the original liquid used
in the experiments, was taken. These liquid samples were
frozen in a −20°C freezer for anion ion chromatography
(IC) analysis. The solutions were frozen within approxi-
mately 10min after the time point was collected. No filtra-
tion was performed to process these samples prior to
freezing or preparing for IC analysis.

4 Geofluids
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Upon completion of the reaction, an ambient air-filled
syringe was injected to expel fluid and dry the packed bed
as much as possible. Altered simulants were removed from
the 8 cm top and bottom components of the packed bed
(and the sediments were kept separated) (Figure 1).

These simulants were stored in 15-mL Falcon tubes
inside an oxygen-free Coy glovebox to air dry for XRF,
XRD, LIBS, and IR analyses to prevent any oxidation change
during their drying and storage. Postexperimental analyses
were conducted on the solid phases and the liquid outflow
samples. All mineral samples were analyzed via VNIR and
LIBS. All liquid samples were analyzed via anion chromatog-
raphy. The only time select samples were used were for XRF
and XRD.

2.4. Liquid Analysis

2.4.1. IC. The time-stamped liquid samples were analyzed
via anion IC. With the current setup of this system, only
anionic materials can be measured. IC data were obtained
with a Thermo Scientific Dionex Integrion HPIC equipped
with a Dionex IonPac AG11-HC-4 μm column (4 × 250
mm). All 15- or 30-minute time-stamped collection vials
were sampled and treated in four steps. First, 0.1mL was
sampled and diluted with 0.4mL of deionized Milli-Q
water (5× dilution) in Eppendorf tubes and centrifuged
for 2min. Then, 0.4mL of the supernatant was sampled
and mixed with 0.1mL of 1M NaOH (to precipitate any
dissolved metals from solution, 0.25× dilution), vortexed,
and centrifuged again. Next, 0.4mL of the resulting super-
natant was injected through a 0.2 μm filter (Avantor) into
new Eppendorf tubes. Lastly, 0.25mL of the filtered super-
natant was diluted with 4.75mL of deionized Milli-Q H2O
(20× dilution, 5mL total volume injection into IC) in
PolyVials.

After this last step, each new sample was loaded into an
AS-DV autosampler and injected individually for a total of
15min. Standards of the solutions (i.e., samples of the ionic
solutions not run through the column) were also taken and
treated in the same manner. The samples were injected into
the IC using an isocratic flow rate of 1.25mL/min using an
EGC 500 KOH eluent set to 30mM. The data of the anion
chromatograms were exported into Excel, and the conductiv-
ity (μS) was multiplied by the dilution factor (e.g., 5 × 0 25 ×
20) of the sample treatment. The final conductivity (μS) versus
time (min) was plotted using Veusz (Figures S6–S23).

2.5. Solid Analysis

2.5.1. LIBS. Dried samples of the Mars simulants from the
packed bed postexperiment were further powdered using a
mortar and pestle, placed in a die, and made into 13-mm-
diameter pellets by applying 8 t of force for 10min using a
manually operated benchtop 12-t 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, 20W
at 33 kHz). Settings were optimized for the analysis of these
particular samples (250 shots, pulse repetition frequency:
20,000Hz). Each sample was analyzed at 10–20 different
locations to minimize variation due to the analysis.

2.5.2. LIBS Processing. The spectrometer used to collect LIBS
spectra is composed of three spectrometers that collect from
the near-UV, visible, and near-IR regions. All data were
processed using the R software. As each region has a differ-
ent signal-to-noise ratio and background, each of the three
regions was preprocessed separately before being combined
to generate a single spectrum. Preprocessing involved trim-
ming the overlapping ends of each spectrum, denoising
using the wavshrink function in the wtmsa package [46,
47], and correcting for the Bremsstrahlung effect on the
baseline using the rollingBall method in the baseline package
[48]. The rollingBall method is conceptually similar to a
sphere that moves along the base of the peaks to establish
their height relative to the baseline and is used in LIBS stud-
ies due to the nonlinear peak base heights relative to baseline
(e.g., [49]). 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 normalized to the sum intensity over the
entire spectrum.

2.5.3. Calculating Peak Areas. Peaks were deconvoluted
using the Levenberg–Marquardt optimizer (nlsLM function
in the minpack.lm package; [50]) to fit a pseudo-Voigt func-
tion to a narrow (~2–6nm) spectral window centered at a
preselected peak of interest [51]. 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 Lorent-
zian. The number of peaks, as well as a starting guess and
constraints for each parameter, was derived for each spectral

TABLE 1: Table of experiments that were conducted with different simulants and salt solutions. X indicates that experiments were
performed under these conditions. All reactions were run in duplicate. We also describe codes for our experiments. Keys: C =MGS-1
coarse; S =MGS-1 standard; W=Milli-Q water; M=MgSO4; F = Fe(II)SO4; L = LiCl; T = top; B = bottom. All experiments were run in at
least duplicate. Further information about the experimental list can be seen in Table S1 in the Supporting Information.

Ionic solution (abbreviation) Average pH of the solution MMS MGS-1 standard MGS-1 coarse

Milli-Q water (W) 6.5 X (clogged) X (W-S-T/B) X(W-C-T/B)

50mM MgSO4 (M) 7.0 N/A X (M-S-T/B) X (M-C-T/B)

50mM FeSO4 (F) 5.0 N/A X (F-S-T/B) X (F-C-T/B)

50mM LiCl (L) 7.25 N/A X (L-S-T/B) X (L-C-T/B)

5Geofluids
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window using a homemade R script that leverages 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 decon-
volved peaks were integrated to calculate the area.

2.5.4. Statistical Analyses. For each sample, areas that fell
outside 1.5× the inner quartile range were considered out-
liers and removed. Analysis of variance (ANOVA) was per-
formed on the means of experimental replicates to
determine if there were significant differences in the areas
for elements of interest due to the solution passed through
the column (none, water, 50mM MgSO4, 50mM FeSO4,
and 50mM LiCl), the location of the sample (being at the
bottom vs. the top of the column), or the simulant used
(MGS-1 coarse vs. MGS-1 standard). For factors (i.e., solu-
tion, sample location, and simulant) showing a significant
effect in ANOVA, we conducted Tukey-adjusted post hoc
pairwise comparisons of estimated marginal means to iden-
tify specific group differences (e.g., MGS-1 exposed to water
vs. MGS-1 exposed to FeSO4) [52].

2.5.5. Peak Deconvolution. The 13 elements of interest for
LIBS analysis were selected based on their abundance in
the MGS-1 simulants (Figures S33–S37) and ionic
solutions used in this study. Of the 13 elements, 11 had
emission lines suitable for further analysis (see Table S2 for
details). Suitability criteria for further processing included
the following: (i) The emission line matched a known and
relatively strong emission line from the NIST database, (ii)
the emission line was in a region with minimal interferants
(i.e., only the element of interest produced a good signal at
the isolated emission line) from other elements present in
the MGS-1 simulants, and (iii) changes in mean intensity
of the emission line per experiment were consistent with
elemental changes based on XRF analysis of the same
sample experiment (Runs 2—MGS-1 coarse + water;
3—MGS-1 coarse + MgSO4; 5—MGS-1 standard + water;
7—MGS-1 standard + MgSO4; and 8—MGS-1 coarse +
LiCl). For peak deconvolution, there was an additional
requirement that the peak did not experience significant
peak broadening between samples (as this hindered
deconvolution efforts). Visual inspection of a subset of
selected spectra from each experiment for each element
that was deconvolved revealed that the algorithm was able
to optimize a pseudo-Voigt function to the peaks with
sufficient accuracy (mean RMSE for all elements = 0 03);
the mean RMSE corresponding to each peak is shown in
Table S2.

2.5.6. Vis-NIR Reflectance Spectroscopy. Vis-NIR reflectance
spectra were collected using an Analytical Spectral Devices
(ASD) FieldSpec spectroradiometer spanning 0.35–2.5μm
on both the reacted powders and control samples of the
original minerals. Vis-NIR reflectance spectra of the samples
were collected prior to grinding and pelleting for LIBS. Spec-
tra were acquired using a fiber optic cable situated in a con-
tact probe grip and relative to a Spectralon white reference.

Solid samples were dried but not powdered and placed on
Cinefoil matte black sample paper for data collection.

Relevant Vis-NIR band depth parameters were calcu-
lated using the methods of Clark and Roush [53], where a
piecewise linear fit was used to define the spectral contin-
uum. Band depth measurements can provide a comparative
measure of absorption strength between samples, where a
band depth of 0 signifies a characteristic absorption is absent
and a band depth of 1 signifies an absorption is saturated. Sev-
eral features, including particle size and mineral opacity, can
influence band depth. Because the particle size distribution
and mineralogy before the experiments were standardized
(i.e., all MGS-1 standard experiments had the same starting
characteristics), comparing band depth among samples run
on the same simulant is a useful way to compare mineral
changes induced by the run. The SINDEX spectral parameter
[54] was also calculated for each sample (Figures S25 and S29).
SINDEX is a measure of spectral characteristics consistent
with sulfate abundance, specifically a spectral convexity > ~
2 2μm related to a drop in reflectance due to the strength of
a broad absorption of ~2.4μm [54–56].

2.5.7. XRD. Dried and powdered samples were processed by
XRD, and their patterns were collected using a Proto AXRD
with Cu radiation and equipped with a 128-channel Dectris
linear detector. Data were collected using step scans of 0.02°

and 2-s dwell per step. XRD patterns were collected for sed-
iment from a subset of runs. All sediment examined using
XRD was from the top position in the packed bed, and the
sediment was dried and powdered using a mortar and pestle
to a consistency of flour. Samples were then adhered to a
glass plate (smear mount) with EtOH. Mineral phases were
identified using the JADE software package with whole pat-
tern fitting. JADE (developed by Materials Data, Inc.) is a
specialized XRD analysis software that integrates database
searching, peak fitting, and Rietveld refinement capabilities.
The software employs a comprehensive pattern-matching
algorithm that compares experimental diffraction patterns
against reference databases such as the ICDD PDF-4+ or
AMCSD (American Mineralogist Crystal Structure
Database).

For quantitative mineral abundance analysis, JADE
implements the Rietveld refinement method by constructing
a theoretical diffraction pattern from crystallographic infor-
mation files (CIFs) of identified phases. The software itera-
tively refines structural parameters (unit cell dimensions,
atomic positions, and thermal factors) and profile parame-
ters (peak shape functions, background, and preferred orien-
tation) to minimize the difference between calculated and
observed patterns. JADE's implementation uses a damped
least-squares algorithm that optimizes the scale factors for
each phase, which are directly proportional to the weight
fractions of the constituent minerals in the sample. The
refinement quality is assessed through statistical indicators,
including the weighted profile R-factor (Rwp) and
goodness-of-fit (χ2), with values below 10% for Rwp typi-
cally indicating acceptable fits. Phase quantification accuracy
is further enhanced by JADE's ability to model microstruc-
tural effects such as crystallite size and strain broadening

6 Geofluids
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using the fundamental parameter approach, which considers
instrumental broadening contributions separately from
sample-related effects.

2.5.8. XRF. Three XRF spectra were collected for select post-
run, dried samples. A small amount of each sample was
placed inside a capillary tube, and spectra were collected
using a Horiba XGT-7200 micro-XRF with a 1.2mm beam
size. A total of three spectra were obtained per sample, and
all the spectrum results were averaged to provide the final
abundance measurement. Qualitative elemental abundances
were determined using a fundamental parameters peak-
fitting model for all spectra as implemented in the XGT-
7200 software.

3. Results

3.1. Fluid Analysis. Milli-Q water was first employed as a
control to determine the feasibility of flow through experi-
ments with these simulants, as well as to get a baseline for
any mineralogical changes. We found that the water flow
rate was significantly slowed in packed beds filled with
MMS, including repeats, such that the experiments were
clogged and ended in under 1min. Mineral samples and
water from the packed bed were collected for these runs.
Packed beds filled with MGS-1 standard (W-S) and MGS-1
coarse (W-C) were able to sustain flowing water for the
duration of the entire experiment. Based on these results,
we did not conduct further flow experiments with MMS.

The IC results from experiments performed with MGS-1
coarse and DI H2O (W-C) reveal minor peaks associated
with our DI H2O and MGS-1 coarse regolith (all IC results
shown in Figures S6–S23). While the Milli-Q water is
ultrapure, the IC is sensitive enough to detect trace ions in
the water, so this is not unexpected. The results of Run 2
and Run 10 show that the conductivity of the analytes is
< 200μS where the peaks belong to organic acids from 2.20
to 2.80min, F− from 3.55 to 3.75min, Cl− from 3.95 to
4.70min, SO4

2− from 4.85 to 5.20min, and NO3
− from

6.85 to 7.20min (Figure 2a,b). In Run 10, a broadened
peak of Cl− is observed from approximately 3.75 to
4.60min. In experiments containing MgSO4 and FeSO4,
the major anion peaks from our groundwater flow
solutions (e.g., SO4

2− and Cl−) and minor peaks from our
DI H2O and MGS-1 coarse are observed. The experiments
containing either MgSO4 (M-C) or FeSO4 (F-C) show a
SO4

2− peak at 4.70min (Figures 2c, 2d, 2e, and 2f). In
experiments with MgSO4 and MGS-1 coarse (M-C), the
conductivity of the SO4

2− reached 7270.87and 4413.34μS
for Run 3 and Run 17, respectively (Figure 2c,d). In Run
17, minor peaks of F− and Cl− are evident and are similar
to our DI H2O and MGS-1 coarse experiments (Figure 2d).
In Run 4 and Run 22 with FeSO4 and MGS-1 coarse (F-C),
a spike in SO4

2− reached a conductivity measurement of
8429.26 μS in Run 4 and 4681.16 μS in Run 22
(Figure 2e,f). In Run 22, a minor Cl− peak is shown,
similar to our DI H2O and MGS-1 coarse experiments (W-
C). The anion from LiCl and MGS-1 coarse experiments
was Cl− at ~3.46min, a slight shift from our other runs,

where the conductivity of the peak was 3732.98μS in Run
8 and 3085.65μS in Run 20. In the LiCl and MGS-1 coarse
experiments, we observed a minor peak with a
conductivity of ~25–500μS of SO4

2− peak in Run 8 and
Run 20, which is larger than the potential SO4

2−

background peak observed in the DI H2O experiments
(~0–60 μS after subtracting the baseline; Figure 2g,h).

Experiments performed with MGS-1 standard and DI
H2O, MgSO4, FeSO4, and LiCl show an SO4 peak (appearing
at 4.45min) in every sample, regardless of the composition
of the fluid (i.e., even when the simulant was exposed to
Milli-Q water alone) (Figure 3). This is consistent with the
composition of the MGS-1 standard simulant. In all experi-
ments, the “flush” occurs between 0 and 15min of the exper-
iment, after the SO4

2− decreases drastically in magnitude for
the rest of the experiment. In our Milli-Q H2O and MGS-1
standard simulant, the conductivity decreased from
21,862.28μS at 15min to 5686.09μS in 30min in Run 5
and from 31,620.72μS in 15min to 6655.55μS in 30min for
Run 13, and the conductivity further decreased over time
(Figure 3a,b). In experiments with MgSO4 and FeSO4, the
SO4 peak increased, given the composition of our solution.
In experiments with MgSO4, the SO4 peak reached
49,135.62μS at 15min and decreased at 30min to 8136.53μS
in Run 7. Similarly, in Run 21, the SO4 peak reached a conduc-
tivity of 30,173.08μS at 15min to 5364.45μS at 30min
(Figure 3c,d). In FeSO4 and MGS-1 standard simulant, Run
18, the SO4 conductivity reached 32,446.36μS at the beginning
of the experiment (0min) and decreased to 8560.92μS at
15min, while Run 23 peaked at 31,563.19μS and Run 24
peaked at 22,744.37μS, and both decreased to 9428.07 and
10,258.73μS at 15min, respectively. Lastly, in the experiments
with LiCl and MGS-1 standard (L-S), the SO4 peak also
appeared at magnitudes greater than the expected Cl peak.
In Run 9, the SO4 peak reached a maximum of 24,373.23μS
at 15min and decreased to 5227.47μS at 30min. In Run 19,
the SO4 peak reached 24,947.67 μS and decreased to
3891.66μS at 90min (Figure 3i).

3.2. Solid Analysis

3.2.1. Vis-NIR Reflectance Spectra. The final Vis-NIR reflec-
tance spectra of dried simulant were strongly affected by the
type of simulant, the fluid composition, and the position
within the packed bed (Figure 4). The MGS-1 coarse simulant
spectra are dominated by a broad 1μm feature associated with
pyroxene, 1.4 and 1.9μm vibrational features associated with
structural water (likely in clay, sulfate, and X-ray amorphous
phases), and a sharp absorption ~2.3μm that is a metal–OH
absorption consistent with clay minerals. This metal–OH
absorption moves wavelength position depending on the cat-
ion, which can be seen most clearly in the continuum-
removed spectra (Figure S24). The bottom of the packed bed
has a stronger 2.3μm absorption in all experiments except in
the case of MGS-1 coarse + MgSO4 (M-C; Run 3) and MGS-
1 coarse + FeSO4 (F-C, Run 4) (Figures S27b, S27c, and
S27l). Spectral features associated with sulfate were also
affected by the continuous-flow experiments (Figure S25).
SINDEX values indicative of the presence of sulfates were

7Geofluids
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Figure 2: Continued.
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higher in the bottom of the packed bed in all experiments
except MGS-1 coarse + MgSO4 (Run 3) and MGS-1 coarse +
FeSO4 (Run 4) (Figures S26b, S26c, and S26l).

In experiments using MGS-1 standard simulant, the
spectra were dominated by electronic absorptions associated
with Fe (~0.4 and 0.9μm), weak 1.4 and 1.9μm vibrations
associated with structural water, and a sharp absorption at
~2.3μm that is a metal–OH absorption consistent with clay
minerals (Figure S24). The continuum-removed metal–OH
absorption was affected by some experiments but not
others: The 2.3μm band depth was largely unchanged in
the pure water experiments (Runs 5 and 13) and
significantly higher in the bottom of the packed bed in
MGS-1 standard + MgSO4 (M-S-T/B; Runs 7 and 21),
MGS-1 standard + LiCl (L-S-T/B; Run 19), and MGS-1
standard + FeSO4 (F-S-T/B; Runs 23 and 24)
(Figure S24b,d). There were variations across the
experiment, which were exceptions to the features noted
above, as observed in the experiments with L-S-T/B runs:
Run 9 is a duplicate of Run 19, and the 2.3μm band was
close to identical in both top and bottom. This variation
was also seen in MGS-1 standard + FeSO4 (F-S-T/B) Run
18, which is a duplicate of Runs 23 and 24, and the 2.3 is
very shallow. This feature could be reflective of variability
within the heterogenous mix of the sediment. SINDEX
values were higher at the top of the packed bed in MGS-1
coarse + water (W-C-T/B; Run 5) and MGS-1 standard +
FeSO4 (F-S-T/B; Run 18) and were higher in the bottom of
the packed bed in the rest of the experiments (Figure S25).

3.2.2. LIBS Elemental Analysis

3.2.2.1. Statistical Analysis of LIBS Elements. Upon exposure
to water, the MGS-1 standard lost less K from the top of the
column compared to the bottom; for MGS-1 coarse, the dif-
ference in loss between the two halves was negligible

(Figure 5). For coarse MGS-1, only Fe was removed with
the passing water in both the top and bottom columns rela-
tive to the dry control (p < 0 05). Water had the reverse
effect on the Na, Al, and Ca content, increasing their inten-
sity, with more in the top half compared to the bottom half
of the column with MGS-1 standard simulant (Na: p = 0 02;
Al: p = 0 04; and Ca: p < 0 001). In the bottom of the packed
bed, Ca levels of the water-exposed MGS-1 standard had
decreased relative to the starting amount; however, this
change is not statistically significant. For the water-exposed
MGS-1 coarse simulant, Al also increased in the top half of
the packed bed (p = 0 05); differences in the Na and Ca con-
tent exposed to water compared to the unaltered MGS-1
coarse simulant were not found to be statistically significant.
The effect on Li appears to be reversed between the simu-
lants, with an increase in Li in the MGS-1 standard simulant
(p = 0 07) and a decrease in Li in the MGS-1 coarse (p = 0 01
) when exposed to water. Finally, the Mn content at both the
top and bottom of the packed bed increased for the MGS-1
coarse but not the MGS-1 standard simulants; however, this
change was not statistically significant (p = 0 12).

After considering the variability in the data, there
appeared to be no significant changes in the elemental abun-
dances for the MGS-1 standard simulant exposed to FeSO4-
containing waters. However, for the MGS-1 coarse simulant,
exposure to FeSO4 led to an increase in Al and Mn at both
the bottom and top positions (Al: p < 0 01 and Mn: p <
0 001). Mg and Fe also decreased significantly in samples
exposed to FeSO4 waters (Mg: p < 0 001 and Fe: p < 0 001).
Exposure to MgSO4 solution led to an increase in the Al signal
for both the MGS-1 coarse (p = 0 04) and standard simulants
(p = 0 1), although the difference was only statistically signifi-
cant for MGS-1 coarse sediments. Additionally, K, Fe, and Mg
intensities decreased, while the Mn peak increased in the
MGS-1 coarse sediments (K: p = 0 07; Fe: p < 0 001; Mg: p =
0 03; and Mn: p < 0 01); for the MGS-1 standard simulants,
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Figure 2: Comparison of the ion chromatographs for the MGS-1 coarse experiments. All key peaks correspond to the anions added into the
solution. Each row compares the spectra from a replicate experiment. Subtitle legend: C = coarse simulant exposed to solutions of W=water
(no added salts), M=MgSO4 solution, F = Fe(II)SO4 solution, or L = LiCl solution. Note t0 is the solution control before exposure to the
mineral simulant.
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Figure 3: Continued.
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only the decrease in K was found to be statistically significant
(p = 0 03). Exposure to LiCl significantly increased the Li
intensity while decreasing the amount of K and Fe for MGS-
1 coarse (Li: p < 0 0001; K: p < 0 001; and Fe: p = 0 04); Fe
and K were also removed in the MGS-1 standard simulant
(Li: p < 0 0001 and K: p = 0 01), whereas Al increased
(p = 0 03).

3.2.3. XRD and XRF Analysis. XRD data of the starting simu-
lants are reported in Figure S5 and show that the biggest
difference in the mineralogy between the MGS-1 standard
and coarse samples is the presence and absence of gypsum,
respectively. XRD patterns were collected for the top of the
packed bed from six selected sample runs (Samples W-C-T/
B [2], M-C-T/B [3], L-C-T/B [8], W-S-T/B with water [5],
M-S-T/B [7], and L-S-T/B). XRF was also obtained for the
six samples. Overall, these results were consistent with the
above observations from which techniques.

For the XRD, the results from the MGS-1 coarse and
MGS-1 standard samples exposed to fluids were consistent,
as expected. The major mineralogical differences in the dif-
fraction patterns were in the clay content. Although specific
clay mineral analysis was not performed (i.e., USGS clay

mineral XRD procedures), there were clear changes in the
ratios between the ~7Å peak (likely dickite) and the ~10Å
peak (likely pyrophyllite) based on the JADE interpretation,
which utilizes peak fitting, background subtraction, and pro-
file matching to analyze diffraction patterns and estimate
mineral proportion.

XRF data were collected to provide qualitative elemental
analyses to aid mineralogical phase identification and also
measure Fe and sulfur transport between samples and solu-
tion. All samples were observed to be high in Fe. The exper-
imental ionic solution used in the weathering experiments
had a minimal impact on the XRF analysis, as no significant
trace of sulfur was detected in samples M-C-T/B (Run 3)
and M-S-T/B (Run 7), although the sulfur measurements
were slightly elevated above the H2O control tests. This
result is consistent with SO4 ions being dissolved, as opposed
to precipitated.

4. Discussion

4.1. Mars Simulant Alteration in Simulated Groundwater
Flows. Notable differences in the liquid chemistry of the out-
flow were observed between the MGS-1 standard and MGS-
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Figure 3: Comparison of the ion chromatographs for the MGS-1 standard experiments. Each row compares the spectra from a replicate
experiment. Subtitle legend: C = coarse simulant exposed to solutions of W=water (no added salts), M=MgSO4 solution, F = Fe(II)SO4
solution, or L = LiCl solution. Note t0 is the solution control before exposure to the mineral simulant.
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1 coarse simulants (Figures 2 and 3). While the MGS-1
coarse appeared to undergo minimal changes, the MGS-1
standard lost sulfate throughout the continuous-flow exper-
iments (Figure 6). This observation was supported by our IC
analysis, which revealed a sulfate spike in all MGS-1 stan-
dard experiments located at 4.48min (Figure S6). While all
our MGS-1 standard experimental conditions
demonstrated sulfate anions leaching into solution,
experiments performed with MGS-1 coarse did not show
the same weathering despite having a similar chemical
composition to MGS-1 standard. Further, the data from
MGS-1 coarse experiments only revealed anions expected
from our flow through solutions (e.g., sulfate from MgSO4
and FeSO4 and chloride from LiCl salts), and the
conductivity (μS) remained relatively constant between
each sample, suggesting that there was not an additional
source of sulfate in our samples (Figures S6–S13).
However, in the MGS-1 standard, the sulfate spike
appeared in all samples except our standard sample
(controls), indicating that the material was easily
solubilized during these experimental time scales. For
experiments with the MGS-1 standard, the sulfate peak
appeared immediately (e.g., within the first 15min) for all
conditions, including experiments performed without
sulfate salts (MgSO4 and FeSO4), and there was more
variation between the time-stamped liquid samples. Our

experiments demonstrate a possible mechanism for how
sulfate can be solubilized into solution and transported
through sediments in a Martian subsurface. We attribute
the difference between the two mineral analogs to the
gypsum mineral (CaSO4∙2H2O) present in the MGS-1
standard, but absent in the MGS-1 coarse (see Figure S5).
This suggests that sieving the MGS-1 standard in
preference for larger grains (to produce MGS-1 coarse)
selectively removed gypsum grains. Additionally, the
smaller grain size of MGS-1 standard results in the
materials having a larger surface area for which reactions
can take place.

In experiments that contained LiCl as the flow-through
solution, chloride was detected through our IC system at
3.52min. In MSG-1 coarse experiments with LiCl (experi-
ment L-C-T/B), there are minor peaks for Experiments 8
and 20 (Figure 2) related to our deionized water, as can be
seen in H2O-only experiments (W-C; Runs 2 and 10). The
chloride peaks are also present at a significantly lower mag-
nitude compared to the weathered sulfate peaks in MGS-1
(Figure 3, L-S; Runs 9, 12, and 19). These data suggest that,
certainly, the source of sulfate in LiCl experiments is sourced
from the simulated sediments.

Lastly, we investigated three flow rates (0.5, 1.0, and
2.0mL/min) to understand the effect of flow on L-C experi-
ments (Figure S23). The results revealed the presence of
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Figure 4: Vis-NIR reflectance spectra of dried simulant from four of the runs, to highlight the breadth of spectral features related to
simulant and fluid choice. Additional spectra can be found in the Supporting Information.
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chloride and artifacts related to our deionized water. The
conductivity (μS) of the chloride was consistent between
samples in lower flow rates (0.5 and 1.0mL/min), while the
fastest flow rate (2.0mL/min) revealed a minor change.
Additionally, the experiment performed at 2.0mL/min
only allowed for fewer time points as the fluid was injected
rapidly through the system.

We observed changes in Vis-NIR spectral features
between the approx. 8 cm of the top and bottom portions of
the minerals utilized in the packed bed reactor during the
experiment. In most cases, the bottom of the packed bed also
had higher SINDEX values for most experiments, consistent

with highly soluble sulfate being dissolved from the sediment
by the water and mobilized. The exception in Runs 3 and 4
could be due to mineral heterogeneity or due to variable oxy-
gen, which was not a controlled variable in these experiments.

In MGS-1 standard experiments with ionic solutions, the
Vis-NIR continuum-removed metal–OH absorption (at
2.3μm) was stronger at the bottom of the packed bed, which
was exposed to fluid for longer in most experiments. This sug-
gests enhanced formation or preservation of metal–OH-
bearing phases where the simulant experienced longer fluid
exposure. This spatial trend was seen in M-C (Runs 7 and
21), L-S (Run 19), and F-S (Runs 23 and 24) (Figure S24b,d).
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Figure 5: A comparison of the changes in elemental abundance between the unaltered simulant and the simulant exposed to various ionic
solutions. The percent change reflects changes in the mean deconvolved areas for all elements except H and O; the percent (%) change for
both elements was calculated from changes in their mean intensities. Note that the percent change for Li in the samples exposed to LiCl
solutions was much greater than in all other conditions. To facilitate comparisons among different elements in other samples, the
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from the bottom of the packed bed; T, mineral from the top of the packed bed.

13Geofluids

 6816, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/gfl/6180315 by C

ochrane France, W
iley O

nline L
ibrary on [29/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



In contrast, the 2.3μm band depth was largely unchanged in
the pure water experiments (Runs 5 and 13), indicating
minimal alteration or metal–OH formation under these
conditions. In addition to this adsorption band, SINDEX
values were elevated at the top of the packed bed in W-S
(Run 5 specifically) and F-S (Run 18 specifically). This
pattern was opposite to that observed in the nonsulfate-
containing experiments, likely reflecting the downward
transport and accumulation of highly soluble sulfate species,
potentially altering silicates in the upper column before
being flushed out. Such sulfate mobilization, governed by
gravitational flow and solubility gradients, appears to play a
key role in modifying spectral signatures over depth. While
these trends are broadly consistent across different ionic
conditions, variability between runs, such as the magnitude
and vertical distribution of spectral features, may reflect
inherent heterogeneity in the mineralogical composition of
the MGS-1 simulant.

The IC results indicate that exposure to water dissolved
sulfate in the MGS-1 standard, but not the MGS-1 coarse
simulant, indicating dissolution of a sulfate-containing min-
eral and possibly more loss of material in the MGS-1 stan-
dard simulant in comparison to the MGS-1 coarse
material. Notably, the MGS-1 standard simulant contained
CaSO4 (likely in the form of anhydrite), reported as a major
mineral component (the coarse simulant does not). Gypsum,
the hydrated form of anhydrite, is readily soluble in water
and could explain why the SO4 peak was observed in the
water exposed to the standard and not the coarse sediment.
Dissolution of gypsum was further supported by Ca trends
in the water-exposed samples relative to the dry control as
observed by LIBS (Figure 5): Only the MGS-1 standard
simulant experienced a significant change in the Ca levels,
with Ca removed from the simulant material located at the
bottom portion of the packed bed and elevated at the top
of the packed bed, consistent with mobilized Ca from dis-
solved anhydrite being deposited at the top of the column.
Indeed, our LIBS data indicates that water impacted the

MGS-1 coarse simulant differently than the MGS-1 stan-
dard, suggesting that the mineralogy or amorphous content
was impacted when the simulant was sieved for coarser
grains.

In experiments with SO4
−2 ions added to the solution,

dissolution of gypsum may be inhibited in solutions contain-
ing FeSO4 and MgSO4, as the solution already contains sul-
fate. In our results, Ca did not change significantly in the
experiments with either MGS-1 coarse (lacks gypsum) or
MGS-1 standard (contains gypsum) exposed to FeSO4 and
MgSO4 solutions (Figure 5). This assessment was further
corroborated by the fact that in the control/unreacted
MGS-1 standard sample, the mean Ca levels had the same
trend exposed to LiCl solution as when exposed to water
(with the bottom sediments being depleted relative to the
dry control, while the top sediments were enriched in Ca;
however, the changes in Ca in LiCl solutions were not found
to be statistically significant). These results are also in agree-
ment with Vis-NIR observations, which found that FeSO4
and MgSO4 solutions were not as efficient at mobilizing sul-
fate. Gypsum dissolution, in liberating Ca, may also partially
explain the observed changes in K content. Notably, K was
significantly more depleted in the MGS-1 standard sedi-
ments exposed to any aqueous fluids compared to the coarse
samples. Moreover, this K depletion is more apparent in
samples exposed to LiCl and water (given there is less exper-
imental variation), with the bottom sediments in these
packed beds being more depleted than the top sediments.
This K depletion could be due to the influx of liberated Ca,
which, having a similar atomic radius to K, could readily
substitute for K. Ca, being double-charged, could have a sig-
nificant impact on the geochemical properties and charge of
the mineral. An additional consideration is the difference in
reactive surface area between the two simulants, as the MGS-
1 standard would have a much greater reactive surface area.
K, as either a component of the glass or as a trace in the K-
feldspar, has quite fast dissolution rates [57, 58]. This could
also reprecipitate in the column throughout the experiment.

MGS-1

Water + FeSO4
+ MgSO4
solutions

LiCl solution

MGS-1
coarse

Water + LiCl
solution

FeSO4+
MgSO4

solutions

• K depletion
• Mobilized Ca

• Li increase
• Mobilized Ca

• Li increase
• Ca increase

• Less alteration
• Fe/Mg not increased
• Increase in Mn

• Sulfate solubilized

• Loss of SO4

• SO4 in solution

Figure 6: Flow chart summarizing the main experimental results from the three different simulants. The liquid analysis results are in a
darker shade, and the solid analysis results are in a lighter shade.
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Notably, we observed Li even in samples that were not
exposed to LiCl solutions (Figure 3). Our elemental analysis
by XRF cannot detect Li; however, finding Li in the MGS-1
simulants is not surprising given that Li is commonly found
in igneous rocks and minerals including basalt and olivine
(typically in the 1–100 sppm range), which make up ~27
and 14wt% of the MGS-1 standard simulant [59, 60]; more-
over, Li has been detected on Mars (ranging from <15ppm
to local enrichments of ~60ppm; [61]). Furthermore, it has
been established in the literature that LIBS can detect Li in nat-
ural samples at these concentrations, including under Martian
conditions, using the ChemCam LIBS instrument down to at
least 3.2 ppm using the primary Li line at 670.8nm [60, 61].

Our LIBS data suggests that Martian regolith transiently
exposed to waters enriched in metals (e.g., Fe and Mg, up to
50mM) may not retain (via sorption/precipitation/substitu-
tion) the passing metals. In particular, MGS-1 standard
exposed to FeSO4 and MgSO4 solutions did not see an
enhancement in the Fe or Mg signal via LIBS, respectively;
in fact, for MGS-1 coarse sediments, the mean abundance of
both of these metals significantly decreased when exposed to
either FeSO4 or MgSO4 waters, which is expected as dissolu-
tion happens. In fact, for MGS-1 coarse, all solutions resulted
in the loss of Fe to a similar degree, given the similar decrease
in Fe intensity; Mg loss was only statistically significant in
experiments exposed to either FeSO4 or MgSO4. Notably, we
did not observe statistically significant changes in Fe or Mg
in the MGS-1 standard when exposed to any solutions except
LiCl. It is unclear why we observe more dissolution of these
minerals in the MGS-1 coarse vs. the MGS-1 standard, given
that the latter has a higher surface area for reactivity and
would thus be expected to further promote dissolution. This
suggests that changes in the Fe and Mg observed may be the
result of differences in the simulants resulting from sieving
preferentially removing certain materials. XRD shows that
there is not a large difference in the mineralogical composi-
tion, with the only noted differences being that quartz and
gypsum were not detected in the MGS-1 coarse but were in
the standard, and TiO2 was found in the coarse but not the
standard. However, differences in these minerals do not
explain the enhanced dissolution of Mg and Fe in the MGS-
1 coarse simulant. Since XRD cannot capture the amorphous
component, it may be possible that the two simulants differ
more in this respect. The amorphous component, which
would be more susceptible to dissolution, may be proportion-
ally larger in the MGS-1 coarse simulant (though this remains
to be tested). The amorphous content of MGS-1 (which
should represent ~35wt% of MGS-1 standard) is a combina-
tion of basaltic glass, opal, MgSO4, ferrihydrite, and Fe-
carbonate [29]. If there are more amorphous materials in
MGS-1 coarse, then Fe loss may be enhanced due to relatively
facile dissolution of ferrihydrite (Fe3+) and Fe(II)carbonate,
the former of which may rapidly dissolve even in Fe(II)SO4
solution, given that it is reducing (Fe2+) and acidic. MgSO4
would also be expected to rapidly dissolve, though this should
remove Mg in all the experiments and not just those with
MgSO4 and FeSO4 solutions.

We observed Li in the MGS-1 standard and coarse simu-
lants, indicating that Li was present in our samples prior to

any experiments. Li is commonly found across a range of
clay minerals on Earth, including sepiolite, illite, and smec-
tites [62, 63]. During weathering, soluble Li released from
primary minerals may be leached or reincorporated into sec-
ondary products like clays [64, 65]. This reincorporation
occurs through several sorption mechanisms—adsorption
onto mineral surfaces, absorption into the mineral lattice,
and ion exchange at the surface—all broadly referred to as
sorption [63, 66–68]. The small ionic radius of Li facilitates
substitution for Mg or K, enhancing its compatibility with
a variety of clay structures [34, 69]. As a result, Li is often
enriched in the clay-sized fraction of sediments, particularly
in trioctahedral smectites, which tend to host higher Li con-
centrations than dioctahedral smectites [64, 67]. Li sorption
also correlates with grain size, as finer particles possess
greater surface area and higher cation exchange capacity,
promoting Li retention. Clay mineral grains < 2μm in size,
dominant in weathered and sedimentary settings, are espe-
cially effective Li hosts.

Samples exposed to LiCl solutions saw a significant boost
in the Li intensity (+755%–1013% increase) in LIBS. These
results indicate that Li content in Martian sediments can
reflect enrichment from Li dissolved in passing fluids.
Indeed, ChemCam has previously observed Li in Martian
sediments [70], and it has been suggested that the Li could
serve as a signal for enhanced clay content [35, 71]. In our
experiments, we predict that the most likely process for Li
enhancement is due to sorption. While the K signal
decreased in these experiments, it did not appear signifi-
cantly different when the simulants were exposed to LiCl
compared to the other fluids; the loss in Mg was not statisti-
cally significant in either MGS-1 standard or coarse simu-
lants (Figure 5). Alternatively, it is possible that the LiCl
recrystallized out of solution as the solution dried onto the
column at the end of the experiment. To facilitate hypothesis
development regarding how the Li signal in sediments could
change based on solution chemistry and mineralogy, future
research should prioritize investigating the various mecha-
nisms by which Li can be sorbed/precipitated/substituted
onto Martian regolith.

Finally, of note is the increase in Mn content throughout
all of the coarse samples exposed to any of the fluids tested.
It is difficult to rationalize the increase in Mn content, some-
times in both the bottom and top of the MGS-1 coarse col-
umns, given that Mn was not added to the solution to
which the samples were exposed. One possibility is that
aqueous alteration of the mineral modified the matrix so
that it artificially enhanced the Mn LIBS signal due to matrix
effects.

4.2. Terrestrial Analogs of Mars. Our results align with geo-
logic systems where ionic solutions have a crucial impact
on the weathering of basaltic terrains on Earth. Iceland, the
Columbia River Basalt Group (CRBG, in the Pacific North-
west), and Hawaii are well-known areas of actively weath-
ered basalt systems. In Iceland, weathered basalts from
either rainfall infiltration or sulfate-rich geothermal fluids
release and mobilize Ca, Mg, K, and Na [24, 72]. In these
natural environments, the incongruent dissolution of
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primary minerals results in the release of Fe, Ti, Al, and Si,
which subsequently form secondary mineral phases, particu-
larly under increasing pH, where clay minerals are synthe-
sized [24, 72].

In the observations by [24], the sequential dissolution
and oxidation of pyrite (FeS2) increases the sulfate concen-
trations, while the dissolution of calcite increases the con-
centration of Ca [24]. Conversely, the dissolution of the
basalt leads to the release of K, Fe, Mg, and Si, which are
then adsorbed or form secondary mineral phases [24]. Addi-
tional studies report that under acidic conditions, K, Mg, Ca,
and Na are highly mobile, and as the pH increases (>pH5),
these ions are incorporated into the secondary clay minerals
and iron oxides [72]. In this second Earth-based system,
reducing conditions at depth favor the presence of pyrite
and begin to oxidize when exposed to O2 (g) at shallower
depths, which produces iron oxyhydroxides and sulfates [72].

In the CRBG, similar behavior is observed during basalt
dissolution despite the lack of sulfate inputs. Specifically, Na
and Ca are released and mobilized, while Fe, Mg, K, and Al
are leached and later retained by secondary Fe and K phyllo-
silicates [23, 73]. In the Hawaiian basaltic system, Li is lea-
ched along with Mg, Ca, Na, and Fe and subsequently
adsorbed onto secondary minerals formed from the leached
ions, including kaolinite and Fe-oxides [26]. A second study
of Li interactions in Hawaiian basaltic terrains found that
weathering and release of Na, K, and Ca were highly effi-
cient, while Li, Mg, Si, and Al were adsorbed or incorporated
into secondary mineral surfaces [27]. These results are con-
sistent with our experimental results, which show that cer-
tain ions are readily mobilized or can be retained in as
adsorbed or incorporated into secondary minerals (e.g.,
sorbed Li) in Mars analog laboratory experiments and field
studies. For example, we observed a decrease in K in exper-
iments containing LiCl, while the detection of Li increased.

In addition to the field sites described above, models of
the Martian basaltic weathering profiles formed by acidic
sulfate–rich brines release and increase the concentration
of Mg, Na, Ca, SO4, and Cl with increasing depth [74]. In
contrast, models using a neutral MgSO4 solution project less
basalt weathering, less secondary mineral formation, and
lower mobility of ionic species compared to acidic sulfate
models [74]. We observe a similar result in our study to
these reported models, where dissolved sulfate increased in
the lower region of the column. This result is notable, given
that in natural systems such as those previously discussed, as
well as in Craters of the Moon National Monument, Idaho,
secondary Na-sulfate minerals have been observed near the
surface, formed from basalt weathered by sulfate-rich brines
and subsequent evaporation [75]. Secondary mineral phases
of weathered synthetic basalts have been identified by exper-
imental approaches by [76]. These secondary phases are a
result of acid sulfate weathering, which produced secondary
phases including Mg, Fe, Ca, and Al sulfates, amorphous sil-
ica, and ferric oxides; the predominant phases under differ-
ent conditions are amorphous SiO2, gypsum, FeSO4•nH2O,
Fe oxide (goethite), and others [76]. Links between Iceland,
Hawaii, and the basaltic region of the Pacific Northwest

(CRBG and Craters of the Moon National Monument) and
Mars have been made in terms of basalt sulfate weathering
and secondary mineral formation from leached ions. Our
results have implications for how sulfate and other ions
move vertically through the sediment column, given that
environmental conditions (fluid composition, pH, tempera-
ture, and redox activity) can lead to different mineral forma-
tion, such as gypsum and anhydrite [76, 77].

4.3. Mission Relevance.While our work is not directly related
to any mission data, the simulant and techniques utilized are
comparable to ongoing missions. The MGS-1 standard and
coarse simulants that were successfully used in this work
are mineralogical standards that were designed to replicate
the windblown soil Rocknest deposits at Gale Crater (the
MSL Curiosity landing site); the MGS-1 design was
informed by ChemMin XRD data to estimate the crystalline
fraction, along with geochemical constraints to estimate the
amorphous fraction [29]. As we are using relevant mineral
analogs, the results from our simulated groundwater alter-
ation study and future studies using MGS-1 could be partic-
ularly applicable to future mission data from MSL: in
particular, the elemental abundances we observed using
LIBS which were obvious indicators of mineral alteration
upon exposure to groundwaters of different composition,
which can be related to other experimental and modelled
works within the field. Relevant to Perseverance, XRF can
also be compared to PIXL and Vis-NIR, and LIBS can be
analogous to components of SuperCam. Additionally, this
work is relevant to ESA's ExoMars rover [1], which will be
equipped with a deep drill that will inform geologic history.

There are some notable differences between the Chem-
Cam and SuperCam LIBS on the Curiosity and Perseverance
rovers, respectively, and the laboratory LIBS at JPL that was
used in this study that should be considered when compar-
ing experiments like this to mission data (see Figure 7). LIBS
peaks are known for having intensities that can vary signifi-
cantly from shot to shot or point to point on a single pellet,
with some elements showing greater variability than others
[78]. This variability can hinder LIBS' ability to distinguish
between slight changes in elemental abundance between
samples. The quality of a LIBS spectrum, and thus the inten-
sity of emission lines, is also dependent on how well the laser
couples with the sample, in addition to the laser pulse
energy. For ChemCam/SuperCam on MSL, the LIBS instru-
ment is typically operated using ~14mJ laser pulses [78],
which is much higher than our JPL LIBS instrument that
operates at ~0.8mJ. Additionally, the JPL LIBS cannot
acquire spectra below ~390nm (whereas ChemCam/Super-
Cam can go down to 240nm); this restricts the emission
lines that can be used in this study. Notably, it was found
that for ChemCam, some elements were best quantified
using their UV emission lines as these experienced relatively
minimal shot-to-shot variations (e.g., Si [288.2 nm], Al
[307.5 and 308.9 nm], Fe [260 nm], and Ti [425.5 nm];
[78]). Finally, unlike ChemCam/SuperCam, which acquires
a spectrum per shot, the JPL LIBS acquires a single, average
spectrum of all shots acquired per point (i.e., in this work, an
average spectrum from 250 shots). Overall, the lower LIBS
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power of the JPL LIBS generates a weaker signal compared
to ChemCam when the same number of shots is used; con-
sequently, the JPL instrument did not couple as readily with
either of the Martian simulants. Increasing the number of
shots from 30 to 250 boosted the signal-to-noise ratio signif-
icantly, but increasing the number of shots past 250 did not
have a significant effect. As each LIBS spectrum represents
the average of 250 shots, increasing the number of shots
from 30 (used by ChemCam) to 250 also increases point-
to-point variability as it leads to a decrease in the peak inten-
sity for some elements (e.g., H, O, and Si) and an increase in
the background continuum [51]. As Figure 7 shows, the JPL
LIBS instrument was capable of producing spectra with
intense peaks of interest when 250 shots were used (vs. the
mean spectrum stemming from 30 spectra collected from
30 shots from ChemCam).

Due to the nature of the JPL LIBS instrument vs. Chem-
Cam/SuperCam, the elemental intensities derived from the
JPL LIBS will have more variance than those from Chem-
Cam/SuperCam, especially for H, O, and Si. Indeed, as seen
in Figure 5, the variation in Si, H, and O contents between
experimental replicates relative to the dry simulant is large,
hindering any attempts to discern whether any of the ionic
solutions had a significant impact on these elements. ANOVA
testing showed no statistically significant difference in Si, H, or
O content between samples exposed to the different ionic solu-
tions. Additionally, there is significant variation in the Fe and
Mg content of replicates in all but two of the samples. This var-
iation could be due to the fact that the Fe line used is a rela-
tively weaker emission line (432.6nm) compared to those for
Fe in the UV. For Mg, the line used was typically the most
intense peak in the LIBS spectra (518.3nm); thus, the variation
may be due to self-absorption of the signal, an effect that com-

monly occurs in the more intense LIBS signals, worsening as
the element increases in abundance [79].

LIBS can thus be applied productively in laboratory Mars
mineral weathering experiments like those described here,
and further investigations of this type can help improve our
understanding of Martian materials analyzed by ChemCam
and SuperCam. However, to draw inferences from experimen-
tal data to observations on Mars, it is important to take into
consideration the differences between the LIBS instrument
used and ChemCam or SuperCam when conducting analog
studies, which is true for all analog instruments. Overall, we
would expect both ChemCam and SuperCam to be capable
of detecting the changes seen in our experiments (e.g.,
see Figure 7) as well as even more subtle differences given
its higher power, less variability, and access to the UV
region (< 390 nm) which has more intense and stable Fe,
Si, Mg, Al, and Ti peaks. Although the JPL LIBS was more
sensitive toward Li compared to ChemCam (Figure
Figure 7), we predict that our Li results are still relevant
to ChemCam, given that it was still capable of picking up
both Li peaks in the MGS-1 sample (670.8 and 610.4 nm;
although the peaks were very weak). Moreover, ChemCam
has previously detected Li on Mars, and laboratory exper-
iments on Earth have shown the instrument capable of
detecting Li down to at least 3.2 ppm levels [61]. Finally,
as shown in our experiments, a passing 50mM solution
of LiCl has a significant impact on the Li present and
detectable by LIBS.

The XRF used in this study was performed on bulk pow-
ders and is thus relatively limited when compared to PIXL,
which is a micro-XRF and shows elemental maps of the
areas it scans on a micron scale resolution [80]. The XRF
data from this study indicated that SO4 ions were being
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spectrum per shot), whereas the IMS spectrum is the mean from 13 spectra, each an average of 250 shots. The inset in the top right
corner shows the region from 601 to 680 nm and highlights the two Li emission lines detected in this work. Notably, the emission lines
were detected by both instruments but are significantly more pronounced for the IMS system.
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dissolved, as opposed to precipitated. While in our experi-
ments, the fluid flow is a known component, if these data
were coupled with in situ measurements on Mars, they could
allow researchers to reconstruct palaeogroundwater flows.

4.4. Use of Continuous-Flow Reactors for Martian Mineral
Studies. Clogging the reactor is a common problem in flow
chemistry [15]. However, MGS-1 standard and MGS-1
coarse gave successful results. As a lesson from this work,
clay material and other fine materials may also be challeng-
ing in this system, and a continuous-flow experiment proto-
col would require significant optimization. However,
changing the reactive surfaces would impact the results as
well. For the present study, variations in reaction time and
flow rate were initially tested and found to be viable under
the conditions explored.

Within packed bed and continuous-flow studies, there is
a variety of parameters to explore. Herein, we focused on
simulated groundwater composition, mineral simulant, and
flow rate. Future studies should expand on this work, includ-
ing exploring mineral components and more complex ionic
solutions and simulated Martian groundwater (including Si).
These types of continuous flow reactors are especially bene-
ficial for handling and generating hazardous materials [81].
Therefore, testing very active redox materials could benefit
from such a system. In addition, continuous-flow systems
are useful for experiments with varying temperature [15]
as well as for photochemical experiments [82–84], which
would be important parameters to test for the Martian sur-
face. In addition, packed beds can be telescoped [85]
together to test more complex setups (e.g., mixtures of clay
material, organic species, and inorganic additives). Clay
materials can also be efficient with a dialysis membrane in
order to avoid clogging [86]. Temperature and photochemi-
cal environment could then be varied across the packed beds
in order to simulate different layers of Martian sediment. In
situ monitoring can be done in line, but it would be chal-
lenging to monitor something such as pH, spectroscopy of
the packed bed, or ionic composition of the fluid throughout
the experiment in situ. A future direction of this work could
also include kinetic measurements to better understand
timescale limitations of the instruments utilized.

4.5. Astrobiological Relevance. Understanding the presence
of liquid water, as well as its geochemical characteristics, is
important for understanding the habitability of a given
environment and constraining what kind of chemistry or
biology could be possible [87]. Understanding the redox
conditions of an environment is one such parameter. In
the case of MGS-1 coarse, the anions in the solution did
not change substantially throughout the experiment, which
would mean that the geochemistry of the liquid was more
closely preserved (at least in the case of anions). However,
the release of SO4 ion in the case of MGS-1 standard would
impact the surrounding water and change the redox poten-
tial and possible chemical reactions/metabolic pathways
that could occur within the resulting solution. This could
be particularly relevant to potential metabolic processes, as

there are multiple sulfur-relevant metabolic pathways,
including sulfate reducers that are explored in astrobiology
(e.g., [88–90]).

Notably, on Mars' surface in the present day, pure liquid
water and elevated temperatures are not expected. Some
researchers have postulated that microscopic liquid water
at subzero temperatures may still have important reactions,
including sulfate formation [91]. Varying the temperature
and scale could be a viable future direction for this work.
Additionally, understanding the presentence and reaction
of organic material is a research component of astrobiology
and future research on Mars (e.g., [92]). Future work could
integrate biologically relevant organic molecules to under-
stand how they interact with the simulant, as well as whether
there are any organic reactions that occur under the reaction
conditions.

5. Conclusions

Here, we explored the aqueous alteration of two Martian soil
simulants (MGS-1 coarse and MGS-1 standard) with simu-
lated Martian groundwaters in a novel continuous-flow setup.
However, both MGS-1 simulants were successful in reacting
with simulated Mars groundwater solutions. We observed an
impact on both the liquid and solid components of this reac-
tion due to aqueous mineral reactions over the duration of
the flow experiment. Overall, the liquid samples for MGS-1
standard showed large sulfate peaks indicating sulfate mineral
dissolution, whereas liquid samples for MGS-1 coarse primar-
ily contained the ions from salts used in the groundwater
simulant (i.e., mineral dissolution was not observed). This dis-
crepancy was likely due to the removal of gypsumwhenMGS-
1 was sieved for larger grain sizes to make the MGS-1 coarse
simulant. Many different forms of hydrated sulfates have been
detected on Mars, several ongoing Mars missions have identi-
fied sulfate in association with aqueous alteration, and this
study provides support that this alteration can occur on a rel-
atively rapid timeline. This study is additionally in line with
known terrestrial geologic systems with sulfate weathering.
Changes in the Vis-NIR were primarily attributed to mineral
dissolution, and LIBS was useful in measuring elemental
abundances indicative of groundwater/mineral interaction.
These data can be used to better understand mission results
on Mars—including constraining how we look for clay mate-
rials and constraining sulfate leaching. Lithium was either pre-
cipitated or sorbed by these mineral simulants and could be
used as an indicator that clays are present or, as shown here,
that Li-rich fluids have passed through. The clay contents pro-
vide information on past liquid water interactions with rego-
lith, which is relevant for astrobiology since clays have high
organic preservation potential. In the Fe/Mg sulfate ground-
water experiments, there was less alteration of the MGS-1
standard simulant, which may better represent the average
grain size of Martian sediments vs. MGS-1 coarse, than in
other liquid phases (e.g., water or LiCl). Thus, sediments in
areas that would have experienced higher loads of Fe or Mg
in sulfate-rich groundwater could be more pristine.
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