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ARTICLE INFO ABSTRACT

Keywords: Clay-rich Martian rocks are considered promising targets in the search for fossilized remains of ancient Martian
Biosignatures life. However, the actual influence of the clay mineral compositions in preserving microbial biosignatures re-
Mars mains poorly understood. Here, we explore the biopreservation potential of three pure smectites typically found
E‘;:;‘Shzano" on Mars and containing Al in their tetrahedral sheets (i.e. a Mg-rich, a Fe-rich and a Al-rich smectite), relying on
Smectites experiments run using E. coli as a biological analog to simulate hydrothermal alteration scenarios relevant to
Organics Mars. The results show that Mg-rich smectites (saponite) are more effective at preserving biomolecules from

thermal degradation than Fe-rich and Al-rich smectites (nontronite and beidellite). Plus, in contrast to saponite,
neither nontronite nor beidellite appears to significantly trap (and thus preserve) organic compounds within
their interlayer spaces. Overall, the present study highlights that both the chemistry and the abundance of
organic material in ancient Martian clay-rich rocks will depend on the compositional nature of smectites initially

Laboratory experiments

present.

1. Introduction

NASA’s Perseverance rover is currently collecting samples from Mars
with the long-term goal of returning them to Earth for detailed analyses
- including the search for past life (Farley et al., 2020). Ancient sedi-
mentary rocks enriched in clay minerals such as smectites are particu-
larly promising due to the high capacity of smectites to adsorb and
preserve organic molecules (Hedges and Keil, 1995; Fairén et al., 2017),
conferring smectites a high biopreservation potential (Ehlmann et al.,
2008; Summons et al., 2008, 2011; McMahon et al., 2018; Bosak et al.,
2021). However, the (sub)surface of Mars could not be ideal for the
preservation of organic biosignatures. In fact, besides possible oxidation
and radiation damages (Lasne et al., 2016; Fox et al., 2019; Megevand
et al., 2021; Bernard et al., 2025), a major concern is the potential
degradation of organic compounds caused by episodic fluid circulation
(Viennet et al., 2019; Criouet et al., 2023a).

According to orbital and in-situ exploration, the majority of ancient
Martian sedimentary rocks contain clay minerals (Ehlmann et al., 2008,
2011; Ehlmann and Edwards, 2014; Carter et al., 2013, 2015) and are
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intruded by veins (Schwenzer et al., 2016; Kronyak et al., 2019; Achilles
et al., 2020; Bristow et al., 2021; Gasda et al., 2022; Farley et al., 2022;
Clavé et al., 2023; Beck et al., 2025), which attests to the episodic cir-
culation of fluids at variable temperatures since their deposition. In fact,
the impact-induced melting of the excess ice locked in the Martian
subsurface (Boynton, 2002; Bramson et al., 2015; Dundas et al., 2018;
Piqueux et al., 2019) may have mobilized hot liquid water across vast
distances (Rathbun and Squyres, 2002; Segura, 2002; Barnhart et al.,
2010; Ivanov and Pierazzo, 2011; Osinski et al., 2013). Interactions with
hot water have likely modified any organic compounds fossilized/
trapped within the Martian rocks (McCollom et al., 2001; Lewan and
Roy, 2011; Foustoukos and Stern, 2012), making it difficult to determine
their origin. As a result, the exact nature of organic compounds that will
be found in Martian rocks may differ significantly from current
expectations.

In line with a number of experimental studies having investigated the
possible influence of mineral phases on the thermal behavior of biogenic
organic molecules (Montgomery et al., 2019; Royle et al., 2021a, 2021b,
2022), Tan et al. (2021) conducted artificial maturation experiments
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and showed that clay minerals mitigate the destructive influence of
oxidizing minerals such as jarosite or goethite during hydrous pyrolysis
by providing nondeleterious adsorption sites. Yet, they did not explore
further the biopreservation potential of clay minerals. Noteworthy, the
influence of the presence of octahedrally substituted smectites such as
montmorillonites (montmorillonties are dioctahedral Al-rich smectites
with a permanent charge in the octahedral layers) on the thermal evo-
lution of organic compounds has been well documented (Yuan et al.,
2013; Bu et al., 2017; Dalai et al., 2017; Du et al., 2021; Cai et al., 2022).
Yet, most ancient Martian rocks contain tetrahedrally substituted, tri-
octahedral (saponite) or dioctahedral (nontronite and beidellite) smec-
tites (Ehlmann et al., 2008; Bishop et al., 2011; Vaniman et al., 2014;
Michalski et al., 2015). These smectites have a permanent charge in the
tetrahedral layers and may host different cations in their octahedral sites
(Mg for saponites, Fe for nontronites and Al for beidellites). This has its
importance, since the compositional nature of smectites has been shown
to control organic reactions, as demonstrated under simulated asteroidal
conditions (Vinogradoff et al., 2020a, 2020b). So far, studies exploring
the biopreservation potential of Martian smectites have relied on either
nontronite (Gil-Lozano et al., 2020) or saponite (Viennet et al., 2019;
Criouet et al., 2023a), but never both, making it difficult to discuss the
actual biopreservation potential of different smectites under Martian
conditions.

Recently, inspired by authors having explored the effect of diagen-
esis under terrestrial conditions (Oehler and Schopf, 1971; Li et al.,
2014; Miot et al., 2017; Picard et al., 2015; Alleon et al., 2016; Igisu
et al., 2018), Criouet et al. (2023a) used cultures of a model microor-
ganism as starting materials for laboratory experiments (E. coli cells).
These experiments were designed to mimic interactions with hot water
in the presence of saponite (i.e. a Mg-rich trioctahedral smectite) under
Martian conditions (i.e. a pure CO, atmosphere). Relying on experi-
ments conducted at different temperatures for different durations, this
study showed that the thermal degradation of microbial cells is delayed
in the presence of saponite, with saponite selectively trapping nitrogen-
rich organic compounds in its interlayer spaces. Altogether, this study
demonstrated that some signals may persist in Martian rocks rich in
saponite despite interactions with hot water. These results hold great
promises for the future study of returned samples. Yet, results may differ
with different smectites, such as nontronite or beidellite (i.e. tetrahe-
drally substituted dioctahedral smectites), which are widespread in
Noachian terrains (i.e. terrains older than 3.7 Ga) (Ehlmann et al., 2008;
Bishop et al., 2011; Vaniman et al., 2014; Michalski et al., 2015; Bristow
et al., 2018).

For the present study, experiments were designed to interrogate the
ability of different clay minerals to preserve biological materials during
episodes of exposure to hot water. Mixtures of E. coli cells and smectites
(either saponite, nontronite or beidellite) were exposed to water at
150 °C for 10 days, in closed systems, under a pure CO, atmosphere.
Experiments were run at 150 °C to simulate hydrothermal alteration
scenarios relevant to Mars. Most ancient Martian rocks have likely
experienced such temperature at some point during their long history as
a result of episodes of fluid circulation most often triggered by impacts
(Rathbun and Squyres, 2002; Barnhart et al., 2010). Experiments were
run for 10 days as most organic reactions occur within such a timeframe
in such systems (Alleon et al., 2016, 2017; Criouet et al., 2023a) and
under CO5 to mimic a Martian atmosphere as atmospheric composition
can influence organic reaction pathways (Schiffbauer et al., 2012;
Viennet et al., 2020). Obviously, it should be kept in mind that the ex-
periments conducted for the present study do not perfectly recreate the
events that took place on Mars.

The solid residues of these experiments were recovered at the end to
be characterized using the different techniques which are used on Mars
and/or which are likely to be used to characterize the samples that will
be brought back from Mars. In addition to elemental analyses, we used
X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy
and X-ray absorption near edge structure (XANES) spectroscopy to
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document the chemistry of the organic compounds and the nature and
crystallinity of the smectites composing the residues. Additional XRD
data were collected under vacuum on oriented preparations to investi-
gate the possible storage of organic compounds within the interlayer
spaces of the clay minerals composing the solid residues. Altogether, the
results presented below demonstrate that both the abundance and
preservation state of organics in ancient Martian clay-rich rocks are
likely controlled by the chemistry and structure of the original smectite
minerals.

2. Materials and methods
2.1. Starting materials

These experiments were designed to test the preservation potential of
smectites, not microbial survivability. Thus, Escherichia coli was selected
rather than extremophilic microorganisms to serve as a well-
characterized model organism used broadly in microbial degradation
studies (Li et al., 2014; Adamczyk and Reed, 2017; Moon et al., 2021;
Dannenmann et al., 2023). Details on cultures of E. coli cells can be
found in Criouet et al. (2023a). Briefly, a suspension of 10 mL of pre-
cultured E. coli cells (C41 ccya B strain) was added to 1L of LB Lennox
broth medium (20 g/L) (Sigma-Aldrich) that contained kanamycin (30
pg.mL-1) to inhibit the growth of other microbial strains. After being left
to proliferate overnight, the cells were collected by centrifugation at
5000 rpm for 30 min, washed with distilled water before being dried at
50 °C overnight.

The tetrahedrally Al-substituted smectites selected for the present
study (i.e. a saponite (Mg), a nontronite (Fe) and a beidellite (Al)) have
previously been found on Mars (Ehlmann et al., 2008; Bishop et al.,
2011; Vaniman et al., 2014; Michalski et al., 2015; Bristow et al., 2018).
Details on the syntheses of saponite, nontronite and beidellite can be
found in Criouet et al. (2023b). Briefly, diluted solutions of Na,SiO3
5H,0 (Sigma Aldrich, >95 %), AICl3 6H,0 (Sigma Aldrich, 99 %), FeCls
6H,0 (Sigma Aldrich, >99 %) or MgCl, 6H20 (Sigma Aldrich, >99 %)
were mixed to produce gels stoichiometrically identical to either a
saponite of composition Nay 4 (Siz.¢ Alg.4) Mgs O19 (OH)2, a nontronite of
composition Nay 4 (Sis¢ Alp.4) Fez O190 (OH)2, or a beidellite of compo-
sition Nag 4 (Siz ¢ Alp.4) Al O19 (OH),. Gels were then rinsed and filtered
with milliQ water (18.2 MQ-cm) to remove salts. The gel of nontronite
was immersed in a pH 12.5 solution within a PTFE-lined Parr 4748
reactor for crystallization at 150 °C for 2.5 days (4.75 bars), the gel of
beidellite into a solution at pH 12 for 9 days at 230 °C (~28 bars), and
the gel of saponite into milliQ water for 10 days at 230 °C. The produced
smectites were rinsed and filtered again with milliQ water before being
dried at 50 °C overnight.

2.2. Experimental protocol

For the present study, 100 mg of pure smectite (either saponite,
nontronite or beidellite) were mixed with 42 mg of dried E. coli cells (i.e.
leading to a TOC (total organic carbon) of the mixture of 12.20 wt% as
confirmed by measurements — Table 1) in 1 mL of pure water (milliQ -
18.2 MQ-cm). Mixtures were loaded into Ti-reactors sealed in a dedi-
cated glove box under an anoxic, pure COz atmosphere before being
exposed to 150 °C for 10 days in a dedicated oven. No salts were added
in the system, but the water was in equilibrium with the smectites used
for the experiments. Duplicate experiments were run to ensure repro-
ducibility. Control experiments were also run, either without E. coli cells
or without smectites, to assess background clay reactivity and organic
stability under the conditions of the experiments (note that the three
smectites used for the experiments do not undergo major structural
modifications under the experimental conditions — cf. below).

At the end of the experiments, the water-soluble fractions were
extracted from the solid residues by rinsing and centrifuging until the
supernatant remained visually clear. Only the solid residues were
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Table 1
EA-irIRMS results.
%w:C  %wN  N/C  8'3C (%)
E. coli cells 46.66 13.60 0.25 —24.74
Room Temperature +0.23 + 0.05 + 0.11
E. coli + Hz0 + CO, 70.27 6.51 0.08 —27.90
at 150 °C for 10 days +0.35 +0.03 ’ +0.12
E. coli + Saponite, Nontronite or Beidellite 12.20 3.50 0.95 —24.96
Room Temperature +0.06 £0.03 : +0.13
E. coli + Saponite + Hy0 + CO» 5.87 1.99 0.29 —24.65
at 150 °C for 10 days + 0.03 + 0.01 ’ +0.11
E. coli + Nontronite + Hy0 + CO, 5.22 2.25 0.37 —25.03
at 150 °C for 10 days + 0.03 + 0.01 ’ +0.11
E. coli + Beidellite + H,0 + CO» 3.18 1.79 0.48 —25.68
at 150 °C for 10 days +0.02 +£0.01 +0.11

analyzed after being dried at 50 °C overnight and ground by hand in an
agate mortar for characterization. Residues of experiments conducted in
the presence of smectites with E. coli cells were also dried on glass slides,
at room temperature, to obtain oriented preparations for XRD.

Note that experiments were run at 150 °C to simulate hydrothermal
alteration scenarios relevant to Mars. Most ancient Martian rocks have
likely experienced such temperature at some point during their long
history as a result of episodes of fluid circulation most often triggered by
impacts (Rathbun and Squyres, 2002; Barnhart et al., 2010). Experi-
ments were run for 10 days as most organic reactions occur within such a
timeframe in such systems (Alleon et al., 2016, 2017) and under CO> to
mimic a Martian atmosphere as atmospheric composition can influence
organic reaction pathways (Schiffbauer et al., 2012; Viennet et al.,
2020). In any case, these experiments were not aimed at perfectly
mimicking the events that took place on Mars, but rather at interro-
gating the ability of different clay minerals to preserve biological ma-
terials during episodes of exposure to hot water.

2.3. Characterization techniques

2.3.1. Elemental analysis coupled to isotope ratio mass spectrometry (EA-
IRMS)

Total organic carbon (TOC), total nitrogen (TN) contents, and carbon
isotopic composition (5'3C vs VPDB) were measured using a Flash 2000
Thermo CHNSO elemental analyzer coupled to a Thermo Fisher DeltaV
Advantage IRMS (MNHN SSMIM, Paris). A mass of 1.2 mg of each res-
idue was loaded in Sn-capsules and combusted under oxygen/helium
flux at 1020 °C. The N3 and CO; released by combustion were separated
by a chromatography column and quantified using a thermal conduc-
tivity detector. The calibration was performed with 5 alanine standards
(0.3 mg), and 10 other alanine standards (0.3 mg) were used to verify
instrument performance.

2.3.2. Fourier-transform infrared spectroscopy (FTIR)

Mid-infrared (MIR) spectra were obtained from grounded samples
measured using a Nicolet 6700 FTIR spectrometer (IMPMC, Paris) fitted
with a KBr beamsplitter and a DTGS KBr detector. Spectra were recorded
in the 400-4000 cm " range with a 4 cm ™! resolution, by averaging 150
scans obtained in attenuated total reflection mode (ATR) using a Specac
Quest ATR device fitted with a diamond internal reflection element. The
ATR mode allowed non-destructive analyses to be conducted on samples
having experienced only minimal preparation.

2.3.3. X-ray diffraction (XRD)

The XRD data were collected at room temperature with a step size of
0.033°26 over the 3-75°20 Co ka; 2 angular range and a counting time of
300 ms per step using an X'Pert Pro instrument from PANalytical,
equipped with a cobalt source (Co ka 40 mA) and operating at IMPMC
(Paris, France). Oriented preparations from the residues of experiments
conducted in the presence of saponite, nontronite and beidellite with
E. coli cells were measured using the same instrument. XRD patterns
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were recorded at room temperature with a step size of 0.033°26 over the
3-12°20 Co ka » angular range and a counting time of 300 ms per step.
Measurements were performed at both atmospheric pressure and under
vacuum (3.10~* atm) to test for interlayer spacing changes indicative of
organic intercalation using an Anton Parr HTK 1200 oven coupled to an
EDWARDS RV3 pump.

2.3.4. Scanning transmission X-ray microscopy (STXM) - X-ray absorption
near edge structure (XANES) spectroscopy

Five samples were selected for these analyzes: (1) untreated E. coli,
(2) heat-treated E. coli control, (3) heat-treated E. coli + saponite, (4)
heat-treated E. coli + nontronite, (5) heat-treated E. coli + beidellite.
Samples were first prepared by cryo-ultramicrotome sections (100 nm
thick) using a Leica cryo-ultramicrotome at UMET (Lille, France),
following the protocol of Jacquemot et al. (2019) allowing to obtain
ultrathin samples while preserving fine-scale organic-clay associations.
Powders of experimental residues were mixed with 0.1 ml of milliQ
water. A drop of the mixture was frozen in liquid nitrogen at —120 °C
and cut using a diamond-knife. Then, the ultrathin slices of residues
were deposited on holey carbon film TEM grids. Scanning transmission
X-ray microscopy (STXM) analyses were performed at high spatial res-
olution (25 nm) on these ultrathin slices to document the carbon
speciation of degraded cells in the presence of the three smectites using
the HERMES STXM beamline at the synchrotron SOLEIL (Saint-Aubin,
France) (Belkhou et al., 2015; Swaraj et al., 2017). Energy calibration
was done using the well-resolved 3p Rydberg peak of gaseous CO; at
294.96 eV for the C K-edge. X-ray absorption near edge structure
(XANES) hypercube data (stacks) were collected at energy increments of
0.1 eV over the carbon (270-350 eV) absorption range with a dwell time
of <1 ms per pixel to prevent irradiation damage (Wang et al., 2009).
Stack alignments and extraction of XANES spectra were done using the
free and open source Python code Hyperspy. Using the method
described in Le Guillou et al. (2018) to normalize the spectra to the
carbon quantity, background was subtracted using a power law before
integrating the spectra up to the mean ionization energy of carbon atoms
(e.g., up to 291.5 eV at the C K edge).

3. Results and discussion
3.1. Stability of Smectites

Results of experiments run without E. coli cells demonstrate that the
three investigated smectites remain structurally stable under the
experimental conditions: neither their XRD patterns nor their FTIR
spectra show significant changes after 10 days at 150 °C (Figs. 1 & 2).
This is also the case for experiments run with E. coli cells (Figs. 1 & 2),
except for an irrationality in the 00l reflection series of each of the
smectites (£ x doos # doo1), as well as other noticeable changes in the
XRD pattern and FTIR spectrum of the nontronite. This irrationality
likely indicates the coexistence of different hydration states or layer
types, possibly due to structural heterogeneities affecting the layer
charge distribution and/or location, as reported by Ferrage et al. (2010).
Plus, peak broadening (i.e. the 001 and 004 reflections) may suggest a
reduction in coherent domain size, consistent with partial structural
disorder or degradation (Grauby et al., 1994). Note that the nontronite
composing the residue obtained with E. coli cells shows new diffraction
peaks at 4.41 and 2.43 A (Fig. 1), as shown by the clays observed on
Mars at Gale crater and interpreted as glauconitic clays (Losa-Adams
et al., 2021). These new peaks could correspond to the (—111) and
(—132) reflections of a higher-charge nontronite with a better layer
stacking and/or a slightly different distribution of octahedral Fe
compared the starting nontronite. Consistently, an increase in layer
charge could also be deduced from the slight shift of the FTIR vFe3-OH
vibration to lower wavenumbers (Fig. 2) as it may indicate the partial
reduction of some octahedral Fe(IIl), increasing the layer charge (Stucki
et al., 2002). Last, two additional diffraction peaks can be observed at



L Criouet et al.

Icarus 443 (2026) 116789

(001) (020) (004) (130)

(200)

(240) (060)
(150) (033)
(310)

Saponite + E. coli cells
H20 - CO2 - 150°C - 10 days

Nontronite + E. coli cells

H20 - CO2 - 150°C - 10 days

Nontronite
H20 - CO2 - 150°C - 10 days

- Beidellite + E. coli cells
H20 - CO2 - 150°C - 10 days

10 20 30 40 50

60 70 80 °20 CoKa

Fig. 1. XRD patterns of powdered experimental residues and starting materials collected at 1 atm. Orange stars highlight the presence of traces of Analcime.

3.72 and 3.35 A (Fig. 1) and may correspond to 003 and 004 reflections
of a nontronite having trapped organic compounds or ammonium ions in
some interlayer spaces (Aranda and Ruiz-Hitzky, 1999).

3.2. Thermal degradation of E. coli cells

When placed at 150 °C for 10 days in the absence of smectite, E. coli
cells experience chemical transformations, as indicated by the high TOC,
the low N/C, and the more negative 5'C values of the residue compared
to the values of the starting material (Table 1). Consistently, the relative
intensities of the FTIR absorption bands of the residue corresponding to
organics bonds (i.e. amides A vN-H at 3278 cm’l, amides B vN-H at
3060 cm ™!, v3sCHs, VasCHa, viiCH; and v,CH, at 2959, 2921, 2873 and
2852 cm !, amides I vC=0 at 1645 and 1631 cm ™}, amides I 5N-H and
vC-N at 1557 cm ™}, vC=C or vC=N 1515 cm ™', 8C-H at 1465 cm ™' and
1452 cm™?, carboxylic vC=0 or 8C-H at 1402 and 1385 cm™?, and
amide III or phosphate groups at 1226 cm™! - Li et al., 2014; Criouet
et al., 2023a) are different from those of the starting material (Fig.2). In
particular, the ratio between the FTIR bands in the 1300-600 cm ™!
range (attributed to C—N, C—O and P—0 bonds) and the FTIR bands at
1515 and 1695 cm ™! (attributed to C=C and C=0 bonds) is lower than
that of pristine E. coli cells (Fig. 2 - Li et al., 2014), indicating a loss of
oxygen- and nitrogen-rich functional groups relative to unsaturated
carbon structures. Similar conclusions can be drawn from XANES data,
the residue obtained without smectite exhibiting a lower concentration
in amide and hydroxyl functional groups (peaks at 288.2 and 289.5 eV -
Le Guillou et al., 2018) and a higher concentration in aromatic func-
tional groups (peaks at 285 and 285.5 eV) than pristine E. coli cells
(Fig. 3). Such evolution (i.e. progressive aromatization and defunc-
tionalization) is typical of biogenic organic compounds having experi-
enced thermal maturation (Bernard and Horsfield, 2014; Bernard et al.,
2015; Alleon et al., 2017).

3.3. Influence of smectites

The presence of smectite has had a noticeable influence on the
chemistry of organic materials. This is not that surprising, since smec-
tites are known to play a key role in the thermal maturation of organic
compounds (Johns, 1979; Horsfield and Douglas, 1980; Goldstein, 1983;
Nikalje et al., 2000), via possible interactions with Lewis and Brgnsted
sites (i.e. at the edges or within the interlayer volume) (Yuan et al.,
2013; Bu et al., 2017; Du et al., 2021; Cai et al., 2022).

Here, although less than the starting materials, the residues of the
experiments run with smectites still contain some organic material (as
indicated by TOC values - Table 1). These organic materials exhibit §!3C
values not significantly different from the values displayed by pristine
E. coli cells, but the N/C values are higher (Table 1). Plus, except for the
residue of experiments run with saponite (which FTIR spectrum re-
sembles that of the starting mixture), the organic materials in the resi-
dues obtained with nontronite or beidellite show FTIR absorption bands
with different relative ratios (Fig. 2). Also, a new and intense absorption
band at about near 1420 cm’l, attributed to NHJ vibrations (Pironon
et al., 2003; Petit et al., 2006; Gautier et al., 2010), can be observed in
the FTIR spectra of the residues produced in the presence of nontronite
or beidellite (Fig. 2). The presence of NHJ ions within the interlayer
spaces of smectites (cf below) may explain the high N/C values of the
residues.

In line with FTIR data, XANES data show that the organic material of
the residue obtained with saponite is very similar to that pristine E. coli
cells, with a main feature attributed to amide functional groups (peak et
288.2 eV - Alleon et al., 2017). The presence of saponite thus seems to
enhance the preservation of original biochemical functionality. In
contrast, the XANES spectra of the residues obtained with nontronite or
beidellite are dominated by benzoquinones or unsaturated carbonyls
and carboxylic moieties (peaks at 284.8 and 288.6 eV - Cooney and
Urquhart, 2004; Le Guillou et al., 2018), even though these were low
abundant to absent in the starting materials (Fig. 3). This shows that the
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Fig. 2. FTIR spectra of experimental residues and starting materials.
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Fig. 3. C-XANES spectra of experimental residues and starting material.

starting organic material underwent deamination during the experi-
ments run with nontronite and beidellite, possibly producing the NHj
ions that ended up stored within the interlayer spaces of these smectites
(cf below). The presence of nontronite or beidellite thus leads to more
extensive deamination and oxidation of biogenic organic material
compared to saponite. All in all, the experiments reported here
demonstrate that the chemical nature of the organic material possibly
trapped within Martian clay-rich sediments having experienced epi-
sodes of exposure to fluids will depend on the compositional nature of
smectites initially present.

3.4. Focus on dioctahedral smectites

Although nontronite and beidellite are both dioctahedral smectites,
one can observe chemical differences between the residues obtained
with these smectites. First, the N/C value of the residue obtained with
beidellite is significantly higher (Table 1), suggesting that either the
residual organic material contains more N or that beidellite has stored
more NHJ within its interlayer spaces. According to XANES data, the
organic material in the residue obtained with beidellite possibly contain
imine and/or nitrile functional groups, as shown by the shoulder
centered at 286.4 (Fig. 3 - Le Guillou et al., 2018). However, this organic
material does not seem to contain amide groups, as indicated by both
FTIR and XANES data, in contrast to the one obtained with nontronite,
which XANES spectrum displays a shoulder at 288.2 eV attributed to
amide groups and which FTIR spectrum exhibits features at 1630 and
3280 cm ! attributed to amide vNH and vC=0 (Fig. 2&3 - Li et al.,
2014; Alleon et al., 2017; Le Guillou et al., 2018; Criouet et al., 2023a).
The starting organic material thus seems to have experienced more
deamination in the presence of beidellite than in the presence of non-
tronite, as indicated by N/C values and FTIR and XANES spectra. Plus,
although slightly richer in (benzo)quinones, the organic material in the
residue obtained with nontronite seems to contain less carboxylic and
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hydroxyl groups, as shown by the less intense features at 288.6 and
289.7 eV (Fig. 3 - Le Guillou et al., 2018). Although possibly related to
pH (which could unfortunately not be measured in the present study
given the very low amounts of fluids), these chemical differences may
also be due to oxidation reactions having occurred during the experi-
ments. If so, Fe(III) could have been the ultimate electron acceptors in
the presence of nontronite, while it requires invoking the electron
deficiency of Al in the presence of beidellite (Helmboldt et al., 2007;
Hicks et al., 2018). In other words, Fe(III) in nontronite may have acted
as an internal oxidant, whereas in Al-rich beidellite, oxidative degra-
dation may have originated from electron-deficient structural sites. This
result is noteworthy as nontronite has previously been reported to
mitigate the UV-induced degradation of organic materials (dos Santos
et al., 2016), suggesting that its biopreservation potential may strongly
vary depending on the environmental conditions. In any case, in contrast
to saponite, neither nontronite nor beidellite seems to be efficient in
protecting biogenic organic compounds from thermal degradation and
oxidation, their presence even acting as factors limiting the preservation
of organic biosignatures during episodes of fluid circulation.

3.5. Storage of organic compounds

The use of XRD under vacuum helps identifying the possible presence
of organic materials in the interlayer spaces of smectites. In fact, these
spaces may not fully collapse under vacuum if organic carbon or
ammonium ions are stored within (Criouet et al., 2023a; Viennet et al.,
2023). Here, XRD data collected under vacuum confirm the presence of
organic materials within the interlayer spaces of the saponite composing
the residues (Fig. 4). Yet, the interlayer spacings of the nontronite and
beidellite composing the residues appear to retain predominantly NHs"
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Fig. 4. XRD patterns of experimental residues and starting materials collected
under vacuum on oriented preparations.
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(likely released by the deamination of the proteins of E. coli cells), their
layer to layer distances under vacuum being identical to that of NH{-
saturated smectites (Fig. 4 - Morida et al., 2023), explaining the high N/
C values of the residues and the absorption band attributed to NH} vi-
brations in the FTIR spectra (cf above). Thus, in contrast to saponite,
neither nontronite nor beidellite seems to particularly store organic
materials within their interlayer spaces. This again may be related to pH,
organic-smectite interactions being strongly pH-dependent (Jaber et al.,
2018; Gil-Lozano et al., 2020). For instance, the adsorption of a protein
is optimal at pH close to its isoelectric point (Jaber et al., 2018).
Consistently, Gil-Lozano et al. (2020) reported that the intercalation of
glycine in the interlayer spaces of nontronites via cationic exchange
occurs less at low pH than at high pH, demonstrating that the pH of the
fluid to which smectites have been exposed will affect their bio-
preservation potential under Mars surface conditions.

3.6. Future directions

The experiments reported here demonstrate the influence of the
presence of smectites on the preservation of organic compounds, high-
lighting that all smectitic clay minerals do not share the same potential
for biopreservation under (simulated) Martian conditions. However, it
remains challenging to extrapolate experimental results to natural set-
tings. The experiments reported here have been designed to interrogate
the ability of different clay minerals to preserve biological materials
during episodes of exposure to hot water, rather than to mimic the
complexity of natural settings, which cannot be done in the laboratory
(Bernard et al., 2015; Alleon et al., 2017; Criouet et al., 2023a). Still, one
may wonder how different results may be in open systems. This can be
tested by designing fluid-flow experiments to be compared to experi-
ments conducted in closed systems. Similarly, the nature/salinity of the
fluid (or fluids) may influence organic reactions as well as interactions
with smectites. Thus, instead of a fluid in equilibrium with the smectites
in presence (as is the case here), future experiments could be conducted
with fluids out of equilibrium, such as silica-rich, carbonate-rich or
sulfate-rich fluids, given that Martian sediments have interacted with a
huge diversity of fluids (Kronyak et al., 2019; Achilles et al., 2020;
Bristow et al., 2021; Gasda et al., 2022; Farley et al., 2022; Clavé et al.,
2023; Beck et al., 2025). Last, the organic content of Martian rocks has
likely suffered from electromagnetic (UV and y) and particle (protons,
neutrons and high Z atoms) radiation and/or from the presence of strong
oxidants (Lasne et al., 2016; Fox et al., 2019; Megevand et al., 2021;
Bernard et al., 2025), which effects were not investigated in the present
study. Nevertheless, although the precise influence of a number of pa-
rameters and processes have yet to be quantified, there is little question
that laboratory experiments, even relying on simplified systems, will
nourish Mars astrobiological research aiming at eventually providing
evidence for traces of extraterrestrial life.

4. Conclusion

Beyond their potential involvement in the origin of life (Cairns-
Smith, 1966; Kloprogge and Hartman, 2022), clay minerals also
contribute to the preservation of biosignatures. In fact, the present study
shows that both both the nature and abundance of organic material
possibly trapped within Martian clay-rich sediments having experienced
episodes of exposure to fluids will depend on the mineralogical nature of
smectites initially present. In fact, the present work highlights that even
subtle chemical variations in the hosting clays may be critical for the
long-term preservation of organic traces of life under Martian condi-
tions. In other words, all smectitic clay minerals do not share the same
potential for biopreservation. This insight extends beyond Mars: inves-
tigating solely the chemical nature of organic compounds in a rock may
not be sufficient when exploring for potential biosignatures, whether
this rock comes from Earth, Mars or beyond, including aqueously altered
carbon-rich small bodies such as Europa, Enceladus or Ceres (Nordheim
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et al., 2018; Postberg et al., 2018; Marchi et al., 2019; Munoz-Iglesias
et al., 2021), a number of small bodies having been shown to contain
ammonia and/or ammonium-rich smectites (King et al., 1992; Berg
et al., 2016; Viennet et al., 2023; Glavin et al., 2025). Thus, in addition
to the geological history, precisely documenting the nature of the
organo-mineral assemblage in ancient rocks should be seen as necessary
to discuss the origin (biogenic or abiotic) of the organic materials in
presence.
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