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Abstract

Organic-mineral interactions are crucial drivers of diversity in abiotic systems on planetary surfaces. Despite their
significance, the evolution of these systems, particularly the role of organic molecules in newly formed minerals,
remains underexplored. In this study, we proposed new experiments on analogs to explore the interactions
between organic molecules likely present in planetary environments and primary minerals. We examine
interactions between aromatic benzyl-group compounds and igneous minerals (olivine, feldspar) under mid-
temperature aqueous conditions, analogous to hydrothermal systems hypothesized to exist on early Martian and
terrestrial environments. Using multiscale techniques—gas chromatography, infrared spectroscopy, mass
spectrometry, X-ray diffraction, microscopy, and adsorption studies—we analyzed the analogs after 45 days at
100°C. The results reveal that the presence of minerals influences the distribution of newly formed organic
compounds, for example, by promoting the formation of organic chelates. Minerals altered in the presence of
organics formed secondary phases, such as phyllosilicates and amorphous materials resembling serpentines or
smectites. Organic compounds impacted dissolution rates, secondary mineral parageneses, and porosity, enriching
the diversity of hydrated mineral phases compared to mineral alteration without organic matter. Significant carbon
and nitrogen were found filling mineral porosity (up to 7 wt% C), modifying physical properties compared to
systems without organics. These findings highlight the pivotal role of organics in shaping mineralogy on planetary
surfaces and underscore the need for broader studies of organic-mineral analogs to improve interpretations of
in situ and remote organic detections in extraterrestrial samples.
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1. Introduction

One of the key questions in planetary science is how the (co)
evolution between the mineralogical and chemical realms can
affect the chemical and physical properties of each phase and
alter their signatures and chemical analysis (M. Schoonen et al.
2004; J. Ganor et al. 2009; H. J. Cleaves et al. 2012). In
particular, water is a key driver of the interaction between
abiotic organic matter and primary minerals in many bedrock
and hydrothermal environments (aqueous medium with tem-
peratures typically above 50°C) and can increase diversity and
complexity. The expected decomposition, transformation, or
adsorption of organic molecules mixed with minerals during
hydrothermal alteration that we particularly consider here, have
major implications for their detection and observation today at
the surface of planets or moons. Hydrothermal weathering of
rocks is a common process that has occurred or still occurs in
astrophysical environments capable of sustaining liquid water.
Mars was one of these aqueous environments billions of years
ago, in the context of seafloor or lake-bottom hydrothermal
systems and we find traces of these processes today (A. Gaudin
et al. 2011; N. Mangold et al. 2012; J. R. Michalski et al. 2017).
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Today, Mars is partially covered by phyllosilicates and
other hydrated minerals, attesting to aqueous alteration about
3—4 billion years ago (L. Riu et al. 2019; J. Carter et al. 2013,
2023). It is particularly in such past hydrous environments that
organic matter is being sought (J. L. Eigenbrode et al. 2018;
M. Millan et al. 2022; S. Sharma et al. 2023). On Earth, the
diversity and complexity of mineral-organic systems formed by
hydrothermal weathering in soils or sediments (L. M. Mayer
1994; M. Kleber et al. 2015; J. D. Hemingway et al. 2019)
suggest a huge potential of such interactions for abiotic
extraterrestrial systems. Geological hydrothermal systems, akin
to hydrothermal vents on Earth, accumulate organic and
inorganic materials whose molecular distribution varies with
temperature and pressure conditions, which remain poorly
understood (A. D. Aubrey et al. 2009; M. Colin-Garcia et al.
2016; H. Xu et al. 2024). However, because life plays a major
role in such systems on Earth, we cannot extrapolate Earth
mineral-organic interactions to solar system bodies. In addition
to the study of natural analogs from Earth-based hydrothermal
systems (reviews and reference therein: J. J. Marlow et al. 2011;
F. Foucher et al. 2021; B. L. Teece et al. 2024), experimental
studies of abiotic matter and primary minerals are essential to
establish constraints for understanding other extraterrestrial
environments such as Mars, as well as the early Earth before
life. These studies are crucial for detecting and identifying
organic molecules (OM) within mineral matrices, uncovering
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their true history, and distinguishing abiotic signatures from
potential biosignatures.

In the context of extraterrestrial planetary environments,
organic-mineral interactions have raised interest in the perspective
of biomineralization and biogenic minerals for biosignatures
decoding (see, for example, M. A. Chan et al. 2019; S. McMahon
& J. Cosmidis 2022 and references therein). These organic-
mineral processes resulting from hydrothermal alteration have,
to a lesser extent because of water abundance, occurred on
small bodies of our solar system, as shown in the studies of
carbonaceous chondrites and dwarf planet Ceres (see, for
exemple, C. Le Guillou et al. 2014; J. C. Castillo-Rogez et al.
2018; Y. Kebukawa et al. 2019). Mineral-organic interactions in
hydrothermal environments are often proposed as a key process in
prebiotic chemistry (M. Schoonen et al. 2004; J. R. Brucato &
T. Fornaro 2019), and could have indeed boosted new chemical
pathways toward the emergence of a prebiotic chemistry
(H. J. Cleaves et al. 2012; M. Colin-Garcia et al. 2016;
K. B. Muchowska et al. 2019; C. Lee et al. 2022; V. Vinogradoff
et al. 2024; T. J. de Jong et al. 2025). In addition, some minerals
can protect the organic molecules from further degradation
(e.g., hydrolysis, surface irradiation, or oxidation, for example)
and are therefore an invaluable asset for their preservation
(L. M. Mayer 1994; O. Poch et al. 2015; R. dos Santos et al. 2016;
G. Ertem et al. 2017; J. D. Hemingway et al. 2019). Many studies
have postulated the potential of minerals for preservation of
organic molecules, especially phyllosilicates, because they can
adsorb organic molecules within their sheets. However, this
preservation potential is highly dependent on the phyllosilicates
compositions, or the nature of the organic molecules since
absorption depends on many parameters, such as the ph, the
charges of the minerals, the presence of Lewis or Bronsted sites,
or the hydrogen bonds of the molecules (see reviews by G. Lagaly
et al. 2013; M. Kleber et al. 2021). In addition, an aspect of
organic-mineral interactions that has received little attention is the
effect of organic molecules on the secondary paragenesis of mafic
minerals. Organic molecules, because of their intrinsic properties
can indeed play a role of catalyst, modify the dissolution of
minerals or their structure, and or prevent the crystallization of the
mineral (M. Kleber et al. 2015; P. Jacquemot et al. 2019). In this
study, we hypothesize that the nature of abiotic organic molecules
influences the transformation of mafic minerals during simulated
hydrothermal alteration within a simplified planetary context.
Additionally, we propose that organic-mineral interactions con-
stitute a key process shaping the evolution of both organic and
mineral phases and the preservation potential.

We conducted a case study examining the interaction of
primary minerals with abiotic organic molecules in a
hydrothermal setting (close to a surface hydrothermal vent)
to understand alterations in both phases and produce relevant
analogs. Nonhydrated primary silicates were mixed with
functionalized aromatic and aliphatic molecules and reacted
for 45 days at 100°C under anoxic conditions. The extended
duration is intended to provide adequate time for the system to
react within the laboratory’s allocated timeframe, thereby
enabling observation of the interaction. The medium temper-
ature selected for the hydrothermal system is intended to
facilitate the retention of the majority of water in its liquid
phase, thereby ensuring optimal reactivity.

Magnesium-rich olivine (O) and sodium-rich plagioclase
(F), common in mafic rocks on Earth and early Mars, were
used as model minerals, with phyllosilicates expected as
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primary alteration products. Organic molecules were chosen to
represent types detected or suspected on Mars: benzoic acid
(Bz, acidic), toluene (T, neutral), benzylamine (By, alkaline),
and propanol (Pr, alcohol-functionalized alkane; C. Freissinet
et al. 2015; J. L. Eigenbrode et al. 2018; M. Millan et al.
2021, 2022). Additional experiments included minerals alone
or with potassium hydroxide (KOH) to assess pH effects.
Products were characterized using multiple techniques to ensure
a complete characterization of the samples: gas chromatogra-
phy-mass spectrometry (GC-MS), infrared spectroscopy
(FTIR), mass spectrometry (ICP-MS), X-ray diffraction
(XRD), electronic microscopy (TEM, SEM), gas-adsorption
techniques (BET), and elemental composition (EA).

2. Methods
2.1. Experimental Protocol
2.1.1. Mineral Powders

The Mg-rich olivine (namely peridot) was obtained from
San Carlos, Arizona. The formula of our olivine sample
(measured in this study by TEM-EDX, Figure AS5) was
Mg, oFeq 1Si04. Na-rich plagioclase Feldspar was selected and
acquired from Minerals Unlimited (labeled as variety “Sun-
stone” from Madras, India). The approximate formula of our
sample (measured in this study by electronic microscopy
(TEM-EDX) is NaggCag,Al; »Si,gO0g, so very close to the
albite pole. Both initial mineral samples were ascertained to be
visually pure prior to chipping off centimeter- to millimeter-
sized grains. These centimeter-size grains were washed with
solvents (water, dichloromethane, and methanol, 1 ml, three
times each) to remove organic contamination from sample
handling or biological matter and then the grains were let to
dry overnight in an oven at 60°C. The minerals were then
crushed mechanically in a Specamill pebble mill with agate
cells to obtain a size fraction <10 yum in order to maximize
their surface reactivity with water. The fine powder was then
washed again with organic solvents (dichloromethane/metha-
nol in 1:1 vol. with sonication) to reduce again carbon
contaminations, and dried at 60°C for 48 hr. The powders were
not sieved, but the size distribution was estimated by
transmission and scanning electron microscopy (TEM and
SEM) observations (see Figure AS).

2.1.2. Sample Preparation

Organic compounds, benzylamine, benzoic acid, toluene,
propanol (all with a purity >99.5%), and other referenced
molecules were purchased from Sigma—Aldrich. The quartz cells
and the Teflon reactors used in this study were cleaned before and
in between experiments as follows: mechanically washed with
water, sonicated with water x3, methanol x3, and dried in an oven
at 110°C overnight. The quartz cells were in addition heated to
500°C for 4 hr after solvent cleaning. Milli-Q water was produced
in the laboratory (Merck, conductivity <18.2 M) cmfl), and
then degassed with nitrogen before entering the glove box. All
mineral-solution mixtures were prepared inside an anoxic
chamber under argon atmosphere (>99.999%, Air Liquide
ALPHAGAZ 1). Solutions were made in the glove box, loaded
into closed quartz cells, then inserted into teflon reactors (PTFE),
themselves inserted in steel reactors and made airtight under
argon atmosphere (Figure 1). The steel reactors were then
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Figure 1. Detailed protocol of the sample preparation and analysis described in the method section. The samples are initially prepared by combining minerals and
organic compounds within the glove box, subsequently loading them into sealed reactors prior to their transfer into the furnace. Subsequent to the completion of the
experiments, an analytical protocol (detailed in the supplementary text) was applied to separate the solid from the liquid phase and/or to perform liquid-liquid
extraction. The analytic techniques employed for each phase are indicated (see Section 2.2).

removed from the glove box and put in an oven for heating at
100°C for 45 days.

Organic compounds concentrations were fixed at 0.25M
each in 2 ml of water (0.5 mmol of each compound, Table 1).
100 mg of minerals were subsequently added, thus yielding a
water-to-rock (W/R) ratio of 20 and an organic to mineral
ratio of ~1:1.2 in weight. The selected ratios were designed to
represent a water-dominated environment, characterized by a
high concentration of organic matter with minerals, with the
aim of facilitating an increased level of interaction. When both
minerals were mixed, the ratio of Mg-rich olivine to Na-rich
feldspar was 1:3, with the same organic/mineral ratio. A larger
quantity of feldspar was added to better reflect the Mars
surface composition. In one solution, the organic concentration
was voluntarily reduced by a factor 10 (experiment’s label O
+By/10+Pr/10) to test the effect of organic concentration on
the result. One solution was also made with a slightly alkaline
solution (in KOH, pH 8) instead of pure MilliQ water to test
the effect of pH (Table 1). A water-only sample, made in the
same conditions, was also done to control the level of potential
contamination (no contamination was observed). For the

mineral, the “blank” samples were O w/0o OM and OF w/o
OM (Table 1), and described as experiments in the study.
Experiments involving only minerals or organic molecules
alone, or the olivine series were conducted in duplicate. The
outcomes of these duplicate experiments were found to be
analogous, and thus, only one set of results is presented herein.

2.1.3. Sample Analysis

After completion of the reaction, samples were opened in
room air and centrifuged in Eppendorf tubes (eppendorf biopur,
2ml, 12 minute at 13,000 rpm) to separate the solid from the
liquid fractions (Figure 1) and to prepare the different fractions
for analysis. The detailed analytical protocol is schematized in
Figure 1, and described in the supplementary material. Note that
identical volumes of liquid were found after experiments in the
cells, indicating that the reactors were hermetically closed.

2.2. Analytical Techniques

Elemental Analysis (EA). The hydrogen, nitrogen, and
carbon contents of the solid fraction (before and after washing
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Table 1
Composition of the Experimental Samples Made in This Study: the Concentration of the Organic Molecules and Quantity of Mineral for Each, Their Short Names
Used in the Following Text

Organic Concentration Tnorganic Salt Mineral Water
Benzoic Mg-rich Na-rich pH after 45 days of

Samples’ Name Toluene Benzylamine Acid Propanol KOH Olivine Feldspar Alteration
By-+Pr 250 250 2 8
T+Pr 250 250 2 6
Bz+Pr e . 250 250 2 34
By+T+Bz+Pr 250 250 250 250 2 5-6

O w/o OM* 100 2 8
O+By+Pr e 250 . 250 100 2 8-9
O+T+Pr 250 250 100 2 7-8
O+Bz+Pr 0 0 250 250 100 2 6-7
O+By+T+Bz+Pr 250 250 250 250 100 2 7-8
O+By/10+Pr/10 25 25 100 2 8
O+KOH 1 100 2 7-8
OF w/o OM* 33 67 2 8-9
OF+By+Pr . 250 . 250 33 67 2 9-10
OF+T+Pr 250 250 33 67 2 8
OF-+Bz+Pr . . 250 250 33 67 2 6
OF+By+T+Bz+Pr 250 250 250 250 33 67 2 7

Note. We also reported the pH measurement of the liquid phases after 45 days of hydrothermal alteration. pH was measured using a universal indicator paper, error
bar is +/—1 unit. By stands for Benzylamine, Bz for Benzoic acid, T for Toluene, Pr for Propanol, O for Mg-rich olivine, and F for Na-rich feldspar.

%0 w/o OM or OF w/o OM means the mineral without organic matter (OM).

steps; see supplementary methods) were determined using a
Thermo Finnigan EA 1112 analyzer available at the Spectro-
pole of the Fédération des Sciences Chimiques in Marseille,
France. Analyses were duplicated on two aliquots (~2 mg) for
each experimental sample from which the mean was calculated
(Table 1). Soil samples, measured before and after the
samples, were used as standards. Uncertainties on the data
are +0.2 wt% for C, +0.02 wt% for N, and +0.1 wt for H.

GC-MS Analysis. Dichloromethane (DCM) fractions were
analyzed without a derivatization step using a Thermo Trace
1300 gas chromatograph (GC) coupled with a Thermos ISQ
QD mass spectrometer (MS) operated at the PIIM laboratory
(Marseille, France). The GC was equipped with a STABI-
LWAX (L 60 m, internal diameter 0.32 mm, thickness 0.5 pm)
capillary column (polar phase, suitable for semivolatile,
hydrocarbon and benzyl compounds) using helium as the
carrier gas. The injection temperature was set to 250°C, and
the GC oven programmed from 50 to 240°C in 8°C minute '
increments. The MS was operated at an electron energy of
70 eV, with scanning conditions from 20 to 500amu at
0.2scans”'. The main products shown in Figure 2 were
identified using reference standards, the others with their ion
mass fragmentation pattern and the NIST database. Data
processing was done using the Thermo Xcalibur software.
Peak areas of compounds were obtained from an automatic
peak detection method with subtraction of the baseline and
noise reduction. Relative abundances of the main compounds
were calculated from their area divided by the sum of all
detected compounds’ areas, allowing us to compare our
samples and the relative abundance of each compound.
Standard compounds were analyzed under the same conditions
as the samples to validate the identification.

ICP-MS. Element content in water-liquid fractions were
analyzed by Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS, ICAPQ, Thermo Electron, equipped with a collision
cell) at the Institut IMBE, Marseille. Before analysis, samples
(200 pl) were treated with nitric acid (10 pl) (Purissime,
Sigma-Aldrich) and diluted by a factor of 2 with ultrapure
water. Mg, Fe, Si, and K concentrations were measured at their
masses of interest (m/z) of 24, 56, 29, and 39, respectively.
Measurements were done in triplicate. Calibrations were done
using external certified standards (Multielements, SCP Science).

Infrared Spectroscopy (FTIR). Reflectance analyses were
done using a Brucker Vertex 70 FTIR spectrometer equipped
with an attenuated total reflectance (ATR) device, ATR-Quest
(Specac), operated at the PIIM laboratory. Spectra were
acquired from 400 to 4000 cm™' with a spectral resolution of
4cm™ " and 32 scans at 1.6 mHz velocity. Background spectra
were acquired with 62 scans at 1.6 mHz velocity every five
measurements to ensure a good signal-to-noise ratio.

X-Ray Diffraction (XRD). The XRD measurements were
carried out at the CINAM laboratory (Marseille, France), with
a RigaKu RU6200BH device equipped with a high-gloss
rotating Cu Ko radiation (A = 1.5418 A) anode and a 2D, flat
image type, model Mar345 detector. For these measurements,
the working power was 50kV and the intensity was 50 mA
with a 0.5 x 0.5 mm? beam size. XRD patterns were collected
in quartz capillary containing crushed samples.

Electron Microscopy. Transmission electron microscopy
coupled to energy dispersive X-ray spectroscopy (TEM-EDX)
microanalyses were conducted at the CINAM laboratory on
individual particles using a JEOL JEM 2011 TEM fitted with a
Brucker X-Flash Silicon Drift Detector 5030. Data collection
parameters for EDX analyses were set as follows: only
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Figure 2. Major compounds detected by GC-MS in the samples after 45 days of hydrothermal alteration (Table Al). (A): relative abundances of these compounds
(see methods), and (B) normalized relative abundances of compounds to 100%. By for Benzylamine, Bz for Benzoic acid, T for Toluene, Pr for Propanol, OM for
organic matter, O for Mg-rich olivine, and F for Na-rich feldspar. *Relative abundance for sample O+By/10+Pr/10 has been multiplied by 10 for visibility in plot
A. The effect of minerals is highlighted by compound relative abundances, which result in a decrease in the relative quantity (A) and an increase in the relative

diversity (B).

hydroxylated phases were targeted with magnification of
50,000, 4L spot size, angular tilt of 20° toward the detector,
time constant of 60 keps™', energy range of 40keV, and
corrected counting time of 30's. The beam diameter was set to
~20nm (200 A) in order to reach the smallest particles. The
constant beam density was ~63.5 pA cm ™ 2. Atoms O, Na, Mg,
Al, Si, K, Ca, and Fe were quantified by applying the Bruker
AXS MET line mark data quantification procedure (G. Cliff &
G. W. Lorimer 1975). In this procedure, the acquired EDX
spectra were corrected by background subtraction (Brems-
strahlung calculation), Gaussian deconvolution, and k factor
corrections using values previously calculated on layered
silicate standards with known homogeneous compositions
(J. Berthonneau et al. 2014). Microphotographs of the sample
were also acquired with a scanning electron microscope (SEM)
JEOL JSM-7900F at 5kV intensity.

Nitrogen Sorption at 77 K (BET). Textural characterization
in terms of available specific surface area, porous volume, and
external area was done by performing N, sorption at 77K
at the MADIREL Laboratory. The isotherms were obtained
using either a GEMINI apparatus from Micromeritics or a
BELSORP Max 1 from Microtrac for microporous samples.
Before adsorption measurements, the samples were treated
under vacuum at 100°C for 15 hr. BET (Brunauer—-Emmett—
Teller) formalism implemented with Rouquerol’s criterium
was used to obtain the specific surface areas. The total porous
volume was calculated at p/p° = 0.99 and the microporous
volume was deduced using the #-plot method (J. Rouquerol
et al. 2013).

3. Results

The pH of the liquid solution of each individual sample was
qualitatively asserted after the reaction using pH paper (and
therefore should only be used for relative comparison between
the samples). The initial pH of all our solutions was measured
close to the milli-Q water pH (6.5). Samples without minerals
show that the organic molecules affected the pH by buffering

the solution. For example, in experiments initially containing
only benzoic acid (Bz), the final solution was acidic, while it
remained circumneutral with toluene (T). The mineral-only
samples exhibited an alkaline pH post-experiment, indicative
of the release of metallic ions (e.g., Mg>", Fe?*, Na™, or AI’™)
and the probable consumption of HY. Most of the organic
solutions with minerals exhibited higher pH than the ones
without (Table 1), attesting of the mineral effect. Small
variations remained, as for the O+Bz-+Pr of OF+Bz-+Pr
samples, having the lower pH (~6).

3.1. Liquid Phases
3.1.1. Organic Liquid (DCM Fraction)

The relative abundances of major compounds detected by
GC-MS, confirmed with standard compounds, are shown in
Figure 2. The types of organic molecules formed remain
unchanged with or without minerals (Table A1), as no unique
compounds were detected in the presence of minerals.

Propanol showed limited reactivity across all samples
(Figures A1-A3), unlike benzyl molecules. The highest
number of compounds (30) was identified in mineral-free
samples with By+T+Bz+Pr (Figure 2, Table Al), serving as a
reference for identifying molecules in other samples. In the
mineral-containing mixtures, some minor peaks were absent or
below detection limits compared to mineral-free samples (18
compounds for O and OF with OM, Figures A1-A3, Table Al).
This suggests that the organic diversity of mineral-rich mixtures
is reduced.

Notably, the distribution of compounds differed: mineral-
free samples had one or two dominant compounds, whereas
mineral-rich samples showed a more even distribution
(Figure 2(B)). Benzylamine (By) was most reactive, forming
the highest number of new compounds (Figure 2(A)). In
mineral-free samples, By+Pr predominantly formed benzyli-
denebenzylamine, Bz+Pr yielded n-propyl benzoate, and
T+Pr produced benzaldehyde, an oxidation product of toluene.
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Figure 3. Infrared spectra of the dry aqueous fraction from the O+Bz+Pr sample compared to magnesium benzoate reference (bought from Aldrich) measured in the
same conditions. Bz for Benzoic acid, Pr for Propanol, O for Mg-rich olivine, and F for Na-rich feldspar. The dashed lines provide the reference for the main
absorption bands of standard magnesium benzoate, which are observed in the samples.

In the case of mineral samples, the relative abundance of these
compounds is lower (Figure 2(B)), and more compounds such
as phenol, benzyl alcohol, or benzamide are produced. To
note, even if the toluene (T) and propanol (Pr) are the less
reactive compounds here (likely due to the lack of functiona-
lized group), a new distribution of molecules is observed in the
mineral samples compared to mineral-free samples (however,
with a relative quantification close to the detection limit).
Overall, in mineral-containing mixtures (O and OF), com-
pounds with more oxygen functionalities (e.g., benzaldehyde,
phenol, and benzyl alcohol) were prominent, suggesting that
minerals favored their formation.

3.1.2. Aqueous Fraction (Water Fraction)

Precipitation has been observed in the dry aliquots of the
aqueous fraction from mineral-containing samples and has
been analyzed by infrared spectroscopy (Figures 3, A4). No
precipitates were observed in mixtures without minerals. The
primary compound identified in sample O+Bz+Pr was a salt,
namely magnesium benzoate (C;4H;(Mg0O,), found in major
proportions in O and OF samples containing benzoic acid
(Figure 3). In Figure 3 is shown the comparison between the
precipitates and the salt bought from Aldrich and measured in
the same conditions as the sample. Many absorption features
of the magnesium benzoate were found in common in the
precipitates. Other unidentified species are formed in samples
with benzylamine (By; Figure A4) and could correspond to
another type of salts. ICP-MS analysis has been performed in
the olivine series’ experiments (Figure 4). The liquid fractions
in mineral-free samples showed no detectable ions, confirming

the origin of ions in our sample. In the sample without an
organic molecule (O w/o OM), the concentrations of remaining
jons in the solutions are low (e.g., Mg: 23.5-1.7mg1™"; Fe:
300577 ug1™"). The presence of an organic molecule modified
Mg-rich olivine dissolution. Samples with benzoic acid (Bz) had
the highest Mg concentrations (1700-1300mg1~"), while
samples with benzylamine (By) had the lowest (0.8-8 mg1™").
Lower benzylamine concentrations increased iron leachin%
(e.g., Fe: 8500 g1~ for O+By/10+Pr/10 versus 415 pugl™
for O+By+Pr). Congruent dissolution was not observed here,
as new minerals formed under all conditions. Mg/Fe ratios,
typically 4-9, were significantly reduced under alkaline
conditions (1-3 for O+By+Pr, O+By/10+Pr/10, O+KOH).
The highest ratio (Mg/Fe = 887) occurred in mixtures with all
organic compounds.

3.1.3. Mineralogy

All solid phases after alteration at 100°C show the formation
of secondary phases, typically proto-phyllosilicates as evi-
denced by TEM/SEM (Figures 5, 7 and Figures A6, A7, and
All), FTIR (Figure 8), and XRD (Figures 6 and A8-A10). It
should be noted that the analyses were carried out on the
unwashed solid phases, which do not affect the mineralogical
identification results.

3.1.3.1. Mineral Samples Produced without Organic Compounds

Mg-Rich-Olivine Series’ Samples (O)

All the observed grains exhibited sheets, akin to those
depicted in Figures 5 and Appendix Figure A6, with a notable
lack of ordered structure, like poorly crystallized phyllosilicates.
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Figure 4. Analyses of Mg-rich olivine samples by ICP-MS, magnesium (Mg),
and iron (Fe) concentrations in mg 1" in the liquid phases after 45 days of
hydrothermal alteration with Mg-rich olivine. Measurements were done in
triplicate giving an average error bar of 5%. The symbols are larger than the
error bars for small values. O for Mg-rich olivine, By for Benzylamine, Bz for
Benzoic acid, T for Toluene, Pr for propanol, KOH for potassium hydroxide,
and OM for organic matter. The red dashed line represent the theoretical
congruent dissolution line of an olivine that would contain Mg:Fe = 90:10 mol-
%. Evidence of the effect of organic compounds is indicated by the different
concentration of residual ions in the solution after a 45 day period. This could
be indicative of varying dissolution rates over the course of the experiment, or
the precipitation of new phases with different compositions.

Chemical composition (obtained using TEM-EDX analyses)
revealed that hydrothermal alteration of Mg-rich-olivine alone
in our conditions (milli-Q water, 100°C, 45 days, anoxic
environment) mainly formed secondary minerals close to
serpentine composition, (Fe,Mg);Si,05(OH),—a TO mineral
(Figures 5 and All). More precisely, in view of the wafer
morphology by SEM (Figures 5(e) and (g)), and the position of
the hydroxyl band in IR spectra (~3680 cm™'—Figure 8), it
was likely a lizardite-like mineral (J. Madejova et al. 2017;
E. Fritsch et al. 2021). However, the band was broad and with
at least shoulders at 3690cm~' and around 3600 cm_l,
indicating possible other phases, such as talc.

A broad diffraction line was observed at low angle on the
XRD pattern, showing several maxima between 9.5 and 7.3 A
(Figure 6), typically corresponding to 1 001 reflection of
phyllosilicates. Among crystalline pattern from the initial
mineral, new diffraction lines were observed (Figure AS), at
4.55, 3.65, ~2.66-2.58, and ~1.54-1.52 A (Figure AS8). Such
broad diffraction peaks can be assigned to hk reflections of
trioctahedral 1:1 serpentines, especially with the shoulder at
3.65A (S. W. Bailey 1988; E. Fritsch et al. 2021) but also to
trioctahedral 2:1 smectites (O. Grauby et al. 1994). Addition-
ally, the samples show signs of amorphous silicate phases in
their TEM/SEM images (see Figures 5 and A6). These phases
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are also confirmed indirectly through the bump seen in the
diffractogram baseline (Figure A8).

In alkaline condition with KOH, the final proto-phyllosili-
cates have a composition poorer in magnesium (richer in Si;
Figures 5 and A11). The profile of the IR peaks shown a clear
maximum at 3680 cm™ ' and the additional band at 663 cm ™'
(Figure 8), which match with bending vibrations of OH groups
attached to octahedral Mg (Mg;OH), like talc or saponite
mineral (O. Grauby et al. 1994; J. Madejova et al. 2017;
J. T. Kloprogge & C. P. Ponce 2021). XRD patterns showed
diffraction lines at 4.55 and 1.52 A which is in agreement with
the formation of more saponite-type phyllosilicate in alkaline
conditions (O. Grauby et al. 1994; 1. Criouet et al. 2023b;
Figure AS).

Mg-rich olivine + Na-rich feldspar series’ samples (OF)

TEM and SEM analysis revealed the presence of thin layers
of disordered material covering Na-rich feldspar grains
(Figures A6, A7), alongside completely altered grains with
sheet structures.

The mineralogical composition of the secondary mineral
was completely shifted to a very low concentration of
magnesium but high concentration of aluminum as expected
with the 3:1 Na-rich feldspar : Mg-rich olivine ratio (Figures 7
and Al1). The final ratio of silica (Si) over aluminum (Al)
ranged between 5:1 and 5:2. With XRD analysis, only a very
shallow and broad peak at 4. 55 A can be observed among
patterns from primary phases of Mg-rich olivine and Na-rich
feldspar (Figure A9).

3.1.3.2. Mineral Samples Produced with Organic Compounds

In samples containing organic compounds, EDX analyses
reveal that, on average, the elemental composition of the
proto-phyllosilicates varies with the presence and nature of
organic molecules, especially with benzoic acid and benzyla-
mine (Figures 5-7). The closest samples to O and OF w/o
OM, were the secondary phases formed with toluene and
propanol molecules (O+T+Pr and OF+T+-Pr; Figures 5-7).

Alteration of the minerals with Bz (O+Bz+Pr and OF+Bz
+Pr) showed implementation of more iron in the structure than
others (Figure 7). According to IR and XRD analyses, it was
likely a saponite-type phyllosilicate formed from O+Bz+-Pr,
while an aluminum-smectite in sample OF+Bz+Pr (Figures
IR 8, XRD A8-A9). In these samples (not washed) organic
grains had also been observed by TEM (not shown here) and
IR (Figure 8), and corresponded to magnesium benzoate
compound (Figure A10). Nonetheless, for sample OF+Bz-+Pr
we had observed a mismatched, while magnesium benzoate
was observed in the liquid phase (band at 3611cm ™'
corresponding to the stretching vibration of Mg-0O,
Figure 3). Since other ions are present in samples OF, such
as sodium and calcium, we suspected the formation of new salts,
such as sodium benzoate and/or calcium benzoate. These salts
can have different hydration states and have a very similar IR
spectra (SDBS database) but a diffraction line around 14.4 A for
monohydrated or dehydrated salts (A. Terakita & S. R. Byrn
2006; C. Butterhof et al. 2012). In addition, in sample
OF+Bz+Pr we also observed some pure crystal of benzoic
acid (diffraction line at ~10.6 A; Figure A9; C. Butterhof
et al. 2012).

Experiments with benzylamine (By) showed secondary phases
with less iron and magnesium, closer to saponite-like composition
for O4+By-+Pr with some talc, and montmorillonite-like for
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Figure 5. Chemical compositions of unwashed solid samples after 45 days of hydrothermal alteration at 100°C for the O series. O for magnesium-rich olivine, By for
Benzylamine, Bz for Benzoic acid, T for Toluene, Pr for propanol, KOH for potassium hydroxide, and OM for organic matter. Images (a)—(f): representative TEM
images of the samples showing the surface textures of grains recovered by proto-phyllosilicates, (a) from sample O+By+Pr; (b) from sample O+T+Pr; (c) from
sample O+Bz+Pr; (d) from sample O+By+T+Bz+Pr; (e) from sample O w/o OM; and (f) from O+By/10+Pr/10. Images (g)—(h) are SEM analysis, (g) from
sample O w/0 OM and (h) from sample O+By-Pr. Below is the ternary diagram in Si, Mg, and Fe (at. %) showing the composition of secondary phases obtained by
EDX analysis. For each sample, at least 10 different locations onto these phyllosilicate morphologies were analyzed and are reported in the same color for each
sample. Orange and green lines are the solid solution lines of ideal smectite-type (Smect. S.S.) and serpentine-type (Serp. S.S.) phyllosilicate compositions. All the
samples fall between and around these lines, with a variable magnesium content. Example of the composition of known minerals (end-members) are given for
comparison (lizardite and talc from Ruff database, and saponite from O. Grauby et al. 1994). Errors on the measurements are <10%. Organic compounds, especially
benzylamine and benzoic acid, clearly affected the composition of the phyllosilicate that is formed from olivine alteration in our conditions.

OF+By-+Pr; Figures 5-7). Interestingly, a lower concentration of
benzylamine in the initial solution (sample O+By/10+Pr/10)
was associated with the formation of secondary phases with a
higher concentration of magnesium, resembling a phyllosilicate in
between saponite and serpentine-type and closer to phyllosilicate
formed in sample O+KOH (Figure 5). To note, a broad diffraction
peak at 15.6 A is observed for sample O+By+Pr (Figure 6),
which could correspond to the adsorption of organic matter in the
interlayer structures. Organic bands are indeed observed by IR
between 1700 and 1300 cm ™! (CH, NH, OH, C=C, C-N groups)

for these unwashed samples O+By+Pr, O+Bz+Pr, and O+Bz
+T+By+Pr (Figure 8).

3.1.4. Organic Content in Solid Phases

The elemental analysis of the solid materials were
conducted before and after washing with solvents (see method)
to assess the percentage of slightly sorbed organic phases from
adsorbed organic phases with the minerals (Table 2).

In all cases, half of the carbon and nitrogen found before
washing had only been slightly absorbed by the minerals
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Figure 6. XRD pattern between 4 and 14° 2 © of unwashed solid samples
after 45 days of hydrothermal alteration at 100°C for the O series. O stands for
magnesium-rich olivine, By for Benzylamine, Bz for Benzoic acid, T for
Toluene, Pr for propanol, KOH for potassium hydroxide, and OM for organic
matter. New diffraction lines, not seen in all patterns, are highlighted with their
corresponding interatomic distance in A, which likely corresponds to 1(001)
reflections of clay minerals. All the samples showed an increase in the baseline
and small but visible diffraction lines in this part of the XRD pattern. This
suggests that there are poorly crystallized phyllosilicates present.

(Table 2). Nonetheless, after washing, there was still up to
7 wt% of carbon measured for sample O+By+T+Bz+Pr and
4.5 wt% of carbon for sample OF+By+T+Bz+Pr. The values
represented 8.9 wt% and 5.7 wt% of the initial carbon
introduced into the system, respectively. Interestingly, carbon
and nitrogen abundances in OF samples were overall inferior
to O samples (with or without washing). Nonetheless, a higher
quantity of nitrogen was adsorbed with both mineral phases
(up to 14%wt for OF+By+T+Bz+Pr).

3.1.5. Surface Area (BET) and Porosity

Adsorption—desorption isotherms for samples are given in
Figure 9 (and individually in Figures A12 and A13). For samples
containing organic matter, the adsorption measurements were
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made before and after the washing procedure (see Methods), but
only two samples showed some variations (Figure A14).

Initial Mg-rich olivine and feldspar showed a Type II
isotherm in the TUPAC classification (M. Thommes et al.
2015), in agreement with the nonporous characteristic of the
starting minerals (Figure A12). Their BET surface areas were
found equal to ~7m? g ".

With the formation of secondary phases in the samples, the
isotherms showed modified hysteresis between the absorption
and desorption branches, in agreement with porous structures
like phyllosilicates (L. J. Michot & F. Villiéras 2013;
Figure 9(A)). As first sight, isotherms might be assigned to
Type IV isotherms (mesopores) but the absence of saturation
plateau was not consistent with this type of isotherm.
Moreover, a more pronounced uptake was observed at low
p/p° and the inflexion point observed in the log scale
(Figure 9(B)) was indicative for the presence of micropores.
These adsorption isotherms could thus be described as a
combination of Type I(b) (microporous) and Type II(b)
(nonporous or macroporous) isotherms, with an H4-type
hysteresis loop (M. Thommes et al. 2015).

Both the BET surface area and the total adsorbed volume at
p/p° were much higher for the samples after hydrothermal
alteration (Figure 10—up to 330 m® g '). The majority of the
porosity is constituted by micropores (<5 nm) and accounted
for up to 70% of the pore area (Figure 10). Of note, the OF
series’ samples all exhibited lower BET areas and porosities.

Five samples showed a smaller hysteresis than others and
almost no micropores (O+By+Pr; O+By+T+Bz+Pr; OF
+By+Pr; OF+Bz+Pr; OF+By+T+Bz+Pr). The adsorption
branches have the same Type II(b) character than initial
olivine, but a small H3 type hysteresis is observed at the
desorption. The BET area for these samples are only lightly
higher than the initial O or F samples (Figure 10). The
presence of the hysteresis nonetheless confirmed layer
structures of phyllosilicates (L. J. Michot & F. Villiéras
2013), but the microporosity is nearly not existent compared to
other samples (Figure 10). It is notable that these samples
contain the highest concentration of carbon (see Table 2),
which may be the source of this nonobservation of porosity.
Indeed, two samples showed different N, adsorption—deso-
rption before and after washing, clearly showing an increase in
BET area and porosity with washing due to the release of OM
(Figure Al4, Table 2).

4. Discussion
4.1. Mineral Impact on Organic Distribution

The results of our experiments demonstrate that the diversity
of organic matter is increased in hydrothermal systems at
100°C. We have observed products, which could be the result
of hydrolysis (reaction of molecule with water) like benzalde-
hyde formation from benzoic acid, but also products of
oxidation, such as benzamide from benzylamine or dehydrata-
tion reactions like benzyl alcohol formation from benzoic acid
or even polymerization like the dibenzylamine and the
N-benzylidenebenzylamine formation from benzylamine
(Figure 1). Hence, the formation of the new molecules cannot
be attributed solely to hydrolysis (reaction with water); rather,
they are the consequence of complex chemical reactions
occurring during the experimental time with and without
minerals. Such increased diversity due to hydrothermal
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B. Velde 1989; A. Meunier 2005). O for magnesium-rich olivine with F sodium-rich feldspar and organic molecules, By for Benzylamine, Bz for Benzoic acid, T for
Toluene, Pr for propanol, and OM for organic matter. For each sample, at least 10 different locations were analyzed and are reported in the same color for the sample.
Example of the composition of known minerals (end-member), appropriate to our study are given for comparison (high charge montmorillonite and beidellite from
A. Meunier & B. Velde 1989, lizardite data from the Ruff database, and stevensite from the webmineral database). Errors on the measurements are <10%. Organic
compounds, especially benzoic acid, clearly affected the composition of the phyllosilicate that is formed from olivine and feldspar alteration in our conditions.

alteration has been observed in previous abiotic systems
(V. Vinogradoff et al. 2018; Y. Isono et al. 2019). Never-
theless, our experiments demonstrate a change in diversity and
lower relative abundance of organic compounds in the
presence of minerals, attesting of interactions with the mineral
(Figure 2(A)). Interestingly, such a decrease in abundance
after hydrothermal alteration has already been reported in other
studies based on phyllosilicate or amorphous gel phases
reacting with different organic compounds (hexemathyleneta-
tramine, RNA, formaldehyde; P. Jacquemot et al. 2019;
V. Vinogradoff et al. 2020; J.-C. Viennet et al. 2022).

Hints of several different chemical interactions between the
aromatic compounds and the minerals are postulated in our
samples based on previous studies (M. Schoonen et al. 2004;
G. Lagaly et al. 2013; M. Kleber et al. 2015, 2021; V. Vinogradoff
et al. 2020). The observation of magnesium benzoate and
potentially other salts (Figures 3 and A4) can be related to the
chelation process, which likely occurred at the surface of our
silicates (S. V. Golubev et al. 2006; M. Kleber et al. 2015;
C. Serra et al. 2024). For example, in the case of benzoic acid
(Bz), the formation of chelate may inhibit reaction of Bz, in
agreement with the lower relative abundance of compounds
formed in this sample with minerals (Figure 2). It is notable that
benzoic acid has not been extracted in the DCM fraction
(almost undetectable in the GC chromatogram), likely
due to the formation of the chelate, while it is clearly discernible
in GC-MS chromatograms of samples without minerals
(Figures A1-A3). The physisorption process at the surface, acting
as catalyst or oxidant can explain the observation of more
saturated and oxidized compounds in the organic fraction
(Figure 2, Table Al; M. Schoonen et al. 2004). The 10% iron
content of the olivine may have indeed facilitated some redox
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reactions (S. Peters et al. 2023), but further analysis is necessary to
ascertain the Fe*" /Fe’" ratio in our experiments.

Our results suggest also evidences of chemi-sorption at the
surface and within the interlayer space of the phyllosilicates,
especially those coming from olivine alteration. The total
organic carbon remaining with some solid residues (after
washing) can be directly related to the nonexistent porosity
in the same material (Figures 9-10), confirmed by washing
procedures releasing porosity in only two samples
(Figure Al14). The disordered structuration of sheets, made
during the experiments, may have created an environment
conducive to the incorporation of some organic molecules.
Indeed several clues point to the formation of proto-
phyllosilicates, poorly crystallize and with composition
intergrown in disordered sequences. BET signatures is in
agreement with the formation of highly porous mineral and
such characteristics have been observed particularly for
pillared interlayered clays (PILCs; H. J. Chae et al. 2001;
J. A. Cecilia et al. 2018) having large interlayer space and
microporosity. This chemical sorption can be attributed to
Lewis or Brgnsted acid sites, which are more pronounced in
the interlayer space of pillared clays (J. A. Cecilia et al. 2018)
and to which aromatic moieties may sorb (F. Kooli &
W. Jones 1997). In addition, the disordered packing of
phyllosilicate sheets, intergrown as observed in our experi-
ments, has been put forth as a potential catalyst for OM
synthesis in serpentinized rocks (B. Ménez et al. 2018).

Among the molecules we selected for our study, the most
reactive one appears to be benzylamine (By), the nitrogen-
bearing molecule, with evidence of reactions such as
hydrolysis or nucleophilic addition. Given the alkaline pH of
the solution with By, nitrogen-bearing molecules are
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Figure 8. Infrared spectra of silicate residues (no washing) after aqueous
alteration at 100°C with or without organic matter for the O series (A) and the
OF series (B). O for magnesium-rich olivine, F for Na-rich feldspar, By for
Benzylamine, Bz for Benzoic acid, and T for Toluene, Pr for propanol, KOH
for potassium hydroxide, and OM for organic matter. New bands corresp-
onding to phyllosilicates are clearly observed on the solid residues, in the O
series (A) v(OH) at 3680 cm™! (hydroxyls-likely Mg—OH), 5(OH) 1630 cm!
(interlayer water), as well as modification of the Si—O stretching band
(¥(Si-0)) at 990 or 887 cm™') and new Mg—OH or Fe—OH bending modes
751, 663, and 525 cm’l; in the OF series (B) vOH at 3618, 3653, and
3676 cm-1 (hydroxyls), SOH 1636 cm™' (interlayer water), as well as
modification of the Si-O stretching band (vSi—O at 984 or 892 cm™ ') and new
bands at 680, 697, 717, and 494 cm™'. Peaks of organic matter near
1700-1300 cm™" are observed for some samples with By and Bz, indicating the
presence of OM, in agreement with elemental analysis (Table 2). In both
experimental series, the infrared spectra showed clear changes to the structural
bands of the starting silicates, and the formation of minerals like
phyllosilicates due mainly to the hydroxyl bands.

susceptible to bear positive charges (under the form of R-NH;"
since they have a pka within alkaline pH range) and so may be
more favorably adsorbed on the possible negatively charged
surfaces of the secondary phyllosilicates (B. B. Velde &
A. Meunier 2008; M. Kleber et al. 2015). This could explain
the yield of 5-14 wt% of N in the final solid (Table 2). The
presence of feldspar has decreased the nitrogen adsorption,
likely due to the production of different phyllosilicates’
compositions and abundance, but also because less compounds
are produced in OF mixtures (Figure 2—Table 2). None-
theless, the yield of nitrogen adsorbed with mineral was equal
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or higher than carbon in the final solids, thus suggesting a
preferential adsorption of nitrogen molecules. It should be
noted that nitrogen can also be present in inorganic forms, such
as NHS with phyllosilicates under our conditions, but no
observations have been made here. This property of nitrogen-
ous molecules, seen also in other experimental studies from
different OM with phyllosilicates (J.-C. Viennet et al. 2019;
I. Criouet et al. 2023a; C. Serra et al. 2025), is worthy of
particular attention with regard to the chemistry of abiotic
systems, as it may provide insights into the reactivity and
availability of nitrogen with phyllosilicates.

Overall, our experiments show that the presence of minerals
modifies the final distribution of organic compounds, may
favor specific chemical pathways, but likely reduces the
diversity formed. Also, if high concentration of reactive
organic molecules are present during hydrothermal alteration
of silicates, some are likely to be trapped within the newly
formed phyllosilicates, especially nitrogen-bearing molecules.

4.2. Secondary Minerals Differ by Organic Molecules
4.2.1. Nature of the Secondary Minerals Without Organic

Samples without organic molecules served as controls to
determine the composition of secondary phyllosilicates formed
from olivine and feldspar under our hydrothermal alteration
conditions.

Spectroscopic and microscopic analyses revealed that
altered Mg-rich olivine exhibited signatures of hydroxylated
mineral structures, likely proto-phyllosilicates, indicating
efficient transformation under the applied conditions (100°C,
anoxic atmosphere, 45 days). This transformation was likely
enhanced by the small grain size of the starting material
(<10 pm, Figure AS). However, the exact chemical formula of
the newly formed mineral could not be determined due to the
large compositional variability (Figures 5 and 7) and
uncertainty in cation assignment, particularly for iron (Fe*" or
Fe*") (W. A. Deer et al. 2013).

In our conditions, under anoxic gas, with ultra-clean water
at 100°C and W /R of 20, we have observed the formation of a
mixture composition close to serpentine (lizardite type) from
the olivine protolith without OM (Figures 5 and All). The
transformation of olivine into a serpentine phyllosilicates is a
well-known process happening even at low temperatures
(B. W. Evans 2004; A. Neubeck et al. 2011, 2014; E. H. Oel-
kers et al. 2018). The most abundant secondary phases—but
also the most difficult to quantify—are the amorphous silica-
rich phases as hinted from the XRD pattern (Figures A8, A9)
and infrared signatures (Figure 8). Finally, the microporous
structure observed in absorption analysis (Figures 9-10),
combined with diffraction lines between 9.5 and 7.3 A
(Figure 6) and the variability in secondary phase compositions,
suggests the presence of intergrown sequences. The high BET
surface area and the porous volume are indeed matching with
pillared interlayered clays (PILCs) in structure (H. J. Chae
et al. 2001; J. A. Cecilia et al. 2018) and interstratified or
intergrown clays in composition (F. Veniale & H. W. Van der
Marel 1968; A. Alietti & J. Mejsner 1980; A. Steudel et al.
2017). In other words, a complex intercalation of various
poorly crystalized serpentines (and likely some smectites) and
amorphous silicates have been formed in our samples without
OM, ending in irregularly mixed-layer minerals that increase
the microporosity (illustration in Figure 11). Such structuration
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Table 2
C, N, and H Composition (wt%) of the Solid Residues after 45 Days of Experiments, Before and After Washing Procedures (See Methods)
Cwt% £ 0.2 N wt% +0.02 H wt% £0.1
Sample Names Before  After  Before After  Before  After  C Yield wt%" N Yield wt%"
Raw sample (0) 0.21 0 / 0.76 /
F 0.16 0 / 0.64 /
Samples after 45 days of alteration O+By+Pr 8.49 4.55 0.67 0.36 1.75 1.74 13.9 9.4
O+T+Pr 0.38 0.2 0 / 1.98 1.95
O+Bz+Pr 3.33 0.77 0 / 1.69 1.8 2.4 0
O+By+T+Bz+Pr 15.13 6.96 1.16 0.47 2.08 1.90 8.9 12.3
O w/o OM 0.24 0 / 2.04 /
O+By/10 +Pr/10 0.22 0.15 0.07 0.02 1.79 1.81
O+KOH 0.07 0 / 1.92 /
OF w/o OM 0.10 0 / 0.88 /
OF+By+Pr 2.63 1.80 0.45 0.31 0.99 1.05 5.5 8.1
OF+T+Pr 0.06 0 / 0.79 / . .
OF+Bz+Pr 2.86 2.34 0 0 1.05 0.93 7.3 0
OF+By+T+Bz+Pr 9.5 4.47 1.02 0.56 1.3 1.3 5.7 14.7

Note. C and N yield in wt% from the initial carbon and nitrogen abundance in the sample is also reported for samples after the washing steps. Initials refers to
components, O for magnesium-rich olivine, F for Na-rich feldspar, By for Benzylamine, Bz for Benzoic acid, T for Toluene, Pr for propanol, KOH for potassium
hydroxide, and OM for organic matter. The / sign means no new measurement.

 After the washing steps.

has been observed on natural setting (V. A. Drits 1997), for
example, with talc-saponite composition on Earth (F. Veniale
& H. W. Van der Marel 1968; A. Alietti & J. Mejsner 1980;
A. Steudel et al. 2017) or serpentine—saponite composition in
meteorites (K. Tomeoka & P. R. Buseck 1988; A. J. Brearley
1995).

By mixing olivine with feldspar in the starting material, new
mineral compositions were formed, typically with higher
aluminum content (Figure 7), although there is less variability
in their composition between samples, the composition of the
final phyllosilicate is spammed over a wider range of Al-
dioctahedral and trioctahedral smectites (Figure 7—A. Meun-
ier & B. Velde 1989; A. Meunier 2005). Na-rich feldspar
dissolution is controlled by surface area, time, and
pH conditions (M. Lagache 1976; S. Gudbrandsson et al.
2014), and produced kaolinite (Al,Si,0O5(OH), and bohemite
(AIO(OH); M. Lagache 1976), but when mixed with olivine,
Al-rich clays are expected (R. Oyanagi et al. 2017). Here in
our conditions, feldspar dissolution was likely limited, as seen
by TEM and XRD analyses (unaltered grains and XRD
pattern), consistent with the relatively higher dissolution rates
of olivine versus feldspar (M. Hefmanska et al. 2022).
Nonetheless, this was sufficient to incorporate at least 20%
of Al in the smectite-type formed (Figure 7).

In both series, the resulting solutions after 45 days of
hydrothermal alteration exhibit alkaline pH (around 8-9), due
to the dissolution of the primary silicates that consumes H*
ions while releasing cations (Al, Mg, Fe, Na, Ca) into the
solution. Newly formed grains most likely exhibit an “onion”-
type morphology, with a center of still nonaltered olivine/
feldspar, then a layer of amorphous phases (similar to a gel)
and proto-phyllosilicate layers on top or vice versa (D. Daval
et al. 2011).

4.2.2. Nature of the Secondary Minerals with Organics

In general, the secondary phases that formed in our
conditions, with organic matter span a large range of
compositions (Figures 5-7-A11). These included serpentine-
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like materials such as lizardite, which formed from the Mg-
rich olivine protolith with neutral organic molecules (T and
Pr), similarly to secondary phases formed without OM. Other
compositions included Mg-smectites with trioctahedral layers,
such as saponite/talc, which formed when the phyllosilicates
were mixed with acid (Bz) or basic (By) organic molecules.
The presence of aluminum-bearing phyllosilicates, with likely
mixed dioctahedral and trioctahedral layers such as aluminum
smectites (composition closed to montmorillonite or beidel-
lite), is evidenced when sodium-rich feldspar is present in the
protolith with organic molecules (Figures 7, 8, and All). All
clays produced are likely mixed layers or interstratified
smectites, as seen from their nitrogen adsorption—desorption
profiles (Figures 9-10) and XRD pattern at low angle
(Figure 6).

The impact of organic molecules seen from our study can be
attributed to a combination of at least three parameters: (1) the
pH of the solution, which varied due to the organic molecules
(Table 1; Figure 4); (2) the chelation effect: depending likely
on the concentration and nature of the organic molecules
(Figure 3, A4 and A10); (3) chemi and physisorption of
molecules at the surfaces, edges, and interlayers (Table 2,
Figures 9-10).

The first two parameters can be combined. Indeed, organic
acids are known to modify the dissolution rates of olivine or
plagioclase, combining a pH effect and chelating ligands
(R. A. Wogelius & J. V. Walther 1991; S. A. Welch &
W. J. Ullman 1993; J. I. Drever & L. L. Stillings 1997;
O. S. Pokrovsky & J. Schott 2000; E. H. Oelkers 2001;
S. Gudbrandsson et al. 2014; E. H. Oelkers et al. 2018).
Although the pH drop is not significantly high (Table 1), it is
likely that the formation of chelates with organic molecules
has also modified the dissolution of the starting material
(Figure 4; R. A. Wogelius & J. V. Walther 1991). The samples
with Bz are in agreement with the highest ion dissolution (as
evidence by the remaining ions Figure 4), explaining the
higher incorporation of iron in the final phyllosilicates
(Figures 5, 7). In alkaline conditions, pH has less of an effect
(S. Gudbrandsson et al. 2014; E. H. Oelkers et al. 2018).
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Figure 9. (A) N, adsorption—desorption isotherms measured at 77 K for the washed samples after 45 days of hydrothermal alteration at 100°C for Mg-rich olivine
and Na-rich Feldspar with olivine series (O and OF). (B) Same isotherms plotted in logarithm scale in order to make more visible the N, uptake at low pressure and
the inflexion points characteristic of microporosity of the samples. For both figures, O stands for magnesium-rich olivine, F stands for feldspar, By for Benzylamine,
Bz for Benzoic acid, T for Toluene, Pr for Propanol, KOH for potassium hydroxide, and OM for organic matter.

Therefore, in our samples with By, it is likely that the
formation of chelates disrupted the mineral’s dissolution since
different result are found between the basic sample (O+KOH)
and the organic-basic sample (O+By+Pr). It seems reasonable
to posit that the pH and the presence of chelates have also
directly affected the porosity of the final material. This is
evidenced by the increased microporosity observed in some
samples (see Figures 9—10). Finally, the concentration of the
organic molecules is also an important factor, as seen with
sample O+By/10+Pr/10, having an intermediate composition
and properties between the high concentrated sample (O+By)
and the sample without OM. Such observations confirm the
effect of OM even at low concentrations (25 mM). The other

13

parameters, not tested here, that can influence mineral
dissolution, are the temperature, the water to rock ratio, the
grain size, and the partial pressure of CO, or O, as shown in
previous studies (R. A. Wogelius & J. V. Walther 1991;
D. Daval et al. 2011; N. C. Johnson et al. 2014; A. Gaudin
et al. 2018; E. H. Oelkers et al. 2018). Since the temperature,
grain size, water-to-rock ratio, atmosphere, and duration were
identical for both series in this study, the only factor
influencing mineral dissolution and the subsequent crystal-
lization of new phases was the presence of high concentrations
of organic molecules and their intrinsic properties.

The third parameter, the chemi/physi-sorptions of organic
compounds is the most difficult to predict, since it is highly
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dependent on the nature, properties, and quantity of organic
compounds. Nonetheless, as shown here, a large adsorption of
compounds for both series O and OF is detected (Table 2—after
washing). We propose that the high quantity of organic matter
(OM) detected in the five samples with small hysteresis and
negligible microporosity (Figures 9—10) is chemisorbed within
the pores and interlayer spaces. Based on the observed step in
the hysteresis curve, assumed to correspond to the interlayer
space, it can be inferred that the organic molecules have filled
these spaces in the samples. This is consistent with the
comparison of samples before and after the washing
procedure, which revealed an increase in the step height and
overall porosity (Figure Al4). It is worth noting that the
concentration of OM in the solution is a key factor, as the
sample with the lowest OM concentration (O+By/10+Pr/10)
did not exhibit such porosity saturation.

This quantity of material chemisorbed with phyllosilicates
and likely the amorphous phases is among the highest in
related laboratory experiments (J.-F. Lambert 2008; C. Feuillie
et al. 2013; U. Pedreira-Segade et al. 2016; P. Jacquemot et al.
2019; V. Vinogradoff et al. 2020; J.-C. Viennet et al. 2022;
C. Serra et al. 2025). This observation may be attributed to the
in situ formation of the secondary phases (proto-phyllosilicates
and amorphous phases), which differs from the conditions of
other studies, but also to the nature of the organic compounds
themselves and their initial concentration in the system.

The results of our study demonstrate that aromatic organic
molecules have exerted a distinctive influence on the
dissolution of the silicate, as well as the crystallization and
porosity of the secondary mineral. Their nature and concen-
tration have led to an enhanced probability of entrapment,
which could prove advantageous for the preservation of
these molecules (M. Kleber et al. 2015; J. D. Hemingway
et al. 2019).
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4.3. Implications for Early Mars—Earth Organic-mineral
Systems

The past decades have highlighted the occurrence of organic
compounds in many different past or present hydrothermal
environments (Mars, Ceres, and icy moons). As seen from our
study, organic-mineral interactions can be as diverse as the
conditions are different (temperature, salts, pH, and composi-
tion). Such mixtures can hence either blur, help, or prevent
OM detection.

Our generic alteration experiments may apply to several past
Mars hydrothermal environments, where organic matter is
currently searched (M. Millan et al. 2022; S. Sharma et al.
2023). Although the temperature of our experiments is
representing hydrothermal environments, on a long timescale
we do not expect the alteration products, especially the
minerals to differ significantly from the lower-temperature
aqueous reactions on early Mars (E. M. Hausrath et al. 2008;
A. Gaudin et al. 2011), or in terrestrial aqueous systems
(D. R. Janecky & W. E. Seyfried 1986; O. S. Pokrovsky &
J. Schott 2000; E. H. Oelkers 2001; A. Steudel et al. 2017).
Indeed, some of the secondary phyllosilicates found in soils on
Earth and Mars are similar to those reported here, mixtures of
serpentines and smectites. The high abundance of aluminum
found in phyllosilicates produced from the OF series is in
agreement with observations (N. Mangold et al. 2012; J. Carter
et al. 2013, 2023). Aromatic molecules, such as benzoic acid,
have already been identified in hydrothermal altered minerals
on Mars, suggesting that they may represent a particularly
abundant organic class on the planet (C. Freissinet et al. 2015;
J. L. Eigenbrode et al. 2018; M. Millan et al. 2021, 2022;
E. L. Scheller et al. 2022; A. Steele et al. 2022; S. Sharma
et al. 2023).

Our results here suggest that abiotically sourced organic
molecules may be a contributing factor to enhanced leaching of
primary minerals and diversity of the secondary, in addition to
other parameters like CO, (E. Dehouck et al. 2014; A. Gaudin
et al. 2018). On Mars, the highly developed weathering
sequences that have been found have been interpreted as
paleosols but the climate in which they formed remains debated
(e.g., J. Carter et al. 2015; M. Yu. Zolotov & M. V. Mironenko
2016; J. L. Bishop et al. 2020). Fluid organics may have
promoted development of thick horizons of leached phases rich
in Al/Si as well as sulfate precipitation, without the need for an
enduring wet and warm climate. In an opposite scenario, it
seems that higher pH, such as with benzylamine, inhibits
leaching, especially of iron. The observed contradictory effects
of organic molecules on the leaching of primary minerals needs
to be better explored in the frame of understanding the climatic
implications of weathering on early Mars and Earth. The
chelating effect of organic salts that was observed here for Mg
with Bz, is particularly relevant to Mars studies, where the lack
of cation hosts are an outstanding problem (e.g., R. E. Milliken
et al. 2009). Leached ions are typically sought out in sulfate or
chloride salts, but organic salts may also constitute a reservoir
for several ion species. That reservoir is likely minor at the
geologic scale for the lack of ubiquitous organic matter at the
surface of Mars, but could be nonnegligible at a local scale,
richer in organic compounds.

In addition, as highlighted here, OM sequestration during
hydrothermal alteration of primary minerals and formation of
phyllosilicates is OM-phyllosilicate pairs dependent but seems
highly favorable in a system where both phases are evolving
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Figure 11. Illustration of the mineral evolution based on the results from our study with Mg-rich olivine, mixed with OM (benzyl molecules) and/or feldspar, under
hydrothermal conditions at 100°C, in anoxic gas (Ar), with a water to rock (W/R) ratio of 20 and during 45 days. Without OM, results showed a majority of
serpentine-like composition with high porosity whereas with benzoic acid (Bz) and/or benzylamine (By), more saponite-like compositions with lower porosity filled
by OM were detected. When mixed with feldspar and OM, Al-smectite-like compositions are observed, also with OM in the pores.

together. Understanding why this is observed is paramount as
it may guide current and future exploration of the other
planetary surfaces, tailoring our search to the organic
compounds that are more likely to have been adsorbed with
the mineral phases (S. Sharma et al. 2023). Our nonwashed
experimental samples can be considered to represent a
geological scenario in which water has flowed away, leaving
the mineral and allowing a high quantity of sorbed organic
molecules to dry slowly. Additionally, the survivability of
these molecules and salts, especially nitrogen compounds has
to be tested under the space weathering conditions that are
typical of Mars (O. Poch et al. 2015; R. dos Santos et al. 2016)
or during thermal degradation over long periods of time
(I. Criouet et al. 2023a) and with other minerals relevant to
Mars (B. M. Tutolo & N. J. Tosca 2023). Nevertheless, a high
adsorption (as evidenced here) may not be conducive to the
analysis of these organic molecules by either spectroscopy or
destructive chromatographic techniques, as they become
entrapped within the minerals. Further investigations are
required to ascertain the potential for the detection of organic
matter in such evolved materials, as our analogs, following

15

irradiations and analysis by spectroscopy or chromatographic
techniques.

5. Conclusive Remarks

This study explored the influence of aromatic organic
molecules on the secondary paragenesis of primary minerals
commonly found in hydrothermal environments on planetary
surfaces, such as early Mars, to produce relevant analogs of
these conditions. Aromatic compounds functionalized with
carboxylic acid (benzoic acid), amine (benzylamine), alkane
(toluene), and an aliphatic alcohol were reacted with
nonhydrated silicates (olivine and feldspar) under mild
hydrothermal conditions. Over 45 days at 100°C, strong,
irreversible interactions were observed between the organic
and mineral phases, with organic molecules disrupting mineral
dissolution by altering pH and forming chelates. This, in turn,
affected phyllosilicate structuring. Nitrogen-bearing molecules
and salts may also fill porous structures and interlayer spaces,
delaying phase degradation.

The results suggest that high concentrations of abiotic organic
molecules can significantly disrupt silicate paragenesis, while
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facilitating organic adsorption onto minerals. These findings
highlight the variability in organic-mineral interactions and the
need for further studies across diverse systems, particularly in
astrophysical contexts where organic matter is sought. Such
production of analogs could then serve as a reference for spatial
instrument calibrations and data comparison.
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Appendix
Supplementary Materials

This manuscript contains supplementary materials, such
as Table Al and Figures A1-Al4 to support the work and
main results: table of the compounds detected by GC-MS,
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chromatograms of the liquid fractions, infrared spectra of the
dry aqueous fractions and solid phases, additional TEM and
SEM images of the minerals, XRD data of the solid fractions
including magnesium benzoate, and complementary N,
sorption isotherms measured on the solid fractions.

Supplementary text for Section 2.1: detailed analytical
protocol that is reported in Figure 1.

The pH was not buffered during the experiments, and
measurements were conducted using universal indicator
paper on the liquid fraction after separation from the
solid fraction. It is important to note that the pH paper is
subject to inherent inaccuracies, which necessitates the
interpretation of the measurements as relative values rather
than absolute.

The liquid fraction was separated into two aliquots (1.5 and
0.5 ml). Liquid-liquid extraction was done on the 0.5 ml water
aliquot using 0.5 ml of dichloromethane (DCM) three times.
The DCM fraction, which contained polar organic compounds
and nonprotic soluble compounds, was reconcentrated to
0.5 ml and analyzed directly (without derivatization) with GC-
MS (Figure 1). 200 ul of the water fraction (protic compounds)
of these samples extracted with DCM was analyzed by ICP-
MS (Figure 1), and the other 200 pl was slowly dried under
nitrogen flux (N,), in order to recover the precipitates
(Figure 1).

The solid fractions were first dried in an oven at 60°C for
one night before analysis. Samples containing carbon after this
step (detected by EA) were systematically rewashed in order to
retrieve the adsorbed carbon. A subfraction of 50 mg of this
solid were first washed with 1.5 ml water (x2) and then 1.5 mL
DCM (x2) to remove all nonadsorbed organic matter (Table 2).
After washing, the solid is dried again in the oven (60°C, one
night) and reanalyzed (Figure 1).

Table A1
Assignment of the Molecules Identified by GC-MS Analysis
N° RT Main Fragments m/z Identified Molecules Samples
1 4,53 59, 31 Propanol All
2 4,74 91 Toluene T+Pr
By+T+Bz+Pr
O+T+Pr
O+By+T+Bz+Pr
OF+T+Pr
OF+By+T+Bz+Pr
3 6,13 56, 41, 31 1-butanol® All
4* 9,11 contamination /
5 10,13 59 1-Butanol, 3-methoxy- By+Pr
T+Pr
Bz+T+Pr
By+T+Bz+Pr
O+T+Pr
6 11,13 107 , 79 unknown /
7 13,02 105,106,77 Benzaldehyde All
8 14,04 106, 79, 91 Benzylamine By+Pr
By+T+Bz+Pr
O+By+Pr
O+By+T+Bz+Pr
O+By/10+Pr/10
OF+By+Pr
9 14,35 103, 76, 50 Benzonitrile By+Pr

By+T+Bz+Pr
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Table Al
(Continued)
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N°

RT

Main Fragments m/z Identified Molecules

Samples

11

12

16

18

19
20
21
22

23
24

25

14,53

15,01

16,49

18,08

19,71

19,78

19,94

20,75

20,85

21,26
22,69
22,91
23,05

24,46
24,93

26,02

105, 136, 77 Benzoic acid, methyl ester

105, 120, 77 Acetophenone

123, 105, 77 N-propyl benzoate

180,79,77 Benzyl alcohol

108,79 Phenol 2-methyl

94, 66 Phenol

145, 115, 146 2-Propenal, 2-methyl-3-phenyl-

108, 107, 77 Phenol-methyl

108, 107, 77 Phenol-methyl

91, 182 Bi-benzyl
168,169,167 C,H N
183,182,168 CoH (N
121, 77, 91 Benzaldehyde oxime

182 unknown
105, 122, 77 Benzoic acid

91, 106, 196 Dibenzylamine

17

O+By+Pr
O+By+T+Bz+Pr
O+By/10+Pr/10

OF+By+Pr
OF+By+T+Bz+Pr
Bz+Pr
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Table Al
(Continued)

N° RT Main Fragments m/z Identified Molecules Samples

OF+By+T+Bz+Pr
26 26,64 106, 149, 91 Acetamide, N-(phenylmethyl) By+Pr
By+T+Bz+Pr
O+By+Pr
O+By+T+Bz+Pr
O+By/10+Pr/10
OF+By+Pr
OF+By+T+Bz+Pr
27 27,17 91, 194, 195 Benzylidenebenzylamine By+Pr
By+T+Bz+Pr
O+By+Pr
O+By+T+Bz+Pr
O+By/10+Pr/10
OF+By+Pr
OF+By+T+Bz+Pr
28 27,96 135, 134, 79 N-Benzylformamide By-Pr
By+T+Bz+Pr
O+By+T+Bz+Pr
OF+By+Pr
OF+By+T+Bz+Pr
29 28,08 105, 212, 77 Benzyl-benzoate By+T+Bz+Pr
30 29,05 717, 105, 121 Benzamide By+Pr
By+T+Bz+Pr
O+By+Pr
O+By+T+Bz+Pr
O+By/10+Pr/10
OF+By+Pr
OF+By+T+Bz+Pr

Note. Numbers correspond to the one reported in Figures 2 (main text, and A1, A2, A3). Molecules in bold have been confirmed by standards compounds, other have
been identified with the NIST database.
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Figure A1l. Chromatograms of liquid solutions (DCM fraction) from samples without minerals, By for Benzylamine, Bz for Benzoic acid, T for Toluene, and Pr for
propanol. Intensity has been normalized to peak 1, propanol.
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Figure A2. Chromatograms of liquid solutions (DCM fraction) from samples with the minerals, O for magnesium-rich olivine, By for Benzylamine, Bz for Benzoic
acid, T for Toluene, and Pr for propanol. Intensity has been normalized to peak 1, propanol. Chromatogram from sample O+By/10+Pr/10 has been rescale to show
peaks (x2). Numbers correspond to molecules assigned in table 4SI.

: ——— OF+By+T+Bz+Pr
—— OF+Bz+Pr 2
1 1 |—— OF+T+Pr
—— OF+By+Pr

30
o
= DL. 25 30
o o A
:‘?H 20 7 5 24 | 26| 28
0 E * 9 14116
C = 4 13
9o 8 3 | 2| 1748
E N -

2
15 24
10 4 4 "2 13 18 A A
7
L 27
15 30
0 7 9 113 \ 22 2526 || 28 K
" I i I N 1 v I i I N 1 v I i 1 ' I N I ' 1 N I ' I
4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (min)

Figure A3. Chromatograms of liquid solutions (DCM fraction) from samples with the minerals, O for magnesium-rich olivine, F for sodium-rich feldspar, By for

Benzylamine, Bz for Benzoic acid, T for Toluene, and Pr for propanol. Intensity has been normalized to peak 1, propanol. Numbers correspond to molecules
assigned in Table 4SI.
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Figure Ad4. Infrared spectra of the dry aqueous phases of samples after hydrothermal alteration at 100°C. O for magnesium-rich olivine, F for feldspar, By for
Benzylamine, Bz for Benzoic acid, T for Toluene, and Pr for propanol. We observed the existence of benzoate magnesium salt in samples with Bz (main bands
highlighted by the dash lines—shown in Figure 3), and another salt in the sample with By, which has not been yet identified.
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Figure AS. Images of Mg-rich olivine grains before reaction; the grain size of the olivine powder can be observed by TEM (A) and SEM (C) showing grains on
average smaller than 10 ym. The texture of grain as observed by TEM (B) and SEM (D) shows a smooth and nonhydrated surface. The formula of our olivine
(measured by EDX) was Mg, oFe( ;SiOy.
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Figure A6. TEM images of the solid residues from experiments with Mg-rich olivine and Na-rich feldspar showing the identification of phyllosilicates agglomerate
with almost unaltered grains of feldspar: from sample OF+By+Pr, (b) from sample OF+T+-Pr, (c) from sample OF+Bz+Pr, (d) from samples OF+By+T-+Bz+Pr,

and (e) from sample OF w/o OM. O for magnesium-rich olivine, F for sodium-rich feldspar, By for Benzylamine, Bz for Benzylamine, T for Toluene, Pr for
propanol, and OM for organic matter.
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Figure A7. SEM images of the solid residues from experiments with magnesium-rich olivine and sodium-rich feldspar showing the structure of phyllosilicates
agglomerated with feldspar grains covered by secondary minerals: from sample OF+By+Pr, (b) from sample OF+T+Pr, (c) from sample OF+Bz+Pr, (d) from
samples OF+By+T+Bz+Pr, and (e) from sample OF w/o OM. O for magnesium-rich olivine, F for sodium-rich feldspar, By for Benzylamine, Bz for
Benzylamine, T for Toluene, Pr for propanol, and OM for organic matter.
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Figure A8. XRD pattern of the solid phases from the experiments with Mg-rich olivine (O) after hydrothermal alteration at 100°C with By for Benzylamine, Bz for
Benzoic acid, T for Toluene, Pr for propanol, KOH for potassium hydroxide, and OM for organic matter. New diffraction lines are highlighted with their
corresponding XRD lines in A, which likely correspond to the presence of phyllosilicates. Also the increase of the baseline between 15° and 30°, and 30°-45°
indicated the presence of amorphous phases. Additional lines in sample O+Bz+Pr are signatures from the magnesium benzoate cristal (Fig. S12), and additional
lines in sample O+KOH (%) are likely correlated with a new phase with K. All the other lines belong to the olivine starting mineral.
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Figure A9. XRD pattern of the solid phases from the experiments with Mg-rich olivine (O) and Na-rich feldspar (F) after hydrothermal alteration at 100°C with By

Benzylamine, Bz for Benzoic acid, T for Toluene, Pr for propanol,

and OM for organic matter. New diffraction lines are difficult to observe, only one at 4.55 A can

be observed. We may suspect a broad line near 2.6 A, but very small. Lines related to magnesium/sodium/calcium benzoate are also observed in sample OF

+Bz+Pr.
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Figure A10. XRD pattern of magnesium benzoate standard compound compared to samples from O+Bz+Pr and OF+Bz+Pr. Lines from benzoate magnesium can
be clearly identified in the diffractogram of the olivine solid residue, but not in the feldspar-rich residue (while the IR spectrum-Figure 3 was matching), which could
indicate the presence of another counter ion of the benzoate, like sodium or calcium, indicated with the line labeled * on the diffractogram at ~6°. The diffraction line
noted # is likely pure crystal of benzoic acid (A. Terakita & S. R. Byrn, 2006; C. Butterhof et al. 2012).
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Figure A1l. Ternary diagram (atomic %) showing the composition of phyllosilicates obtained by EDS analysis in the 4SI, M™(Ca+Na), and 3R*" (Fe+Mg)
representation (A. Meunier & B. Velde 1989; A. Meunier 2005) for the solid fractions after 45 days of aqueous alteration at 100°C. O stands for magnesium-rich
olivine, F for sodium-rich feldspar, By for Benzylamine, Bz for Benzylamine, T for Toluene, Pr for propanol, KOH for potassium hydroxide, and OM for organic
matter. Two areas are shown below: the yellowish triangle for the olivine series and the blue triangle for the feldspar-olivine series. For each sample, at least 10
different locations were analyzed and are reported in the same label + color for the sample. Reference samples are indicated by stars in different colors, lizardite and
talc taken from Ruff database, saponite from O. Grauby et al. (1994), high charge montmorillonite and beidellite from A. Meunier & B. Velde (1989), and stevensite
and kaolinite from the webmineral database.
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Figure A12. N, sorption isotherms measured at 77 K for the samples after 45 days of aqueous alteration at 100°C with Mg-rich olivine only. O stands for
magnesium-rich olivine, organic molecules, By for Benzylamine, Bz for Benzoic acid, T for Toluene, Pr for Propanol, and KOH for potassium hydroxide.
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Figure A13. N2 sorption isotherms measured at 77 K for the samples after 45 days of aqueous alteration at 100°C with Mg-rich olivine and Na-rich feldspar. O
stands for magnesium-rich olivine, F for Na-rich feldspar, By for Benzylamine, Bz for Benzoic acid, T for Toluene, and Pr for Propanol.
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Figure A14. N2 sorption isotherms of the two samples showing differences
before and after the washing procedure. The isotherm has changed with an
increase of the step and porosity, as revealed by the shape. O stands for
magnesium-rich olivine, F for Na-rich feldspar, By for Benzylamine, Bz for
Benzoic acid, T for Toluene, and Pr for Propanol.
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