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M Abiotic syntheses of pyrite: clues to assess the biogenicity

of pyrite spherules

C. Truong'#*, S. Bernard’, A. Gorlas?, F. Guyot'3

I Abstract

https://doi.org/10.7185/geochemlet.2438

Life proliferates almost everywhere on Earth but determining whether or not hyper-
thermophile microorganisms have colonised a given hydrothermal environment,
such as black smoker chimneys, remains challenging. Some mineral phases like
pyrite spherules have been proposed to possibly serve as biosignatures. Yet, little
is known about the specificities of pyrites produced via abiotic processes under
hydrothermal conditions, making these pyrite spherules only potential biosignatures
at best. Here, we report results of abiotic syntheses of pyrites under conditions repro-
ducing those existing in the chimneys of black smokers, in the presence or in the
absence of various organic compounds. We experimentally show that no pyrite is
produced in the absence of organic material, whereas the chemical nature of the
organic compounds controls the shape and crystallinity of the pyrite produced.

The presence of complex organic matter, here compounds derived from lysed cells, appears necessary for the production of pyrite
spherules previously described as biogenic, suggesting that the pyrite spherules detected in natural black smokers may not be
considered as biogenic stricto sensu, but rather as proxies of the presence of microorganisms.
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! Letter

In 50 years of research, the known thermal limit of life has been
extended several times, rising from 70 °C, to over 100 °C, to
113 °C and finally to 122 °C (Brock and Freeze, 1969; Bloch et al.,
1997; Kashefi and Lovley, 2003; Takai et al., 2008). Current esti-
mates set the maximum temperature at which life could exist
between 113 °C and 150 °C (Stetter, 1999; Cowan and Tow,
2004; Merino et al., 2019). Life could therefore withstand the
temperature conditions inside the external parts of chimneys
of black smokers, whose pore spaces could harbour microhabi-
tats for hyperthermophilic microorganisms.

The incubation of chimney pieces enables the isolation of
various microbial strains (e.g., Takai et al., 2001; Nercessian et al.,
2003). The detection of biomarkers in chimney samples, such as
the gene coding for 16S ribosomal RNA (Schrenk et al., 2003) or
bacterial and archaeal lipids (Blumenberg, 2007), has led some
authors to suggest that chimneys are, or have been, colonised
by (hyper)thermophilic microorganisms. However, biomarkers
may have been transported from the surrounding fluids within
the chimney wall after their production. To date, there is still no
direct observation of the presence of (hyper)thermophilic micro-
organisms in the walls of black smoker chimneys. The abrupt
fluctuations in temperature, pH and redox conditions of sul-
fur-rich hydrothermal vents (Tivey et al., 2002; Schrenk et al.,
2003; Lin et al., 2016) make in situ observations difficult.
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A recent study of chimney samples from a black smoker at
the Trans-Atlantic Geotraverse (TAG) site on the Mid-Atlantic
Ridge revealed the presence of pyrite (FeS,) spherules, whose
morphologies and chemical characteristics suggested that they
constitute a biosignature (Truong et al., 2024). These polycrystal-
line pyrite spherules exhibit a rounded shape, with a diameter
ranging between 2 pm and 100 pm (Fig. 1 and Fig. 2a) showing
some similarities with pyrite spherules made in mineralised cul-
tures of the hyperthermophilic Thermococcus kodakarensis KOD1
archaeon (Truong et al., 2023) and with pyrite spherules found in
culture experiments at ambient temperature (Berg et al., 2020;
Duverger et al., 2020). Moreover, these pyrite spherules contain
organic compounds displaying a spectroscopic signature similar
to that of a living cell, with a predominance of amide groups
(Fig. 1). The similarities between the pyrite spherules produced
in the presence of Thermococcales and those observed in the
chimneys at the TAG site now call for a better understanding
of pyrite production, the possible abiotic production of such
pyrite spherules needs to be excluded to consider them biosigna-
tures. In other words, a number of questions remain to be
addressed. Can pyrite spherules be produced abiotically? Is
organic matter necessary for their production? Does the nature
of organic material present influence the morphology and micro-
texture of these spherules? Do the pyrites record information
from the initially present organic matter? Providing answers to
these questions requires conducting abiotic syntheses of pyrites
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Figure 1 SEM, TEM (left) and STXM characterisation (right) of pyrite aggregates isolated from TAG hydrothermal field (in green) compared
to biogenic pyrites produced by living T. kodakarensis KOD1 cells (in orange) (Truong et al., 2023).

under conditions mimicking those existing within chimneys of
black smokers.

Here, we report the results of abiotic syntheses carried out
under experimental conditions reproducing those of black smok-
ers., i.e. in a medium rich in reactive Fe?* and reduced sulfur
compounds (Gartman et al, 2011; Findlay et al, 2016).
Solutions containing colloidal sulfur (20 mM), ferrous iron
Fe?* (FeSO, 5 mM) and sulfide (Na,S 1.3 mM) were submitted
to 85 °C for 96 hr in the presence (or not) of various carbon com-
pounds (Table 1). First, a control experiment was carried out in
the absence of any organic material. Then, a series of two syn-
theses were conducted in the presence of organic compounds
unrelated to archaea cells: (1) in the presence of poorly soluble
and poorly reactive graphitic carbon flakes, and (2) in the pres-
ence of the yeast extract and tryptone often used for the growth
of cultures of Thermococcales (e.g., Gorlas et al., 2015, 2018, 2022).
Another series of three syntheses were also conducted in the
presence of organic compounds produced by hyperthermophilic
T. kodakarensis KOD1 cells: (1) in the presence of cell envelopes
consisting of lipid-rich cell membranes and S-layer proteins,
recovered from cell lysis, named hereafter KOD1 envelopes,
(2) in the presence of the supernatant and intracellular material,
the last being recovered from cell lysis, hereafter named KOD1
supernatant + intracellular material, and (3) in the presence of
whole cell lysates, i.e. containing the envelopes and the intra-
cellular material of KOD1, hereafter named KOD1 lysates (for
each fraction, see experimental protocol in Supplementary
Information). The products of these syntheses were then char-
acterised using scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM) and scanning transmission
X-ray microscopy coupled to X-ray absorption near edge struc-
ture spectroscopy (STXM-XANES) to document the nature, the
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morphology and the microtexture of the pyrite produced as well
as the nature of their potential organic content.

No pyrite was produced in the absence of organic material
(Fig. 2¢), highlighting that the presence of colloidal sulfur, ferrous
iron and sulfide is not sufficient to produce pyrite under the
experimental conditions chosen in this study. Indeed, it is known
that higher concentrations of sulfides (typically 180 mM of Na,S
instead of the 1.3 mM used in the present study) are needed to
allow the H,S pathway of abiotic pyrite precipitation (e.g.,
Mansor and Fantle, 2019). On the other hand, pyrites were pro-
duced in almost all the syntheses conducted in the presence of
organic matter, with sizes, morphologies and microtextures
depending on the organic matter used for synthesis. Pyrites
produced in the presence of graphitic carbon flakes are sub-
micrometric (around 1 um or less) and can be observed on the
surface of graphitic carbon flakes as sand-rose-like crystals
(Fig. 2e,f). Similarly, the pyrites produced in the presence of yeast
extract and tryptone display a sand-rose shape, but measure 2 to
10 pm in diameter (Fig. 2d). In the presence of KOD1 envelopes,
pyrites appear as spherules measuring 10 pm in diameter, with
no crystallites visible at the SEM scale (Fig. 2h). This is in contrast
to the pyrite spherules measuring 2 to 5 pm produced in the
presence of KOD1 lysates (Fig. 2i). Of note, no pyrite was pro-
duced in the presence of KOD1 intracellular material only
(Fig. 2j). One explanation could be the need for reactive surface
areas available for pyrite nucleation and growth, which are
absent without organic matter and possibly insufficient in the
synthesis with KOD1 intracellular matter alone. As yeast extract
and tryptone also are very soluble organic compounds, another
explanation could involve the concentration of soluble organic
matter which has been demonstrated to influence organominer-
alisation (Cosmidis et al., 2019).
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Figure2 SEM investigations of pyrites produced at 85 °Cfor 96 hr in a colloidal sulfur and Fe2+-rich medium compared to (a) pyrites isolated
from TAG hydrothermal field, and (b) biogenic pyrite spherules produced in presence of KOD1 cells (Truong et al., 2023). (c) No pyrite pro-
duced in absence of organic matter. (d) Pyrites produced in presence of yeast extract and tryptone. (e-f) Micrometric pyrite crystals produced
in presence of graphitic carbon. (g) Massive rounded pyrites measuring 10 pm produced in presence of KOD1 envelopes. (h) Rounded pyrites
produced in presence of KOD1 lysates. (i) No pyrite produced in presence of both KOD1 supernatant and intracellular material but a pre-
dominance of colloidal phosphates as evidence by (j) associated EDXS spectrum.
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Table 1 Summary of the production of pyrites and their carbon content for abiotic synthesis made with different types of organic matter
(85 °C - 96 hr), compared to biogenic pyrites (i.e. KOD1) and TAG pyrites.

KOD1 "

Samples TAG KOD1 E( OD1 KOD1 Intracellular YE + tryptone | Graphite Negative
ysates Envelopes . control
material
Organic | Unkown KOD1 - KOD1 lysates - KOD1 - KOD1 - Yeast extract | Graphitic None
matter 5.107 cells/mL~! (100 mL at envelopes supernatants and | 1g/L - Tryptone carbon
5.107 cells/mL™) (100 mL at intracellular 1g/L 2g/L
5.107 cells/mL~") | material (100 mL at
5.107 cells/mL~1)

Pyrite Yes Yes Yes No Yes Yes No
[Clstxm 3.58 4.65 4.45 na 1.86 2.08 na

Overall, considering the sizes and morphologies at the
micrometre scale, only pyrites produced in the presence of
KOD1 envelopes or KOD1 lysates show similarities with pyrite
spherules produced in the presence of living T. kodakarensis
KOD1 (Truong et al., 2023) and with pyrite spherules reported
in the chimney walls of black smokers (Truong et al., 2024).

In line with previous observations, TEM and STXM analy-
ses revealed that pyrites produced in the presence of graphitic
carbon flakes exhibit significant differences from spherules pro-
duced in the presence of T. kodakarensis cells. The crystallo-
graphic domains are between 200 and 300 nm in size, and the
low [Clstxu value of 2.08 suggests that these pyrites associated
with graphite have trapped a very small amount of carbon, pre-
venting a proper XANES spectrum to be collected (Fig. 3,
Table 1). Pyrites produced in the presence of yeast extract and
tryptone also display specific characteristics: they have crystallo-
graphic domains of several hundred nanometres and have
trapped only a small amount of carbon, as evidenced by a very
low [Clsrxum value of 1.86. The XANES spectrum of this organic
material is dominated by an absorption feature at 288.6 eV
(attributed to COOH groups; Le Guillou et al., 2018) (Fig. 3).
Finally, pyrites produced in the presence of KOD1 envelopes
do not display chemical characteristics similar to those of pyrite
spherules produced in the presence of living cells: the microtex-
ture itself is not very different, with crystalline domains between
50 and 100 nm in size, but they contain less organic matter (the
[Clstxa value is only 2.12). The XANES spectrum of this organic
carbon is consistent with lipids, with a small absorption feature
at 285.1 eV (attributed to C=C bonds; Le Guillou et al., 2018) and
a main absorption feature at 287.6 eV (attributed to C-H bonds;
Le Guillou et al., 2018) (Fig. 3).

In contrast, the pyrite spherules produced in the presence
of KOD1 lysates closely resemble the pyrite spherules produced
in the presence of living T. kodakarensis cells: the microtexture is
identical with crystalline domains smaller than 10 nm, and the
carbon content is similar, with a [Clspau value of 4.45. The
XANES spectrum of this organic material shows similar features
to the spectra of living cells (Benzerara et al., 2006; Miot et al.,
2009; Li et al., 2014; Picard et al., 2021; Truong et al., 2023)
and to the spectrum of organic material trapped within the pyrite
spherules produced in the presence of living T. kodakarensis cells
(Truong et al., 2023), with absorption features at 285.1, 286.5,
287.6, 288.1 and 288.6 eV, attributed to C=C bonds, C-S bonds,
C-H bonds, amide groups and carboxylic groups, respectively
(Le Guillou et al., 2018) (Fig. 3). Indeed, these pyrites can be con-
sidered to have been produced according to the same recipe
(with the same ingredients) as the pyrite spherules produced
in the presence of living T. kodakarensis cells, the only difference
being that here the cells were dead.

L]

Altogether, the results of these syntheses strongly suggest
that the chemical nature of the initial organic matter controls the
final morphology, microtexture and organic content of the pyrite
produced. They also evidence that the production of pyrite
spherules is — except for the spherule size distribution — not con-
trolled by live T. kodakarensis cells but that it is rather a produc-
tion induced by their biomass. An explanation for the production
of pyrite spherules may reside in the highly reactive surfaces of
microbial cells, either living or dead. Microbial surfaces exhibit
organic ligands, which are indeed characterised by a net negative
charge, thus conferring upon them the capability of creating
strong bonds with FeZt+ (Beveridge, 1989). Nevertheless, it can-
not be ruled out that complex negatively charged abiotic com-
pounds may also play this role. Another important factor may
be that organic matter acts as a redox-active component that
can promote the formation of intermediate sulfur species, i.e.
polysulfides. The presence or enrichment of certain functional
groups can have a direct impact on sulfide production, notably
via the presence of surface oxygen groups.

The amount of carbon sequestered inside pyrite spherules
appears to be important for their potential use as biosignatures.
In a recent experimental study, Nabeh et al. (2022) investigated
the precipitation of iron sulfides in the presence of various
organic compounds (amino acids, tryptone, yeast extract and
microbial cells). Their results demonstrated, consistent with
the present results, that the sequestration of organic material
by iron sulfides in the presence of amino acids, tryptone and
yeast extract is low compared to the sequestration of organic
material by iron sulfides in the presence of microbial cells
(Nabeh et al., 2022). Their explanation involved the binding of
iron sulfides and organic molecules on the surface of cells and
the formation of organo-mineral aggregates (Nabeh et al,
2022). According to the present results, another important factor
would be, in addition to surface availability, the solubility of the
organic material present and (maybe most importantly), its
oxido-reduction potential. On the one hand, organic com-
pounds locally control sulfide saturation conditions via their
redox potential, which influences the size of the crystalline
domains (Nyvlt, 1968). On the other hand, if very soluble, they
may be sequestrated within the pyrites at the grain sub-joints,
thus stabilising the ultra-small domains and protecting them
from recrystallisation.

Regarding the size range, the pyrite spherules found
within the chimney walls of TAG mound’s black smoker
(Fig. 1) (Truong et al., 2024) are more similar to the pyrite spher-
ules produced in the presence of KOD1 lysates than to the pyri-
tes produced in the presence of living T. kodakarensis cells. Still,
the pyrite spherules from the TAG mound display a larger vari-
ability in size and larger crystallographic domains (~200 nmy;
Figs. 1 and 3). Growth and/or coalescence of pre-existing
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Figure 3 TEM, associated SAED patterns and STXM characterisation of TAG rounded pyrites (in green), biogenic pyrites (in orange) and
abiotic counterparts produced at 85 °C for 96 hr in a colloidal sulfur and Fe?*-rich medium: yeast extract and tryptone (in yellow), KOD1
lysates (in pink), KOD1 envelopes (in red) and graphitic carbon (in blue). Of note, spots (100) and (011) are not allowed by the Pa3 space
group of pyrite but are here enabled by double diffraction. The white outines correspond to the crystalline domain diffracted in the asso-
ciated SAED pattern (TAG pyrites; YE; envelopes KOD1; Graphitic C), or to a putative crystalline domain for powder SAED pattern (biogenic
pyrite KOD1; lysates KOD1).

spherules as well as the constant, or at least unlimited and non- present syntheses may explain bigger sizes in the natural envi-
limiting, supply of Fe and S in natural hydrothermal environ- ronment. Other parameters need to be better mimicked, espe-
ments for a duration obviously longer than the duration of the cially the pressure and temperature conditions: pressure
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conditions are higher at the TAG mound (located at a depth of
3650 m, i.e. ahydrostatic pressure of 35 MPa) and temperatures
may vary to values significantly higher than 85 °C, eventually
leading to the recrystallisation and growth of pyrite produced
at lower temperature. There is no doubt that additional abiotic
syntheses as well as experimental fossilisation of biogenic pyrite
spherules should be conducted to further investigate the pos-
sibility of unambiguously determining the origin (i.e. biogenic
or abiotic) of natural pyrite spherules.

A trail to follow could be the molecular structure of the
organic material trapped within the pyrites. As demonstrated
here, the chemical nature of the organic material detected within
the pyrite spherules may inform the nature of organic com-
pounds initially present in the system. Yet, hydrothermal vents
are the location of extensive mixing between seawater (possibly
rich in biogenic organic materials) and hydrothermal fluids (pos-
sibly rich in abiotic organic materials) (e.g.,, Maruyama et al., 1993;
Dick et al., 2010), making it difficult to identify sources. Organic
compounds can be transported, allowing their presence within
walls of chimney even though they have not been produced
there. In such a case, one could expect some chemical selection
(different organic compounds may not be transported similarly),
which does not seem to be the case according to XANES data
(Truong et al., 2024). Given the thermal maturation that such
mineral structures have inevitably experienced, it remains diffi-
cult to expect to detect pristine biogenic organic materials: amino
acids are for instance irreversibly destroyed above 240 °C (Bada
etal., 1995), which is a temperature well below that of the hydro-
thermal fluid circulating through a chimney (e.g. Tivey et al,
2002).

Allin all, can we consider the pyrite spherules as biosigna-
tures? By definition, a biosignature provides irrefutable proof of
biogenicity. The conformity of a biosignature does not only
depend on its production by living organisms, but also on the
inability of abiotic processes to produce it. There are no irrefu-
table criteria on which to base the claim that a mineral is bio-
genic: mineral biosignatures may thus not exist as such. To
move forward, we need to rethink the concept of biosignature
in terms of probability rather than irrefutability (McMahon
and Jordan, 2022; Malaterre et al., 2023). Given the environmen-
tal conditions, the morphology, microtexture and organic con-
tent (both its value and its nature), is it more likely that the
mineral structure investigated was produced by (or in the pres-
ence of) living microorganisms or by abiotic processes? Here, the
production of pyrite spherules involves the presence of ferrous
iron, reactive sulfur in the form of colloidal sulfur as well as
the presence of reactive surface and soluble cellular organic
material. Within hydrothermal vents, colloidal sulfur can be pro-
duced by both living microorganisms and by abiotic processes
(e.g., Findlay, 2016). In contrast, cellular organic material is exclu-
sively produced by living organisms, or at least, a mixture of
organic molecules similar in composition to a mixture that life
produces is likely to have been produced by life.

In such a scheme, it could be concluded that it is more
likely that living organisms were involved in the production of
the pyrite spherules from the TAG site given their size, morphol-
ogy, microtexture and organic content (both its quantity and
nature). However, an abiotic production of similar pyrite spher-
ules in the presence of abiotic macromolecular organic molecules
cannot be ruled out at this stage without further experimental
research, using complex abiotic organic molecules while
deploying additional characterisation (including isotopic mea-
surements). Plus, given that temperature and/or supersaturation
may influence pyrite production, experiments exploring the in-
fluence of both temperature and hydrodynamic conditions
remain to be conducted.
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Methods
Chimney sample from a black smoker at the Trans-Atlantic Geotraverse (TAG)

The natural sample of black smoker described in this study was sampled during the Bicose 2 campaign, operation BIC2-
PL01-01, on February 4th 2018 by the Nautile submersible (Cambon, 2018). The chimney was located at 26° 8.223' N
- 44° 49.532' W at a depth of 3640 m. The chimney part was placed in a collection box, brought to the surface and
directly introduced into anaerobic flask onboard. The sample was stored in an anaerobic flask filled with seawater from
the sampling site and the gas phase was replaced by N, to limit interaction with O,. It was stored at 4 °C for 1 year, then
the solid phase was vacuum-dried in an anoxic Jacomex™ glove-box under an N, atmosphere (<1 ppm O»). Dry sample
was kept at 4 °C in sterile Eppendorf before being analysed in the present study.

Preparation of cell lysates and separation of cellular components

T. kodakarensis KODI cultures were prepared as described in Gorlas et al. (2018). Cells were grown during 12 h at 85
°C to reach the early stationary phase with final concentrations of 5.107 cells mL™". The cell lysates preparation was
conducted in aerobic conditions while the separation of cellular components was carried out in strict anaerobic
conditions in an anoxic Jacomex™ glovebox (<10 ppm O», Ar atmosphere) (Fig. S-3). The cell lysates were made from
50 mL of 7. kodakarensis KODI1 culture in a modified Ravot medium (see Gorlas ef al., 2018) supplemented with 1g
(w/v) elemental sulfur. The remaining elemental sulfur was then removed by sedimentation from the culture for 5
minutes, before recovering the liquid part. The whole culture was centrifuged at 3000 g for 15 min. The supernatant was
discarded and the cell pellet was suspended in 5 mL of ultrapure (MilliQ) water, then centrifuged again at 3000 g for 15
min. The supernatant was removed and the cell pellet passed through an ultrasonic bath for 15 min. The cell pellet was
then frozen at -20 °C and thawed twice, finally stored at 2 °C until the experiment.
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Separation of cellular components was also carried out using 50 mL of 7. kodakarensis KODI culture, which was passed
through an ultrasonic bath for 15 min and reintroduced into the glovebox (Fig. S-3). The whole culture was then
centrifuged at 3000 g for 15 min directly in the glovebox to separate the supernatant and the intracellular material from
the cell envelopes. The liquid part (supernatant + intracellular material) was finally filtrated at 0.2 um to avoid any
envelopes residues. The cell envelopes were resuspended in the synthesis medium before mineralization experiments.

Mineralisation protocol in anoxic conditions

Each synthesis was carried out under strictly anaerobic conditions in an anoxic JacomexTM glove box (<10 ppm O, Ar
atmosphere). The syntheses were conducted at 85 °C for 96 hr in titanium reaction bombs filled with 10 mL of a Ravot
medium traditionally used for Thermococcales growth, however devoided of organic matter (named “Ravot mineral
medium”). The Ravot mineral medium contains, per litre of distilled water: 1 g NH4CI, 0.2 g MgCl,.6H,0, 0.1g
CaCl,.2H,0, 0.1 g KCl, 0.83 g, 20g NaCl, 3 g PIPES, 0.001 g resazurin and Na,S (1.3 mM) to reduce the medium. The
pH was adjusted to 7 before autoclaving. After autoclaving, 5 ml of 6 % (w/v) KoHPOs solution and 5 ml of 6 % (w/v)
KH,PO, solution were added aseptically. The medium was then supplemented with colloidal sulfur (20 mM) from a
solution at 10% (m/v), ferrous iron (FeSO4 5SmM) and the various organic compounds (with the exception of the negative
control): the KOD1 lysates, the KODI envelopes, yeast extract (1g/L) and tryptone (1g/L), or graphitic carbon (2g/L).
In the case of KODI intracellular material synthesis, 10 mL of the mixture of supernatant and intracellular material was
used directly. Colloidal sulfur (30 g, Sigma-Aldrich, product number 13825) was vigorously mixed in 350 mL distilled
water and centrifuged at 3000 g for 5 minutes. The pellet was rinsed 10 times with MilliQ water, resuspended in 10 %
final MilliQ water, and filtered through 0.45 pm polycarbonate filters before use. The syntheses were performed in
triplicates (graphite, yeast extract + tryptone, negative control) or duplicates (lysates, envelopes and intracellular
content). Each synthesis (triplicates and duplicates) were observed by SEM, but we selected one sample of each for the
FIB sections, TEM and STXM analyses.

Scanning electron microscopy coupled with energy dispersive X-ray spectroscopy

Minerals were investigated using Scanning Electron Microscopy (SEM) coupled with Energy-Dispersive X-ray
Spectroscopy (EDXS). Samples were dried in an anoxic Jacomex™ glove box (<10 ppm O, Ar atmosphere). Sample
dry powders (natural chimney and experimental syntheses) were deposited on a carbon tape and carbon-metallised.
SEM-EDXS data were collected at IMPMC, MNHN Electron Microscopy and Microanalysis Technical Platform, with
a GEMINI ZEISS™ Ultra55 Field Emission Gun Scanning Electron Microscope equipped with two Bruker™ XFlash
silicon drift detectors in antagonist positions for EDXS. Both images and EDXS data were collected using an
acceleration voltage of 15 kV at a working distance of 12 mm and 300 pA probe current.

Sample preparation by focused ion beam

Focused ion beam (FIB) foils (20um * Spm * 100nm) were extracted from a pyrite of TAG sample and from pyrite
synthetized in presence of KODI1 lysates, KOD1 envelopes, KOD1 YE + tryptone or graphitic carbon syntheses, never
exposed to high acceleration voltage using a FEI Strata DB 235 (IEMN, Lille, France). Milling at low gallium ion
currents allowed minimizing common artefacts including local gallium implantation, mixing of components,
redeposition of the sputtered material on the sample surface and significant changes in the speciation of carbon-based
polymers (Bernard et al., 2009; Schiffbauer and Xiao, 2009).

Transmission electron microscopy
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FIB sections of the samples were analysed using a JEOL JEM-2100F at IMPMC, equipped with a field emission gun
(FEG) operating at 200k V. Identification of minerals was done by selected-area electron diffraction (SAED) and energy-
dispersive X-ray spectroscopy (EDXS) in Scanning TEM (STEM) mode.

Scanning transmission X-ray microscopy

Scanning transmission X-ray microscopy (STXM) analyses were performed on FIB sections to document the carbon
speciation of the organic compounds trapped within the pyrite using the HERMES STXM beamline at the synchrotron
SOLEIL (Saint-Aubin, France - Belkhou et al., 2015; Swaraj et al., 2017). We did the energy calibration using the well-
resolved 3p Rydberg peak of gaseous CO, at 294.96eV for the C K-edge. X-ray absorption near edge structure (XANES)
hypercube data (stacks) were collected with a spatial resolution of 100 nm at energy increments of 0.1eV over the carbon
(270-340eV) absorption range with a dwell time of less than 1ms per pixel to prevent irradiation damage (Wang et al.,
2009). Stack alignments and extraction of XANES spectra were done using the using the Hyperspy python-based
package (De La Peiia et al., 2018). Data was normalized using the QUANTORXS freeware (Le Guillou et al., 2018). A
spectral parameter ([Clstxm) was extracted from spectra collected at the C-K edge to provide a non-calibrated estimation
of the concentration in C. The [Clstxm values reported here correspond to the ratio between the carbon quantity
(estimated from the area of the spectra from 280 to 291.5 eV after subtraction of a power law fitting the pre-edge region
- see Le Guillou et al., 2018 for details) and the absorption at 280 eV (before substraction of the power law). By
construction, the [C]stxm values are proportional to the atomic concentration of carbon in the pyrites, but given that no
calibration was conducted, these values only provide qualitative information rather than absolute concentrations.
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Supplementary Figures
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Figure S-1 EDXS spectrum of the material observed in the negative control (in absence of organic material).

Figure S-2 TEM observation of the cell envelopes after the separation protocol. The envelopes appear translucent
(emptied of their intracellular contents) while the overall integrity of the envelopes is preserved. Numerous flagella and

vesicles are also visible.

Sl-4

Geochem. Persp. Let. (2024) 32, 27-33 | https://doi.org/10.7185/geochemlet.2438



Geochemical Perspectives Letters — Supplementary Information

| Cell lysates preparation |

v iy
5

min

v

o envelope envelope
i pellet pellet
Cellular components separation |
Figure S-3 Diagram of the cell lysate preparation and cell components separation protocol.
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