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Abstract. Sulfide- and sulfate-rich hydrothermal vents are involved in Earth’s major geochemical cycles. An
outstanding scientific question consists of finding out whether certain minerals found in hydrothermal chimneys
are influenced more or less directly by microorganisms living at high temperatures (thermophiles or hyperther-
mophiles) in these environments.

Here we report the morphological, textural and chemical characterization of pyrite crystals collected across
a section of a chimney from the Trans-Atlantic Geotraverse hydrothermal site, sampled from the inner, hotter
portion to the external, cooler portion, providing a promising approach to the search for hyperthermophilic
biosignatures.

The internal and middle portions of the chimney mainly harbour cube-shaped pyrite containing low quantities
of hydrocarbons and thermally matured organic compounds. In contrast, the samples from the external portion
contain pyrite spherules composed of a mosaic of slightly disoriented domains that include large amounts of or-
ganic material chemically consistent with thermally matured biogenic organic compounds. These characteristics
make them comparable but not identical to pyrite spherules produced in the laboratory in the presence of hy-
perthermophilic archaea of the order Thermococcales. Differences include larger crystalline domains and more
thermally matured organic compounds. Such features could be consistent with the thermal transformation of
pyrite spherules produced by (or at least in the presence of) living cells. However, it remains impossible to com-
pletely rule out an abiotic origin without further isotopic investigation and experimental studies on the abiotic
production of pyrite spherules in the presence of organic compounds and under hydrothermal conditions.

Sulfide-bearing hydrothermal vents and their associated
ecosystems were discovered in 1977 (Corliss et al., 1979).
The discovery of black smokers has given birth to new hy-
potheses (and controversies) about the emergence of life
and its earliest evolution. In fact, the redox activity and
chemical reactivity of minerals abundant in black smoker

chimneys such as pyrite (FeS»), chalcopyrite (CuFeS;) and
sphalerite (ZnS) may have promoted fundamental prebiotic
processes (Huber and Wichtershiuser, 1997; Russell et al.,
1994; Wichtershiuser, 1990). Furthermore, black smokers
play a unique role in exchanging heat and chemical species
between seawater and ocean rocks (Edmond et al., 1979;
Stein and Stein, 1994; Elderfield and Schultz, 1996; Wheat et
al., 2000). In particular, the discharge of hydrothermal fluid
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in the deep ocean generates massive sulfide deposits. They
also impact all oceanic geochemical cycles, including those
of sulfur, iron and carbon (Amend et al., 2011; Hannington
et al., 2011; German and Von Damm, 2006).

Life proliferates around black smokers. It is within the
deep-sea sediments surrounding black smokers that the su-
perphylum Asgard archaea was initially identified from
metagenomic data and positioned as an archaeal ancestor of
the eukaryotes (Spang et al., 2015; MacLeod et al., 2019;
Weiss et al., 2016; Rodrigues-Oliveira et al., 2023; Eme et al.,
2023). The unique microbial communities thriving in such a
microhabitat, where hydrothermal fluids mix with seawater,
stand apart from those found in the adjacent benthic zones
(e.g. Cowen et al., 1986; Winn et al., 1986; Juniper et al.,
1998; Dick and Tebo, 2010; Sheik et al., 2015).

However, the extent to which (hyper)thermophilic mi-
croorganisms colonize chimneys and their contribution to
sulfide mineral formation remain open questions (Wirth,
2017; Hu et al., 2020; Baumgartner et al., 2022) despite the
recent report of microorganisms entombed in minerals, es-
pecially pyrite, in the middle and outer layers of hydrother-
mal chimneys (Baumgartner et al., 2022). The middle and
outer portions of a chimney wall are highly porous and likely
permeable, which favours the mixing between reduced hy-
drothermal fluids and oxygenated seawater, thereby creat-
ing steep physicochemical gradients varying at small spatial
scales (Tivey et al., 2002). Some authors have proposed that
these layers harbour a population of hyperthermophilic mi-
croorganisms or at least that they could provide conditions
suitable for their growth (Tivey et al., 2002; Schrenk et al.,
2003; Lin et al., 2016). Supporting such scenarios, several
studies reported the detection of biomarkers within chim-
ney samples, such as the gene encoding 16S ribosomal RNA
(Schrenk et al., 2003; Li et al., 2014) or bacterial and archaeal
lipids (Blumenberg et al., 2007).

Mineral phases may also help to decipher whether or not
microorganisms are biogeochemically active within chim-
neys. In fact, microbial activity may influence the dissolu-
tion and/or precipitation of hydrothermal minerals (e.g. Jan-
nasch, 1995; Holden and Adams, 2003; Templeton et al.,
2009; Houghton and Seyfried, 2010; Mansor et al., 2019;
Meier et al., 2019) including pyrite, i.e. the most predom-
inant sulfide of middle and outer layers (e.g. Lafitte et al.,
1984; Rona et al., 1986; Langmuir et al., 1997; Grant et
al., 2018). For instance, the metabolic activity of some hy-
perthermophilic, heterotrophic and S(0)-reducing archaea
from the order Thermococcales, primarily isolated from hy-
drothermal marine vents, has been shown to induce the for-
mation of greigite (Fe3S4) and of pyrite (FeS,) when culti-
vated at 85 °C in an iron- and sulfur-rich synthetic medium
simulating hydrothermal fluids (Gorlas et al., 2018; 2022;
Truong et al., 2023). Laboratory experiments using Thermo-
coccales have shown that the co-precipitated pyrite displays
specific features, in particular a spherule shape with a diam-
eter around 1 um, a nanoscale texture with many ultra-small
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domains measuring 10 to 15 nm on average, and biogenic or-
ganic compounds in small but detectable quantities (Truong
etal., 2023). These unique characteristics make them promis-
ing biosignatures to be searched for in extreme environments
such as black smokers (Runge et al., 2022). Using them as
biosignatures, determining whether such pyrite spherules oc-
cur in black smoker chimneys requires demonstrating that
they clearly differ from the abiotic pyrite that is also found
in the vicinity of hydrothermal vents. Here, we use elemen-
tal analyses (CHNS), X-ray diffraction (XRD), scanning and
transmission electron microscopies (SEM and TEM), scan-
ning transmission X-ray microscopy (STXM), and X-ray ab-
sorption near edge structure (XANES) spectroscopy to char-
acterize the pyrite precipitates collected across the black
smoker chimney (from the inner, hotter portion to the exter-
nal, cooler portion) sampled at the Transatlantic Geotraverse
Mound (TAG) site during the Bicose 2 mission (Cambon-
Bonavita, 2018), documenting their shape, nanoscale texture
and organic content. We then discuss the pertinence of par-
ticular pyrite spherules as biosignatures of living microor-
ganisms within black smokers.

2 Materials and methods

2.1 The Trans-Atlantic Geotraverse hydrothermal site

The Transatlantic Geotraverse (TAG) site, at 26°08’ N on the
Mid-Atlantic Ridge (MAR), is a mature vent field that has
been active for ~ 140000 years (Lalou et al., 1993, 1995). It
is located on the hanging wall of an active detachment fault
at a 3600 m depth (Rona et al., 1986; Canales et al., 2007; de-
Martin et al., 2007). The chimneys lie along two concentric
platforms that form a compound and elliptical mound with a
50 m high inner high-temperature mound and a 200 m wide
outer low-temperature mound (Rona et al., 1993; Humphris
and Kleinrock, 1996; White et al., 1998; Pontbriand and
Sohn, 2014; Fig. 1a).

The inner high-temperature mound, produced by the hot-
ter discharging fluid, is mainly composed of sulfides and to
a lesser extent of sulfates, a few oxides, hydroxides and sil-
icates (Rona et al., 1986, 1993). In contrast, the outer low-
temperature mound and the surrounding sediment field are
subjected to lower-temperature fluid discharges of lower-
temperature fluids over extended periods. As a result, these
latter locations are characterized by deposits of red Fe—Mn-
rich amorphous iron oxides, Fe-silicates and other Mn—Fe-
rich materials (Thompson et al., 1985, 1988; Lalou et al.,
1986; Rona et al., 1993; Becker, 1996). The hydrothermal
plumes proximal to chimneys are dominated by colloidal FeS
aggregates (Yiicel et al., 2021) and colloidal nanoparticles of
euhedral pyrite (Rona et al., 1986; Yiicel et al., 2011; Gart-
man et al., 2014) alongside Fe—C colloids (Baumgartner et
al., 2023).

The TAG mound was the first hydrothermal vent to be
discovered on the MAR during the 1972 and 1973 cruises
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Figure 1. (a) Bathymetric map of the TAG site. The two concentric platforms appear in orange. The black arrow indicates the top of the
mound and the dark ellipse indicates the sampling area. (b) Photograph of the area called the nursery-zone located in the inner caldera at the
south-eastern base of the inner high-temperature mound. The abyssal shrimp photographed here belong to the genus Rimicaris.

by the National Oceanic and Atmospheric Administration
(NOAA) TAG Project (Scott et al., 1974; Rona, 1980) and
was eventually recognized as a presently active hydrothermal
site comprising black smokers and massive sulfide mounds
(Rona et al., 1984; Thompson et al., 1988; Beaulieu et
al., 2015). In the last 10 years, four campaigns were con-
ducted at the TAG hydrothermal field: Bicose 1 (Cambon-
Bonavita, 2014), Hermine (Fouquet and Pelleter, 2017), Bi-
cose 2 (Cambon-Bonavita, 2018) and Hermine 2 (Pelleter
and Cathalot, 2022).

The sampling site of the present study is named the
“nursery-zone” and is inhabited by abyssal shrimps belong-
ing to the genus Rimicaris (Cambon-Bonavita, 2014; Konn
et al., 2022). It was discovered during the Bicose 1 campaign
and sampled during the Bicose 2 campaign. It occurs in an
active area composed of tiny, recently formed black smok-
ers, located in the inner caldera at the south-eastern base of
the inner high-temperature mound (Fig. 1b).

2.2 Sample selection

For this study, we selected three samples from the same ac-
tive chimney (labelled “Int”, “Mid” and “Ext”, respectively
sampled from the internal, the middle and the external part
of the chimney wall). The chimney, located at 26°8.223' N—
44°49.532" W at a depth of 3640 m, was sampled on 4 Febru-
ary 2018 (Bicose 2 campaign, operation BIC2-PL01-01) by
the Nautile submersible. The samples were placed in a col-
lection box, brought to the surface and immediately stored
in anaerobic flasks on board. The gas phase was replaced by
N> to limit interaction with O;. They were stored at 4 °C for
1 year, then the solid phase was vacuum-dried in an anoxic
Jacomex™ glovebox under an N, atmosphere (< 1 ppm Oy).
Dry samples were kept at 4 °C in sterile Eppendorf tubes
before being analysed in the present study. For each analy-
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sis (CHNS analyses were conducted first), material (clamps,
capsules, etc.) and surfaces were carefully cleaned with 70 %
ethanol and handled with gloves and clamps to avoid con-
tamination from external organic matter.

2.3 X-ray diffraction

Powdered samples (Ext, Mid and Int) were deposited
on zero-background Si wafers and placed in a Spinner-
configured bracket. XRD patterns were collected on a XPert
Pro Panalytical™ diffractometer. Data were collected using
Co Ko radiation in continuous scan mode with an equiva-
lent 0.03° 20 step, counting 3 h per sample over the 5-90° 26
range. Identification of mineral phases was made using EVA
software and the PDF4 database: bianchite (PDF ID: 00-032-
1478), marcasite (PDF ID: 00-037-0475), pyrite (PDF ID:
00-042-1340), sphalerite (PDF ID: 04-003-6940) and chal-
copyrite (PDF ID: 01-074-1737) were identified.

2.4 Carbon, hydrogen, nitrogen and sulfur (CHNS)
mass fraction: estimation of the elemental
composition

Three fractions of each sample were weighed and measured
to estimate their mean elemental composition. The tin con-
tainers in which the samples were weighed were handled
with tweezers, cleaned with 70 % ethanol and dried between
each weighing. Vanadium pentoxide (V,0s) was added as
an oxidation catalyst to convert reduced sulfur phases into
sulfur dioxide, thereby increasing the quality of total sulfur
analysis. CHNS elemental data were collected with a Thermo
Fischer Flash 2000 analyser, equipped with a He gas vector
chromatograph column and a thermal conductivity detector
(katharometer TCD). EAGER Xperience software was used
to calculate the mass percentage of each element. A blank (an
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empty tin capsule) was analysed at the start of the run, and the
measured N, C and H values were subtracted from all sample
measurements. The S value of the blank was below the detec-
tion limit. To ensure complete purging, the chromatographic
column with carrier gas (He) was scanned for 2 min after the
sulfur peak was registered.

2.5 Scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy (SEM-EDXS)

Powder samples (Ext, Mid and Int) were deposited on a car-
bon tape and were carbon coated. SEM-EDXS data were
collected using a GEMINI ZEISS™ Ultra55 Field Emission
Gun Scanning Electron Microscope on the MNHN PtME
platform. This SEM is equipped with two Bruker™ XFlash
silicon drift detectors in antagonist positions for EDXS. Both
images and EDXS data were collected using an accelera-
tion voltage of 15kV at a working distance of 12.5 mm and
300 pA probe current.

2.6 Sample preparation by focused ion beam (FIB)

Ultrathin FIB sections (20pum x5um x100nm) were ex-
tracted from the samples prepared for SEM using a FEI Strata
DB 235; NB — one cubic pyrite was isolated from the sample
Int, one cubic pyrite aggregate was isolated from the sample
Mid and two micrometric pyrite spherules were found in the
sample Ext (namely Ext A and Ext B). Platinum strips were
deposited prior to milling to strengthen the ultrathin sections.
Milling at low gallium currents minimized artefacts such as
the local gallium implantation, mixing of components, rede-
position of the sputtered material on the sample surface and
significant changes in the speciation of carbon-based poly-
mers (Bernard et al., 2009; Schiffbauer and Xiao, 2009).

2.7 Transmission electron microscopy (TEM)

TEM data were collected using a JEOL JEM-2100F
equipped with a field emission gun (FEG) operating at
200kV in both TEM mode and scanning transmission mode
(STEM). Minerals were identified using selected-area elec-
tron diffraction (SAED). Chemical maps were obtained in
STEM mode using an EDXS system from JEOL (Si(Li) de-
tector).

2.8 Scanning transmission X-ray microscopy and X-ray
absorption near edge structure spectroscopy
(STXM-XANES)

Analyses were performed on FIB foils to document the car-
bon speciation of the organic compounds present within
the pyrite minerals using the HERMES STXM beamline
at the Source optimisée de lumiere d’énergie intermédiaire
du LURE (SOLEIL) synchrotron (Saint-Aubin, France —
Belkhou et al., 2015; Swaraj et al., 2017). X-ray absorption
near edge structure (XANES) hypercube data (stacks) were
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collected with a spatial resolution of 100nm at energy in-
crements of 0.1 eV over the carbon (270-340 eV) absorption
range with a dwell time of less than 1 ms per pixel to pre-
vent irradiation damage (Wang et al., 2009). Energy calibra-
tion was made using the well-resolved 3p Rydberg peak of
gaseous CO; at 294.96 eV for the C-K edge.

Stack alignments and extraction of XANES spectra were
done using the Hyperspy Python-based package (De La Pefia
et al., 2018). Normalization of data was accomplished using
the QUANTORXS freeware (Le Guillou et al., 2018). A pa-
rameter related to the concentration of C ([ClsTxm) was es-
timated from stacks collected at the C—K edge by normal-
izing the carbon quantity estimated from the spectra (fol-
lowing Le Guillou et al., 2018) to the absorption at 280 eV
(i.e. below the carbon absorption edge). The value obtained
is proportional to the true concentration of carbon, but the
proportionality factor is experiment-dependent. Thus, the ob-
tained [Clstxm values are regarded as qualitative. As a ref-
erence, the pyrite spherules produced in the presence of ar-
chaea (Truong et al., 2023) display a [ClsTxm value of 4.65.

3 Results

3.1 X-ray diffraction

The X-ray diffractogram (Table S1 in the Supplement, Fig. 2)
of Int reveals the presence of only pyrite (FeS,) and chal-
copyrite (CuFeS;). An assemblage of marcasite (FeSj),
pyrite (FeS;), sphalerite (ZnS) and chalcopyrite (CuFeS,) is
detected in Mid. An assemblage of marcasite (FeS,), pyrite
(FeS»), sphalerite (ZnS), bianchite (ZnSO4) and minor chal-
copyrite (CuFeS,) is detected in Ext.

3.2 CHNS elemental composition

CHNS elemental analyses confirm that each sample in-
vestigated is dominated by sulfur, compared to carbon
and hydrogen (Fig. 3, Table S2). The sample Int contains
32.4(£0.05) wt % of S, the Mid sample 37.5(£0.09) wt %
of S and the sample Ext 40(£0.09)wt% of S. Carbon
content is lowest in Int (0.08(%0.02) wt %) compared to
Mid 0.14(%£0.02) wt% and Ext 0.21(£0.09) wt %. Simi-
larly, the hydrogen content is 0.05(+0.04)wt% in Int,
0.05(£0.02) wt % in Mid and 0.08(£0.02) wt % in Ext. Ni-
trogen is generally below the detection limit.

3.3 Scanning electron microscopy

Pyrite and chalcopyrite are the main phases in Int, consistent
with XRD data. Most pyrites in Int are cube-shaped crystals
of about 50 um in size (Fig. 4a) or aggregates of more than
several hundreds of micrometres composed of cube-shaped
crystals up to 80 um in size (Fig. 4b). Octahedral-shaped
pyrite is smaller, ranging from 2 to 10 pm in size (Fig. 4d). Int
also contains chalcopyrite occurring as platelet-shaped sin-
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Figure 2. X-ray diffraction of TAG hydrothermal vent samples corresponding to different parts of the chimney’s wall: internal (Int), middle
(Mid) and external (Ext) portions. Each identified peak is labelled with bianchite (COD ID: 9014480; green cross), marcasite (COD ID:
1011013; purple circle), pyrite (COD ID: 9015842; red square), sphalerite (COD ID: 1538617; blue pentagon) and chalcopyrite (COD ID:
9015636; light-blue star). NB — the diffractogram of the Ext sample has been zoomed in by a factor of 2 for reasons of readability.

gle crystals of characteristic size ranging from 10 to 100 um
(Fig. 4c, d and e). Some Al-rich phyllosilicate can be associ-
ated with pyrite and chalcopyrite (Fig. 4d and e).

Various pyrite crystal morphologies are found in Mid, in-
cluding aggregates measuring 50 um and composed of irreg-
ular micrometric grains (Fig. 4f and g), as well as cubic and
octahedral crystals ranging in size from 2 to 20 um (Fig. 4h).
Pyrite is also associated with quartz and silicates, in the form
of grains ranging in size from 2 to 10 um (Fig. 4f, g). Chal-
copyrite also occurs as platelet-shaped crystals with charac-
teristic sizes ranging from 10 to 50 um (Fig. 41).

In Ext, sphalerite is the predominant mineral phase and
occurs as globular aggregates of hundreds of micrometres,
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composed of irregular micrometric grains (Fig. 4j—n). Pyrite
is present as micrometric spherules with diameters of about
2 to 5 um, with some of them trapped within sphalerite ag-
gregates.

3.4 Transmission electron microscopy

As shown by TEM data collected on FIB foils, the cube-
shaped pyrites of Int and Mid are massive single crystals
(Fig. 5a, b, ¢, f, g and h) containing micrometric sphalerite in-
clusions, ranging in size from 800 nm to several micrometres
(Figs. 5d, e, iand j and S1 in the Supplement). In contrast, the
pyrite spherules of Ext (Fig. 6a and f) exhibit more complex
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Figure 3. Elemental composition (C, H, N and S) and C[sTxm for Int (in red), Mid (in pink) and Ext (in blue). For the C{sTxm values, the

Ext sample is divided into Ext A and Ext B (in blue).

nanoscale texture. The observed SAED patterns demonstrate
that both spherules are single crystals (Fig. 6b, ¢, g and h),
however, they are made up of a mosaic of slightly disori-
ented domains that never exceed a few hundred nanometres
in size (Fig. 6d and e). TEM investigations and the SAED
pattern of the sphalerite matrix revealed that it is composed
of micrometric single crystals, measuring 1 to 2 micrometres
(Fig. 61, j and k). The sphalerite matrix crystals present evi-
dence of dislocation (Fig. 61), and the zebra patterns observed
in Fig. 6j can be attributed to planar defects.

3.5 Scanning transmission X-ray microscopy and X-ray
absorption near edge structure spectroscopy

Additional investigations using STXM and XANES spec-
troscopy reveal that the pyrite of Ext contains some car-
bon (4.77 < [ClstxMm < 8.81), i.e. at values even higher than
that of pyrite spherules produced in the presence of archaea
([Clstxm = 4.65 — Truong et al., 2023), while pyrite from
Int and Mid exhibits lower [Clstxm values (1.55 and 2.62,
respectively; Table S2). Of note, such [ClsTxm values of the
pyrites in each sample are correlated to the mass percentage
of carbon detected by CHNS elemental analysis in the cor-
responding bulk sample, with the Int and Mid samples con-
taining less carbon than the Ext sample (Fig. 3, Table S2).
The organic compounds detected in pyrite from Ext show
a XANES spectrum with absorption features at 285.0, 286.5,
287.6, 288.5 and 290.5eV attributed to aromatic rings or
C=C olefinic bonds, C-S bonds, C—H bonds, C—C bonds and
COOH groups, respectively (Bernard et al., 2009; Le Guillou
et al., 2018). The asymmetry of the main feature at 288.5 eV
may be related to the presence of amide groups absorbing
at 288.2eV. In contrast, the organic compounds detected in
pyrite from Int show a XANES spectrum with almost no
feature besides a very large one centred at about 288 eV at-
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tributed to CH bonds and a shoulder at 285 eV possibly at-
tributed to aromatic rings or C=C olefinic bonds (Bernard
et al.,, 2009; Le Guillou et al., 2018). The organic com-
pounds detected in pyrite from Mid have a XANES spectrum
with absorption features at 285.0, 286.5, 287.6, 288.5 and
290.5 eV attributed to aromatic rings or C=C olefinic bonds,
C-S bonds, C-H bonds, C—-C bonds and COOH groups, re-
spectively (Bernard et al., 2009; Le Guillou et al., 2018).
These absorption characteristics are similar to those of the
Ext A and Ext B spectra, but the overall appearance of the
spectrum is close to that of Int, with a broad dominance of
aromatic and carboxylic groups.

4 Discussion

4.1 Textural variations along the temperature gradient

Sulfide assemblages as well as pyrite morphologies vary
from the centre to the exterior of the chimney wall (Fig. 8).
In the inner part of the structure (sample Int), the mineral
assemblage consists almost exclusively of large platelets of
chalcopyrite and cube-shaped pyrite of almost 100 um in size
(Figs. 2, 4a—c), which are typical of high-temperature set-
tings > 300 °C (Haymon, 1983; Tivey and Delaney, 1986;
Butler and Nesbitt, 1999). They are also typical of zone-
refined sulfide, as fluids continually flow through the chim-
ney (Wang et al., 2022). The exact nature of the phyllosili-
cates (Fig. 4) could not be determined; however, hydrother-
mal silicates are interesting markers of temperature and pH
(Fulignati, 2020). Since aluminosilicate reactions at high
temperatures produce and maintain the acidity on the hy-
drothermal fluid (Haymon and Kastner, 1986; Von Damm,
2001), the presence of Al-rich silicates (Fig. 4d and e) at-
tests to direct contact with the fluid. The occurrence of
octahedron-shaped pyrite crystals measuring 10 um (Fig. 3d)

https://doi.org/10.5194/ejm-36-813-2024
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Figure 4. SEM investigations of pyrites from the chimney wall: (a—e) the inner part of the wall (Int), (f-i) the middle part of the wall
(Mid) and (j—n) the external part of the wall (Ext). (a) Cubic pyrite crystal. (b) Aggregates of euhedral pyrite crystals. (c¢) Platelet-shaped
chalcopyrite crystals. (d—e) EDXS chemical map of an aggregate of pyrites (in yellow), chalcopyrites (in light green) and phyllosilicates (in
blue) and corresponding EDXS spectra. (f-g) EDXS chemical map of an aggregate of pyrites (in yellow) associated with silicates (in blue)
and the associated EDXS spectra using the same colour code. (h) Aggregates of euhedral single crystals of pyrite with a large distribution in
sizes and facies. (i) Platelet-shaped chalcopyrite single crystals. (j~k) EDXS chemical map of a rounded sphalerite aggregate (in green) with
small pyrites (in orange) from the Ext sample and associated EDXS spectra using the same colour code. (I-m) Micrometric pyrite spherules
(orange arrow) trapped in a sphalerite matrix in the Ext sample. (n) Focus on the sphalerite matrix, composed of irregular micrometric grains.
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Figure 5. TEM characterization of FIB sections of pyrite detected in Int (a—e) and Mid (f=j). (a) SEM image showing the location of the Int
FIB section. (b) TEM overview of the Int FIB section and (¢) associated SAED pattern revealing that the entire FIB section corresponds to a
single cubic crystal of pyrite (zone axis [011]). (d) Micrometric ZnS inclusion (green arrow) in pyrite (orange arrow). (¢) EDXS spectra of the
zones highlighted by the arrows. (f) SEM image showing the location of the Mid FIB section. (g) TEM overview of the Mid FIB section and
(h) associated SAED revealing that the entire FIB section corresponds to a single cubic crystal of pyrite (zone axis [011]). (i) Micrometric
ZnS inclusion (green arrow) in pyrite (orange arrow). (j) EDXS spectra of the zones highlighted by the arrows.

and the close associations between pyrites and individual
fine-grained particles of sphalerite (Fig. 5d and e) also in-
dicate precipitation at high temperatures (> 250 °C) (Rona
et al., 1986; Murowchick and Barnes, 1987). Overall, these
mineral associations are consistent with high-temperature
hydrothermal fluid discharge at the centre of hydrothermal
chimneys.

In the middle section of the chimney wall (sample Mid),
sphalerite is present in higher concentrations, as shown by
its detection using XRD, together with the presence of pyrite
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and chalcopyrite (Figs. 2, 8). This is consistent with previous
observations of abundant Zn-rich phases occurring within the
porous portions of chimney walls, whereas the hotter centres
of such chimneys are typically Cu-rich (chalcopyrite; Rona et
al., 1986; Fouquet et al., 1996; Hu et al., 2020; Baumgartner
et al., 2022). The presence of some micrometric sphalerite
occurring as inclusions within cube-shaped crystals of pyrite
(Fig. 51 and j) attests to the probability that at least some of
the sphalerite crystals have precipitated at high temperatures
(> 250 °C; Murowchick and Barnes, 1987; Hu et al., 2019),
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Figure 6. TEM characterization of two FIB sections of pyrite spherules isolated from Ext (Ext A and Ext B). (a) SEM image showing the
location of the Ext A FIB section. (b) TEM image of the Ext A FIB section showing the pyrite spherule (orange arrow) entrapped in the
sphalerite matrix (green arrow) and (c) associated pyrite SAED pattern revealing that the spherule consists of a single crystal (zone axis
[211]). (d—e) TEM images of sub-grain boundaries (in white) within the single pyrite crystal. (f) SEM image showing the location of the
Ext B FIB section. (g) TEM image of the Ext B FIB section showing the pyrite spherule (orange arrow) and (h) associated SAED pattern
revealing that the spherule consists of a single crystal (zone axis [120]). (i-j) TEM images of the sphalerite matrix composed of a number of
micrometric crystals (grain boundaries in green). (k) SAED pattern of the single sphalerite crystal shown in (j) (zone axis [022]).

as is the case for the micrometric sphalerite crystals from Int.
Although more porous than the innermost part of the chim-
ney and thus more exposed to mixing with seawater, the mid-
dle part of the chimney is still likely exposed to intermittent
high temperatures.

In the external part of the chimney wall (sample Ext),
sulfates such as bianchite and iron oxides were identified
in addition to pyrite, sphalerite and chalcopyrite (Figs. 2,
8). These mineral phases are typical products of low-
temperature alteration of sulfides. This is especially the case
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with bianchite, which has already been described in inac-
tive sulfide mounds and at the interface between the chim-
ney wall and the seawater (Hekinian et al., 1980; Lafitte
et al., 1984). Still, the presence of globular assemblages of
about 100 um made of micrometric-sized pyrite spherules
and sphalerite (Figs. 5j to n, 6i to k and 8) shows that the
outermost part of the chimney wall has also been affected
by hydrothermal fluid discharges. The fine-grained particles
of the sphalerite clusters are likely to have formed in condi-
tions where the nucleation rate is greater than the growth rate,
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Figure 7. XANES spectra at the carbon—K edge (left) of the organic compounds detected in pyrites from the samples investigated in this
study (Int, Mid, Ext A and Ext B) and SEM images of these pyrites (right). Furthermore, the spectrum of the organic compounds detected in
spherules of pyrite produced in the presence of Thermococcales (labelled Biogenic pyrites) and SEM images of these pyrites (Truong et al.,
2023) are shown for comparison. The spectrum of the organo-metal used to protect the FIB sections during preparation serves as a reference
(marked “Platinum”). Absorption features at 285.0, 286.4, 287.6, 288.1, 288.5 and 290.5 eV are attributed to C=C bonds, C-S bonds, C-H
bonds, C-N bonds (amide groups), COOH (carboxylic groups) and C—C bonds, respectively.

i.e. during the initial mixing of the hot acidic venting fluids
(250 to 300 °C) with the seawater (4 °C) (Hu et al., 2019).
Such a microtexture of sphalerite indicates a rapid precip-
itation in response to strong physicochemical gradients in
the porous outer wall (Tivey, 1995; Hu et al., 2019). Every
sphalerite crystal presents evidence of dislocation (Fig. 61),
likely caused by rapid cooling or by dynamic recrystalliza-
tion (Cugerone et al., 2024). Planar defects have also been
observed on single crystals of sphalerite (Fig. 6j), possibly
accommodating excesses in iron and oxygen (Srot et al.,
2003; Xu et al., 2016) or simply created by steep physico-
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chemical gradients of either temperature or oxygen as a result
of direct contact with seawater. This suggests that the outer
chimney wall experienced significant temperature variations
from elevated temperatures, although generally 250 °C down
to 2 °C, the inferred temperature of deep-ocean seawater.
Altogether, the variations in nature, size and shape of
sulfide minerals from the inner to the outer part of the
chimney wall inform us about the temperature gradient
across the chimney wall, from very elevated temperatures
in the inner part (> 250°C) to very low temperatures in
the outer part (close to 2 °C). This is consistent with pre-
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Figure 8. Schematic longitudinal transect of a hydrothermal vent showing the sulfide assemblages and pyrite morphologies at different

locations within the chimney wall (not to scale).

vious studies, where euhedral crystals are found to pre-
cipitate at temperatures above and around 250 °C, condi-
tioned by surface-controlled growth, while dendritic crystals
precipitate at lower temperature, conditioned by diffusion-
controlled growth (Murowchick and Barnes, 1987).

4.2 Identification of traces of life in the chimney wall

Obviously, the inner part of the chimney, in direct contact
with the hot (> 300 °C) hydrothermal fluid, cannot support
life. To date, the highest temperature withstood by hyper-
thermophilic microorganisms is 122 °C under 40 MPa hy-
drostatic pressure (Methanopyrus kandleri — Takai et al.,
2008). In the present study, carbon and hydrogen were, how-
ever, detected in Int (Fig. 3, Table S2). The carbon specia-
tion in this organic material is consistent with hydrocarbons
(Fig. 7), which could be either abiotic or biogenic. In fact,
such hydrocarbons could have been produced by the thermal
cracking of (biogenic) organic materials that had been trans-
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ported from the external parts of the chimney. But similar
hydrocarbons could have been abiotically produced within
or beneath the hydrothermal vent via Fischer—Tropsch-like
processes (e.g. Simoneit, 1993; Kvenvolden and Simoneit,
1990; Cruse et al., 2006; McCollom and Seewald, 2007; Mc-
Collom et al., 2010) or via other CO;-reduction processes
(Heinen and Lauwers, 1996; Vladimirov et al., 2004). Re-
gardless, even when assuming a biological origin for the as-
sociated organic carbon, biological controls on the forma-
tion of the inner pyrite are ruled out given its presence in
the uninhabitable chimney centre, where high crystalliza-
tion temperatures contributed to its consistently macrocrys-
talline, euhedral form. The pyrite spherules found in the ex-
ternal parts of the chimney require more discussion. The
pyrite spherules exhibit morphologies, microtextures and or-
ganic contents similar to pyrite spherules produced by (or at
least in the presence of) hyperthermophilic archaea such as
Thermococcales. Relying on cultures of Thermococcus ko-
dakarensis, Truong et al. (2023) reported the production of

Eur. J. Mineral., 36, 813-830, 2024
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very similar pyrite spherules of about 1 um in diameter com-
posed of nanocrystalline domains, resulting in a smooth sur-
face texture at the spherule scale. Pyrite from Ext also shows
a spherule shape, albeit with larger sizes of about 2 to 5 um
(Fig. 41, m and n). The spherules are made of an assemblage
of smaller crystallographically coherent domains delimited
by annealed sub-grain boundaries (Fig. 6d). Such a micro-
texture could result from the recrystallization and Ostwald
ripening upon thermal annealing of an assemblage of smaller
spherules containing much smaller initial domains (e.g. Li et
al., 2013; Nielsen et al., 2014; De Yoreo et al., 2015). More-
over, STXM-XANES investigations revealed that the pyrite
spherules in Ext contain a relatively high concentration of
organic compounds with aromatic rings or C=C bonds, C-S
bonds, C—H bonds, C—C bonds, COOH groups and possibly
amide groups (Fig. 7): i.e. organic compounds with a chem-
ical structure consistent with the thermal maturation of the
organic compounds found in the biogenic pyrite spherules
produced in the presence of Thermococcus kodakarensis
(Truong et al., 2023). Altogether, the pyrite spherules from
Ext could be a thermally matured version of biogenic pyrite
spherules similar to those made by Thermococcales, i.e. indi-
rectly influenced by microbial activity, as reported by Truong
et al. (2023). This still has to be demonstrated experimen-
tally, but if true, the occurrence of these pyrite spherules
would indicate colonization of chimneys of black smokers
by thermophilic or hyperthermophilic microorganisms, their
presence contributing to mineral formation in the chimneys.
This would be in line with previous suggestions based on lab-
oratory experiments (Wirth et al., 2017, 2018) as well as with
the recent report of possible biofilms of coccoid microorgan-
isms entombed within pyrite in the outer zone of a similar
chimney (Baumgartner et al., 2022). This would demonstrate
that despite steep physicochemical gradients responsible for
recrystallization episodes at higher temperatures and rapid
cooling, the external parts of the chimneys of black smokers
are both habitable and (during at least at some time periods)
inhabited.

Still, it remains to demonstrate that these pyrite spherules
are true biosignatures, i.e. that similar spherules cannot be
produced abiotically. In the presence of Thermococcales,
the production of pyrite spherules directly results from
their metabolism responsible for the conversion of sulfur
into polysulfides and/or even more reactive colloidal sul-
fur, which reacts with ferrous sulfide (FeS) to form pyrite
spherules (Gorlas et al., 2015, 2022; Truong et al., 2023).
However, in natural settings such as chimneys and plumes of
black smokers, even though the proportion of nanoparticu-
late sulfur is not negligible — nanoparticles of elemental sul-
fur can account for up to 44 % of the total sulfur present in
the plumes of the Mid-Atlantic Ridge (Findlay et al., 2014)
— colloidal sulfur is not necessarily related to microbial ac-
tivity (Findlay, 2016), and polysulfides resulting from reac-
tions between elemental sulfur and sulfide ions (Schwarzen-
bach and Fischer, 1960) or from the oxidation of sulfides by
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oxygen (Luther et al., 1986; Steudel, 1996) are also present.
Pyrite spherules may thus form in black smoker chimneys
in the absence of microorganisms, as is the case in the in-
ternal portions of the chimneys where massive pyrite was
found. The mosaic microtexture of pyrite spherules can be
interpreted in two ways. On the one hand, rapid nucleation
associated with a low growth rate, similar to that observed
in framboidal pyrite, could produce such a microtexture. The
association of pyrite spherules with globular sphalerite clus-
ters made up of fine-grained particles would be an argument
in favour of rapid precipitation at temperatures well above
the life limit of hyperthermophilic microorganisms. On the
other hand, organic matter creates favourable conditions for
the formation of microcrystalline domains. The presence of
organic matter at sub-grain boundaries (Fig. 7) can prevent
the recrystallization of the submicrometric crystallographi-
cally coherent domains into bigger single crystals, as is the
case for the biogenic pyrite spherules produced in cultures
(Truong et al., 2023). Still, although it has been shown that
cellular compounds can be trapped preferentially in iron sul-
fides (Nabeh et al., 2022) and although the organic mate-
rial detected within the pyrite spherules from Ext is consis-
tent with biogenic organic compounds that had experienced
thermal maturation, an abiotic origin remains equally likely
given the lack of concrete evidence for biological influences.
In fact, the specificities of pyrite produced via abiotic pro-
cesses in the presence of various organic compounds and un-
der hydrothermal conditions remain to be constrained exper-
imentally. As such, for the time being, the pyrite spherules
reported here should only be regarded as possible biosigna-
tures.

Finally, the cubic pyrite from Mid contains more organic
compounds than that from Int, although significantly less
than the pyrite spherules in Ext. Moreover, these organic
compounds are chemically consistent with a mixture of the
compounds detected in the cube-shaped pyrite from Int with
those detected in the pyrite spherules from Ext. This is puz-
zling, since the portions from which Int and Ext have been
sampled are very different in terms of temperature condi-
tions. A possible explanation involves transport of (and pos-
sible reactions between) organic compounds produced in the
innermost part (likely via abiotic processes or thermal crack-
ing of organic matter) and organic compounds produced in
the outermost part (likely by life) within the porosity of the
permeable chimney wall (Tivey et al., 2002; Zhu et al., 2007).
This suggests that the different portions of the chimney wall
are not isolated from one another and that depending on
the temperature, hyperthermophilic microorganisms or their
remnants have the potential to be detected in a significant
fraction of the chimney wall beyond their growth location.
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5 Conclusions

The study of hydrothermal pyrite encompassing both inner
and outer portions of a black smoker chimney wall down to
the nanometre scale is a promising technique to implement
in the search for hyperthermophilic biosignatures. The iden-
tification of pyrite spherules sharing similarities with pyrite
spherules produced in the laboratory in the presence of hy-
perthermophilic archaea suggests that the external part of the
chimney wall investigated here is (or at least has been) in-
habited by microorganisms that contributed to the mineral
production.

Obviously, additional information must be obtained to un-
doubtedly confirm that these pyrite spherules can be used as
biosignatures. In this regard, a sulfur isotope study is en-
visioned as the next step. Organic matter was detected in
isolated pyrite from each part of the chimney wall, present-
ing quite distinct organic compounds between the inner and
outer parts of the chimney wall, despite signs of thermal mat-
uration in both cases. Thermal ageing experiments should
be carried out to document the morphological, microtextu-
ral and chemical evolution of biogenic pyrite spherules pro-
duced in the laboratory in order to provide solid constraints
to aid their identification in natural environments and to help
determine the biological origin of organic compounds de-
tected in natural pyrites. Also, isotopic measurements could
and/or should be performed, as the sulfur-rich minerals pro-
duced by (or in the presence of) life generally exhibit pecu-
liar sulfur isotope compositions (e.g. Marin-Carbonne et al.,
2018, 2020, 2022) and/or iron isotope compositions (Boyce
et al., 1993; Mansor, 2017). Furthermore, laboratory exper-
iments have to be conducted under abiotic conditions (i.e.
in the absence of life) to determine whether or not similar
pyrites could form in the absence of life.

Although much work remains to be done, there is no doubt
that combining the fine-scale mineralogical characterization
of chimneys and perfectly controlled laboratory experiments
will contribute to providing of a solid base to support further
biological exploration of black smokers.
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