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Abstract Pyrite (FeS,) is the most common iron sulfide on the Earth's surface and has widely been
used as a paleo-environmental proxy. Yet the information recorded by pyrite depends on whether it

was formed through abiotic or biogenic routes. It is thus of importance to properly identify its origin.
Here, we investigate the final morphology of pyrite produced upon a simulated diagenetic history from
biogenic and abiotic iron sulfide/phosphate systems. Abiotic starting material obtained by chemical
synthesis and biogenic starting material produced from pure culture of Desulfovibrio desulfuricans

were submitted to increasing diagenetic conditions (75°C or 150°C from 1 to 10 days). Mineralogical
products were characterized by X-ray diffraction and electron microscopy. For both biogenic and abiotic
starting materials, the final state was characterized by the association of pyrite and lipscombite
(Fe**Fe3" (OH), (PO,),), the most stable phases in these conditions. Intermediate phases such as
greigite for iron sulfides and beraunite/wolfeite for iron phosphates were present in the abiotic residue
but were not detected in the biogenic residue. Distinct pyrite morphologies were observed depending
on the presence of organic matter. Indeed, while abiotic starting material led to the formation of
submicrometric single crystals of pyrite with euhedral shapes similar to the subunits of well crystallized
framboids, biogenic starting material produced micrometric spherulitic clusters of pyrite resembling
the so-called pseudo-framboids. Although further experiments are required to ensure that it can be used
as biosignatures, such specific morphologies, likely related to the presence of organic matter, may help
recognizing biogenic pyrite in the geological record.

Plain Language Summary As microorganisms are rarely preserved in the geological record,
looking for traces they left in the environment is crucial for investigating ancient life. Pyrite, the most
stable and abundant iron sulfide in sedimentary rocks, has been widely suspected to entrap biological
traces as its modern production in sediments relies on microbial activity. However, there are still no
unambiguous criteria to determine if a pyrite originates from processes involving biology or not. Here

we studied the evolution of iron sulfide minerals of biologic origin in comparison with non biological
counterparts. Iron sulfide biofilm (rich in organic compounds) produced by bacteria versus iron sulfide
particulates (without organic compounds) precipitated chemically were both heated at 75°C or 150°C for
1-10 days to simulate a geological history. Both biological and non-biological initial iron sulfides turned
into pyrite during the experiments. However, the presence or absence of organic compounds induced
two distinct pyrite morphologies. While pyrite particles obtained from biological iron sulfides were
micrometric spherulitic clusters, non biological counterparts were submicrometric octahedral crystals.
These results are important because similar morphological differences are commonly reported for natural
pyrite. Spherulitic clusters may potentially suggest a biological origin for sedimentary pyrite.

1. Introduction

In natural settings, pyrite displays a wide range of morphologies that can be clustered into two main fam-
ilies: single crystals and framboids (Taylor & Macquaker, 2000). Pyrite single crystals are euhedral crystals
(cubic, octahedral or pyritohedral shapes and their intermediates), generally ranging from hundreds of
nanometers to tens of microns (Taylor & Macquaker, 2000; P. Wang et al., 2013). They occur in clusters
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rather than as isolated crystals, likely because the precipitation of pyrite requires high concentrations of
Fe’" and S to reach supersaturation levels, leading to multiple nucleation (Rickard, 2012). While euhedral
pyrite is commonly found in organic-poor sediments, pyrite framboids are rather observed in organic-rich
sediments (Bernard & Horsfield, 2014; Bernard et al., 2012; Taylor & Macquaker, 2000). A number of studies
also reported pyrite framboids in fossil-rich rocks (Bernard et al., 2010; Cai et al., 2012; Grimes et al., 2002;
Jauvion et al., 2020; Schallreuter, 1984) and even on carcasses having experienced decomposition in the
laboratory (Vietti et al., 2015).

Framboidal pyrite is made of “microscopic spheroidal to sub-spheroidal clusters of equidimensional and
equimorphic microcrystals” (Ohfuji & Rickard, 2005). It represents the dominant form of pyrite in sedi-
mentary rocks. The formation of pyrite framboids is often assumed to involve four steps: (a) precipitation
of microcrystals of FeS, (b) transformation of FeS into greigite (Fe,S,), (c) aggregation of greigite crystals as
framboids driven by their magnetic properties, and (d) conversion of greigite into more thermodynamically
stable pyrite (Wilkin & Barnes, 1997a). Alternative models for framboids formation involve the dissolution
of FeS and subsequent pyrite precipitation from aqueous FeS reaction with H,S without greigite intermedi-
ate step (Butler & Rickard, 2000). Many sedimentary pyrite spherules that do not fit the proper definition
of framboids are designated by a plethora of names such as “proto-framboids” (Large et al., 2001), “packed
framboids” (Sawlowicz, 1993), “welded-spheres” (Wilkin & Barnes, 1997b; Wilkin et al., 1996), “infilled
framboids” (Bottcher & Lepland, 2000; Bryant et al., 2020; Wilkin & Arthur, 2001; Wilkin et al., 1996, 1997),
“framboid ghosts” (Wei et al., 2012), or “united framboids” (Sugawara et al., 2013).

The origin of pyrite framboids has fueled discussions for almost a century. Historically, pyrite spherules
composed of packed individual particles were assumed to be fossilized microbial communities because of
similarity with sulfate-reducing bacteria colonies (Schneiderh6hn, 1923). The term framboid, derived from
the French “framboise” for raspberry, was then introduced (Rust, 1935), and an abiotic origin was proposed
to explain such a specific texture. Two decades later, the organic content of framboids revived the debate
(Love, 1957), until it was eventually estimated to be too low to be attributed to the presence of fossilized
microorganisms (Vallentyne, 1963). This idea is still present in the modern literature (Folk, 2005; Gong
et al., 2008) but has been strongly challenged by the formation of framboidal pyrite in non-sedimentary
environments (Scott et al., 2009) and in many laboratory syntheses under abiotic conditions (Berner, 1969;
Ohfuji & Rickard, 2005; Sweeney & Kaplan, 1973; Q. Wang & Morse, 1996). Thus, biological activity should
no longer be considered as a necessary prerequisite for framboidal arrangement. In detail, the link between
pyrite framboids and organic matter may be more subtle. Intimate association between framboidal crystals
and organic matrix has been used to suggest that biofilm could act as a template for nucleation and growth
of some pyrite framboids (Large et al., 2001; Maclean et al., 2008; Wacey et al., 2015).

As biogenic pyrite is difficult to obtain in laboratory culture, the influence of microorganisms on the for-
mation of pyrite is barely understood. Most biomineralization experiments using sulfate-reducing bacteria
(SRB) reported the formation of mackinawite and greigite rather than pyrite in the presence of aqueous
iron (Fortin et al., 1994; Herbert et al., 1998; Ikogou et al., 2017; Picard et al., 2018; Williams et al., 2005)
or iron-minerals (Gramp et al., 2009; 2010; Ivarson & Hallberg, 1976; Neal et al., 2001). The rare pyrite
produced in laboratory cultures were not framboids (Berg et al., 2020; Donald & Southam, 1999; Duverger
et al., 2020; Rickard, 1969; Thiel et al., 2019). In two companion studies, both enrichment and monospecific
cultures of SRB supplied with nanoparticulate iron phosphate revealed the formation of pyrite spherules
only in long-lasting experiments (Berg et al., 2020; Duverger et al., 2020). Detailed monitoring of Desulfo-
vibrio desulfuricans supplied with nanoparticulate iron phosphate showed an initial precipitation of a FeS
biofilm. Then pyrite spherules nucleated from the biofilm after a month when all the electron donors were
consumed and SRB were presumably inactive. This raises the following question: did pyrite spherules result
from SRB activity or from the evolution of the biogenic FeS biofilm through diagenetic processes? Moreover,
would abiotic FeS lead to the formation of the same morphology or can pyrite spherules be considered as a
biosignature?

In the present study, we investigated the evolution of biogenic iron sulfide minerals in a series of experi-
ments simulating burial diagenesis in the laboratory. Abiotic equivalents were also performed for compar-
ison. Mixtures of iron sulfide and iron phosphate minerals resulting from SRB cultures or abiotic chemical
precipitations were experimentally submitted to 75°C and 150°C for 1-10 days. The experimental products
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were characterized by a combination of X-ray diffraction (XRD) and both scanning and transmission elec-
tron microscopies (SEM and TEM) coupled to energy-dispersive X-ray spectroscopy (EDS) to determine
their mineral assemblage. Particular attention was paid to crystal chemistry, morphology and size. Upon
simulated diagenesis, both abiotic and biogenic starting materials led to the formation of pyrite and lip-
scombite-like crystals (Fe**Fe3" (OH), (PO, ),). However, the most important result is that pyrite occurred
as euhedral single crystals in abiotic batches versus spherulitic clusters in biogenic ones, evidencing the
major influence of organic compounds in the formation of pyrite spherules.

2. Materials and Methods

Milli-Q water used for syntheses and cultures was deoxygenated by bubbling N, (Air Liquide-Alphagaz 1)
at 80°C for 45 min. All manipulations were performed in an atmosphere free of O, (<5 ppm) within a Ja-
comex” glove box filled with Ar (Air Liquide-Alphagaz 1).

2.1. Starting Materials

Biogenic material corresponds to the solid fraction of a 10-day biomineralization culture of Desulfovibrio
desulfuricans DSM642 (DSMZ, Germany) (Beijerinck, 1895) supplied with 10 mM nanoparticulate ferric
phosphate (abbreviated to FP) (Duverger et al., 2020). Briefly, the biomineralization medium was composed
of 2.84 g L' Na,SO,, 1 mL L' trace element solution (Widdel et al., 1983), 1 mL L' selenite-tungstate solu-
tion (Tschech & Pfennig, 1984), 10 mL L' vitamin solution (Wolin et al., 1963), 20 mM sodium DL-lactate
and 3 g L"' MOPS (C,H,sNO,S) buffered to pH 7.2 with sodium hydroxide (NaOH). Bacteria were trans-
ferred at 50% (v/v), roughly equivalent to a final concentration of 5 x 107 cells mL™", to 100-mL vials sealed
with butyl rubber stoppers, and stored in the dark at 30°C without stirring. After 10 days, a 15-mL volume of
culture was centrifuged and rinsed three times with deoxygenated Milli-Q water to eliminate any dissolved
compound. The pellet consisted essentially from the remaining FP, bacteria cells and the FeS they produced
(see detailed description in the result part).

Abiotic equivalents (free of bacteria/organic matter) were prepared by mixing 20 mM iron sulfide (FeS,
87.92 g mol ") with 20 mM FP (FePO, - 3 H,0, 204.87 g mol ). Iron sulfide was prepared by reacting 2.78 g
L' FeSO, - 7 H20 and 2.40 g L' Na,S- 9 H,0 (Donald & Southam, 1999). A black precipitate instant-
ly formed and was recovered by centrifugation, rinsed three times with deoxygenated Milli-Q water and
then dried in a dessicator. Nanoparticulate ferric phosphate was synthesized in ambient air by adding
5.56 g L' FeSO, - 7H20 to a 2.72 g L' KH,PO,, 0.1 M Na-acetate solution buffered to pH 4.6 (Mirvaux
et al., 2016). The greenish precipitate was recovered by centrifugation and rinsed three times with Milli-Q
water. It turned yellow upon drying under oxic condition (air) at 50°C.

2.2. Experimental Diagenesis

Biogenic and abiotic starting materials were resuspended in 15 mL of deoxygenated Milli-Q water within
a 23-mL PARR® PTFE Cups (A280AC). Reactors were mounted in appropriate PARR® sealed pressure ves-
sels (4749) designed for hydrothermal synthesis. Vessels were then placed in MEMMERT® ovens (UN300)
at 75°C or 150°C for 1-10 days to mimic burial diagenesis. At the end of experiments, vessels were cooled
down to room temperature then transferred back to the glove box to prepare the residues for further analy-
ses. All experiments were conducted at least twice to ensure reproducibility. Abiotic replicates were repeat-
ed with the same batch of starting material while biogenic ones were restarted from the cultivation process.

2.3. Mineralogical Characterization
2.3.1. Preparation of Residues

At the end of the experiments, 100 uL of each residue were filtered through a polycarbonate GTTP 0.2 pm
filter (Merck Millipore, Darmstadt, Germany) and rinsed with 10 mL of deoxygenated Milli-Q water. Filters
were mounted onto pin stubs with adhesive carbon tape before being carbon coated for SEM observations.
Leftovers were collected by centrifugation at 7,000 g for 10 min and rinsed three times with deoxygenated
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Figure 1. X-ray diffractograms of starting materials (black) and

experimental diagenesis products (light orange: 75°C for 1 day, orange:

75°C for 10 days, red: 150°C for 1 day, dark red: 150°C for 10 days).
Identified peaks are labeled with FeS (amorphous iron sulfide), V

(vivianite, COD ID: 1001782), P (pyrite, COD ID: 5000115), R (rokiihnite,
COD ID: 9012466), L (pseudo-lipscombite “barb137," COD ID: 1521895), G
(greigite, COD ID: 9000123), B (beraunite, COD ID: 2310377), W (wolfeite,

COD ID: 9013404).

Milli-Q water. Parts of these leftovers were deposited either on a Si(111)
wafer for XRD characterizations or on a 200-mesh Formvar carbon cop-
per grid (Agar Scientific, United Kingdom) for TEM investigations. All
preparations were left to dry overnight in the glove box then stored at 4°C
under anoxic conditions until analysis.

2.3.2. X-Ray Diffraction

XRD characterizations were performed under an anoxic atmosphere
thanks to an airtight chamber mounted on the PANalytical X'Pert Pro
MPD diffractometer operating at IMPMC equipped with a cobalt anode
and an X'celerator® detector positioned in Bragg-Brentano configuration.
Diffractograms were acquired using a Co K, , radiation (40 kV, 40 mA)
from 5 to 95° 20 angle with an increment step of 0.033°. XRD data were
processed with xrayutilities Python library (Kriegner et al., 2013). Peaks
were indexed by comparison with reference patterns available from the
Crystallography Open Database (COD) (GraZzulis et al., 2012).

2.3.3. Electron Microscopy

SEM observations were performed on the Zeiss Ultra 55 SEM operating
at IMPMC equipped with a field emission gun (FEG) and a Bruker EDS
Quantax detector (Bruker Corporation, Houston, TX, USA). Images were
collected using an acceleration voltage of 3 kV at a working distance of
3 mm either with an Everhart Thornley detector (secondary electrons), a
high performance annular detector (secondary electrons) or an annular
detector with filter grid (backscattered electrons). EDS datacubes were
acquired at 15 kV and 7.5 mm.

TEM investigations were achieved using the 200 kV JEOL 2100F TEM
operating at IMPMC equipped with a field emission gun (FEG). Min-
eral identification was completed by selected-area electron diffraction
(SAED). Elemental mapping was performed using EDS in the high-angle
annular dark field scanning transmission electron microscopy (HAADF-
STEM) mode.

3. Results
3.1. Starting Materials

The abiotic starting material was mainly X-ray amorphous, as evidenced
by the slight bulging between 3.46 and 2.62 A d-spacings (1.8 and 2.4 A~

q values) on the diffractogram (Figure 1). SEM observations revealed that this material contained large
aggregates of submicrometric spherules of amorphous iron phosphate (FP) (Figure 2a). Although FP was
produced as FePO, - 3 H,O, EDS spectra revealed the presence of Na and K, likely coming from the initial
reactants (Figure 2d). The iron sulfide (FeS) component of this abiotic starting material consisted of amor-
phous FeS as indicated by the broad peak at about 5.03 A d-spacing (1.2 A q value) on the diffractogram
(Figure 1) distributed as micrometric aggregates of indistinguishable submicrometric particles (Figures 2b
and 2d). The biogenic starting material was similar to the 1 week-old culture previously described (Duver-
ger et al., 2020) and contained micrometric aggregates of ferric phosphate (Figures 2c and 2d), some ferrous
phosphate (in the form of vivianite Fe,(PO,), - 8H,0) produced by the activity of SRB (Figure 1), and a
biofilm-like mass of amorphous iron sulfide radically different from the abiotic FeS particles (Figures 1, 2c,
and 2d). Interestingly, SRB cells could be observed in this FeS film (Figure 2c).
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Figure 2. Scanning electron microscopy (SEM) observations of starting materials. (a, b) Secondary electron images of
nanoparticulate iron phosphate (a) and iron sulfide (b) particles. (c) Backscattered electron image of biomineralization
products of 10 day-old culture. White arrows point at bacteria. (d) Energy dispersive X-ray spectrometry spectra of
corresponding SEM images.

3.2. Evolution of the Abiotic Starting Material

After 1 day at 75°C, the abiotic residue exhibited a diffractogram pattern typical of amorphous material
(Figure 1), besides a broad peak around 5.03 A d-spacing (1.2 A~! q value) indicating that amorphous FeS
was still present and a few broad peaks that could be attributed to poorly crystallized greigite (Fe,S,). SEM
investigations revealed that the iron sulfide component did not change that much during the experiment
(Figure 3a) while the initial FP exhibited nanometric dissolution holes (Figure 4a).

After 10 days at 75°C, the abiotic residue contained a number of crystallized phases as revealed by the
peaks on the diffractogram, some of which indicated the presence of pyrite and remnant greigite (Figure 1).
Besides masses of aggregated FP particles (Figure 4b), this residue indeed contained pyrite occurring as
small (100-200 nm) euhedral (principally octahedral) crystals found either isolated (Figure 3c) or at the
surface of large bi-pyramidal, sheet-like iron phosphate crystals (Figure 4c), possibly responsible for the
other XRD peaks. The most intense low angle peaks on the diffractogram could correspond to beraunite
(Fe*"Fe:'(PO,),(OH)s - 6H,0) or whitmoreite (Fe’*Fe3* (OH), (PO,), - 4H,0, chemically equivalent to a
tetrahydrated lipscombite), both mixed-valence iron hydroxyphosphates found in natural environments as
alteration products (Frost et al., 2014). The two small peaks between 3.32 and 3.21 A d-spacings (1.85 and
2 A q values) could match a pseudo-lipscombite. The lipscombite-like reference (barb137) is a member
of the solid solution series between Fe?*Fe** (PO, )0 and Fe}" (PO,);(OH), with a crystal structure close to
lipscombite (Fe**Fe3* (OH), (PO,),) (Schmid-Beurmann, 2000).

After 1 day at 150°C, pyrite, pseudo-lipscombite, and wolfeite (Fe%"(PO4 )(OH)) were present in the abiotic
residue, as evidenced by XRD (Figure 1). Pyrite displayed euhedral morphology similar to that observed
after 10 days at 75°C, although individual crystals were generally larger (300-500 nm) (Figure 3e). It was
distributed either isolated or associated with iron phosphate crystals (Figures 3e, 4f, and 4g). Two distinct
morphologies of iron phosphate were observed, potentially explaining the XRD signal. Assuming that large
bi-pyramidal crystals were pseudo-lipscombite (Figure 4g) as in the 10 days experiment (see next para-
graph), the rod-shaped iron phosphate crystals could be identified as wolfeite (Figure 4f).

After 10 days at 150°C, the abiotic residue only displayed submicrometric euhedral pyrite crystals and large
bi-pyramidal pseudo-lipscombite particles (Figures 3g and 4;j), as also attested by XRD (Figure 1). While eu-
hedral pyrite crystals had the same size than after 1 day at 150°C, pseudo-lipscombite particles were larger.
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abiotic biogenic

Figure 3. Secondary electron images of iron sulfides morphology. (a) Iron sulfide particle. (c, e, g) Submicrometric
euhedral pyrite crystals. (b, d, f, h) Micrometric pyrite spherules. Yellow and white arrows point respectively at euhedral
pyrite crystals and bacteria.

3.3. Evolution of the Biogenic Starting Material

After 1 day at 75°C, the biogenic residue mainly contained amorphous phases as shown by XRD (Figure 1).
The slight bulging between 3.46 and 2.62 A d-spacings (1.8 and 2.4 A~' q values) suggested the presence of
the initial FP even though no particle could be observed on SEM images (Figure 3b). However, small peaks
on diffractograms suggested the presence of pyrite and rokiihnite (FeCl, - 2H,0). As rokiihnite is a chloride
salt with a high solubility coefficient, it seems unlikely to be an experimental product and may rather be
considered as a drying artifact. Interestingly, the only bacteria observed in the biogenic residue were closely
associated with pyrite as revealed by SEM observations (Figure 3b). Pyrite exhibited a radically different
morphology than those observed in the abiotic residues: instead of submicrometric euhedral crystals, py-
rite appeared as micrometric spherulitic clusters (Figure 3b). Bacteria cells were abundant and appeared
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Figure 4. Secondary electron images of iron phosphate morphology. (a, b, d) Altered initial FP. (c) Association of
sheet-like and bi-pyramidal iron phosphates. (e) Encrusted bacteria. (f) Rod-like iron phosphates. (g-1) Bi-pyramidal
lipscombite-like minerals. Yellow arrows point at examples of pyrite crystals on iron phosphate minerals. White arrows
point at bacteria.

undamaged, illustrating their good preservation under these conditions. No cell encrustation was observed
at this stage.

After 10 days at 75°C, pyrite peaks were barely discernible on the diffractogram (Figure 1). As after 1 day,
the biogenic residue still contained some of the initial FP, as attested by the slight bulging between 3.46 and
2.62 A d-spacings (1.8 and 2.4 A" qvalues) on the diffractogram (Figure 1), and iron phosphate precipitates
were observed on SEM images (Figure 4d). Micrometric pyrite spherules were still present, scattered within
iron phosphate precipitates (Figure 3d). Bacteria cells were again abundant and seemed well preserved
(Figure 4d). Some bacteria exhibited a spotted aspect, likely due to iron phosphate precipitated on their
surface as indicated by EDS (Figures 5a, 5b, and 5e). Specifically, some cells looked encrusted in a thin iron
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Figure 5. Transmission electron microscopy (TEM) observations of 75°C 10-day (a, b) and 150°C 1-day (c, d)
experimental diagenesis products. (a) TEM image of pyrite crystals associated with a bacterium, inset displays a
selected-area electron diffraction characteristic of pyrite. RGB basis is built by (101), (111) planes and (121) zone axis.
(b) Energy dispersive X-ray spectrometry map of a pyrite associated with a bacterium. (c) TEM image of a cluster of
pyrite, inset displays a selected-area electron diffraction characteristic of pyrite. RGB basis is built by (111), (110) planes
and (112) zone axis. The white arrow points at a possible bacterium residue. (d) Energy dispersive X-ray spectrometry
map of a cluster of pyrite. (¢) Energy dispersive X-ray spectrometry spectra corresponding to letters in (b, d).

phosphate layer (Figure 5b) and some rod-shaped iron phosphate particles resembled cell-wall encrusted
bacteria (Figure 4e). TEM investigations revealed the presence of well crystallized pyrite nuclei at the sur-
face of bacteria cell walls (Figures 5a, 5b, and 5e).

After 1 day at 150°C, the biogenic residue was dominated by pyrite and pseudo-lipscombite (Figure 1).
While pyrite spherules had a clustered aspect similar to those of the biogenic residues produced at 75°C,
pseudo-lipscombite showed bi-pyramidal morphology as observed in the abiotic residues (Figures 3f, 4h,
and 4i). TEM investigations evidenced that pyrite grains were either directly linked to one another or sep-
arated by an iron phosphate matrix (Figures 5d and 5e). Bacteria cells were sparsely found associated with
pyrite clusters (Figures 4h and 5c).

After 10 days at 150°C, both XRD and SEM analyses provided results similar to those obtained for the bio-
genic residue produced after 1 day at 150°C (Figures 1, 3h, 4k, and 41), the only significant difference being
the absence of visible bacterial cells.

For all biogenic conditions, the size of pyrite spherules ranged from 0.2 to 2 um with most of them near 1
um. No significant size evolution was noted with increasing duration and/or temperature.

4. Discussion
4.1. Mineralogical Evolution During Simulated Burial Diagenesis

Experimental conditions (75°C/1 day, 75°C/10 days, 150°C/1 day, 150°C/10 days) were chosen to mim-
ic natural conditions as done in previous studies. Strictly speaking, temperatures of 75°C and 150°C are
reached at depths of 2.5 and 5 km in natural settings (assuming a classical geothermal gradient of 30°C
km ") and thus correspond to a relatively thick burial. However, it is commonly assumed that such short-
term high-temperature conditions roughly approximate long-term lower-temperature conditions, making
them appropriate conditions to mimic burial diagenesis processes (Alleon et al., 2017; Alleon, Bernard,
Le Guillou, Daval, et al., 2016; Bernard et al., 2015; Beveridge et al., 1983; Criouet et al., 2021; Jacquemot
et al., 2019; Kohler et al., 2013; Miot et al., 2017; Picard et al., 2015; Viennet et al., 2019, 2020).
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In the present experiments, both the abiotic and biogenic starting materials led to residues containing the
same mineral assemblage: pyrite (at 75 and 150°C) and lipscombite (150°C), consistently with thermody-
namic predictions and environmental observations. Indeed, pyrite (FeS,) is the most stable iron sulfide
(Schoonen, 2004) and is widely found in sediments (Rickard et al., 2017). Vivianite (Fe,(PO,), - 8H,0)
is the most stable iron phosphate in non-euxinic surface environments (Nriagu, 1972; Rothe et al., 2016).
With high concentration of phosphate, vivianite precipitation can compete with iron sulfide precipitation
which explains its presence in biogenic starting material (Figure 1) (Nriagu, 1972). However, lipscombite
(Fe,(PO,),(OH), ), beraunite (Fe>*Fe* (PO, ),(OH)s - 6H,0) or rockbridgite (Fe5 (PO, );(OH)s) are also sta-
ble and the most likely products that can be derived from vivianite oxidation (Nriagu & Dell, 1974). As a
consequence, lipscombite is widely found where iron phosphate experienced diagenetic processes like in
the present experiments. As pyrite is more oxidized than the initial FeS and lipscombite is less oxidized than
the initial FP, the evolution of both the abiotic and biogenic starting materials might be explained, at first
order, by a single redox reaction as follow:

2 FeS + 2 FePO, - 3H,0 — FeS, + Fe3(PO4)2 (OH)2 +H, + 4 H,0. 1)

Yet, there are significant differences between the present study results and this simplified equation. For
instance, the residues produced from the abiotic starting material revealed the formation of intermediate
phases for both sulfides (greigite) and phosphates (beraunite, wolfeite) before the development of pyrite and
lipscombite association. In contrast, all the residues produced from the biogenic starting material contained
pyrite, even the one produced after 1 day at 75°C, but none displayed greigite, beraunite nor wolfeite (Fig-
ure 1), the latter two being common alteration products (Dill et al., 2008). Although the final solution has
not been collected and analyzed after the experiments, the presence of rokiihnite (FeCl, - 2H,0) suggests
that dissolved iron was present, consistently with the (partial to total) dissolution of the initial FP (Fig-
ures 3b and 4a) and the conversion of the initial FeS (Fe/S = 1) into pyrite (Fe/S = 0.5). This also suggests
that the formation of new phosphate phases resulted from dissolution/precipitation processes rather than
from a solid-state transformation. In natural environments, iron phosphates such as libscombite, wolfeite,
and beraunite have frequently been reported in pegmatite (Dill, 2015; Dill et al., 2008; Robles et al., 1998;
Wiodek et al., 2015) and occasionally in sedimentary rocks (Dill et al., 2009; Medrano & Piper, 1997). These
phases correspond to secondary phosphate minerals generated from alteration of primary phosphate with
hydrothermal and/or meteoric fluids. Interestingly, beraunite and wolfeite were attributed to low and high
alteration temperatures respectively (Dill et al., 2009; Wlodek et al., 2015), in good agreement with the pres-
ent experimental results. Indeed, beraunite was only observed at 75°C after 10 days while wolfeite occurred
at 150°C after 1 day (Figure 1).

A main difference between the biogenic and abiotic starting materials resides in the nature of the FeS
used. While the FeS was added as micrometric precipitates in the abiotic starting material (Figure 2b), it
was present as a biofilm in the biogenic one (Figure 2c). As a consequence, abiotic and biogenic FeS exhib-
ited different reactive surface areas, which likely influenced their rate of dissolution and/or oxidation to
pyrite. In the experiment conducted with the abiotic starting material, the smaller surface area of starting
FeS particles would have induced a slower oxidation rate, consistent with the detection of intermediate
phases such as greigite. In the experiments conducted with the biogenic starting material, the absence of
greigite may reflect a faster transformation to pyrite. Interestingly, the pyrite spherules produced during
these experiments are similar to proto-framboids described as spherical structures with indistinct crystal-
lites (Large et al., 2001). Because of their Fe/S values, these proto-framboids were suggested to represent
an intermediate stage between greigite and pyrite (Large et al., 2001), consistently with the 4-step model
of framboid formation (Wilkin & Barnes, 1997b). Alternatively, the absence of intermediate greigite in the
residues produced from the biogenic starting material could be explained by direct precipitation of pyrite
spherules from FeS (without greigite step) as observed for abiotic precipitation of (proto)framboids (Butler
& Rickard, 2000). Direct transformation of FeS to pyrite is also supported by the pure pyrite single-crystal
patterns of the spherules found here in the residues produced from the biogenic starting material (Fig-
ures 5a and 5c). Indeed, pyrite obtained by a transformation through a greigite step presents polycrystalline
patterns with relic of greigite patterns (Berg et al., 2020).

While the initial FP was fully oxidized in the abiotic starting material, it has been at least partially reduced
to vivianite (due to former SRB activity) in the biogenic starting material (Figure 1). The disappearance of
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vivianite during the experiments can be explained by its oxidation and dissolution/reprecipitation as an
amorphous phase (at 75°C, Figures 1, 4d, and 4e) or as lipscombite (at 150°C, Figures 1, 4h, 4i, 4k, and 41),
otherwise it would have evolved into metavivianite (Miot et al., 2009; Rothe et al., 2014).

Despite the presence of bacteria in the biogenic starting material, SRB activity is unlikely to occur as cells
were transferred into a sulfate/lactate free medium for diagenetic experiments. Moreover, Desulfovibrio des-
ulfuricans is not supposed to be active at temperature higher than 45°C (Bale et al., 1997). Therefore the
main difference between the biogenic and abiotic starting materials resides in the presence of biogenic
organic compounds (but not of active cells) in the biogenic starting material (dead bacteria cells and/or exo-
polymeric substances produced by SRB). The presence of these organic compounds might have accelerated
the formation of lipscombite, explaining the absence of intermediate iron phosphate minerals in the bio-
genic residues (Figure 1). In fact, lipscombite nucleation and growth were shown to be strongly influenced
by the abundance of organic compounds relative to that of FP minerals during the experimental maturation
of Archaea (Miot et al., 2017). Cell walls and EPS could provide a large number of nucleation sites (Bever-
idge, 1989; Ferris et al., 1987) for lipscombite and pyrite, hence increasing nucleation rate, consistent with
the absence of intermediate phases. Such a nucleation at the surface of cell walls and EPS is well illustrated
by the precipitation of iron phosphate at cell surface (Figure 4e) and by the pyrite crystals blooming on SRB
cells (Figures 3b and 5a-5c).

Moreover, organic matter oxidation is known to be promoted by Fe-bearing phases (McCollom, 2013).
Therefore, the reduction of initial FP into lipscombite may have been driven only by the oxidation of FeS
into pyrite during the experiments conducted with the abiotic starting material. In contrast, it was likely
promoted by a combination of FeS oxidation to pyrite and organic compounds oxidation during the experi-
ments conducted with the biogenic starting material. Further analyses of organic matter content, fluid and
gas compositions might be useful to test this hypothesis.

4.2. Comparison With Natural Environments

The pyrite produced here exhibited significant differences in size and morphology. While all the pyrite
particles produced during experiments conducted with the abiotic starting material were well-crystallized
submicrometric octahedral grains (Figures 1, 3c, 3e, and 3g), the pyrite particles produced during experi-
ments conducted with the biogenic starting material were poorly crystallized, micrometer-scale, spherulitic
clusters (Figures 1, 3b, 3d, 3f, and 3h). Of note, although these pyrite spherules share similarities with fram-
boids, they cannot be considered as true framboids because of the lack of distinct crystallites, as in the case
of a number of sedimentary pyrites that look like plain spherules sometimes exhibiting surface ornaments
(Sawlowicz, 1993; Wei et al., 2012; Wilkin & Barnes, 1997b). However, the single-crystalline selected-area
electron diffraction patterns of the smallest spherules produced from biogenic starting material revealed
they had an internal structure (Figures 5a and 5c), while biogenic pyrite spherules produced from cultures
have been described as polycrystalline (Berg et al., 2020; Duverger et al., 2020). Crystallographic ordering
might result from a burial induced close-packing effect (Sawtowicz, 2000).

Sedimentary pyrites display essentially two types of morphologies: euhedral single crystals and framboids,
the latter including a number of spherical framboid-like objects with indistinct crystallites. Both types of
pyrite morphologies were reported in the Lower Jurassic Cleveland Ironstone Formation of eastern Eng-
land (Taylor & Macquaker, 2000): while pyrite framboids were observed in organic-rich clay/silt mudstones,
euhedral pyrite crystals were found in sand-rich mudstones with a lower organic content. A similar result
was obtained in the present study since euhedral pyrite crystals were produced during experiments con-
ducted with the abiotic starting material (in the absence of organic compounds) while pyrite spherules were
produced during experiments conducted with the biogenic starting material (in the presence of biogenic
organic compounds). Interestingly, some micrometric iron sulfide spherules (probably pyrite) were com-
monly observed in natural sediments, but not described in previous studies focused on framboids associated
with biofilm (e.g., Large et al., 2001; Maclean et al., 2008, see Figures 2f and 3a).

It is generally considered that framboids form when solutions are supersaturated with respect to both pyrite
and mackinawite (Morse et al., 1987; Sweeney & Kaplan, 1973), while the precipitation of euhedral pyrite
crystals does not need mackinawite supersaturation to be reached (Rickard, 1997; Q. Wang & Morse, 1996).
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In natural settings, SRB activity (favored by the organic matter content) controls the rate of sulfide produc-
tion, leading to supersaturation with respect to pyrite and eventually mackinawite. Yet, no SRB activity
is expected under the conditions of the experiments conducted here (no sulfate/lactate and temperature
>45°C). Redox conditions may also affect pyrite morphologies by influencing the supersaturation effect
(Butler & Rickard, 2000). Indeed, pyrite framboids could be synthesized abiotically at high Eh (—250 mV),
while only euhedral crystals were produced at lower Eh (—400 mV) (Butler & Rickard, 2000).

Here, the presence of organic compounds in the biogenic starting material might have increased the Eh val-
ue of the system, inducing the nucleation of pyrite spherules. Additionally, organic compounds could have
acted as templates for spherule formation in the same way biofilms could be involved in natural framboid
formation, as suggested from the study of modern mineralized biofilms from South Africa gold mine (Ma-
clean et al., 2008) and from the study of fossilized biofilms found in Ediacarian sediments from Newfound-
land (Wacey et al., 2015). It has been shown that organic compounds provide confined spaces (Maclean
et al., 2008) and binding sites for cations either on cell walls (Ferris et al., 1987) or exopolymeric substances
(Flemming, 1995). Altogether, these features could have triggered supersaturation with respect to both py-
rite and mackinawite in the experiments conducted with the biogenic starting material and subsequent
formation of pyrite spherules rather than euhedral pyrite crystals.

In natural systems, euhedral pyrite crystals may have different habits such as cube, octahedron or pyritohe-
dron and all their intermediates (Rickard, 2012). In general, different habits coexist (Tang & Li, 2020). Lab
experiments have revealed that crystal habits depend on the degree of supersaturation of the solution with
respect to pyrite (Murowchick & Barnes, 1987): high supersaturation favoring the production of octahedral
shapes over cubic shapes. The coexistence of different habits of pyrite in natural settings might be explained
by the variable rate of sulfate-reduction which depends on the availability of organic matter and controls
the supersaturation of the solution with respect to pyrite. Here, only pyrite octahedra were produced during
the experiments using the abiotic starting material (Figures 3c, 3e, and 3g), likely because the solution was
always supersaturated with respect to pyrite at the temperature of the experiments.

Euhedral and framboidal pyrites in natural settings also differ in size. Sedimentary euhedral pyrite grains
are generally smaller than 1 um (Taylor & Macquaker, 2000) consistently with the submicrometric pyrite
crystals observed in the residues obtained from abiotic starting material (Figures 3c, 3e, and 3g). Statistical
analysis of sedimentary framboids shows a larger size, with a range from 1 to more than 50 um and a mean
diameter around 5 um (Wilkin et al., 1996). In detail, pyrite framboids average 5.0 + 1.7 um in euxinic (an-
oxic and sulfidic) sediments while those from dysoxic or oxic sediments are generally larger, with a mean
diameter of 7.7 + 4.1 um (Wilkin et al., 1996). Oxic conditions were thus suggested to favor the production
of larger pyrite framboids (Wilkin et al., 1996). By analogy, the limited size of the pyrite spherules (from
0.2 to 2 um) produced during the experiments conducted with the biogenic starting material might be
explained by the strict anoxic conditions. Still, these pyrite spherules were larger than the 100-nanometer
pyrite spherules formed in a long-term culture (1 month) of Desulfovibrio desulfuricans supplied with FP at
30°C (Duverger et al., 2020). This difference might be explained by the temperature conditions used here
(75°C and 150°C) which likely boosted the conversion of the FeS biofilm to pyrite spherules.

4.3. Pyrite Spherules: A Biosignature?

For decades, pyrite has been targeted as a potential biosignature in the geological record (Goodwin
et al., 1976; Schieber, 2002; Shen et al., 2001; Zhelezinskaia et al., 2014). Biogenic pyrite grains produced
via bacterial sulfate-reduction exhibit **S depleted down to 60%. (Harrison & Thode, 1958; Sim et al., 2011),
that is, values much higher than those of abiotic pyrite grains (e.g., <20%o in thermochemical sulfate-reduc-
tion [Watanabe et al., 2009]). Therefore, the S isotope compositions of Archean pyrites have tentatively been
used to infer the antiquity of bacterial sulfate-reduction, possibly ~3.4 Ga ago (Marin-Carbonne et al., 2018;
Shen et al., 2001; Wacey et al., 2011).

The same is true for morphologies. Framboidal morphologies have often been interpreted as biogenic
(Love, 1957; Wacey et al., 2015) but abiotic pyrite may exhibit similar habits (Ohfuji & Rickard, 2005). Rath-
er than true framboids, we evidenced here the production of pyrite spherules from the biogenic starting
material. Similar spherulitic pyrites were reported in the literature (Bryant et al., 2020; Large et al., 2001;
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Sawlowicz, 1993; Sugawara et al., 2013; Wei et al., 2012; Wilkin et al., 1996) but described using various
names related to framboids, even though they differ from true framboids by their massive cores with un-
defined crystallites. The use of the term framboid to describe pyrites with significantly different textures,
either formed in abiotic experiments (Butler & Rickard, 2000; Wolthers et al., 2005) or in the presence of
bacterial biofilms (Large et al., 2001; Maclean et al., 2008; Vietti et al., 2015), complicates the discussion
regarding their origin.

Here the production of spherules occurred only in the presence of organic compounds. It may thus be
expected that these spherules entrapped some of these organic compounds during their formation. Pro-
vided that these compounds withstand diagenesis, a fine-scale observation of the association with organic
compounds might thus help discussing the origin of framboid-like pyrite. In our simulated diagenesis, the
presence of organic compounds catalyzed the formation of pyrite and lipscombite in the biogenic experi-
ments while intermediate phases (greigite, beraunite/whitmoreite, wolfeite) were only observed in the abi-
otic ones (Figure 1). Future experiments should determine whether entrapment within pyrite spherules
limits or promotes the chemical degradation of biogenic organic compounds upon advanced diagenesis.
This will provide additional and necessary constraints to properly discuss the origin (biogenic or abiotic) of
framboid-like pyrite found in natural settings. Moreover, the nature of the organic compounds potentially
encrusted within these spherules will need to be investigated.

The organic compounds of the biogenic starting material consist of a mixture of lipids, sugars, proteins
and nucleic acids. Besides lipids, all these compounds are poorly resistant to thermal diagenesis (Alleon
et al., 2017; Bernard et al., 2015; Criouet et al., 2021; Viennet et al., 2019). Yet, amide-rich organic com-
pounds, possibly derived from proteins, have been detected in ancient cherts as old as 3.5 Ga old (Alleon,
Bernard, Le Guillou, Marin-Carbonne, et al., 2016; Alleon et al., 2018, 2021), likely thanks to their early en-
tombment within silica (Alleon, Bernard, Le Guillou, Daval, et al., 2016). The diagenetic chemical degrada-
tion of biogenic organic compounds is also limited when encrusted in calcium phosphates (Li et al., 2014)
or iron oxides (Picard et al., 2015, 2016), but this is the opposite with iron phosphates (Miot et al., 2017) or
clay minerals (Jacquemot et al., 2019; Viennet et al., 2019, 2020). Future experiments should thus focus on
the preservation/degradation of organic compounds associated with pyrite spherules, to eventually provide
new arguments to discuss their origin.

5. Conclusion

Despite years of discussion and debates, there is still no robust criteria to establish the biogenic or abiotic
origin of pyrite. In simulated diagenetic experiments, we evidenced the formation of pyrite spherules from
FeS biofilms produced by SRB. While abiotic and biogenic iron sulfide/phosphate systems treatments led
to the same mineralogical association of pyrite and lipscombite, abiotic set-up evolved through intermedi-
ate phases (greigite, beraunite/whitmoreite, wolfeite). Moreover, pyrite obtained from abiotic FeS devoid
of organic compounds exhibited very different morphologies, that is, euhedral single crystals. Altogeth-
er, the present results suggest that pyrite spherules may potentially constitute a biosignature. Among the
important remaining questions, future studies should determine whether pyrite spherules formation was
controlled by the nature of the FeS biofilm inherited from former bacterial activity or the sole presence of
organic compounds. This could be achieved for instance by simulated diagenesis experiments mixing vari-
ous types of organic matter (including dead biomass, abiotic hydrocarbons, ...) with abiotic starting material
similar to the present work. Finally, it would be interesting to explore if the two distinct pyrite morphologies
(euhedral single crystal or spherulitic clusters) are characterized by specific S isotope signatures.

Data Availability Statement

All original data supporting the conclusions of this article are available in this manuscript. Crystal-
lographic Information Files used to generate XRD reference patterns were retrieved from https://www.
crystallography.net/cod/. They were processed by xrayutilities Python library (Kriegner et al., 2013) avail-
able for download at https://github.com/dkriegner/xrayutilities. Energy-dispersive X-ray spectra were
processed from EDS datacube by Hyperpsy Python library (Pefia et al., 2020) available for download at
https://github.com/hyperspy/hyperspy.
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