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ABSTRACT

Pyrite formation at low temperature during early diagenesis in (sub-)surface sediments is an essential
step of Fe and S biogeochemical cycles and the presence of this ubiquitous mineral of surface
environments is often used as an indicator of paleo-redox conditions. Pathways of pyrite formation are
usually discussed in environmental settings by involving a variety of nanosized Fe-S mineralogical
precursors as a function of the local geochemical conditions. However, the influence of trace element
impurities such as Ni and As in the solution at the time of pyrite formation has been poorly studied,
whereas specific chemical signatures of trace elements are commonly observed in sedimentary pyrites.
A better understanding of the impact of Ni and As incorporation at trace levels on pyrite formation is
essential to help refining the use of these elements as paleo-redox indicators and to evaluate the role of
pyrite as a sink regulating the biogeochemical cycle of potentially toxic trace elements. In this study,
we have performed syntheses of pyrite at low temperature by the polysulfide pathway using aqueous
Fe(lll) and H,S in the presence of trace amounts of Ni(ll) (0.001 mol%Fe) and As(Ill) (0.001
mol%Fe). Analysis of the solids collected at different time steps over the course of the experiments
using X-Ray absorption spectroscopy at both the Fe and S K-edges shows that pyrite starts to
precipitate within 5 days in presence of Ni(ll) and within 32 days in presence of As(lll), while the
control experiment showed an intermediate precipitation rate of 14 days. Shell-by-shell analysis of Fe
K-edge EXAFS data shows that the initial mineralogical precursors are the same whatever the
experimental conditions and correspond to poorly-crystalline FeS (3.0£0.1 Fe-S@2.25 A; 1.7+0.2 Fe-
Fe@2.67 A). In addition, XANES qualitative analysis suggests the incorporation of small amounts of
Fe(I11) within these FeS precursors. Synchrotron-based XRD and WAXS-PDF analysis of the starting
solids show that in addition to S(0), the FeS precursors correspond to a continuum of FeS particles that
ranges from tetragonal nanocrystalline FeS (a = 3.70(2) A, ¢ = 5.24(7) A, MCD,, = 41+4 A MCD, =
21+2 A) to cluster-type FeS (MCDy, < 8.4+4.3 A). We propose that Ni(I1) and As(l11) have a different
type of interaction with these FeS precursors, resulting respectively in an increase and a decrease in
the rate of pyrite nucleation. While Ni(ll) would incorporate within the structure of the FeS precursors,
As would interact with (poly)sulfides in solution to form thio-As, possibly binding or precipitating
onto FeS surfaces and thus slowing FeS transformation to FeS,. Given that both Ni and As were
introduced at trace levels in our experiments, these results suggest that the occurrence of trace amounts
of impurities could have a strong influence on pyrite precipitation kinetics in natural settings such as
pore-scale microenvironments. In addition to emphasizing the importance of trace elements such as Ni
or As on the persistence of mobile colloidal FeS species in anoxic conditions, the results of the present
study also point to the importance of considering the actual nature of the impurities when using pyrite

composition for ancient environments and past climates reconstruction.
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INTRODUCTION

Pyrite (FeS,) occurs frequently in marine and, to a lesser extent, continental sediments (Rickard and
Morse, 2005; Rickard and Luther, 2007) and is known for its ability to trap trace elements such as Ni,
As, Zn, Pb, Se and Co (Huerta-Diaz and Morse, 1992; Zhang et al., 2002; Thomas et al., 2011; Large
et al., 2012; Large et al., 2017). Thus, pyrite trace element composition have been used as indicator
for trace element abundance in ancient environments, providing information on major past geological
and climatic events that have affected Earth’s history (Gregory et al., 2017). Large et al. (2017) have
proposed that trace element contents in marine pyrite could record the chemical composition of
seawater at the time of precipitation, For instance, Large et al. (2014) have used the geochemical
compositions of pyrite in sedimentary archives to propose that erosion of Ni- and Co-rich komatiitic
Large Igneous Provinces (LIPs) from the Archean have contributed to the high levels of Ni and Co in
the global ocean. Such reconstructions depend on the ability of pyrite composition to mirror that of the
solution, which eventually depends on complex elemental partition coefficient at the solid-solution
interface. Although conditional affinities of trace elements for pyrite can be derived from natural and
experimental data (Large et al., 2014), further elucidation of the actual mechanisms and parameters
that control trace element incorporation in pyrite could help to improve the use of this mineral as a
proxy for the paleo-chemistry of ancient sedimentary environments. Additionally, recent studies using
machine learning algorithms suggest that patterns of trace element content in pyrite could be used as
potential markers of biosignatures (Figueroa et al., 2017), which can be a powerful approach to
decipher among past biotic/abiotic processes.

Among the factors that are known to influence trace element incorporation in pyrite, Tribovillard et al.
(2006) and Konhauser et al. (2011) have shown that the redox conditions that prevailed during pyrite
formation can influence the incorporation of redox-sensitive elements, since homovalent substitution
is favoured in the pyrite structure. Thus, variations in the abundance of redox-sensitive elements such
as Se or Mo in pyrite have been used as markers of past changes in the oxygenation of ancient
atmospheres and oceans (Mukherjee et al., 2019). However, Tribovillard (2020)’s recent work has
questioned the use of As as a redox proxy since the occurrence of sulfidic reducing conditions are not
globally correlated with As enrichment in marine sediments. In this context, a better understanding of
the mechanisms of trace element incorporation in pyrite is essential for refining paleo-environmental
models. To this regard, recent experimental studies have highlighted that metal or metalloid impurities
in the aqueous medium can largely influence the kinetics of pyrite precipitation, with major effects on

the solid to solution partition coefficient for these elements and on their modes of incorporation in the



pyrite crystals. In particular, Morin et al. (2017) have shown that aqueous Ni in the synthesis solution
accelerates pyrite formation at ambient temperature, via the nucleation of Ni-rich pyrite crystallites
that forms the core of resulting pyrite nanocrystals. This process leads to a major enrichment in Ni
over Fe in pyrite compared to the Ni/Fe ratio of the synthesis solution. Besides, Le Pape et al. (2017)
have reported that the presence of aqueous arsenite, in the form of H;AsOj; arsenious acid, slows down
pyrite formation at ambient temperature in acidic conditions and that arsenic is incorporated as As""
and As' at the Fe(ll) and S” sites, respectively, in the pyrite structure. Such kinetic effects are
particularly significant at low temperature and may thus be relevant to early-diagenetic processes
occurring in marine and continental sediments. However, further work is needed to elucidate the
mechanisms that cause these kinetic effects and to evaluate their importance in natural media.

At the mechanistic level, primary issues to be addressed are the unknown relations between these
kinetic effects and the possible mechanisms of pyrite nucleation and growth at low temperature.
Different reaction pathways have been proposed, which may involve solid precursors such as
amorphous iron monosulfide (FeS), mackinawite (FeS,,), greigite (FesS;) (Benning et al., 2000;
Rickard and Luther, 2007) and elemental sulfur, as well as aqueous precursors such as Fe,S,
polymeric species, polysulfides (S,%) and H.S.q (Rickard, 1975; Rickard and Luther, 2007). Iron
monosulfide (FeS) is a classical precursor for pyrite in concentrated media used for experimental
pyrite syntheses (Berner, 1970; Wilkin and Barnes, 1996; Benning et al., 2000; Neretin et al., 2004;
Rickard and Luther, 2007). It is considered to be in equilibrium with dissolved/colloidal Fe,S, that
may be the actual precursor of pyrite in natural dilute media (Rickard and Morse, 2005). Rickard
(1975) and Rickard and Luther (2007) have also demonstrated that aqueous polysulfide species (e.g.
H,S,, HS;, S,%, Sy7), that can derive from dissolution of elemental sulfur in concentrated synthesis
media, play a major role in pyrite formation. Thus, two main mechanisms involving the reaction of
nano-crystalline FeS,, or dissolved/colloidal Fe,S, with polysulfides (Rickard, 1975; Luther, 1991) or
with aqueous H,S (Rickard, 1997; Rickard and Luther, 2007) are usually considered for the formation
of pyrite. Despite decades of research, determining the actual nature of the pyrite precursors and the
mechanisms of pyrite formation in both abiotic and biotic experimental systems remains an important
objective (Matamoros-Veloza et al., 2018a; Matamoros-Veloza et al., 2018b; Picard et al., 2018).

The complexity of pyrite formation mechanisms and the difficulty to identify and characterize the
intermediate species, especially at low temperature, explain the gap of knowledge that remains to be
filled to understand the molecular-level mechanisms that govern the incorporation of elemental
impurities in pyrite, especially when these elements are present at environmental trace levels.
Nevertheless, better understanding the mineralogical properties of the precursors and their potential
interactions with trace elements is essential to evaluate the ability of pyrite to serve as a trace element
pump during early diagenesis and burial of sediments. Indeed, interactions at the solid-solution
interface have a particular importance when considering pyrite as a scavenger for toxic elements in

reducing sub-surface environments (Morse, 1994). Although kinetic effects on pyrite nucleation have
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already been shown for contents of metal or metalloid impurity in the percent range, little is known in
the case of elemental impurities at trace levels that are more relevant to natural systems. Addressing
this latter issue is however mandatory to further consider such kinetics effects on pyrite formation
during early-diagenesis of marine and continental sediment.

Ni and As are among the most frequent trace elements in sedimentary pyrite, in which they exhibit the
highest average concentrations among trace elements, within the hundreds to thousand ppm wt. range,
locally reaching a few wt% (Gregory et al., 2015). The objective of the present study was then to
improve our understanding of the influence of these two trace elements on pyrite formation route and
kinetics. To reach this goal, pyrite synthesis experiments were carried out at ambient temperature in
presence of a thousand of ppm mol. of Ni(ll) or As(lll) in the starting solution. The mineralogical
properties of the solid fractions were monitored over time by using synchrotron-based X-ray scattering
and X-ray absorption spectroscopy analyses. We were thus able to determine precisely the evolution of
the mineralogical sequence leading to pyrite formation and to further elucidate the mineralogical
structure of the FeS precursor. In the three studied scenarios (i.e. a control synthesis aimed to form
pure pyrite, Ni-doped synthesis and As-doped synthesis), our results revealed similar routes involving
the same mineralogical pathway. However, our results also emphasized some different formation rates

for pyrite, allowing us to draw hypotheses on Ni and As influence on pyrite nucleation mechanism.

MATERIALS AND METHODS

Pyrite syntheses at ambient temperature under anoxic conditions

Three pyrite synthesis experiments were performed at room temperature (25 £ 3 °C): a control batch
referred to as “Fe-S”, meant to form pure pyrite and two batches containing either Ni(ll) or As(lll),
meant to form Ni- and As-doped pyrite, respectively, and referred to as “Fe-S:Ni” and “Fe-S:As”. In
these latter batches, the starting solutions contained Ni(ll) or As(l11) at a Ni:Fe or As:Fe molar ratio of
0.001. The synthesis protocol, adapted from previous studies by Wei and Osseo-Asare (1997) and
Noél et al. (2014, 2015), was similar to that reported by Morin et al. (2017) for “Fe-S” and “Fe-S:Ni”,
and by Le Pape et al., (2017) for “Fe-S:As”, but with 10 and 5 times lower Ni:Fe and As:Fe molar
ratios, respectively, in the present study (Table 1). Each synthesis glass vial was sealed with a butyl
rubber stopper and maintained under vigorous stirring for 1510 hours (= 63 days) for the kinetic study
and until 520 days to collect a final product.

Solids and solutions were sampled, and pH was measured, at specific time-steps (i.e. 0, 0.5, 40, 60,
114, 156, 204, 228, 252, 288, 324, 492, 758, 860, 1510 hours.) over the course of the experiments. The
corresponding samples were referred to as Fe-S_Nh, Fe-S:Ni_Nh, and Fe-S:As_Nh, for the three batch
synthesis experiments, where Nh stands for the sampling time after start. One last sampling occurred

after 520 days to collect the final product of the experiment. The corresponding samples were referred



to as Fe-S_520days, Fe-S:Ni_520days and Fe-S:As_520days. At each sampling time, solids were
collected by centrifuging 3 to 12 mL of the suspension at 6000 rpm during 5 to 7 minutes, washed
twice with O,-free milli-Q water and vacuum-dried in an evacuator within the glove-box following
previously approved protocols (Le Pape et al., 2017; Morin et al., 2017). Supernatants were filtered
through 0.2 pm cellulose filters and stored for further elemental analysis. All these steps were carried
out at ambient temperature.
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Table 1. Synthesis protocol. Proportions of the reactants used for the Fe-S, Fe-S:Ni and Fe-S:As pyrite
synthesis experiments. To prevent any atmospheric oxidation, the experiments were performed in an anoxic
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Jacomex™ glove box (< 1 ppm O2) under a nitrogen atmosphere and using O2-free milli-Q water, degassed by
bubbling N2 at 80°C for 45 min. Stock solutions were prepared from PROLABOTM salts in the glove box and
were magnetically stirred for 72 hours before being used for the experiments. For the Fe-S synthesis experiment,
25.6 mL of the FeClI3 stock solution was mixed with 348.8 mL of O2-free milli-Q water under stirring. For the
Fe-S-Ni and Fe-S-As doped experiments, appropriate volumes (v) of Ni or As stock solutions of concentration
(c) were mixed with the 25.6 mL of the FeClI3 stock prior to water addition. Afterwards, the solution was
completed with 25.6 mL of Na2S solution to reach 400 mL of total volume (Vtotal) in glass vials. These vials
with initial concentrations of the reactants (C) were then sealed with butyl rubber stoppers and reacted at 25°C
under constant stirring. Solution pH at the start and end of the synthesis experiments are also reported.

X-ray Absorption Spectroscopy at the Fe and S K-edges

Iron and sulfur speciation in the solid samples corresponding to each time step of the batch synthesis
experiments were determined by using synchrotron-based X-Ray absorption spectroscopy at the Fe
and S K-edges. Fe K-edge data were collected both in transmission and fluorescence detection modes
at cryogenic temperature at 20 K in a liquid helium cryostat on the bending magnet SAMBA beamline
at SOLEIL Synchrotron (Gif sur Yvette, France). The incoming beam energy was monitored by a
Si(220) double-crystal monochromator equipped with sagittal focusing of the second crystal (Briois et
al., 2011). The incident beam energy was calibrated by measuring the Fe K-edge of a Fe(0) foil in
double transmission mode and by setting its first inflection point to 7112 eV. Eleven to thirteen
samples were analysed for each of the three synthesis experiments. The quantity of solid that could be
obtained at each time step was of a few mg, which required the use of fluorescence detection for
measuring most of the samples. The sample fluorescence signal was measured using a Canberra™ 36-
elements Ge array detector. For these measurements, sample pellets were prepared by pressing a finely
ground mixture of less than 1 mg of sample powder with 40 mg of cellulose, in a Jacomex™ glove
box (O,< 1 ppm). The pellets were covered with Kapton® tape and sealed in strictly anoxic containers
that were transported to the synchrotron facility according to previously approved protocols (Morin et
al., 2017; Le Pape et al., 2017). Samples were then mounted on the cryostat sample rod in a
Jacomex™ glove box at SOLEIL and immersed in a liquid N, bath before being transferred into the
beamline cryostat. Between 5 and 10 scans were necessary to obtain an acceptable signal-to-noise ratio
depending on the analysed sample. Extended X-Ray Absorption Fine Structure (EXAFS) data at the
Fe K-edge were averaged normalized, deglitched and background subtracted using the ATHENA
software (Ravel and Newville, 2005).

Five samples from each batch synthesis experiments were further analysed at the S K-edge. X-ray
Absorption Near-edge Structure (XANES) data were collected in fluorescence detection mode on
beamline 4-3 at the Stanford Synchrotron Radiation Light Source (SSRL, California, United States of
America). The energy of the incoming beam was monitored with a Si(111) double-crystal
monochromator and the fluorescence signal was collected with a Hitachi™ HTA 4-element solid-state
Si drift detector. Energy was calibrated by setting the energy position of the main edge of a thiosulfate
reference at 2472 eV between each sample holder change during the experiment. A few mg of pure

solid powders, shipped to SSRL within strictly anoxic containers, were spread over sulfur-free tape,
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mounted into sample holders in a COY™ glove box (H,/N, atmosphere) onsite, and analysed at room-
temperature in a sample chamber under He flow. Between 1 to 4 scans were collected for each sample.
Data were calibrated and averaged using the SIXPACK software (Webb, 2005). Finally, averaged
spectra were normalized using the ATHENA software (Ravel and Newville, 2005).

EXAFS and XANES data analysis

EXAFS data at the Fe K-edge were analysed via a Linear Combination Least Squares (LC-LS) fitting
procedure using a custom-built software (Noél et al., 2014; Morin et al., 2017; Merrot et al., 2019)
based on the Levenberg-Marquardt minimization algorithm. Goodness of fit was estimated by a
reduced chi-squares, %z = Ning / [(Ning"Np)Npoinss &1 Y [K>2(K)exp - K> 2(K)carc]” , where Nigg = (2AKAR)/n
is the number of independent parameters, N, is the number of fitting components, Npgins the number of
data points and ¢ is the measurement uncertainty. The ¢ value was estimated as the root mean square of
the Fourier back-transform of the data in the 15-25 A R-range (Ravel and Newville, 2005).
Uncertainty on each fitting parameter p was estimated to 99.7% confidence (3 sigma) by
3[VAR(p) #r] * where VAR(p) is the variance of parameter p returned by the minimization routine
for the lowest y°x. The EXAFS spectra of samples Fe-S_0.5h (just after start) and Fe-S_1510h (end)
samples of the control batch (Fe-S) were the two only components used to fit the whole set of Fe K-
edge EXAFS data. This procedure yielded a quantitative description of the onset of pyrite formation in
the three batch synthesis experiments.

Shell-by-shell fitting of the Fe K-edge EXAFS spectra were also performed to analyse the local
structure around Fe atoms in the solids collected over the course of the three batch synthesis
experiments. The fitting was performed using theoretical phase-shift and amplitude backscattering
functions generated from the crystal structure of mackinawite (Lennie et al., 1995) using the FEFF8.1
code (Ankudinov et al., 1998). Selected backscattering paths were used to fit the unfiltered k*-
weighted EXAFS spectra in k-space using the plane-wave formalism (Teo, 1986), with a custom-built
least-squares fitting software (Maillot et al., 2011; Maillot et al., 2013) based on the Levenberg-
Marquardt minimization algorithm. Fit quality and uncertainties on refined parameters were estimated
using the same procedure as for the LC-LS fitting.

LC-LS fitting of the XANES spectra at S K-edge was performed using a custom-built program (Morin
et al., 2003) based on the Levenberg-Marquardt minimization algorithm. Fit quality was estimated by
a R-factor, Rf = X [piexp- Heac)?/ 2 yexpz, where W is the normalized absorbance. It was also estimated by
a reduced chi-squares already proposed by Stetten et al. (2018) and Seder-Colomina et al., (2018), y%
= Ning/ (Ning-Np) > [Hexp - uca|c]2, where N, is the number of fitting components and Niqq is the number
of independent parameters corresponding to the energy range divided by the natural width of the Fe K-
level reported by Krause and Oliver (1979). The uncertainty on the fitting components was estimated

using the same procedure as for EXAFS fitting.



For LC-LS fitting of S K-edge XANES data, the set of model compound included mackinawite (FeS),
elemental sulfur (S(0)) and synthetic pyrite (FeS,). FeS refers to a biogenic mackinawite synthesized
by incubating Desulfovibrio capillatus with Fe(lll)-citrate during 1.5 months, designated as “bio-FeS
1.5 month” in Ikogou et al. (2017). Extensive mineralogical characterization of this sample by Ikogou
et al. (2017) indicates that it consists of nhano-mackinawite. A powder sample of alpha-sulfur S(0) was
taken from the IMPMC chemical stocks, and FeS, was pure pyrite synthesized according to the
protocol reported by (Morin et al., 2017). As self-absorption was observed for the S(0) sample, the
XANES spectrum was corrected using the ATHENA software to match the spectrum collected in
transmission mode reported in (Phan et al., 2019). The S K-edge XANES spectra of these references
are shown in Sl (Fig. SI-4).

Powder X-Ray Diffraction (XRD) and Wide Angle X-ray scattering — Pair distribution function
(WAXS-PDF) data collection and analysis

Powder XRD patterns of the final samples taken at 1510 hours and 520 days were collected in Debye-
Scherrer configuration using a Mo Ka rotating anode as detailed in Fig. SI-2.

Powder XRD-WAXS pattern of the Fe-S_0.5h sample was collected at 24 keV (0.5141 A) in Debye-
Scherrer geometry up to 20 =125° (Quax = 47sinfm)/A = 21.7 A™") on the 2-circle diffractometer of the
CRISTAL beamline (SOLEIL synchrotron) equipped with a MYTHEN2 X 9K detector (DECTRIS).
Finely ground powder was put in a borosilicate capillary and sealed in a glove box using a
cyanoacrylate-based glue. Data were collected for 1 hour using a 26 step of 0.004° and the background
from the borosilicate capillary was subtracted prior to data analysis.

Rietveld analysis of the Fe-S_0.5h sample XRD pattern was performed over the 2-100° 26 range with
the xnd_1.3 code (Berar and Baldinozzi, 1998) using pseudo-Voigt line-shape profiles. The space
groups, atomic positions and isotropic Debye-Waller factors were taken from Rettig and Trotter
(1987) and Lennie et al. (1995) for a-elemental sulfur S(0) and mackinawite FeS structures,
respectively. Anisotropic crystallite shape and size as well as isotropic strain effects were refined by
combining Lorentzian and Gaussian line-shape functions, respectively. No preferential orientation
parameters were used. The scale factors retrieved from the Rietveld analysis were used to calculate
relative weight fraction of the mineral phases in the sample. Line widths were used to calculate the
mean coherent domain (MCD) size from the Scherrer equation. In the case of mackinawite, which is a
platelet-type mineral, an anisotropic MCD shape was used.

PDF analysis was performed from the Fe-S_0.5h sample WAXS data. The PDF G(r) gives the
probability of finding a pair of atoms separated by a distance r. It is experimentally obtained from the
sine Fourier transform of the scattering function S(Q) (Egami and Billinge, 2003; Farrow and Billinge,
2009) as shown in the following equation :

G(r) == Q 0[S(0) — 1]5in 0rdQ



PDFgetX3 (Farrow et al., 2007) was used to process the experimental powder diffraction intensity to
generate the G(r). For each sample, the experimental G(r) was fitted with a one calculated from a
crystal structure model using the PDFgui program (Farrow et al., 2007), similar to a Rietveld
refinement albeit performed in the direct space. Only scale factor, followed by unit cell parameters and
atomic displacement parameters were refined. Gaussian resolution dampening factor (Qdamp =
0.0039) was refined from a LaB6 pattern measured in the same conditions. Spherical coherent
domains were assumed for the Fe-S_0.5h sample and a sp diameter factor was adjusted to match the
signal dampening of the PDF in the nanoparticle structure. The agreement between the calculated and
the experimental PDF is characterized by the following reliability factor:

R — \/Z;x—l [Gobs(ri) - Gcellc("i; ﬁ)]z
Z,\zl Gobs® (1‘5)

where Ggys is the PDF extracted from the diffraction data, G, is the PDF calculated from the model

and p is the list of parameters refined in the model.

Scanning Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-
EDXS)

SEM-EDX data were collected at IMPMC, with a GEMINI ZEISS™ Ultra55 Field Emission Gun
Scanning Electron Microscope equipped with a Bruker™ Si-drift detector for EDXS. Prior to analysis,

samples were deposited as ground powder on carbon tape in an anoxic glovebox.

RESULTS

Kinetic of pyrite formation in the presence or absence of Ni or As

According to observations from previous pyrite synthesis experiments at room temperature (Noél et
al., 2015; Morin et al., 2017; Le Pape et al., 2017), a change in colour of the batch suspension can be
used to reveal the onset of pyrite formation. Indeed, the matt black colour of the suspension at the
beginning of the experiment turns progressively to an anthracite grey colour when the FeS precursors
convert to pyrite. In addition, the density and rate of flocculation of the particles changes drastically as
they evolve from FeS to pyrite. When agitation is interrupted for a few minutes, particles tend to settle
much faster in the presence of pyrite than in the presence of FeS. Moreover, the volume of
nanoparticles accumulated at the base of the bottle seems much more compacted in the presence of
pyrite: the initial volume of material seems to decrease by 2 to 3 times when the particles go from FeS
to pyrite. In the present study, such a colour and volume change was observed after 5 days for Fe-
S:Ni, 14 days for Fe-S and 32 days for Fe-S:As. These trends suggest that pyrite formed more rapidly

in the presence of Ni and more slowly in the presence of As.
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This difference in pyrite formation kinetics is further demonstrated by Fe K-edge EXAFS
spectroscopy analysis of the solid samples formed over the course of the batch synthesis experiments,
as detailed hereafter. The unfiltered k*-weighted Fe K-edge EXAFS spectra of the solids sampled over
time in the Fe-S, Fe-S:Ni and Fe-S:As batch synthesis experiments are displayed in Figure 1, together
with their corresponding Fast Fourier Transforms (FFT). These EXAFS data provide a time-course
evolution of the local structure around Fe atoms in each of the three synthesis conditions (i.e. as a
function of the presence or absence of Ni or As) and reveal the kinetics of pyrite formation in each
case. The EXAFS spectra of all samples from the three batch synthesis experiments could be fitted
with the spectra of the Fe-S_0.5h and Fe-S_1510h samples as sole LC-LS fitting components (Fig. 1
and Table 2). This result indicates that Fe speciation over the course of our experiments can be
represented as a combination of Fe speciation in the starting and end products. The starting product,
represented by sample Fe-S_0.5h, contains Fe mostly in the form of poorly ordered FeS. Its Fe K-edge
EXAFS spectrum is similar to that of starting samples in the pyrite synthesis reported by Morin et al.
(2017). The end product, represented by sample Fe-S_1510h, consists of micro-crystalline pyrite. Its
Fe K-edge EXAFS spectrum is similar to that obtained by Morin et al. (2017) and Le Pape et al.
(2017) from comparable syntheses (Fig. SI-3). XRD analysis confirmed that the Fe-S_1510h, Fe-
S:Ni_1510h and Fe-S:As_1510h samples consisted of pyrite with trace amounts of a-sulfur and NaCl
(Fig. SI-2). The same XRD pattern for pyrite is obtained for the samples collected after 520 days (Fig.
SI-2), indicating that the crystallite size of pyrite did not significantly evolve after 1510h. The crystal
shape and texture of the pyrite end product, as observed by SEM in the 520 days samples, was
comparable for the three syntheses experiments (Fig. 2). The submicron pyrite particles, approaching a
cuboctahedral habitus, consist of aggregates of nanosized platelets, as previously observed by Le Pape
et al. (2017). SEM-EDX spectra (Fig. 2) and bulk XRF spectra (Fig. SI-6) indicated the presence of
trace amounts of Ni or As in the Fe-S:Ni and Fe-S:As pyrite end products, respectively. This result is
consistent with the incorporation of Ni or As in the pyrite structure in previous comparable synthesis
experiments, as detailed by Morin et al. (2017) and Le Pape et al. (2017). According to the initial
Ni:Fe and As:Fe molar ratio of 0.001 reported in Table 1, and assuming similar solid-liquid partition
as those observed by Morin et al. (2017) and Le Pape et al. (2017), the molar fraction of Ni and As in
the pyrite end product is estimated to 0.2 mol%, since half the initial Fe remains as aqueous Fe**.

Pyrite began to be observed in statistically significant proportions after 324 hours (11+2% at 14 days)
in the Fe-S control experiment, and was the dominant Fe species after 492 hours (76+5% at 21 days)
(Fig. 1, Table 2). The occurrence of pyrite is typically visible in the FFT of the Fe K-edge EXAFS
data, where the peak at R+AR = 3.6 A (uncorrected for phase-shift) is due to Fe-Fe paths at 3.82 A
(Morin et al., 2017). In the Fe-S:Ni experiment, pyrite formed faster since it could be detected after
114 hours (16+1% at 5 days) and it was found as the major Fe species after 204 hours (70+1% at 8.5
days and 88+4% at 9.5 days) (Table 2). It was found to constitute more than 85% of the final product

at 1510 hours (63 days) (Table 2). In spite of this accelerated pyrite formation, a remaining proportion
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(< 20%) of FeS was however observed after 492h and it could also be present after 1510 hours, given
the uncertainty in the fitting of this latter sample spectrum (Table 2, Fig. 1). In contrast, pyrite
formation was slow in the Fe-S:As experiment, with a first pyrite occurrence detected after 758 hours
(48+1% at 32 days) and a fraction of 90+1% pyrite after 860 hours (36 days). In this experiment, the
onset of pyrite formation occurred between 492 and 758 hours, since no pyrite was detected in the
492h sample (Fig. 1, Table 2).

As shown by the LC-LS fitting results detailed above (Fig. 1, Table 2), the Fe K-edge EXAFS
spectrum of the Fe-S_0.5h sample matches that of the poorly-ordered FeS model compound in all the
three batch experiments. This result suggests that the FeS precursors are similar in the three batch
synthesis experiments. In addition, the similarity of the Fe K-edge EXAFS spectra of the final samples
indicates that the final product is the same in the three batch synthesis experiments (Fig. 1).

Finally, pyrite formed 2.4 times faster than in the control in the presence of Ni, whereas it formed 1.5
times slower than in the control in the presence of As. These results indicate that Ni accelerated pyrite
precipitation while As decelerated it, though these impurities were present at trace level (Ni:Fe =

As:Fe = 0.001 mol/mol) in the initial solutions.
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Figure 1. Time-course analysis of Fe speciation in the three pyrite synthesis experiments (Fe:S; Fe:S-
Ni; Fe-S:As), as determined by LC-LS fitting of Fe K-edge data. From left to right, Fe K-edge k*-weighted
EXAFS spectra, corresponding Fast Fourier transforms and normalized results of LC-LS fitting analysis showing
the percentage of each Fe species occurring over time. Experimental data are displayed in black. LC-LS fits are
shown in grey and purple, respectively for FeS and FeS,, depending on the dominant compound in the sample.
FeS is represented by the spectrum of the sample Fe-S_0.5h and FeS; is represented by the sample Fe-S_1510h.
Results, uncertainties and fit quality are listed in Table 2.
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Sample FeS (%) FeS, (%) Sum c’y R-factor
Fe-S_Oh 94(4) 0(3) 94 0.527 0.046
Fe-S_0.5h 100 100

Fe-S_40h 99(5) 0(3) 99 0.722 0.025
Fe-S_60h 100(0) 0(2) 100 1.093 0.037
Fe-S_156h 100(0) 0(0) 100 1.368 0.034
Fe-S_204h 100(1) 0(0) 100 1.227 0.032
Fe-S_252h 100(0) 0(3) 100 1.550 0.097
Fe-S_288h 100(0) 3(2) 103 0.963 0.021
Fe-S_324h 100(0) 11(2) 111 0.918 0.077
Fe-S_492h 22(9) 76(5) 98 2.173 0.013
Fe-S 1510h 100 100

Fe-S:Ni_Oh 96(1) 1(5) 96 1.979 0.016
Fe-S:Ni_40h 100(4) 0(0) 100 0.639 0.029
Fe-S:Ni_60h 99(6) 2(1) 101 1.465 0.018
Fe-S:Ni_114h 87(13) 16(1) 104 6.240 0.089
Fe-S:Ni_156h 64(1) 32(4) 96 1.167 0.029
Fe-S:Ni_204h 44(7) 70(1) 114 0.949 0.139
Fe-S:Ni_228h 11(4) 88(4) 99 2.487 0.013
Fe-S:Ni_252h 10(3) 88(11) 98 11.312 0.014
Fe-S:Ni_492h 9(19) 89(1) 98 9.129 0.014
Fe-S:Ni_1510h 0(16) 86(2) 86 0.529 0.113
Fe-S:As_0Oh 95(5) 0(0) 95 1.364 0.016
Fe-S:As_40h 96(0) 0(0) 96 0.545 0.031
Fe-S:As_60h 95(1) 0(0) 95 1.321 0.020
Fe-S:As_252h 99(0) 1(3) 101 1.514 0.049
Fe-S:As_288h 100(5) 0(0) 100 0.827 0.028
Fe-S:As_324h 99(7) 0(0) 99 1.631 0.024
Fe-S:As_492h 93(1) 1(2) 94 0.668 0.042
Fe-S:As_758h 6(6) 86(2) 91 0.611 0.021
Fe-S:As_860h 1(5) 90(1) 90 0.528 0.027
Fe-S:As 1510h 0(8) 92(8) 92 0.701 0.051

Table 2. Results of LC-LS fitting analysis of Fe K-edge EXAFS spectra of solid samples collected over the
course of the Fe-S, Fe-S:Ni and Fe-S:As synthesis batch experiments. All spectra were least-squares fit using
two components: i) the spectrum of the FeS precursor of pyrite in our experiments that corresponds to Fe,Sy
nano-clusters in mixture with poorly ordered mackinawite (see text), represented by sample Fe-S_0.5h (in grey
in the table) and ii) the spectrum of pure pyrite, FeS, (see text) represented by sample Fe-S_1510h (in purple in
the table). Fit quality is estimated by a reduced chi-squares x; and a R-factor (see text). Uncertainties on the
reported values are reported for the last digit under bracket, with 99.7% confidence interval (see text).

Evolution of solid-state speciation of sulfur over the course of pyrite synthesis

Solid samples from five main stages of each batch synthesis experiment were further analysed using
XANES spectroscopy at the S K-edge: the start of the synthesis (t = 0 hr), three time steps encircling
pyrite formation and the final sample (t = 1510 hr). Figure 3 shows the time course of the S K-edge
XANES spectra for the three batch synthesis experiments Fe-S, Fe-S:Ni and Fe-S:As. As suggested by
XRD analyses reported by Morin et al., (2017) and Le Pape et al. (2017) for comparable synthesis
experiments, nanocrystalline mackinawite (FeS), elemental sulfur (S(0)) and pyrite (FeS,) were
considered as the most relevant model compounds for representing S speciation in the samples (Fig.
SlI-4). These model compounds indeed gave the best LC-LS fits of the experimental S K-edge XANES
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spectra (Fig. 3, Table 3). Fitting results show that FeS and S(0) formed first in the three batch
synthesis experiments and transformed to FeS, with time. By the end of the experiment, the Fe-
S_1510h, Fe-S:Ni_1510h and Fe-S:As_1510h samples contained 88+7%, 77+4% and 95+3% of S as
FeS,, respectively. No FeS was found in the Fe-S_1510h and Fe-S:As_1510h samples, whereas
21+2% of S remained as FeS in the Fe-S:Ni 1510h sample. In this latter sample, only 2+3% of
elemental sulfur was detected, which indicated that, if present, it was below the typical detection limit
of XANES analysis (<5%) (Morin et al., 2003). Elemental sulfur accounts for 10+4% and 6+3% in the
Fe-S_1510h and Fe-S:As_1510h samples (Table 3). These results are in agreement with XRD analysis
performed in the final samples which confirmed they mainly consist of pyrite with residual traces of
S(O)(Fig. SI-2). FeS was not detected by XRD in these samples likely because of its
nanosized/amorphous character and low amount.

The LC-LS fitting of the S K-edge XANES data (Fig. 3, Table 3) indicated the occurrence of pyrite at
similar time steps than Fe K-edge EXAFS data (Fig. 1, Table 2). In the Fe-S control synthesis
experiment, pyrite appeared after 324 hours (20£15% of total S) and it was found as the major S
species after 492 hours (82+3%) (Fig. 3, Table 3). In the Fe-S:Ni batch synthesis experiment, pyrite
was observed in significant amounts after 114 hours (29+3%) and it was found as the major S species
after 228 hours (52+6%). In the As-bearing batch synthesis experiment, pyrite was detected as the
major S species after 758 hours (88+3 %) (Fig. 3, Table 3).

These results back up the Fe K-edge EXAFS analysis and confirm that the kinetic of pyrite formation
significantly depends on the presence of Ni and As at trace levels. Overall, although pyrite is observed
much earlier in the batch with Ni, the experiments performed without Ni seem to produce larger
quantities of pyrite (i.e., 88£7% and 95+3% after 1510 hours in the Fe-S and Fe-S:As systems,
respectively, compared to 80% in the Fe-S:Ni system). The experiments with As appear to be more
efficient because after 758 hours, the major S species of the solids are only composed of S(0) and
pyrite (95+3%) and there is no more FeS remaining (Table 3). In addition, S K-edge XANES analysis
of S speciation reveals that both elemental sulfur S(0) and FeS progressively disappear at the expense
of pyrite in the three batch synthesis experiments. This latter result suggests that both elemental sulfur
S(0) and FeS are primary solid precursors for pyrite in presence or absence of Ni or As trace
impurities. Interestingly, LC-LS fitting results of S K-edge XANES data indicate that no major
component is lacking to reconstruct the experimental spectra. This latter point suggests that the only S
species occurring in our synthesis experiments were elemental sulfur S(0), FeS and pyrite (FeS,).
However, regarding its intermediate energy position between those of S(-1) and S(0), the S K-edge for
polysulfide S,> anions might be matched by a combination of pyrite and a-sulfur fitting components.
Considering their possible contribution to pyrite formation (Rickard and Luther, 2007), the occurrence

of polysulfides in our samples containing both a-sulfur and H,S cannot be ruled out.
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Figure 3. Time-course analysis of S speciation in the three synthesis experiments, as determined by LC-LS
fitting analysis of S K-edge XANES data (Table 3). The three fitting components are: FeS, S(0) and FeS, with
corresponding spectra reported in Figure SI-4. Normalized percentages of each fitting component are displayed
on the right panel. Experimental spectra are displayed in black. LC-LS fits are shown in red for the pyrite
precursors (FeS and/or S(0)) and in purple for FeS,. Results, uncertainties and fit quality are listed in Table 3.
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Sample FeS (%) S(0) (%) FeS, (%) Sum Chi’; | R-factor
Fe-S_Oh 59(1) 41(D) 0(0) 100 0.002 | 0.0003
Fe-S_252h 67(2) 35(2) 0(0) 101 0.005 | 0.0010
Fe-S_324h 39(7) 45(14) 20(15) 104 0.022 | 0.0039
Fe-S_492h 0(0) 17(3) 82(3) 99 0.002 | 0.0003
Fe-S_1510h 0(5) 10(4) 88(7) 101 0.004 | 0.0007
Fe-S:Ni_oh 46(1) 54(1) 0(0) 100 0.002 | 0.0004
Fe-S:Ni_60h 58(2) 42(2) 0(0) 100 0.022 | 0.0039
Fe-S:Ni_114h 49(1) 23(3) 29(3) 100 0.001 | 0.0003
Fe-S:Ni_228h 32(4) 16(6) 52(6) 100 0.003 | 0.0005
Fe-S:Ni_1510h 21(2) 2(3) 77(4) 100 0.002 | 0.0005
Fe-S:As_0h 55(1) 45(1) 0(0) 100 0.002 | 0.0004
Fe-S:As_492h 26(8) 70(17) 6(17) 101 0.022 | 0.0039
Fe-S:As_758h 0(2) 13(2) 88(2) 102 0.000 | 0.0001
Fe-S:As_860h 0(1) 11(2) 88(3) 100 0.001 | 0.0002
Fe-S:As_1510h 0(0) 6(3) 95(3) 101 0.002 | 0.0003

Table 3. Results of LC-LS fitting analysis of S K-edge XANES spectra of the five chosen solid samples
collected over the course of the Fe-S, Fe-S:Ni and Fe-S:As synthesis batch experiments. All spectra were least-
squares fit using three components (see text and Figure S1-4): (i) FeS, (ii) elemental sulfur S(0) and (iii) pyrite
FeS,. Fit quality is estimated by a reduced chi-squares s and a R-factor (see text). Uncertainties on the reported
values are reported for the last digit under bracket, with 99.7% confidence interval (see text).

Mineralogy of the FeS precursors of pyrite

To better understand in which way the presence of trace amounts of Ni and As has influenced pyrite
formation Kinetics, we have determined the mineralogical characteristics of the FeS precursors of
pyrite in our batch synthesis experiments. Shell-by-shell analysis of the Fe K-edge EXAFS spectra
were carried out on the samples collected before the apparition of pyrite. These analyses indicated that
the local structure of the FeS precursors to pyrite was identical in the three batches and did not vary
significantly over the course of the synthesis experiments (Table SI-2), being similar to that in the Fe-
S_0.5h sample (Fig. 4C, Table 5, Table SI-2). The short-range crystal structure of these FeS precursors
to pyrite was further investigated using synchrotron-based XRD (Fig. 4A, Table 4) and WAXS-PDF
(Fig. 4B, Table 4) in addition to Fe K-edge EXAFS data.

Rietveld analysis of the synchrotron-based XRD powder pattern of the Fe-S_0.5h sample (Fig. 4A)
indicated that it contains two crystalline components: 78+1% of FeS and 22+1% of S(0). These results
are in agreement with the results of S K-edge XANES analysis. The crystallographic parameters and
mean crystallite sizes of the identified phases are reported in Table 4, in which they are compared with
the crystal structures of S(0) (Rettig and Trotter 1987) and mackinawite (Lennie et al. 1995). The unit
cell parameters of the S(0) compound observed in our experiment are consistent with those of a-sulfur
(Rettig and Trotter 1987) (Fig. 4A, Table 4). In contrast, the structure of the FeS species that was
identified in our experiments does not perfectly match that of crystalline mackinawite (Lennie et al.
1995). Indeed, the refined unit-cell parameters of the FeS phase in our sample (a = 3.70+0.02 A and ¢
= 5.24+0.07 A; Table 4) are slightly larger than those of crystalline mackinawite (3.6735+0.0004 A
and 5.0328+0.0007 A; Lennie et al. 1995; Table 4). In addition, since the Mean Coherent Domain
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(MCD) size of our FeS phase was as small as MCDc = 21+1 A and MCDab = 41+2 A, we interpret
this phase as nano-mackinawite, referred to as FeSganomck) hereafter. In this phase, the Fe-S and Fe-Fe
distances are both longer than those in crystalline mackinawite, with the first S neighbouring atom at
2.29+0.02 A and the first Fe neighbour at 2.61+0.02 A instead of 2.2558+9 A and 2.5976+3 A as
reported by Lennie et al. (1995), respectively (Table 4). This longer distance and the small MCD
measured for this FeS phase in our Fe-S_0.5h sample is consistent with the observed characteristics of
nano-mackinawite or “freshly precipitated” mackinawite previously reported in the literature
(Wolthers et al., 2003; Ohfuji and Rickard, 2006; Jeong et al., 2008). These previous studies
emphasized the longer lattice spacings of their synthetic mackinawite compared to the crystalline
mackinawite analysed by Lennie et al. (1995). According to Wolthers et al. (2003), this unit-cell
expansion was ascribed to lattice relaxation due to decreasing crystallite size and to possible
intercalation of water molecules.

Further analysis of the Fe-S_0.5h sample using WAXS-PDF vyielded additional information on its
mineralogical composition. As a matter of fact, two populations of FeS phases were necessary to
reconstruct with the highest detail the distances of the first pairs of atoms in the PDF of the sample
(Fig. 4B, Table 4). However, refinement of the Fe-S_0.5h sample PDF data did not require to include
S(0) as a mineral component, likely because the S-S pair scattering contribution to the PDF is lower
than that of Fe-S and Fe-Fe pairs from the dominant FeS phases (78+1 wt%). The two FeS phases
used for the PDF refinement of the Fe-S_0.5h sample could be distinguished by their MCD sizes and
their crystallographic parameters (Table 4). The first one was a nanocrystalline FeS phase with refined
crystallographic parameters close to those of the FeSganomcek) Phase identified by Rietveld analysis.
Assuming isotropic MCD shape, PDF analysis indicated a MCDjs, of 27.7+9.6 A for this phase (i.e.
lower but in the same range than that determined by Rietveld analysis MCD,= 41+2 A and MCD.=
21+2 A). The second FeS phase, with slightly different crystallographic parameters, required to be fit
with even smaller particle size (i.e. MCDj, size of 8+4 A) and is further designated as FeSiustery IN
agreement with the predicted characters reported for this type of clusters by Rickard and Morse
(2005). This latter MCD size for FeSuser is comparable with the short range order < 7 A reported by
Csakberényi-Malasics et al. (2012) for FeS precipitated from FeSO, and C,HsNS mixing solutions. In
a more recent study, Matamoros-Veloza et al. (2018b) reported FeSyan precipitates of 0.46+0.01 nm.
In the present study, PDF fitting results indicate that the FeS,sery phase accounts for 53 wt% of the
total FeS in the Fe-S_0.5h sample, while FeSganomck) accounts for 47 wt% (Table 4). These respective
fractions of both phases suggest that partial aggregation and crystallisation of FeS precursors has
already occurred only 30 minutes after Fe(I11) and H,S mixing. The Fe-S distances determined by PDF
analysis for FeSganomcy and FeSiuser are 2.29+0.05 A and 2.19+0.05 A, respectively (Table 4).
Mixture of both phases yields a peak at 2.25 A in the PDF (Fig. 4B). The Fe-Fe distance in FeSanomcy)
and FeSser) are 2.61+0.04 A and 2.70+0.05 A, respectively (Table 4). This short Fe-S bond length

observed for the FeSusiery COMponent is close to that reported by Rickard and Morse (2005) for Fe,S,
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and Fe,S, (i.e. 2.20 and 2.22 A, respectively). In this latter study, the Fe-Fe distance estimated for
these two Fe,S, (i.e. 2.83 and 2.80 A, respectively) is also clearly higher than the one of mackinawite,
which is also the case for our FeS gsten)-

Shell-by-shell fitting of the Fe K-edge EXAFS data was performed to give additional information on
the local structure around Fe in the Fe-S_0.5h sample. Best fits were obtained with 3.0+0.1 S at
2.251+0.002 A as first neighbour atoms and 1.7+0.2 Fe at 2.675+0.002 A as second neighbour atoms
(Fig. 4C, Table 5). These Fe-S and Fe-Fe distances are consistent with those obtained from XRD and
PDF data. Indeed, each of these distances matches the average of the corresponding distances in
FeS(anomeky and FeSisery (Tables 4 and 5). The lower number of Fe second neighbours atoms
compared to that expected for theoretical crystalline mackinawite (i.e. N = 4; Table 5, Lennie et al.
(1995)) confirms that the FeS precursors in the Fe-S_0.5h sample are nanosized. Indeed, for small
particle sizes a considerable dampening of the EXAFS signal is expected, as observed for instance for
nano-Fe (oxyhydr)oxides by Maillot et al. (2011). Additionally, this lack of second neighbour
contribution could also be attributed to vacancies within the FeS structure due to substituting Fe(ll1)
(Bourdoiseau et al., 2011). Indeed, our experiment starts with Fe(lll) in solution, which could lead to
the incorporation of small amounts of unreacted Fe(lll) in FeS during its initial stage of formation,
concomitantly to Fe(lll) reduction by H,S. Another notable result is the low number of neighbours
found around 3.67 A, corresponding to the theoretical positions of Fe atoms located at the corner of
the ab plane. The lower number of Fe and of S neighbour atoms at 3.67 A and 4.31 A respectively
compared to theoretical crystalline mackinawite could be due to a mixture of both FeSanomeq and
FeS ciuster) phases.
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Figure 4. Detailed mineralogical analysis of the sample Fe-S_0.5h. Experimental and calculated curves are
plotted in black and red colours, respectively. A. Rietveld refinement of the powder X-Ray diffraction pattern.
The mineralogical phases observed are nanocrystalline mackinawite (78%) and o-elemental sulfur (22%);
refined crystallographic parameters are reported in Table 4. B. Pair Distribution Function (PDF) analysis. The
best-fit solution is obtained from the refinement in real space of two FeS populations with different coherent size
domains: FeS-NanoMck (47%) and FeS-cluster (53%). Refined parameters are reported in Table 4. C. Results of
the shell-by-shell fitting procedure applied to the Fe K-edge k3-weighted EXAFS spectrum over the 3-14 k-range
using phase-shift and amplitude functions simulated using the ab initio Feff8.1 code (Ikogou et al., 2017). Fitting
parameters are given in Table 4 and compared to the theoretical parameters of crystalline mackinawite (Lennie et
al., 1995). Fitting parameters of the shell-by-shell fitting procedure are listed in Table 5.
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MCD, MCD, MCDiso R,
a b c A) A A (%) dFesS dFe-Fe

a-sulfur
(Rettig and Trotter 1987) 10.4646(1) 12.8660(1)  24.4860(3)

a-sulfur (22+1 wt%)

this study 10.449(4)  12.849(5)  24.450(9)
Mackinawite
(Lennie et al. 1995) 3.6735(4) 5.0328(7) 2.2558(9)  2.5976(3)

FeS-NanoMck (78+1 wt%)
this study 3.70(2) 5.24(7) 41(2) 21(1) 7.8 2.29(2) 2.61(2)

FeS-NanoMck (47 mol%)

this study 3.70(5) 5.2(2) 27.7(9.6) 2.29(5) 2.61(4)
FeS-Cluster (53 mol%)

this study 3.82(6) 4.1 (2) 8.4(4.3) 033 219(5) 2.70(5)
Fe_S 0.5h 2.251(2)  2.675(2)
This study

Table 4. Comparison of the crystallographic parameters of the mineralogical phases identified from XRD-Rietveld,
WAXS-PDF, and EXAFS Fe K-edge analyses of Fe-S_0.5h (Figure 4). Crystalline phases determined by XRD-Rietveld
were alpha-sulfur (22 wt%) and nanocrystalline mackinawite (78%, hereafter designed as FeS-NanoMck). MCD is the
abbreviation for Mean Coherent Domain. Refined parameters obtained for the PDF calculation using the mackinawite
(Lennie et al., 1995) structure as starting model included two components: FeS-NanoMck (47 mol%) and FeS-cluster
(53 mol%). Distances of first neighbours Fe-S and Fe-Fe are reported and compared as derived from each technique of
measurement. Uncertainties in the refined parameters given in brackets refer to the last digit.
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Table 5. Results of the shell-by-shell fitting procedure performed on the Fe K-edge data displayed in Fig. 4. The Sy
value used for the Feff calculation of phase-shift and amplitude functions is 1. R is the interatomic distance between the
absorbing atom and the neighbouring shell, N is the number of atomic neighbours in the shell, and AEO is the energy
shift between the Feff8.1 threshold energy and the user-defined threshold energy. All parameter values followed by (a)
and (b) are linked to the first parameter value placed above in the table. When using 8 phase-shift and amplitude
functions, this approach gives 34 independent parameters and 19 free fitting parameters. The goodness of fit was
estimated by a reduced chi-square indicator 3.
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Comparison of the Fe K-edge XANES spectra of the Fe-S 0.5h and Fe-S_1510h (i.e. final
nanocrystalline FeS,) samples with that of the nanocrystalline biogenic Fe'-mackinawite from Ikogou
et al. (2017) gives information about the oxidation states and coordination of Fe in our samples (Fig.
SI-5). According to the analysis of the Fe K-edge XANES spectra of Fe sulfides provided by
Matamoros-Veloza et al. (2018a), the position of the first maximum in the edge is related to the
contributions of Fe(ll) and Fe(ll1). This maximum is found at 7122 eV in our Fe-S_0.5h sample and at
7121 eV in FeS-mackinawite or FeS,-pyrite. This 1 eV shift to higher energy might indicate the
occurrence of a minor but significant Fe(lll) contribution in the Fe-S_0.5h sample compared to
crystalline Fe'-sulfides (Fig. SI-5). Additionally, in agreement with the observations reported by
Matamoros-Veloza et al. (2018a), a noticeable energy shift of the pre-edge centroid and peak intensity
is observed between the Fe-S_0.5h sample and nanocrystalline mackinawite. These trends could be
interpreted in our sample as both a contribution of Fe(lll) and changes/distortions of the Fe site (Wilke
et al., 2001). Finally, a post-edge shoulder contribution is observed between 7130-7140 eV on the Fe
K-edge XANES spectrum of our Fe-S_0.5h sample (Fig. SI-5). This feature is not observed on the Fe
K-edge XANES spectra of our Fe-S_1510h sample and the nanocrystalline biogenic Fe"-mackinawite
from Ikogou et al. (2017), in agreement with the data reported by Matamoros-Veloza et al. (2018a) for
their “FeSyane” Sample and in data at the Fe K-edge published for greigite by Watson et al., (2000).
Thus, XRD-Rietveld, WAXS-PDF and EXAFS analyses yield consistent and complementary
information on the structure of the FeS precursors for pyrite in our batch synthesis experiments, giving
evidence for at least two types of phases in approximately equal proportion (i.e. FeSanomexy and
FeS(ustey) and probably containing significant amount of Fe(Ill). This model, here represented with
two components in a binary system might be better envisaged as a continuum in size between Fe,S,-
clusters and poorly ordered nano-mackinawite, as proposed by Theberge and Luther (1997) and
Rickard and Morse (2005).

DISCUSSION

Mineralogical precursors of pyrite

Fe K-edge EXAFS results shows that the local structure of the solid phase that forms during the first
30 minutes after reacting the acidic metal solutions with the Na,S solution is similar for all samples
collected prior to pyrite formation, regardless of the presence of Ni or As (Fig. 1, Table SI-2). Hence,
the Ni:Fe or As:Fe ratio of 0.001 mol:mol we used did not significantly influence the mineralogical
characteristics of the initial precursors of pyrite in our syntheses experiments. XRD-Rietveld and PDF-
WAXS analyses performed on the Fe-S_0.5h sample indicate that this initial material actually
corresponds to a mixture of compounds, that we modelled by two end-members (i.e. FeSpanomck) and

FeSiusten)- The FeSpanomey €nd-member is a nanocrystalline mackinawite that can be measured by
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XRD, while the FeSqustery appears to be a colloidal form of FeS organised in domains smaller than 8 A,
as revealed by PDF-WAXS analysis.

Our observations on the structure of the FeSustery phase forming in our batch experiments (Table 4),
together with previous descriptions by Rickard and Luther (2007) and Noél et al. (2020) point towards
colloidal FeS clusters of Fe,S, type. One hypothesis is that such Fe,Sy clusters could have a single
sheet-like structure, as described by Csékberényi-Malasics et al. (2012). In our case, the occurrence of
FeS clusters with such a single sheet-like structure would be supported by the lack of observable inter-
sheet Fe-Fe contribution in the ab plane at 3.67 A (uncorrected for phase shift) in the FFT of the Fe K-
edge EXAFS data (Table 5). A large variability in the domain dimensions of these precursors can be
noted from the XRD and PDF analysis of these early-stage solids. As these clusters are small (< 8 A)
and might be interwoven, folded and curved, it is difficult to determine a single ideal crystal structure.
Michel et al. (2005) suggested that different degrees of aggregation of uniform nanocrystalline FeS
particles are responsible for this distribution of crystallite sizes and structure. Matamoros-Veloza et al.
(2018b) also pointed aggregation processes and reported that the morphology of these FeS species
might depend on pH and reaction rate. These findings could converge with those of Wolthers et al.
(2003) who described disordered FeS precipitates as a mixture of two FeS phases: MkA and MkB.
MKA was described as sheet-like precipitated aqueous FeS clusters that could be compared with our
FeS ustery phase, whereas MkB was likely more ordered such as our FeSanomck)-

Recently, an early-forming solid in Fe-S systems has been identified as a new phase and designated as
FeSnano By Matamoros-Veloza et al. (2018a). This FeSan phase that was stabilized in conditions close
to those of our study (i.e. under anaerobic conditions and at pH <4.5) is composed of monosulfides
(62%), polysulfides (17%), and disulfides (14%), as indicated by Raman spectroscopy. XPS
measurements indicated the occurrence of both Fe(ll) and Fe(lll) in this compound and the authors
proposed that initial Fe(ll) atoms was oxidized with time to Fe(lll) and that the release of Fe(ll) to
solution was equilibrated with the oxidation of H,S by Fe(lll) atoms. This suite of reactions was
considered to result in the production of polysulfides at the solid/solution interface that would have
further intercalated within the layered Fe-S structure. Polysulfides together with S(0) species are
indeed well-known as the first oxidation products of FeS in oxic conditions (Boursiquot et al., 2001).
In addition, these species have also been evidenced by XPS as a thin weathering film at the surface of
particles of crystalline mackinawite by Mullet et al. (2002). In the case of the new FeSyan, Species
observed in anoxic conditions by Matamoros-Veloza et al. (2018a), we infer that the acidic media
would have stabilized the polysulfides together with the Fe(Il)/Fe(lll) ratio in the solid. Thus, given
our Fe K-edge XANES results on our FeS precursors, the occurrence of mixed Fe(l1)/Fe(l1l) species
within the proposed FeS continuum is suspected (Fig. SI-5). Moreover, the observed centroid shift in
the pre-edge Fe K-edge XANES data with respect to pure Fe'-mackinawite suggests the possible

occurrence of octahedral Fe, more likely in the FeS..r fraction of the FeS precursors. This latter
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hypothesis has to be considered with respect to the known occurrence of octahedral Fe(l11)/Fe(lll) and

Fe(ll) in greigite and pyrite, respectively (Matamoros-Veloza et al., 2018a).

Mechanism of pyrite formation

At room temperature, the reactions that lead to pyrite formation generally involve a Fe monosulfide
(FeS) precursor (Berner, 1970; Rickard, 1975). In our synthesis route, similar to that of Wei and
Osseo-Asare (1997), Noél (2014), Morin et al., (2017) and Le Pape et al. (2017), Fe(lll) species
rapidly react with H,Sq) to form FeSoiiey, S(0)(a-sulfur) and remaining Fe** ). The synthesis procedure
starts from an acidic ferric solution that is mixed with an alkaline Na,S solution, which prompts us to
write the first step of the synthesis as follows, even if the working pH range of our experiments is pH
3.7 — 5.8 after the mixing of the reactants (i.e. above the first hydrolysis constant of Fe(lll).q pKa =
2.0):

Fe* ) + HS agy 2> % Fe™ (g + Y2 FeS(ciuster, nanomck) + ¥2 S(0)(asufun) + H' iy (1)

The net proton release in reaction 1 explains the decrease in pH that is observed in the course of our
batch experiments (Table 1, Table SI-1, Fig. SI-1). However, our results show that the FeSjustr) and
FeSanomck) Phases, or a continuum between these two end-members, as well as S(0)(a-sulfur), are formed
within the first 30 min of reaction (Fig. 1, 3 and 4, Tables 2, 3 and 4). This latter result questions the
origin of the continuous pH decrease that is observed during our pyrite synthesis experiments (Fig. Sl-
1).

The FeSuster, nanomcky Phases then react with S(0)(a-sulfur) to produce pyrite, likely via a polysulfide
H2Sh@g) and Fe,Sxaq pathway (Rickard, 1975; Luther, 1991; Theberge and Luther, 1997; Rickard and
Morse, 2005; Rickard and Luther, 2007). More precisely, Fe,Sy clusters, that can be in equilibrium
With FeSuster, nanomcky Phases (i.e. the FeSiigy precursors) in concentrated media, are oxidized by

H.Shaq) aqueous polysulfides (i.e. likely in equilibrium with S(0).suitur)) and thus convert into FeS,:
I:exsx(alq) + HZSn(aq) > Fex—lsx—l(aq) + HZSn—l + I:esz(pyrite) (2)

Fe.Sxaq Clusters may directly derive from the FeSgisier nanomcky Phases within a continuous size
distribution, as proposed by Rickard and Morse (2005), in agreement with the molecular-scale (< 8 A)
and colloidal-scale (< 4 nm) sizes that we determined for the FeSsery and FeSpanomcky Phases,
respectively. The fact that we collected the FeSustery phase by regular centrifugation (6000 rpm) from
our synthesis experiment media is likely made possible by the aggregation of these clusters in our high
ionic strength suspensions (Cornwell and Morse, 1987).

As already mentioned, although not directly observed in our experiments, polysulfides cannot be

excluded from S K-edge XANES analysis of the solid phase. These molecules are actually known as
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aqueous species (Rickard and Morse 2005 ; Rickard and Luther 2007) but they can also be associated
with FeS surfaces (Boursiquot et al., 2001; Mullet et al., 2002; Matamoros-Veloza et al., 2018a).
Although not analyzed in our batch suspensions and not firmly observed in the solid phase, aqueous
polysulfide species (H,Sh.q) could potentially form via reduction of Fe(lll) by HS™ at the start of the
synthesis, as also proposed by Morin et al. (2017). Assuming the same conditions as for reaction 1,
one may propose here the following reaction:

Fe* g + n/[2(0-1)] HS gy > Fe™* g + 1/[2(n-1)] HaSnagt (0-2)/[2(0-1)] H gy (3)

Accordingly, Avetisyan et al. (2019) proposed that in marine sediment at pH > 7, direct formation of
polysulfides upon oxidation of hydrogen sulfide by Fe(ll1)-bearing minerals (similar to Reaction 3) is
more likely than polysulfide production via reductive dissolution of S(0)(a-sulfur) by H,S(q (Reaction
4). Indeed, this latter reaction is as slow as 1.3 years under diagenetic conditions, and is not
thermodynamically favoured in our acidic pH conditions (pH 3.7-5.8) (Boulégue and Michard, 1978;
Rickard and Morse, 2005; Rickard and Luther, 2007):

(n-1) S(O)(arsutfur) + HzSag) < H2Shag) (4)

However, in our experiments, about half of the HS', introduced in equimolar concentrations with
Fe** g in the medium is rapidly oxidized to S(0) (Reaction 1), as observed by XRD (Fig. 4a) and S K-
edge XANES analysis (Fig. 3). Meanwhile, almost all Fe** ., is reduced to Fe**,g, which limits the
formation of polysulfides through reaction 3, and a fortiori reaction 4. Nevertheless, a fraction of Fe**
is likely incorporated within the instantaneously precipitated FeS solids (Fig. SI-5). Thus, it cannot be
excluded that a fraction of the initial S(-11) and Fe(lll) pool remains unreacted, and thus that a minor
amount of polysulfides could be further produced via the reduction of the solid-bound Fe(lll) by
aqueous H,S (similar to reaction 3), even after FeS precipitation. Such reaction could thus contribute
to the pH decrease observed during the synthesis (Fig. SI-1). This route would be in agreement with
the mechanism proposed by Matamoros-Veloza et al. (2018a) for the formation of FeSyano.

Eventually, the formation of polysulfide species from reaction 4, is necessarily limited by the
availability of S(-I), assumed to be quantitatively consumed by reactions 1 and 3. However, once
initiated, the production of oxidized polysulfide species (high n) can be maintained by the reaction of
S(0)(a-sulfur) with reduced polysulfide species (low n) produced by pyrite formation (Eg. 2), as follows
(Rickard and Morse, 2005):

S(0)(o-sulfur) + HySp1aq) & HaSngag) ©)
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Moreover, the availability of S(0)(a-sulfur) may promote the formation of higher-n polysulfide species:

S(O)(Q'SU”W) + HZSn(aq) & H28n+1(aq) (5b|5)

Hence, since the first pKa of polysulfide species decreases with n (Schoonen and Barnes, 1988;
Kamyshny et al., 2004; Rickard and Morse, 2005), one may infer that, forn > 2 and pH > 5, n> 3 and
pH>4.2,n>4and pH > 3.8 orn> 5 and pH > 3.5, the higher-n polysulfide species may deprotonate
in the pH range (pH 3.7 — 5.8) of our synthesis experiments :

H2Sheg) © HSn g+ H'ag) (6)

Reactions (5, 5bis and 6) could then also explain the continuous decrease in pH we observe over the
course of pyrite formation (Fig. SI-1). Hence, since polysulfides are suspected to be key drivers of the
pH decrease in our batch synthesis experiments, one may suggest that pyrite nucleation from the FeS
particles continuum could be activated by polysulfide species in solution and/or in contact with the

FeS surfaces.

Influence of Ni and As on pyrite nucleation and growth

This study pursues Wolthers et al. (2007), Morin et al. (2017) and Le Pape et al.(2017) studies, which
highlighted the accelerating influence of Ni and inhibiting influence of As on pyrite formation.
However, in these former studies, the Ni and As aqueous concentrations were higher than in the batch
synthesis experiments conducted in the present study. To this regard, our results clearly confirm and
define in time the antagonistic effects of Ni and As on pyrite formation kinetics, when these impurities
occur at trace level (i.e. in the thousands of ppm range). The mineral sequence observed in our batch
synthesis experiments indicates that the actual nature of the mineral phases formed before pyrite is the
same without or with Ni or As. Indeed, a FeSuster, nanomeky CONtinuum and S(0) formed at the beginning
of the batch synthesis experiments and their interactions lead to pyrite formation, likely in the presence
of polysulfide species as suggested by the continuous pH decrease discussed in the previous section.
Such unicity of the pyrite precursors phases implies that the incorporation of Ni and As into pyrite
depends on the interaction of these impurities with the FeScster, nanomcky Precursors, the pyrite nuclei
and/or the associated polysulfides. Indeed, some publications have suggested that trace elements can

also interact locally with polysulfides (Morse et al., 1987; Akiyama et al., 2017).

Morse and Arakaki (1993) and Wilkin and Beak (2017) have shown that Ni is able to sorb at the
mackinawite surface. However, in both studies, Ni was added in solution to the mackinawite
previously formed, which differs from our experimental setup. Based on first principles calculations,

Kwon et al. (2015) reported that Ni?* for Fe?* substitution in the mackinawite structure is energetically
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favourable, which is also consistent with their same valence and close ionic radius (Shannon, 1976).
This substitution was recently evidenced in both abiotic (Wilkin and Beak 2017) and biogenic (Ikogou
et al., 2017) mackinawite. Wilkin and Beak (2017) also reported that the reaction between Ni-
mackinawite and polysulfides led to pyrite formation with Ni retention in the solid phase, this process
being detailed by Morin et al. (2017). These latter authors showed that Ni** ions in the initial solution
accelerates pyrite formation by favouring the nucleation of Ni-rich pyrite nuclei that form the cores of
the pyrite nanocrystals produced at room temperature. Conversely, Swanner et al. (2019) observed a
partial inhibition of pyrite formation when Ni was initially present in FeS, solids compared to similar
experiments without Ni. These authors concluded that both Ni and Co substitution in FeS, could slow
down pyrite formation. This observed opposite behaviour could depend on the speciation of Ni
associated to the FeS precursors and on their degree of crystallinity before transformation into pyrite.
Indeed, under our experimental conditions at low temperature and with Fe*" in the starting solution, Ni
could be present both as amorphous NiS and Ni?* substituting for Fe®* in FeS, as shown by EXAFS
analysis at the Ni K-edge by Morin et al. (2017) for similar conditions but with 10 times more Ni. It is
also likely that NiS and (Fe,Ni)S particles would have remained nanosized all along the synthesis
experiments. Indeed, although ripening of (Fe,Ni)Smackinawite) 1S accelerated by the presence of Ni,
which could inhibit further transformation into pyrite, this process takes several weeks at ambient
temperature (Ikogou et al. 2017). Hence, nucleation of Ni-rich pyrite from NiS may accelerate pyrite
formation in our experiments (Morin et al. 2017), and ripening of (Fe,Ni)Smackinawite) (IkOgou et al.
2017), albeit slow at ambient temperature, could explain the persistence of some FeS in the Fe-S:Ni
synthesis end products (Fig. 1 and 3 ; Tables 2 and 3). Under the experimental conditions at 65°C
reported by Swanner et al., (2019), mackinawite could have partly crystallized making it more
recalcitrant than unsubstituted mackinawite to further transformation into pyrite.

Nonetheless, the present study confirms the accelerated formation of pyrite in Ni-doped solutions and
unambiguously shows that this kinetic effect is still effective at trace levels. This latter point strongly
suggests that Ni incorporation into the FeS precursors (Morin et al., 2017) facilitates pyrite formation.
Matamoros-Veloza et al. (2018b) have suggested that the expanded layered structure of the FeSyano
phase they identified could facilitate the incorporation of trace metals in between the layers. Although
the possible sorption or layer intercalation of Ni within nano-mackinawite (Kwon et al., 2015) cannot
be excluded, results from previous XAS studies at the Ni K-edge show that the major part of Ni is
clearly substituting for Fe in the FeS precursors (Wilkin and Beak, 2017; Morin et al., 2017). In
particular, one may infer that Ni for Fe substitution in the colloidal FeSg.ser phase (i.e. aggregated
Fe,Sx clusters) may accelerate reaction (2), which also involves polysulfide species. The mechanisms
of this acceleration is still unclear and it may either rely on ligand-exchange rates (Morse and Luther,
1999) and/or on enhanced electron transfers (Noél et al. 2020) due to the metallic character of FeS
(Devey et al., 2008). Indeed, local Ni incorporation in the Fe-rich ab plane could possibly increase the

delocalization of d electrons from the valence to the conduction band (Vaughan and Ridout, 1971).

27



Several studies have shown that As can substitute for both S and Fe atoms in the pyrite structure
(Savage et al., 2000; Scholz and Neumann, 2007; Deditius et al., 2008; Gregory et al., 2015; Le Pape
et al., 2017; Manceau et al., 2020). However, the mechanisms at the molecular level of this
incorporation during pyrite formation at ambient temperature is still unclear. Some studies that have
addressed solid-solution interactions of As with FeS suggested that As sorbs onto this phase rather
than being incorporated in its structure (Kirk et al., 2010; Saunders et al., 2018). Saunders et al.
(2018) proposed that sorption of As(lll) involves inner-sphere complexation, inducing long-term
arsenic retention. Farquhar et al. (2002) suggested outer-sphere complexation of As on both
mackinawite and pyrite surfaces and reported As,S; precipitation in some of their experiments. In
experiments performed in presence of As(lll) and mackinawite, Niazi and Burton (2016) pointed out
the formation of As,Ss-like species and the possible occurrence of As(V) under strict anoxia, which
can be further interpreted as the result of a possible occurrence of thioarsenate species. Bostick and
Fendorf (2003) reported the reduction of As(V) to As(lll) on Fe-S surfaces and measured a Fe-As-S
molecular association similar to that observed in arsenopyrite. Finally, in a recent study on the
formation of synthetic As-bearing pyrite at temperature > 80°C, Ma et al. (2020) proposed a three
steps reaction with As sorption onto FeS, then As release upon FeS dissolution, and finally As
incorporation into pyrite mainly as As(ll/111). Thus, no clear mechanism can be easily extracted from
the literature concerning As behaviour towards Fe-S surfaces in sulfidic conditions. This lack of
consensus is probably related to the complex geochemical behaviour of As in such conditions because
of the numerous possible, and still debated (Wilkin et al., 2019; Planer-Friedrich, 2020), chemical
forms of this element (Couture and VVan Cappellen, 2011).

After showing that As can inhibit the formation of pyrite from mackinawite, Wolthers et al. (2007)
proposed that As sorption sites must be crucial for further Fe(ll) sulfide transformation mechanisms.
The deceleration of pyrite formation that we observed in our study is in agreement with this
hypothesis, even with trace amounts of As. Therefore, we could infer that As(lll) species bound to
FeSanomek) and FeSusiery could hinder their reaction with polysulfide species. Also, As(l11) could bind
to pyrite nuclei and inhibit their growth, by shielding surface sites. Another possibility is that the local
formation of amorphous As,S; would passivate the mineral surfaces and thus slow down both the
conversion of FeS into pyrite and/or pyrite crystal growth. An alternative explanation would be that
As(I11) could partly remain in solution after being sulfidized or oxidized by polysulfides or S(0),
resulting in the formation of oxythio-As species (Couture and Van Cappellen, 2011). Such oxythio-As
species could then sorb to the FeS surfaces, or possibly interact directly in solution with polysulfide
species, thus inhibiting the nucleation mechanism. Finally, one can infer that under our conditions of
synthesis that are sufficient to reduce aqueous As(l11) to As(-1) when incorporated in pyrite (Le Pape
et al., 2017), As could also be incorporated into polysulfide chains for instance as AsS, (5 <n <8;

Zhang et al., 2014), starting for instance by the formation of the As-S dianion pair, as it is finally
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observed in pyrite (Blanchard et al., 2007). Such a process would possibly change the polysulfides
access to the FeS surfaces and thus delay pyrite formation.

Environmental and geological implications

Since the present experiments were carried out at ambient temperature, our results may have
implications on our understanding of the role of Fe sulfide transformations in the cycling of Ni and As
in euxinic environments. The uptake of Ni or As by Fe sulfides has been described previously by
Morse and Arakaki (1993) and Gallegos et al. (2007) respectively. Their works have pointed out the
ability of FeS to withdraw these elements from natural environments under anoxic conditions via
sorption and coprecipitation processes. Indeed, Ni and As sorption and As co-precipitation with FeS
are known as efficient ways for removing these contaminants from solution (Farquhar et al., 2002;
Gallegos et al., 2007; Gong et al., 2016; Liang et al., 2019). However, recent works by Noel et al.
(2020) have demonstrated that FeS clusters could remain suspended during long periods of time in
groundwater systems, enhancing the fluxes of Fe and S in these environments and thus affecting the
dynamic of associated trace elements. In addition, the present study shows that the occurrence of trace
amounts of Ni or As has a significant influence on the kinetics of the transformation of FeS clusters
and nano-mackinawite into pyrite. This could mean that the persistence of mobile colloidal FeS
species might depend on the actual nature of the trace elements occurring in the system. For instance,
one may expect that the binding of As to colloidal FeS clusters or the co-occurrence of thio-As
complexes would favour their persistence and thus facilitate As transport. Indeed, it has been shown
that colloids can be the main vehicle for the transport of several pollutants in aqueous systems and
soils (Pédrot et al. 2008). Wolthers et al. (2005) has successfully predicted the transport and
immobilization of As in anoxic environments based on the measurements of sorption isotherms.
Coupled with their findings, our results suggest that As sorption onto FeS clusters can slow down the
sequestration of this pollutant into more stable pyrite and thus maintain its mobility. In contrast, the
presence of Ni would accelerate the conversion of FeS clusters into pyrite and thus decrease the
mobility of this pollutant. Nevertheless, changes in pH and redox potential could accelerate
desorption, partitioning and oxidation of associated pollutants, depending on the sediment and
environmental conditions (Eggleton and Thomas, 2004). Pollutants associated with pyrite at trace
levels can be potentially released when pyrite is oxidized by resuspension of sediments or during
seasonal changes in redox states. For instance Hatje et al. (2003) have shown that desorption occurred
more often in seawater than in freshwater for some sorbed elements (Cd, Zn and Co), making it clear
that pH, salinity and concentrations have major influence on the cycling of pollutants. As discussed by
Holmes (1999), we cannot exclude different oxidation pathways in naturally occurring mackinawite.
Especially, the larger surface to volume ratio of mackinawite coatings could allow a faster oxidation
than in synthesis experiments. In a study on the susceptibility of Ni(ll)-bearing pyrite to oxidation,

Liang et al. (2019) reported an increasing oxidation kinetics with increasing Ni(ll) incorporation. This
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trend was considered to be related to specific sulfur defects. Conversely, these authors showed that
Ni(ll) sorption onto pyrite surface could yield a shielding effect on defect sites and decrease the
oxidation susceptibility of pyrite.

Impact on paleo-reconstructions of ancient environments

In addition to these environmental implications, trace element patterns in sedimentary pyrite are often
used to constrain the redox and compositional parameters of ancient environments (Huerta-Diaz and
Morse, 1992; Tribovillard et al., 2006; Large et al., 2014; Gregory et al., 2015; Large et al., 2017).
Here, we confirm that the presence of trace element impurities in the pyrite precipitation medium
influences pyrite formation kinetics, which could have an influence on some environmental and/or
geological paleo-reconstructions. As Algeo and Li (2020) and Algeo and Liu (2020) explained,
proxies cannot be considered as universally reliable and should be used on a sediment- and formation-
specific basis, with a re-calibration given for each studied system. We suggest that the chemical
composition of the studied mineral also has to be taken into account, as it might accelerate or delay its
formation rate in aqueous solutions. We can consider that Kinetics of pyrite formation and its
sequestration capacity towards trace elements could have an impact on their apparent partition
coefficient between solid and solution in ancient sedimentary records. For instance, as suggested by
Morin et al. (2017), rapid precipitation of Ni-rich pyrite in marine sediments could be responsible for
the drastically lowered Ni/Fe ratio of the Archean ocean (Konhauser et al., 2009). Another important
point that has to be considered is the nature of the precursor phases of the studied mineral, which

could be responsible for an enhanced mobilization of trace elements prior to its formation.

CONCLUSIONS

It is widely accepted that pyrite mainly forms by Fe monosulfide (FeS) oxidation. In this experimental
study, we demonstrated that the pyrite precursors obtained from coprecipitation of Fe(lll) with HS™ are
not crystalline mackinawite but rather consist in a continuum between nanocrystalline mackinawite
and FeS clusters, likely similar to the Fe,S, to Fe;5,S150 continuum proposed by Rickard and Morse
(2005).

In this study, Ni and As were introduced in the aqueous medium at trace concentration, which is
roughly comparable to natural conditions that prevail in pore-scale micro-environments in diagenetic
sulfidic (sub-)surface sediments. Yet, the impact of these trace elements on pyrite formation kinetics is
significant in the thousand ppm range with a major acceleration of pyrite formation in the Ni-doped
system and an inhibition in the As-doped one. Furthermore, under the light of previous studies by
Morin et al. (2017), Le Pape et al. (2017) and Wilkin and Beak (2017), the results of the present study
confirm that Ni and As interact with both the pyrite precursors and pyrite nuclei, possibly involving

polysulfides and thus having a strong influence on pyrite nucleation.
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Further investigations will be necessary to determine whether the mineralogical precursors identified
in the present study are also found in sulfidic environments in diagenetic sediments. Such an uptake of
Ni and As by pyrite precursors during diagenesis, as well as Ni-aceleration and As-deceleration on
pyrite formation are expected to have a significant impact on the use of pyrite signal in (paleo-
Jenvironmental studies. From an environmental perspective, these mechanisms are indeed expected to
decrease the concentration of these potentially toxic elements in aqueous solutions, which may have a
major impact on the quality of anoxic waters. From a geological perspective, they might potentially
drive the pyrite signature that is used for paleo-reconstructions. If confirmed, this latter influence
should be further taken into consideration when pyrite composition is translated in terms of ancient

environments and past climates.
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Figure SI-1. Evolution of the pH in each experiment over time. Each data point corresponds to an
independent pH measurement performed in the glove box. The pH of the Fe-S solution is represented
by black squares, of the Fe-S:Ni solution by white triangles and of the Fe-S:As solution by white
circles. The points are linked by dotted lines to help the reader’s comprehension. The values are
reported in Table SI-1. Uncertainties are carefully estimated to be 0.2 pH units for each measurement

at maximum.
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Figure SI-2. XRD powder patterns of the solids collected at 1510 hours and at the end of the pyrite
synthesis (520 days) in the absence or presence of aqueous Ni or As, with a Ni:Fe or As:Fe ratio of
0.001 mol:mol in the starting solution. S: a-sulfur; Py: pyrite. Note the similar line-width for pyrite at
1510h and 520 days, indicating that aging did not significantly affected the crystallites size.
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Figure SI-3. Fe K-edge EXAFS spectra of pyrite samples taken from the literature (Morin et al., 2017;
Le Pape et al., 2017) with that of our Fe-S_1510h sample, confirming that this sample of the Fe:S
control synthesis corresponds to pyrite.
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Figure SI-4. S K-edge XANES spectra of the model compounds used to fit our experimental data
(Figure 3). FeS — NanoMck/Cluster (in grey) corresponds to a sample fully described in lkogou et al.
(2017). FeS, Pyrite (in purple) and elemental S (S(0)) (in green) were measured at the 4-3 beamline at
SSRL (CA, USA).
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Figure SI-5. Comparison of the Fe K-edge XANES spectra of Fe-S_0.5h (corresponding to FeS
precursors, in black on the top), Fe-S_1510h (pyrite, in black on the bottom) and crystalline
mackinawite (in red, “FeS + Ni — 3.5months* sample in the study by Ikogou et al. (2017)).
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Figure SI-6. X-Ray Fluorescence (XRF) spectra from the final samples from each synthesis over the
0-13000 eV energy range. Below, zoomed-in sections of these XRF spectra show the signals around
the S Ka, Ni Ka and As Ko emission lines (from left to right). These analyses were performed to
estimate the Fe, S, Ni and As contents of the final samples. In the Ni-doped sample (Fe-S:Ni_520
days) and As-doped sample (Fe-S:As 520 days), an increase of the corresponding element’s
characteristic peaks is detectable. Data were collected at ambient temperature in air with a Si-drift
KETEK™ detector using a Mo rotating anode source (Akq:=0.709319 A, Ax»=0.713609 A) equipped
with Varimax focusing optics. The beam size was set to 100 um on pure 3mm-diameter pellets and the
acquisition lasted 1 hour per sample.

47



Time (days) Fe-S Fe-S:Ni Fe-S:As
0 5.8 5.7 5.6
0.02 5.6 5.7 5.7
1.6 5.4 5.4 55
2.5 5.1 5 4.8
4.75 5.2 5.1 5
6.5 5.2 53 5.4
8.5 53 5.2 5.3
9.5 5.3 5.2 5.2
10.5 5.1 4.9 5.2
12 5.2 4.5 5.2
135 5.2 4.7 5.3
175 5 4.2 5.1
20.5 4.7 4.2 5.1
315 4.7 4.2 4.6
36 5 4.3 4.7
63 3.9 3.7 4.5

Table SI-1. pH values in each synthesis over time. Uncertainties are estimated to be 0.2 pH units of

the measurement at maximum.
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Sample dFeS NFeS |dFeFe NFeFe |%%

Fe-S_Oh 2.250(1) |2.8(1) |2.680(1) |1.68(2) |25.88
Fe-S_0.5h 2.251(1) |2.98(5) |2.675(2) |1.74(4) |13.83
Fe-S_40h 2.248(1) |3.01(3) |2.671(1) |[1.74(2) |21.71
Fe-S_60h 2.250(1) |3.17(2) |2.673(1) |1.9(2) 18.23
Fe-S_156h 2.246(1) |2.91(3) |2.673(1) |1.81(3) [205
Fe-S_252h 2.244(1) |2.97(4) |2.671(1) |1.88(4) |95.7
Fe-S_288h 2.246(1) |3.32(3) |2.664(1) |1.82(3) |20.3
n=7 |Fe-Saverage 2.248(1) |3.02(3) | 2.672(1) |1.80(3)

Fe-S standard deviation 0.003(0) |0.17(1) | 0.005(0) |0.080(9)

Fe-S:Ni_0h 2.25(1) [3.01(5) |2.67(1) |1.61(5) |18.7

Fe-S:Ni_40h 2.251(1) |2.99(2) |2.672(1) |1.71(2) |17.48

Fe-S:Ni_60h 2.251(1) |3.14(5) |2.668(1) |1.85(5) |23.33
n=3 | Fe-S:Ni average 2.251(1) |3.05(4) |2.670(1) |1.72(4)

Fe-S:Ni standard deviation | 0.000(1) |0.08(2) | 0.002(1) |0.12(2)

Fe-S:As_Oh 2.253(1) |2.86(3) |2.677(1) |1.70(3) |10.9
Fe-S:As_40h 2.248(1) |2.97(2) |2.670(1) |1.60(2) |15.1
Fe-S:As_60h 2.247(2) |2.87(6) |2.674(2) |1.60(5) |38.9
Fe-S:As_252h 2.247(1) |2.98(5) |2.674(1) |1.75(4) |55.01
Fe-S:As_288h 2.249(1) |3.04(3) |2.667(1) [1.80(2) |[19.53
Fe-S:As_324h 2.248(1) |3.04(4) |2.666(1) |1.77(4) |186
Fe-S:As_492h 2.252(1) |2.83(4) |2.672(1) |1.73(3) |55.31
n=7 | Fe-S:As average 2.249(1) | 2.94(4) | 2.671(1) |1.71(3)

Fe-S:As standard deviation | 0.002(0) | 0.09(3) | 0.004(0) |0.08(1)

Average on all samples | Standard deviation on all samples
n=17 | dFeS |2.248 0.002
NFeS |2.9 0.1
dFeFe | 2.671 0.004
NFeFe | 1.74 0.09

Table SI-2. Results of the shell-by-shell fitting procedures performed on the Fe K-edge data for the
two first shells of atom (Fe-S and Fe-Fe), and for all the samples prior to pyrite formation (see Figure
1 main text). d stands for the interatomic distance between the absorbing atom and the neighbouring
shell, N is the number of atomic neighbours in the shell, n is the number of samples used to average
the interatomic distances and number of atomic neighbours. The goodness of fit was estimated by a
reduced chi-square indicator x’. For this particular analysis, the Debye-Waller factors were fixed on
the basis of the best fit obtained on sample Fe-S_0.5h (DWFeS=0.064 and DWFeFe=0.067).
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