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M Nickel accelerates pyrite nucleation at ambient temperature
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Chemical and isotopic compositions of pyrites are used as biogeochemical tracers
in Archean to modern sediments. Moreover, pyrite formation from monosulphide
precursors has been proposed to be involved in prebiotic chemistry. However,
the factors controlling pyrite formation and distribution in the sedimentary record
are incompletely understood. Here, we show that Ni?** ions accelerate ~5 times
the nucleation of pyrite at ambient temperature. Using Fe and Ni K-edge EXAFS
and TEM-EDXS we demonstrate that Ni(II) is directly involved in the nucleation
of pyrite synthesised by reacting Fe(IlI) with Na,S in the presence of aqueous
Ni(II) impurity. Initial formation of a Ni-enriched pyrite core is followed by
overgrowth of a Ni-depleted pyrite shell, leading to compositional zoning of the
Fe;4Ni,S; nanocrystals (x = 0.05 to 0.0004). The molar Ni/Fe ratio in the final
aqueous solution was then 2000 times lower than the starting ratio of 0.01. This

enhanced and accelerated trapping of Ni by pyrite could be of prime importance in controlling Ni concentration in the ocean
during early diagenesis of marine sediments, and could thus have important implications for interpreting abundances of Ni
and pyrite in the sedimentary record. In addition, acceleration of pyrite nucleation in the presence of nickel could help
understanding the role of Fe-Ni sulphides in catalysing potential prebiotic reactions.
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¥ Introduction

Pyrite is widely used as a geochemical marker in sediments
from the Archean to modern eras. Isotopic compositions of
iron and sulphur in pyrites from sedimentary rocks have
been proposed as potential proxies to assess the redox state
of ancient oceans (Rouxel et al., 2005; Reinhard et al., 2009;
Marin-Carbonne ef al., 2014), the oxygen outgrowth in the
atmosphere (Catling and Claire, 2005; Ohmoto et al., 2006)
and early microbial metabolisms (Johnson et al., 2008). More-
over, trace metals incorporated in pyrite have been recognised
as proxies for ancient ocean chemistry (Large et al., 2017).
Besides, the formation of pyrite from a (Fe,Ni)S precursor has
been proposed to be involved in the ‘Fe-S World” theory of
the origin of life (Huber and Wachtershauser, 1997, 1998). In
parallel, nickel has been recognised as an essential biocatalytic
metal agent in iron-sulphur enzymes, especially acetyl-CoA
synthase, which is a major enzyme of acetogenic bacteria
and methanogens for fixing CO/CO, (Darnaud et al., 2003).
Lastly, nickel has a particular ability to be incorporated in
pyrite during early diagenesis of marine and coastal sediments

(Huerta-Diaz and Morse, 1992; Morse and Luther, 1999; Large
et al., 2017), which largely contributes to Ni immobilisation
in mangroves (Noél et al., 2014, 2015). The image that arises
is one in which pyrite is a regulator of iron and trace metal
distribution in modern and ancient environments. Conversely,
the possible effects of metal impurities such as nickel on the
formation of pyrite have not been investigated yet, especially at
low-temperature (Morse and Luther, 1999; Rickard and Luther,
2007). Here we show that Ni%* as impurity drastically accel-
erates pyrite formation at ambient temperature under early
diagenesis-like conditions, thus suggesting that Ni impuri-
ties might have influenced the distribution and abundance
of pyrite and nickel in the present and ancient sedimentary
record.

§ Materials and Methods

Pyrite (FeS,) was synthesised by reacting ferric chloride with
sodium sulphide in aqueous solution for two weeks at room
temperature under strict anoxic conditions (Noél et al., 2014,
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Aqueous nickel impurity accelerates the formation of pyrite from a FeS(m) precursor. Powder XRD patterns of the solids

collected over the course of the pyrite synthesis experiments conducted at room temperature in the absence (left) or presence (right)
of aqueous Ni in the starting solution. Mk: nano-mackinawite; S: a-sulphur; Py: pyrite.

2015), with or without nickel chloride as impurity (Ni/Fe = 0.01
mol/mol) in the starting solution (Y.Fe(III) + Ni(II) = ¥.S(-II) =
50 mM at pH 5.5; Table S-1). Over the course of pyrite forma-
tion, the solid and aqueous phases were sampled by centrifu-
gation and 0.2 um filtration. Aqueous Fe and Ni concentrations
were measured by ICP-AES and HR-ICP-MS, respectively. The
mineralogy of the solid samples was determined by powder
X-ray diffraction (XRD) and wide-angle X-ray scattering
(WAXS) - pair distribution function (PDF) under anoxic condi-
tions. The nano-scale distribution of Fe and Ni was mapped
by scanning transmission electron microscopy (STEM) in
high angle annular dark field (HAADF) coupled with energy
dispersive X-ray analysis (EDXS). The molecular environment
of Ni and Fe was probed by using extended X-ray absorption
fine structure (EXAFS) spectroscopy. EXAFS spectra of the
pyrite end products were least squares fitted to theoretical ab
initio spectra calculated with the Feff8.1 code. EXAFS spectra
of the solids collected over the course of the experiments were
analysed by linear combination least squares (LC-LS) fitting
using a large model compounds spectra database (Noél et al.,
2014, 2015). Detailed procedures are reported in Supplemen-
tary Information.

¥ Results and Discussion
Mineralogical sequence leading to pyrite formation. The

first solid phase that formed in our pyrite synthesis exper-
iments was nanocrystalline mackinawite, FeSu, (Lennie

et al., 1995; Rickard and Luther, 2007), rapidly followed by the
crystallisation of minor amounts of S(0)@iphay (Fig. 1). After
an extended lag phase, pyrite rapidly formed at the expense
of FeSy and S(0)ipha), and was produced as a single phase
at the end of all experiments (Figs. 1, S-1 and Table S-2). Fe
K-edge EXAFS spectra of the Ni-free (Fig. S-2 and Table S-3)
and of the Ni-doped end products (Fig. 2b and Table S-3) well
matched pyrite crystallographic data (Wyckoff, 1963).

This mineralogical sequence is consistent with pyrite
formation pathways at low temperature via a FeSy, precursor
(Berner, 1970; Rickard, 1975; Schoonen and Barnes, 1991).
Accordingly, in our experiments, Fe(IlI) species rapidly reacted
with aqueous H»S to form iron monosulphide FeS¢, and
S(O)(alpha):

Fe(OH)f(aq) + HzS(aq) :1/2 FeS(m)
+ 1 S(O)(a1pha) + 1 F62+(aq) +2 HzO(l) Eq. 1

After the lag phase, FeSqy, then fully converted to FeSy(pyrite)
as summarised by:

2] FES(m) + S(O)(alpha): 2] Fesz(pyrite) Eq. 2

According to Rickard (1975), this conversion actually proceeds
via the reaction between aqueous polysulphide ions $,% (g
in equilibrium with S(0), and aqueous [FeS],@q) oligomers in
equilibrium with FeSy) (Rickard, 1975; Luther, 1991; Theberge
and Luther, 1997; Rickard and Morse 2005; Rickard and Luther
2007), e.g, forp = 1

FeS(aq) + HZSn(aq): Fesz(pyrim) + HZSnfl(aq) Eq. 3

Geochem. Persp. Let. (2017) 5, 6-11 | doi: 10.7185/geochemlet.1738 7



Geochemical Perspectives Letters

(a) (b)

(c)

10|
10 15 hr
24 hr i
=
=
A 29 hr
44 hr

Time (hr)

15 hr

ils1 nano-mackinawite

24 hr
L 24

29

RN

44

10 0 20 40 60 80 100
% Fe species

2 4 6 8 10 12 14 (o] 4 6 8
KA R+ 9(A)
(d) (e)
10 0.5 hr 10
B 0.5 hr
L 29 hr

30 hr

K x(K)

48 hr

Time (hr)

2 4 6 8 10 12
k(A

Figure 2

0 20 40 60 80 100
% Ni species

R+ 9(A)

Fe and Ni speciation in the solids formed during the synthesis of Ni-doped pyrite. Fe (a,b) and Ni (d,e) K-edge k3-weighted

EXAFS spectra and corresponding Fast Fourier transforms. Experimental (black). Ab initio Feff8.1 calculation (purple) (Table S-3). LC-LS
fits (green: Fe; red: Ni) (Table S-4). LC-LS fit components probing the local structure around Fe (c) and Ni (f) atoms include: Ni-pyrite
(Fe1-xNixS3), am-NiS (@amorphous NiS) and Ni-mack (Fe;.xNi,S) (Table S-4).

Effect of Ni** on pyrite nucleation. The mineralogical
sequence was similar with or without the addition of Ni** in
the starting solution, but with major changes in the kinetics of
pyrite nucleation. XRD showed that Ni dramatically shortened
the lag phase before pyrite formation (Fig. 1). Moreover, Fe and
Ni K-edge EXAFS that probed the local environment of Fe and
Ni atoms at a 3-8 A scale enabled us to catch the nucleation
of pyrite before it was detected by XRD. Indeed, Fe EXAFS
showed that 20 % of iron was present in pyrite clusters after

24 hours (Fig. 2a,b,c and Table S-4) for the synthesis with Ni
but only after 120 hours without Ni (Fig. S-2), while pyrite was
not detected by XRD at these respective reaction times (Fig. 1).
Pyrite nucleation thus started ~5 times earlier with Ni than
without Ni. Furthermore, Ni EXAFS showed that more than
50 % of nickel was incorporated in pyrite nuclei within the first
29 hours of the synthesis with Ni (Fig. 2d,e,f and Table S-4),
before pyrite could be detected by XRD (Fig. 1). In addition,
at the earliest stage of the synthesis with Ni (0.5 hr) Ni was
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mainly present as amorphous NiS (~80 %) with a minor frac-
tion of Ni incorporated in nano-mackinawite (~20 %; Fig. 2
and Table S-4). At the end of the synthesis (48 hr), Ni was
fully incorporated in pyrite, as indicated by the good match
between experimental and ab initio calculated EXAFS spectra
(Fig. 2d,e and Table S-4). Altogether, XRD and EXAFS results
thus demonstrated that Ni?* accelerated pyrite formation
through the early nucleation of Ni-enriched pyrite.

Compositional zoning of the pyrite crystals at the
nanoscale. STEM-EDXS mapping of the Ni-doped pyrite end
product showed that Ni was preferentially located in the inner
core of the pyrite crystals (Fig. 3). This was in agreement with
the preferential uptake of Ni during pyrite nucleation shown
by EXAFS analysis (Fig. 4a). Assuming saturation equilibrium,
the composition of an ideal solid solution Fe;_,Ni,S, can be
predicted from the solution composition using a theoretical

partition coefficient (Bruno et al., 2007): D = Kspy / Ksy, = [Fe,q]/
[Niag]  x/(1-x) (Tables S-5 and S-6). According to this model,
the first pyrite nuclei should have been significantly enriched
in Ni (x = 4.9 mol. % Ni ideal; Fig. 4b and Table S-6) with
respect to the aqueous Ni/Fe ratio (0.013 mol. %) measured by
ICP at the end of the lag phase. This enrichment that agrees
with so-called “common salt effect” is consistent with the x
value of 5.4 mol. % Ni observed for the first pyrite nuclei that
formed after 24-29 hours, as calculated by combining EXAFS
(Fig. 2 and Table S-3) and aqueous chemistry data (Table S-6).
The x value of the pyrite overgrowth is then expected to have
rapidly decreased after 48 hours, as confirmed by EXAFS
(Fig. 4b and Table S-6), and to have almost vanished after 100
hours of synthesis (Fig. 4b and Table S-6). The compositional
zoning of our synthetic Ni-doped pyrite nanocrystals (Fig. 3)
can hence be interpreted as successive overgrowth of ideal
solid solutions with decreasing Ni substitution rate.

Figure 3

)

Compositional zoning of the pyrite nanocrystals. STEM-HAADF images and TEM-EDXS mapping of the pyrite particles

collected at 48 hr, from the experiment performed with aqueous Ni. Elemental maps show that Ni is preferentially located into the
core of the pyrite crystals. Elemental abundances increase from blue to green and to red colours.
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Figure 4 Distribution of Ni and Fe in the solid and dissolved phases during the pyrite synthesis. (a) Proportion of initial Ni (red) and
Fe (green and gray) incorporated in pyrite in the synthesis conducted with and without Ni impurity, as determined by LC-LS fits of
EXAFS data (Figs. 2 and S-2). (b) Concentrations of aqueous Fe ([Fe,q]) and Ni ([Niag]) in the presence (with Ni) and absence (without
Ni) of aqueous Ni impurity. The molar fraction of Ni in pyrite estimated by combining chemical composition of the solution and
EXAFS analysis of the solids (Ni mol. % obs; purple diamonds) is compared to the molar fraction of Ni in pyrite predicted by assuming
saturation equilibrium with an ideal pyrite-vaesite solid solution (Ni mol. % ideal; white diamonds) (see text and Table S-5).

Unravelling the role of nickel in the kinetics of pyrite
formation. Spontaneous pyrite nucleation is generally thought
to require a saturation index as large as Log Qp,* = 14 and/or
catalytic effects (Harmandas et al., 1998; Rickard and Luther,
2007). Within the first 30 minutes of our synthesis with Ni
as impurity, amorphous NiS precipitated and a minor frac-
tion of nickel coprecipitated with FeS¢y (Fig. 2 and Table S-4)
resulting in a decrease of measured aqueous Ni and Fe concen-
tration down to 57 pM and 28 mM, respectively (Table S-6).
Based on these values that remained almost constant during
the 24-29 hours lag phase (Fig. 4b), with a slight decrease for
Ni (Table S-6), Chess 3.0 (van der Lee and De Windt, 2002)
calculations show that the saturation index of any ideal pyrite-
vaesite solid solutions was in between the saturation indexes of
the FeSs(pyrite) and NiSy(yaesite) end members (i.e. Log Qp, = 12.3
and Log Qv, = 9.9, respectively). This is because the solubility
products of pyrite (Kspy = 104 Rickard and Luther, 2007) and
vaesite (Ksy, = 107>%; Gamsjager et al., 2005) differ by less than
two orders of magnitude (Table S-5). Consequently, the accel-
eration of pyrite nucleation in our synthesis experiment with Ni
cannot be explained by supersaturation with respect to the solid
solution, since Log Qv, < Log Q rei-mixs2 < Log Qpy < Log QF*,

Interfacial energy vy is known to influence the rate of
nucleation from solution (Stumm, 1992). Slightly lower y values
for pyrite (Kitchaev and Ceder, 2016) than for vaesite (Zheng
et al., 2015) would however imply a lower activation energy
for the nucleation of pyrite than for vaesite and can thus not
be invoked to explain the faster nucleation of Ni-doped pyrite
compared to Ni-free pyrite.

Finally, ligand exchange rates of cations correlate well
with the reactivity of both divalent metal oxides (Casey et al.,
1993) and sulphides (Morse and Luther, 1999) at the solid-
water interface. Casey et al. (1993) reported that the water
exchange rate of the hydrated ion is particularly low for Ni**
(10** s71) compared to that for Fe?* (10%° s!) and that this
difference may explain the lower dissolution rate of Ni-oxides
and orthosilicates compared to their Fe analogues. In addition,
Morse and Luther (1999) proposed that, since Ni?* has lower
kinetics of water exchange than Fe?*, incorporation of Ni?* into
FeS; should be kinetically favoured over precipitation of pure
NiS,, as we demonstrate here.

Our results dispute the common assumption that super-
saturation and interfacial energy exert a major control on the
kinetics of pyrite nucleation when nickel is present as impurity.
They rather suggest that the reactivity of nickel impurities,
possibly in the form of Niz"aq, Fe Ni,S or NiS, could accel-
erate pyrite nucleation. Further studies of the S and O ligand
exchange reactions in Fe-Ni-S-H,O system are thus required
to elucidate the actual mechanism of this kinetic effect.

Implications for present and ancient marine biogeo-
chemistry. Acceleration of pyrite nucleation in the presence of
nickel impurity (Figs. 1 and 2) could help explain the particular
catalytic role of Ni in model reaction of the prebiotic chemistry.
Indeed, when added to a FeS¢y precursor, Ni has been found
to facilitate the conversion of CO and CH3SH into the activated
thioester CH3—~CO-SCH; (Huber and Wachtershauser, 1997),
as well as the polymerisation of peptides from amino-acids
(Huber and Wéchtershauser, 1998).

In addition, we show that the accelerated nucleation of
pyrite in the presence of Ni leads to a compositional zoning of
the pyrite nanocrystals, with a Ni-rich core and a Ni-depleted
outer shell almost devoid of Ni compared to the average crystal
(Fig. 3). Consequently, the Ni/Fe molar ratio in the aqueous
solution after the precipitation of such inhomogeneous pyrite is
2000 times lower than the starting ratio of 0.01 in our synthesis
(Fig. 4b). This effect is expected to dramatically decrease Ni
concentration in the aqueous phase during early diagenesis
of euxinic sediments, which may have important implications
for the preservation of marine water quality. For instance, fast
incorporation of Ni in pyrite could explain the efficiency of
this trapping process in mangrove sediments (Noél et al., 2014,
2015), especially in downstream lateritic Ni-ores, where sedi-
mentary pyrite exhibits Ni contents as high as in the present
study (1-5 mol. %; Noél et al., 2015).

Finally, an enhanced sequestration of Niin pyrite during
early diagenesis of sediments at low temperature could also
have influenced the distribution of pyrite and nickel in the
ancient sedimentary record. For instance, it may help explain
both the exceptionally high Ni contents (up to 1-3 mol. %)
found in marine pyrite from the late Archean ocean and the
apparent Ni enrichment observed in the core of some of these
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pyrite grains (Large et al., 2017). Furthermore, it could be
inferred that rapid precipitation of Ni-rich pyrite in euxinic
basins of the late Archean ocean (Reinhard et al., 2009; Large
et al., 2017) would be expected to have drastically lowered the
Ni/Fe ratio of the ocean, as observed by Konhauser et al. (2009)
in BIFs, which could have contributed to trigger the GOE, as
proposed by the latter authors.
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1. Pyrite Synthesis Procedure

Pyrite (FeS,) was synthesised at room temperature following
the protocol of Noél et al. (2014, 2015) with or without dissolved
Ni%* as impurity in the starting solution. All experiments
were conducted under strict anoxia using glass vials sealed
by butyl rubber stoppers in a glove box, and using O,-free
Milli-Q water degassed via N, bubbling for 45 min at 80 °C.
The pyrite synthesis was performed over 2 weeks of reaction
at pH 5.2-5.8, in 50 mL total volume with starting concentra-
tions of 50 mM FeCl; and 50 mM Na,S. The experiment with
Ni?* as impurity was conducted with 0.5 mM NiCl,, 49.5 mM
FeCl; and 50 mM Naj,S in the starting solution (Table S-1).
Over the course of pyrite formation, aliquots of 3 mL were
regularly collected from the reacting suspensions. The solid
phase was harvested by centrifugation at 8,500 g for 10 min,
rinsed three times with O,-free Milli-Q water, and dried under
vacuum within the anaerobic glove box. The aqueous phase
was collected after centrifugation, filtered through 0.22 pm
cellulose filters, and stored under anoxic conditions at 4 °C,
until analysis.

2. Aqueous Phase Analyses

Dissolved metal concentrations in the aqueous phase were
measured after 100 times dilution, by ICP-AES (Icap Ther-
moFisher Scientific at University Paris Diderot) for Fe and
HR-ICP-MS with an integrated FAST (ESI) injection system
(Element 2 Thermofisher Scientific at University Paris Diderot)
for Ni. Certified reference materials (SLRS4) were intercalated
during the analytical series.

3. Powder X-ray Diffraction (XRD)

Mineralogical composition of the solid samples collected over
the course of the pyrite synthesis experiments was determined
by powder XRD, using CoKa radiation in order to minimise
the X-ray absorption of Fe. Data were collected in Bragg-Bren-
tano geometry using a Panalytical® X'Pert Pro diffractometer
equipped with an X'celerator® detector. A continuous collec-
tion mode was applied over the 3—80° 26 range with a 0.016° 26
step and counting 3 hr for each sample. To avoid any changes
in the mineralogy related to possible redox reaction with air

1. Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (IMPMC), UMR 7590, CNRS, UPMC-Sorbonne Universités, MNHN, IRD, 4 place Jussieu, 75005

Paris, France
Corresponding author: (e-mail: guillaume.morin@upmc.fr)

Koniambo Nickel SAS (KNS), B.P.679, 98860 Koné, New Caledonia

G W

Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
Equipe de Géochimie des Eaux de I'Institut de Physique du Globe (IPGP), UMR 7154, 1 rue Jussieu, 75005 Paris, France
Institut de Recherche pour le développement (IRD), UR 206/UMR 7590 IMPMC, 98848 Nouméa, New Caledonia

@ Geochem. Persp. Let. (2017) 5, 6-11 | doi: 10.7185/geochemlet.|738 Sli-1


mailto:guillaume.morin@impmc.upmc.fr

Geochemical Perspectives Letters

during this analysis, samples were mounted on a XRD sample
holder that was loaded in a sealed chamber equipped with a
Kapton window for XRD analysis. All these operations were
done within a glove box filled with nitrogen.

Table S-1 Proportions of the reactants used for the two pyrite
synthesis experiments performed without or with aqueous Ni?*
impurity in the starting solution. All solutions were prepared
with O,-free milli-Q water in an anaerobic chamber. Appropriate
volumes (v) of metal cation stock solutions of concentrations (c)
were mixed with 42 mL of O,-free milli-Q water under stirring
and completed with 4 mL of Na,S solution to 50 mL total volume
(V1otar) in glass vials. These vials with initial concentrations of
the reactants (C) were then sealed with butyl rubber stoppers
and reacted for two weeks at 25 °C under constant strirring.
Solution pH at the start and end of the synthesis experiments
are also reported.

c v n C H
M) | (mL) |(mmol)| mm) | P

without Ni
O,-free mQ water 42
FeCl3.6H,O 0.625 4 25 50
Na,S.9H,O 0.625 4 0.4 50
VTotal 50
pH start 5.8
pHend 5.2
with Ni
O,-free mQ water 41.79
NiCl,.6H,O 0.1 0.25 0.025 0.5
FeCl3.6H,O 0.625 3.96 2.475 49.5
NayS.9H,0 0.625 4 0.4 50
VTntal 50
pH start 5.7
pHend 5.8

4. Wide-angle X-ray Scattering (WAXS) and
Pair Distribution Function (PDF) Analysis

The solid phases sampled at 0.5 hr and 216 hr in the
Ni-free synthesis experiment, and respectively identified as
nano-mackinawite and pyrite using XRD (Fig. 1), were analysed
by WAXS-PDF analysis in order to better determine their local
structure. Total X-ray scattering data were collected at IMPMC
using a Panalytical Empyrean diffractometer equipped with
an Ag anode and a photo-multiplier detector, in a 6 — 0 trans-
mission geometry, on samples loaded in borosilicate capil-
laries. Measurements were performed up to 26 = 148° with
Ag K, radiation (Ko 0,559421 A, Ky 0,563812 or 22.16 keV)
allowing the collection of data up to Qmax = 21.8 A1 where Q
is the magnitude of the scattering vector, Q = (4mwsin6)/A). To
minimise the statistical noise level at high Q values (due to
the low form factor at high angle), the exposure time used for
2° <26 <50° (10 s per 0.2° step) was doubled for 50° < 26 < 90°
and quadrupled for 90° < 26 < 148°. The same data collection
strategy was used for both the samples and empty borosil-
icate capillary, the latter being used as a baseline that was
subtracted from sample 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[s(Q)-1]sinQrdo.

PDFgetX3 (Juhas et al., 2013) was used to process the exper-
imental powder diffraction intensity to generate the PDF
G(r). Each observed PDF G(r) was fitted with a calculated

one obtained from crystal structure models using the PDFgui
program (Farrow et al., 2007). The scale factor was the first
parameter refined, followed by the unit cell parameters and
then by the appropriate coordinates of the S atom (Table S-2).
To determine the Gaussian dampening factor (Qdamp),
depending mainly on the diffractometer configuration, a well
crystallised compound was measured in the same conditions as
the samples and all the parameters reported above, including
the Qdamp factor, were refined. The resulting Qdamp value
(i.e. 0.045) was then used for macknawite and pyrite PDF
refinements. This procedure allowed us to estimate an average
coherent domain size (sp diameter factor in PDFgetX3) from
the signal dampening of the PDF, assuming a spherical shape
of the particles.

The agreement between the calculated and the exper-
imental PDF was characterised by the following reliability

factor:
_ ZL[Gobs(’i)—szc(n;?)T

_ > - G (1)

where Gops is the PDF extracted from the diffraction data,

Geale is the PDF calculated from the model and P is the list of
parameters refined in the model.

R

w

5. Scanning Transmission Electron Microscopy
(STEM)

Data were collected on a JEOL 2100F microscope (IMPMC,
Paris) operating at 200 kV, equipped with a field emis-
sion gun, a high-resolution (UHR) pole piece and a Gatan
energy filter GIF 2001. Scanning transmission elec-
tron microscopy (STEM) in high angle annular dark
field (HAADF) allowed Z-contrast imaging. Qualitative
elemental compositions were determined by energy disper-
sive X-ray spectroscopy (EDXS) using a JEOL detector with
an ultra-thin window allowing detection of light elements.

6. X-ray Absorption Spectroscopy Data
Collection

Fe and Ni K-edge extended X-ray absorption fine structure
(EXAFS) spectra of the solid phases were collected in trans-
mission detection mode at 20 °K on the bending magnet beam-
lines SAMBA (SOLEIL, Saint-Aubin, France) and BM23 (ESREF,
Grenoble, France) using a Si(220) or a Si(111) double-crystal
monochromator, respectively. Dynamic sagittal focusing of
the second crystal was used at the SAMBA beamline (Briois
et al., 2011). In order to strictly preserve the oxidation state of
Fe during the analyses, all samples were mounted on the cryo-
stat sample rod within a glove bag or a glove box next to the
beamline and carried to the beamline in a liquid nitrogen bath
before being rapidly transferred into the cryostat. The energy
of the X-ray beam was calibrated by setting to 7112 eV (or 8333
eV) the first inflection point on the Fe (or Ni) K-edge spectrum
recorded on a Fe foil (or a Ni foil) in double transmission setup.
Only 2 scans were needed for Fe K-edge spectra, whereas 3
to 4 scans were needed to achieve an acceptable signal/noise
ratio for Ni K-edge spectra. For each sample, data were aver-
aged and normalised using the ATHENA software (Ravel
and Newville, 2005). EXAFS spectra were then background
subtracted from these normalised data using the XAFS code
(Winterer, 1997). Radial distribution functions around the Fe
(or Ni) absorber were obtained by Fast Fourier-transformation
of the k®-weighted experimental (k) function using a Kaiser-
Bessel apodisation window with the Bessel weight set at 2.5.
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Figure S-1 PDF analysis of the samples collected at 0.5 hr and 216 hr in the Ni-free synthesis experiment. For the 0.5 hr and 216 hr
samples, the best fits were obtained from the refinement in real space of the mackinawite structure (Lennie et al., 1995) and the pyrite
structure (Wyckoff et al., 1963) respectively (Table S-2). Experimental and calculated PDF curves are plotted in black and red colours,

respectively.

Table S-2 Refined crystallographic parameters obtained from the PDF analysis of the samples collected at 0.5 hr and 216 hr in the
Ni-free synthesis experiment, using the mackinawite (Lennie et al., 1995) and pyrite (Wyckoff et al., 1963) structures as starting models,

respectively.

unit-cell (P4/nmm) atomic positions MCD Rw
Mackinawite (0.5 hr)
a,b c atom y z (nm)
Staring parameters 3.6735 5.0328 Fe 0 0 0
S 0 0.5 0.2602
Refined parameters 3.674(1) 5.033(1) Fe 0 0 0 2.1(3) 0.45
S 0 05 0.27(3)
unit-cell (Pa3) atomic positions MCD Rw
Pyrite (216 hr)
a,b,c atom y z (nm)
Staring parameters 5.4067 Fe 0 0 0
S 0.386 0.386 0.386
Refined parameters 5.448(4) Fe 0 0 0 4.9(6) 0.38
S 0.385(1) 0.385(1) 0.385(1)

7. Ab Initio Calculation of the EXAFS Spectra

The local structure around Fe and Ni atoms in the pyrite end
products synthesised with and without aqueous Ni was anal-
ysed by comparison of the experimental EXAFS spectra of
these samples at the Fe and Ni K-edges with theoretical spectra
calculated using the Feff8.1 code. For that purpose, atomic
clusters around central Fe or Ni atom were generated using
the Atoms code (Ravel, 2001) on the basis of the pyrite crystal
structure (Wyckoff, 1963). When the Ni atom was considered
as the central atom, the cell parameter of the pyrite cluster
was modified to account for the difference in unit cell between
pyrite (FeS,) and vaesite (NiS,) (5.4067 and 5.677 A, respec-
tively; Wyckoff, 1963). The unit cell parameter was increased
to a = 5.52 A for the first shell around the central Ni atom and
to a = 5.45 A for longer distances (Table S-3). This is in agree-
ment with previous EXAFS results that showed shorter Ni-S
distances in Ni-substituted pyrite than in vaesite (Noél ef al.,
2015). For each cluster, a few hundred theoretical phase shift
and amplitude functions were calculated using the FEff8.1 code

Geochem. Persp. Let. (2017) 5, 6-11 | doi: 10.7185/geochemlet.1738

(Ankudinov et al., 1998), over a radius of 8 A, including multiple
scattering paths up to nleg = 6 with criteria = 1.5. For these
calculations, the self-consistent potential option of the FEff8.1
code was not used. Each theoretical EXAFS spectrum recon-
structed using all these path functions was then least squares
fitted to the experimental EXAFS spectrum of the chosen model
compound using a custom-built software based on a Leven-
berg-Marquardt minimisation algorithm, refining only an
overall Debye-Waller parameter o and a threshold energy shift
AEgparameter, with So? fixed to 1. The fit quality was estimated

using a Rf value. Uncertainty on each refined parameter was
estimated as SX,IVAR(p)xle , where VAR(p) is the variance
of parameter p returned by the Levenberg-Marquardt routine
for the lowest Rf. Results of these calculations are reported in
Table S-3. Corresponding spectra are plotted in Figures 2a,b,

S-2, and Figure 2¢,d for Fe and Ni K-edge EXAFS data,
respectively.

SI-3




Geochemical Perspectives Letters

Table S-3 Crystallographic data used for ab initio Feff8.1 calculations of Fe and Ni K-edge EXAFS data for the synthetic Ni-free and
Ni-doped pyrite end products. Corresponding k3y(k) EXAFS and FFT curves are plotted in Figure S-2 as well as in Figure 2a,b and
in Figure 2c,d, for the Fe and Ni K-edge data, respectively. Interatomic distances between the central Fe or Ni atom and its closest
neighbours in the cluster are reported. To adjust the amplitude and the energy position of the EXAFS spectra, an overall Debye-Waller
parameter o and a threshold energy shift AE, parameter were simultaneously refined. The So?> parameter was fixed to 1. Fit quality
was estimated using an R-factor (Rf) and uncertainty on the refined parameters are given in parentheses (see text).

Sample Unit-cell closest neighbors Refined parameters
a(A) atom R(A) N o (A) AE, (eV) Rf
Fe K-edge
Ni-free pyrite (336 hr) 5.407 S 2.26 6 0.070(4) 2.1(5) 0.16
S 3.43 6
S 3.61 2
Fe 3.82 12
S 4.44 6
Ni-doped pyrite (44 hr) 5.407 S 2.26 6 0.071(4) 2.2(5) 0.10
S 3.43 6
S 3.61 2
Fe 3.82 12
S 4.44 6
Ni K-edge
Ni-doped pyrite (44 hr) 5.52 S 2.31 6 0.071(4) 2.2(5) 0.08
5.45 S 3.46 6
S 3.64 2
Fe 3.85 12
S 4.48 6

8. Linear Combination Least Squares (LC-LS)
Fitting of the Fe and Ni K-edge EXAFS Data

Fe and Ni-EXAFS of the solids sampled over the course of the
pyrite synthesis experiments were fit with a Linear Combina-
tion Least Squares (LC-LS) procedure using a custom-built
software based on the Levenberg-Marquardt minimisation
algorithm. This procedure relied on a large set of experimental
Fe and Ni K-edge EXAFS spectra from natural and synthetic
sulphide model compounds (Dublet et al., 2012; Noél et al.,
2014, 2015).

The model compound spectra that gave the best LC-LS
fits to the Fe K-edge spectra (Figs. 2, S-2 and Table S-3) were
the following: i) the nano-mackinawite sampled after 0.5 hrin
the Ni-free synthesis experiment (local structure determined
by WAXS-PDF analysis; Table S-2 and Fig. S-1); ii) the pyrite
end product of the Ni-free synthesis experiment identified
by XRD (Fig. 1a) (i.e. structure determined by WAXS-PDF
analysis; Table S-2 and Fig. S-1, and ab initio Feff8.1 EXAFS
calculation; Fig. S-2 and Table S-3); iii) the Ni-doped pyrite
end product characterised by XRD (Fig. 1b) and EXAES (i.e.
local structure determined by ab initio Feff8 calculation; Fig.
S-2 and Table S-3).

For Ni K-edge, the best model compounds were the
following: i) Ni-subsituted mackinawite, the local structure
determined by ab initio Feff8 calculation (Noél ef al., 2015); ii)
amorphous NiS (see Fig. S-5 in Noél et al., 2015); and iii) the
Ni-doped pyrite end product characterised XRD (Fig. 1b) and
EXAFS (i.e. structure determined by ab initio Feff8 calculation;
Fig. 2 and Table S-3).

Goodness of fit was estimated by a reduced chi-squares

N; 1 3 3 2

R e 2 2 8t 8 e
Nind = (2AkAR)/n) is the number of independent parameters,
Np is the number of fitting components, Npoints the number of
data points and ¢ is the measurement uncertainty (Noél et al.,
2015). 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 et al., 2005). Uncertainty on each

fitting parameter p was estimated as 34/ VAR(P)X% , where

VAR(p) is the variance of parameter p returned by the Leven-
berg-Marquardt routine for the lowest y%.

Xlzzz(

points
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Figure S-2 Fe K-edge k3-weighted EXAFS data of the solid samples collected over the course of the pyrite synthesis experiments
conducted without aqueous Ni in the starting solution. Experimental k3y(k) functions (left panel) and corresponding Fast Fourier
Transforms (centre panel) are displayed as black lines. Ab initio calculation of the EXAFS spectra of the pyrite end product is displayed
in purple (Table S-3). Linear combination least squares (LC-LS) fits of the solid samples collected over the course of the synthesis
experiments are displayed in gray curves. Proportions of the LC-LS fitting components (right panel) are reported in Table S-4.

Table S-4 Results of LC-LS fits for Fe and Ni K-edge EXAFS data of the solids collected over the course of the pyrite synthesis
experiments conducted with (Fig. 2) or without (Fig. S-2) aqueous Ni in the starting solution. Results are given in percentage of the
following fitting components: the nanocrystalline mackinawite (nano-mack) collected at 0.5 hr in the Ni-free experiment; the pyrite
end product of the Ni-free experiment (pyrite), the Ni-doped pyrite end product of the experiment conducted with Ni (Ni-doped
pyrite), amorphous NiS (am-NiS), nanocrystalline Ni-doped mackinawite (Ni-Mack). Using vaesite NiS, as fitting component did not
match the data. Uncertainties on the component proportions are given in brackets for the last digit. Goodness of fit is evaluated by
a reduced % (see SI text).

Sample pyrite nano-mack [ Ni-doped pyrite am-NiS$ Ni-mack Sum %
without Ni
Fe K-edge
0.5 hr - 100 100 0
84 hr 4(2) 100(3) 104 1
120 hr 18(14) 82(23) 100 12
216 hr 100 - 100 0

with Ni impurity

Fe K-edge

15 hr 100 3(7) 103 7.6
24 hr 90(14) 16(9) 106 39
29 hr 83(9) 19(6) 102 15
44 hr - 100 100 0
Ni K-edge

0.5 hr - 90(13) 27(6) 117 32
29 hr 57(3) 46(6) 9(3) 112 05
30 hr 70(3) 27(7) 5(3) 102 0.9
48 hr 100 - - 100 0
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9. Aqueous Chemistry Calculations

Saturation indexes of the Ni and Fe sulphide mineral phases
were calculated using the Chess 3.0 code, release 4, compiled
March 6™ 2003 for MacOSX, and using the Chess code database
(Van der Lee, 2002), completed by the specific thermodynamic
data listed in Table S-5. Saturation equilibrium calculations
(Table S-6) were performed according to the formalism by
Bruno et al. (2007) and using the thermodynamic data listed
in Table S-5.

For our starting chemical compositions (3Fe(III) + Ni(II)
= X.S(-1I) = 50 mM at pH 5.5; Table S-1), Chess 3.0 calculation
indicates that the saturation index of FeSy(pyrite) (LOg Qpy = 15.7)
exceeded the supersaturation limit (Log Qpy* = 14; Harmandas
et al., 1998; Rickard and Luther, 2007) at which pyrite nucle-
ation is relatively fast and not rate limiting. However, in all
synthesis experiments conducted with or without Ni%**, nano-
crystalline mackinawite formed first (Fig. 1), indicating that
it was kinetically favoured over pyrite, although the starting
chemical composition was moderately supersaturated with
respect to nanocrystalline mackinawite FeS) (Log Qresm)
= 4.3), as calculated with Chess 3.0 using thermodynamic
data from Table S-5. Within the first 30 minutes of synthesis
conducted in the absence of Ni, the precipitation of FeSyy) in

the absence of S(O)(Edpha)] resulted in a decrease of aqueous
sulphide and iron concentrations down to the same value of
28 mM as measured by ICP-AES for Fe (Fig. 4b). Based on these
measured concentrations, the saturation index with respect to
FeSs(pyritey Was then estimated from Chess 3.0 calculation to
have decreased to Log Qp, = 12.3.

In the same way, in the experiment with Ni, nanocrys-
talline mackinawite and amorphous NiS formed first (Fig. 2),
although the starting chemical composition was moderately
supersaturated with respect to FeSy (Log Qpesm) = 4.3) and
NiSqpy (Log Qnisppy = 4.4), as calculated with Chess 3.0
using thermodynamic data from Table S-5. The precipitation
of FeSymy and amorphous NiS, in the absence of S(0)apha)
during the first 30 min of synthesis resulted in a decrease of
aqueous sulphide and iron concentrations down to 28 mM,
and of aqueous nickel concentration down to 57 uM. Based
on these measured concentration values, saturation indexes
with respect to pyrite-vaesite solutions were estimated with
Chess 3.0 code (see text). For these calculations, the solubility
products Ks,, of Fej4Ni,S, solid solutions were estimated
assuming ideal mixing using a formalism adapted from Bruno
et al. (2007) (i.e. Log Ksx = (1-x)Log[(1-x)Kspy] + xLog [xKsva],
where Kspy and Ksy, are the solubility products of FeSy(pyrite)
and NiSy(yaesite) respectively; Table S-5).

Table S-5 Solubility data for relevant Fe and Ni sulphide solid phases and aqueous species used in the aqueous chemistry calculation
displayed in Figure 4. Dissolution reactions are written in terms of HS-, SO4%, S(0), Fe?* and Ni?* for consistency with the Chess code
database. The equilibrium constants of these reactions have been converted from reported reactions and constants given below.

Reactions converted into the Chess database framework Log K (k?.fgi)ni'l)
1 | FeSgm) + H g = Fe**(aq) + HS ag) -35 Rickard (2006)
2 | NiSgpy + H"ag) = Ni**(ag) + HS ag) -7.5 Gamsjéger ef al. (2005)
3 | FeSapyrite) + H20) = Fe2* ) + 1.75 HS (o) + 0.25 SO (o) + 0.25 H (g -24.7 from 8, 10, 11
5 NiSy(vaesite) + H2Oq) = Ni2+<aq)+ 1.75 HS (o) + 0.25 8042’(;@ +0.25 H" o) -26.3 from 9, 10, 11
Literature data
6 FeS) + H @) = Fez+(aq> +HS™ g -3.5 Rickard (2006)
7 | NiSgpy + 2H*g) = Ni**ag) + HaS(agq) -0.5 Gamsjéger ef al. (2005)
8 | FeSopyrite) + Hf(ag) = Fez*(aq) +HS ag) + S(0) alpha) -14.2 Rickard and Luther (2007)
9 | NiSawaesite) + H (aq) = Ni** (aq) + HS (ag) + S(0) alpha) -15.8 from 13, 15, 16
10 | S0)ipha) + H20g) = HS"ag) + 0.5 Os(aq) + H'(ag) -45.1 from 19, 16,17
11 | HS (ug) + 2 Ontag) = SO ag) + H g 1383 from 16,17, 18
12 | FeSapyrite) -160.8 from 8, 14, 16
13 | NiSy(vaesite) -123.8+7 | Gamsjédger (2005)
14 | Fe**(g -91.88 Beverskog and Puigdomenech (1996)
15 | N2 -45.77+0.8 | Gamsjager (2005)
16 | HS a9 12.05 Rickard and Luther (2007)
17 | Ozag) 16.32 Wagman et al. (1968)
18 SO42'(aq) -744.0 Rickard and Luther (2007)
19 | HoOq -237.18 | Wagman et al. (1968)

1. At this stage, sulphide aqueous species likely include polysulphide ions such as e.g., H2Sa(q), resulting from Fe(IIT) reduction by S(-II) :

FC(OH)2+(aq) + HQS(aq) + H+(aq) s FC2+(aq) +1 HzSz(aq) +2 H20(1)
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Table S-6 Composition of the Fe;4NiyS; solid solutions derived from saturation equilibrium with respect to the aqueous concentrations
of Fe ([Feaql) and Ni ([Fe,q]) measured by ICP-MS over the course of the pyrite synthesis experiment conducted in the presence of Ni.
Molar fractions of Ni (x ideal) and Fe ((7-x) ideal) in the ideal solid solution were predicted assuming a theoretical partition coefficient
(Bruno et al., 2007): Digeal = KSpy /Ksva = [Feagl/[Niag] ® x/(1-x) = 39 (See Table S-5 for solubility constants). Observed molar fractions of
Ni (x obs) and Fe ((1-x) obs) in the synthesised pyrite were derived from the fractions of Ni and Fe in the solid phase weighted by the
proportion of total Fe or Ni in pyrite derived from EXAFS analysis (Table S-4 and Fig. 3). [Feo] = 50mM and [Niy] = 500 uM (Table S-1).

. . . Fein P iin P

0.5 28.4 57 0.926 0.074

4 28.6 48 0.937 0.063
24-29 27.2 35 0.951 0.049 465 18.6 18.6 0.946 0.054
48 28.0 42 0.994 0.006 496 100 100 0.977 0.023
120 26.0 0.7 0.999 0.001

216 26.0 1.2 0.998 0.002

336 25.4 0.4 0.999 0.001

336 25.7 0.3 0.9996 0.0004
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