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Nickel accelerates pyrite nucleation at ambient temperature
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Abstract	 doi: 10.7185/geochemlet.1738

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 Ni2+ 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(III) with Na2S 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 
Fe1-xNixS2 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 et 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 Wächtershäuser, 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/CO2 (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 (Noël 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 Ni2+ 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 (FeS2) was synthesised by reacting ferric chloride with 
sodium sulphide in aqueous solution for two weeks at room 
temperature under strict anoxic conditions (Noël et al., 2014, 
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2015), with or without nickel chloride as impurity (Ni/Fe = 0.01 
mol/mol) in the starting solution (∑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 µm 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 (Noël 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, FeS(m) (Lennie 

et al., 1995; Rickard and Luther, 2007), rapidly followed by the 
crystallisation of minor amounts of S(0)(alpha) (Fig. 1). After 
an extended lag phase, pyrite rapidly formed at the expense 
of FeS(m) and S(0)(alpha), 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 FeS(m) precursor 
(Berner, 1970; Rickard, 1975; Schoonen and Barnes, 1991). 
Accordingly, in our experiments, Fe(III) species rapidly reacted 
with aqueous H2S to form iron monosulphide FeS(m) and 
S(0)(alpha):

	 Fe(OH)2
+

(aq) + H2S(aq) →← ½ FeS(m)  
	 + ½ S(0)(alpha) + ½ Fe2+

(aq) + 2 H2O(l)	 Eq. 1

After the lag phase, FeS(m) then fully converted to FeS2(pyrite) 
as summarised by:

	 ½ FeS(m) + ½ S(0)(alpha) →← ½ FeS2(pyrite)	 Eq. 2

According to Rickard (1975), this conversion actually proceeds 
via the reaction between aqueous polysulphide ions Sn

2-
(aq) 

in equilibrium with S(0), and aqueous [FeS]p(aq) oligomers in 
equilibrium with FeS(m) (Rickard, 1975; Luther, 1991; Theberge 
and Luther, 1997; Rickard and Morse 2005; Rickard and Luther 
2007), e.g., for p = 1:

	 FeS(aq) + H2Sn(aq)
 
→← FeS2(pyrite) + H2Sn-1(aq)

	 Eq. 3

Figure 1 	 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.
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Figure 2 	 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-xNixS2), am-NiS (amorphous NiS) and Ni-mack (Fe1-xNixS) (Table S-4).

Effect of Ni2+ on pyrite nucleation. The mineralogical 
sequence was similar with or without the addition of Ni2+ 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 Å 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 Ni2+ 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 Fe1-xNixS2 can be 
predicted from the solution composition using a theoretical 

partition coefficient (Bruno et al., 2007): D = KsPy / KsVa = [Feaq]/
[Niaq] • 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 ([Feaq]) and Ni ([Niaq]) 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 ΩPy* = 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(m) (Fig. 2 and Table S-4) 
resulting in a decrease of measured aqueous Ni and Fe concen-
tration down to 57 µM 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 FeS2(pyrite) and NiS2(vaesite) end members (i.e. Log ΩPy = 12.3 
and Log ΩVa = 9.9, respectively). This is because the solubility 
products of pyrite (KsPy = 10-14.2; Rickard and Luther, 2007) and 
vaesite (KsVa = 10-15.8; Gamsjäger 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 ΩVa < Log Ω Fe1-xNixS2 < Log ΩPy < Log Ω*.

Interfacial energy γ is known to influence the rate of 
nucleation from solution (Stumm, 1992). Slightly lower γ 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 Ni2+ 
(104.4 s-1) compared to that for Fe2+ (106.5 s-1) 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 Ni2+ has lower 
kinetics of water exchange than Fe2+, incorporation of Ni2+ into 
FeS2 should be kinetically favoured over precipitation of pure 
NiS2, 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 Ni2+

aq, Fe1-xNixS or NiS, could accel-
erate pyrite nucleation. Further studies of the S and O ligand 
exchange reactions in Fe-Ni-S-H2O 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(m) precursor, Ni has been found 
to facilitate the conversion of CO and CH3SH into the activated 
thioester CH3–CO–SCH3 (Huber and Wächtershäuser, 1997), 
as well as the polymerisation of peptides from amino-acids 
(Huber and Wächtershäuser, 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 (Noël 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. %; Noël et al., 2015).

Finally, an enhanced sequestration of Ni in 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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