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Abstract. In surface soils and sediments, iron monosulfide (FeS) species, including nanocrystalline mackinaw-
ite, tend to quickly form in the presence of iron and sulfide in anoxic conditions. As such, FeS species are the
main precursors for the formation of other iron sulfides such as Fe3S4 greigite and FeS2 pyrite, which are ubiqui-
tous in surface sedimentary environments. It is known that, under prolonged aging under reducing conditions in
a sulfidic aqueous medium, FeS species can evolve into crystalline mackinawite. However, the possible influence
of pH on the evolution of mackinawite under such anoxic low-temperature conditions relevant to sedimentary
(sub)surface environments has not been investigated yet. In this study, we used Rietveld refinement and pair
distribution function analysis (PDF) of synchrotron-based X-ray powder diffraction (XRD) patterns to derive the
mean coherent domain (MCD) size of mackinawite after aging under various pH conditions and X-ray absorp-
tion near-edge structure (XANES) spectroscopy at the S and Fe K-edges to study the structural and electronic
properties. Moreover, in order to strengthen our interpretations, we confirmed the shape and relative energy of
pre-edge features in the SK-edge XANES spectra of mackinawite (FeS) and pyrite (FeS2) model compounds via
first-principle calculations. Our results show that, after FeS has precipitated from aqueous Fe(II) and H2S/HS−

in a saline medium at pH 7.1, aqueous aging at the same pH over 47 d results in the formation of nanocrystalline
mackinawite (MCDab = 11.5± 0.1 nm; MCDc = 7.1± 0.1 nm). When Na2S is added into the solution to reach
pH 9.7 after FeS has precipitated at pH 7.1, no other Fe sulfide is observed during the aging phase, and macki-
nawite particles are of smaller size (MCDab = 7.9±0.1 nm; MCDc = 4.6±0.1 nm). In this sample, an additional
weak and broad peak appears at d = 10.5 Å that could be interpreted as being due to either lattice expansion at
the particle boundaries or a double-cell super-structure. When H+ is added as HCl to reach pH 5.1 before the
aging phase, the size of mackinawite particles increases (MCDab = 13.0±0.2 nm; MCDc = 8.1±0.2 nm), and a
fraction transforms into greigite (Fe3S4). This reaction is accompanied by a pH increase to 6.4, likely because of
H+ consumption, which suggests that Fe(II) in FeS would serve as an electron donor and that H+ would serve as
an electron acceptor. The calculated electronic structure of mackinawite shows partly filled Fe-3d states, which
supports the fact that acidic aging conditions are favorable for Fe(II) to act as an electron donor. We propose
and further discuss the fact that the formation of greigite from nanocrystalline mackinawite could result in H2
production as, for instance, observed for anoxic corrosion of zero-valent Fe at higher temperatures. Greigite
has been designated in the literature either as an intermediate towards pyrite formation or as a mineralogical
endmember in another reaction route. Our observations raise the question of the existence of such a reaction
producing Fe3S4 and H2 in reducing sedimentary (micro)environments across geological times. In addition, the
metallic character of mackinawite suggests that Fe(II) oxidation to Fe(III) by H+ in this mineral species could
proceed without the need for another oxidizing agent. Although the possible formation of pyrite from greigite
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would require further studies on extended aging time and/or under more acid-sulfidic conditions, our findings
could have implications for the understanding of the initial steps of the H2S pathway to pyrite.

1 Introduction

Iron sulfides are ubiquitous minerals of sedimentary en-
vironments, precipitating under reducing anoxic or sub-
oxic conditions at the redox boundary in the water col-
umn or during early diagenesis of sediments in the presence
of sulfide-producing bacteria (Berner, 1970, 1984; Corn-
well and Morse, 1987; Wilkin and Barnes, 1997; Rickard
and Luther, 1997; Schoonen, 2004; Rickard and Morse,
2005; Rickard and Luther, 2007). Among them, pyrite
(FeS2); nano-crystalline mackinawite (FeSNano); and, less
commonly, greigite (Fe3S4) are mostly observed as relic min-
erals of the biologically mediated maturation and burial of
marine and, to a lesser extent, continental sediments (Corn-
well and Morse, 1987; Roberts, 1995; Emmings et al., 2022).
From a technological point of view, iron sulfide minerals find
their importance as semiconductor materials (e.g., Cabán-
Acevedo et al., 2014) or for catalytic applications, including
as potential green catalysts that would contribute to green-
house gas mitigation (Roldan and De Leeuw, 2016; Santos-
Carballal et al., 2018; Dzade et al., 2015) or organic pollu-
tant degradation (Cheng et al., 2020). From a fundamental-
knowledge point of view, owing to their catalytic properties,
iron sulfide minerals are considered to be important sub-
strates for condensing inorganic species in prebiotic reac-
tions (Schoonen et al., 2004; Rickard et al., 2001; Mielke et
al., 2011). This has been theorized within the framework of
the iron–sulfur world theory (Wächtershäuser, 1988, 2000).

Several research works consider that iron sulfides could
preserve evidence of the original deposition environments.
In particular, criteria such as their abundance, morphology,
mineralogy, and crystal chemistry depend on the local condi-
tions prevailing at the time of precipitation (microbiology, el-
emental or molecular concentrations, physico-chemical con-
ditions). This type of paleo-environmental information is
then used to better understand the history of Earth and/or the
development of life (Pósfai et al., 1998; Koonin and Mar-
tin, 2005; Wacey et al., 2011; Picard et al., 2019; Mukher-
jee et al., 2019). However, linking environmental factors to
morphological and structural properties of iron sulfides re-
quires gaining mechanistic-level information about the for-
mation pathways of these minerals in environmental set-
tings. Thus, the diversity of the morphology, mineralogy,
and crystal chemistry of iron sulfides explains why the re-
search concerning their formation mechanisms, particularly
that of pyrite, the thermodynamically most stable iron sulfide
phase, has been so intense in the past (Rickard, 2012, and
references therein) and is still currently active (Matamoros-
Veloza et al., 2018a, b; Baya et al., 2021). Briefly, three

main pathways are usually designated for diagenetic pyrite
formation: the H2S pathway, the polysulfide pathway, and
the ferric-hydroxide-surface pathway. All three strongly de-
pend, at first, on the relative abundance of sulfide, iron(II),
and iron(III) in the precipitation media (Benning et al., 2000;
Rickard and Luther, 2007; Peiffer et al., 2015; Picard et al.,
2018). Additionally, some authors have raised the question
of greigite involvement as an intermediate in pyrite formation
(Schoonen and Barnes, 1991), and others have unequivocally
proven its occurrence in several laboratory pyrite syntheses
experiments (Hunger and Benning, 2007; Lin et al., 2018). In
the literature, a moderate temperature (> 50 °C) is often used
to boost reaction kinetics (e.g., Benning et al., 2000), but
low-temperature data, i.e., below 30 °C, are scarce despite
being more representative of early diagenesis in sediments.
Another old and important question is that of the chemical
and structural nature of the low-solubility iron-monosulfide
(FeS)-type compounds precipitating under anoxic–suboxic
conditions and that are involved in the early stages of all
FeS systems (Rickard and Morse, 2005; Rickard and Luther,
2007; Matamoros-Veloza et al., 2018a, b; Baya et al. 2021).
In this regard, past research has predominantly focused on
submicrometric FeS compounds, referred to as “amorphous
FeS”, “nano-crystalline FeS”, or “freshly precipitated FeS”
(Wolthers et al., 2003; Ohfuji and Rickard, 2006; Jeong et al.,
2008; Csákberényi-Malasics et al., 2012; Matamoros-Veloza
et al., 2018a, b; Michel et al., 2005), as these forms are, in-
deed, the most probable mineralogical precursors of crys-
talline mackinawite, greigite, and/or pyrite formation. They
are also proposed to be mobile species under anoxic condi-
tions, for instance, in sedimentary pore networks, due to their
colloidal size (Noël et al., 2020). Thus, while most of the
pathways to pyrite formation were explored in the laboratory
starting from polymeric FexSx to nano-crystalline forms of
FeS (Rickard and Morse, 2005; Rickard and Luther, 2007),
alternative pathways, involving, for instance, a pre-stage of
mackinawite maturation under strongly reducing conditions,
were less studied.

Crystalline mackinawite has a tetragonal structure (space
group P4/nmm) and is formed by layers of corner-sharing
FeS4 tetrahedra distributed along the ab plane presenting al-
most no distortions (Lennie et al., 1995). Layers are stacked
along the c axis, linked by van der Waals interactions, and
no vacancies or variations in atom occupancy are usually re-
ported (Lennie et al., 1995; Michel et al., 2005). The unit cell
parameters are a = b = 3.6735(4) Å and c = 5.0328(7) Å,
as determined by Rietveld refinement of synchrotron-based
powder X-ray diffraction patterns (Lennie et al., 1995). Only
small deviations from these values were reported from pair
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distribution function refinement in the study by Michel et
al. (2005), focusing on both wet and dry FeS particles pre-
cipitated at different pH. Because of its layered structure,
Wolthers et al. (2003) and Matamoros-Veloza et al. (2018b)
suggested that mackinawite could incorporate molecules
such as water or polysulfides, possibly inserted in between
the tetrahedral sheets, thus increasing the c parameter. Ox-
idation of dry mackinawite by O2 produces a gradual se-
quence of alteration minerals, starting from Fe3S4 and reach-
ing to S(0), Fe3O4, and Fe-oxyhydroxides (Boursiquot et al.,
2001). Interestingly, Bourdoiseau et al. (2011) brought for-
ward additional evidence for Fe(III) occurrence within the
mackinawite structure in an anoxic acidic solution at 80 °C,
as shown from the appearance of specific Raman vibration
bands not attributable to mackinawite or greigite minerals.
Thus, they proposed that this type of Fe(III)-bearing macki-
nawite could be a transient mineralogical form, further evolv-
ing into greigite upon aging. A more recent study showed that
mackinawite could be oxidized into greigite under anoxic
acidic conditions (Lin et al., 2018), which raises the question
regarding the identity of the oxidant involved in this Fe(II)
to Fe(III) oxidation. Therefore, detailed mineralogical inves-
tigations into the transformations undergone by mackinawite
when subjected to pH variations are needed to document its
evolution in anoxic sedimentary environments.

In this study, we have performed FeS maturation ex-
periments in aqueous solution using Fe(II) and H2S under
strictly anoxic conditions, with the aim of better understand-
ing mackinawite mineralogical transformations upon aging
under various physico-chemical conditions representative of
pore waters during early diagenesis of sediments. Indeed,
gaining mechanistic insights into iron sulfide transformations
helps better understand the important steps of the biogeo-
chemical cycling of Fe and S in surface anoxic environ-
ments. During these experiments, various amounts of H+

(from HCl) or H2S (from Na2S) were added to mimic the
environmental changes in pH that are potentially occurring
in microbially controlled local micro-environments in sedi-
ments. As low-temperature data are scarce in the literature,
all of the experiments have been conducted at room temper-
ature. Rietveld and pair distribution function (PDF) analy-
ses of synchrotron-based X-ray diffraction (XRD) data, to-
gether with X-ray absorption near-edge structure (XANES)
measurements at both the S and FeK edges, were performed
on the recovered solids. This approach allowed us to charac-
terize the mineralogical properties of the synthetic crystalline
mackinawite particles and to reveal a room-temperature FeS
corrosion pathway to greigite with water as the sole possible
electron acceptor, likely producing H2.

2 Materials and methods

2.1 Synthesis experiments

The three solid samples studied were synthesized in aqueous
media in glass vials in an anoxic N2-filled glove box, namely
by mixing appropriate amounts of 0.5 M FeCl2 · 4H2O and
0.5 M Na2S·9H2O solutions, resulting in a 50 mL water so-
lution (Table 1). In the three experiments, mixing of aqueous
ferrous and sulfide ions resulted in the instantaneous precip-
itation of a black precipitate of iron sulfide with a pH spon-
taneously stabilizing at 7.1. For the control sample, named
“FeS”, the initially precipitated solids were aged in the initial
suspension with a 1.0 Fe/S molar ratio (Table 1) for 47 d at
pH 7.1 under vigorous stirring. For the “FeS–pH+” sample,
the pH of the FeS suspension, initially precipitated and stabi-
lized at pH 7.1, was increased to 9.7 by adding, dropwise, an
anoxic Na2S.9H2O basic solution within 1 h after FeS precip-
itation. The resulting suspension with a 0.8 Fe/S molar ratio
(Table 1) was then vigorously stirred over 47 d. For the “FeS–
pH−” sample, the pH of the FeS suspension, initially precip-
itated and stabilized at pH 7.1, was decreased from 7.1 to 5.1
by adding, dropwise, an anoxic 1 M HCl solution within 1 h
after FeS precipitation. The resulting suspension with a 1.0
Fe/S molar ratio (Table 1) was then vigorously stirred over
47 d. A visual description of the main steps of these exper-
iments is shown in Fig. 1. After 47 d of suspension aging,
the solids were recovered by centrifugation at 6000 rpm over
15 min within the glove box and washed with ultrapure water
before being, once again, centrifuged at 6000 rpm for 15 min.
Washed samples were finally dried under vacuum within the
glove box and kept dry in closed glass vials under an anoxic
atmosphere until mineralogical and spectroscopic analyses.
All three samples were recovered in approximately the same
amounts (around 150 mg) and dried over the same period of
time in similar glass vials.

2.2 X-ray fluorescence

The samples were analyzed by X-ray fluorescence (XRF) us-
ing a Rigaku MM007HF Mo rotating anode equipped with
a Si-drift KETEK™ detector with an acquisition time of
30 min per sample, keeping the detector dead time below
15 %. Samples were prepared as pellets of 3 mm in diam-
eter, containing 4± 0.1 mg of powder pressed to 1 t m−2.
To improve the detection of the S Kα emission line, which
is strongly absorbed by air, measurements were performed
within a plastic bag under an He flux. All measurements were
performed under the exact same geometric conditions, i.e., at
the same distance from the source to the samples and from
the samples to the detector, with an angle of 45° each. For
comparison purposes, the X-ray fluorescence emission spec-
tra obtained for all samples were normalized to the intensity
of the Fe Kα emission line (Fig. S1 in the Supplement).
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Table 1. S and Fe theoretical molar ratio and pH measured for the three synthesis experiments performed in this study.

Initial settings – t0 pH adjustment – t0+ 1 h Aging – t0+ 47 d

Fe S pHi Volume HCl Na2S pHstart nFe/nS Volume pHend
(mmol) (mmol) (mL) (mmol) (mmol) (mL)

FeS – pH− 2.0 2.0 7.1 50 0.42 0 5.1 1 50.4 6.4
FeS 2.0 2.0 7.1 50 0 0 7.1 1 50 6.9
FeS – pH+ 2.0 2.0 7.1 50 0 0.60 9.7 0.80 51.2 10.5

Figure 1. Synthesis protocol for the three samples considered in this study. The control experiment, called “FeS”, consists of a simple aging
experiment in aqueous solution of the solids initially precipitated from equimolar concentrations of Fe and S (ratio Fe/S= 1), recovered after
stirring over 47 d. In the FeS–pH− experiment, pH is initially lowered until pH 5.1 by adding anoxic HCl 1M. In the FeS–pH+ experiment,
pH is initially increased until pH 9.7 by adding Na2S 0.625 M solution before the 47 d of aging, resulting in a final Fe/S ratio of 0.8.

2.3 Synchrotron-based X-ray powder diffraction data
acquisition

X-ray powder diffraction measurements were performed in
the Debye–Scherrer geometry on the two-circle diffractome-
ter of CRISTAL beamline at the SOLEIL synchrotron. Mea-
surements were performed at 24 keV (λ= 0.5141 Å) with
a MYTHEN2 X 9K detector (DECTRIS). After fine hand-
grinding in an agate mortar, the powder samples were in-
serted into a borosilicate capillary and sealed in an anoxic Ja-
comexTM glove box using a cyanoacrylate-based glue. Data
were recorded at room temperature for 15 min over the 2–
125° 2θ range. The same data collection procedure was used

for an empty capillary in order to subtract the contribution of
the borosilicate from the signal prior to data analysis.

2.4 Rietveld refinement procedure

Rietveld analysis of the synchrotron-based XRD data (λ=
0.5141 Å) was performed with the xnd_1.3 code (Berar and
Baldinozzi, 1998) using pseudo-Voigt line shape profiles.
The patterns were fitted over the 2–100° 2θ range, and fit
quality was evaluated using the classical Rwp goodness-of-
fit estimator (Fig. S2a). Starting unit cell parameters, atomic
positions, and isotropic Debye–Waller factors values were
taken from Lennie et al. (1995) and Stanjek and Schnei-
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der (2000) in the P4/nmm and Fd-3m space groups for the
mackinawite FeS and greigite Fe3S4 structures, respectively.
Scale factors, unit cell, and line shape parameters were re-
fined for both phases, whereas atomic parameters were fixed
to starting values. Refined scale factor values were used to
derive relative weight fractions of the mineral phases in each
sample using a classical quantitative mineralogical approach
without an internal standard (Snyder and Bish, 1989). Crys-
tallite size and strain effects were calculated by combining
Lorentzian and Gaussian line shape functions with 1/cosθ
and tanθ angular dependence, respectively (Young, 1995),
in addition to instrumental broadening functions calibrated
on LaB6. Refined values for Lorentzian and Gaussian full-
width-at-half-maximum (FWHM) parameters at 2θ = 0 and
90° were used to calculate the mean coherent domain (MCD)
size from the Scherrer equation, MCD= 0.9λ/FWHMLor
(0°), and the microstrains using ε = 1/4 FWHMGau (90°), re-
spectively (Young, 1995). In the case of mackinawite, which
is a platelet-type mineral, we used an anisotropic shape, thus
obtaining size and strain results in both the ab and c direc-
tions.

2.5 X-ray scattering and pair distribution function (PDF)
analysis

The synchrotron-based X-ray diffraction data
(λ= 0.5141 Å) were analyzed up to 125° 2θ , which al-
lowed us to reach a Qmax value of 20.1 Å−1, where Q is the
magnitude of the scattering vector, Q= (4π sinθ )/λ. 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)=
2
π

∞∫
Qmin

Q [S (Q)− 1]sinQrdQ.

For each sample, the PDFgetX3 code (Juhás et al., 2013)
was used to process the experimental powder diffraction in-
tensity to generate the G(r). The experimental PDF G(r)
was then fitted with a calculated one obtained from crys-
tal structure models using the PDFgui code (Farrow et al.,
2007). During this fitting procedure, the scale factor was
the first parameter to be refined, followed by the unit cell
parameters and the atomic displacement parameters, with
the latter being constrained given the crystal symmetry. The
atomic positions were not refined. To determine the Gaussian
resolution dampening envelope due to limited Q resolution
(Qdamp), depending mainly on the diffractometer configura-
tion, a known well-crystallized compound (LaB6) was mea-
sured under the same conditions, and all of the parameters
described above, including the Qdamp factor, were refined
(Fig. S2b). The resultingQdamp = 0.0039 Å−1 was then used

for PDF refinements of the studied samples. This allowed
us to estimate the size of the coherent domain (Sp diame-
ter factor) from the signal dampening of the PDF due to the
decreasing number of pairs of atoms that contribute to the
corresponding distances in the nanoparticle structure in an
isotropic configuration. As mackinawite is a platelet-shaped
anisotropic mineral, the particle diameter obtained consider-
ing a spherical shape with this approach stands as an approx-
imation.

During the refinement procedure, the agreement between
the calculated and the experimental PDF was characterized
by the following reliability factor:

Rw =

√√√√√√√√
N∑
i=1
w (ri) [Gobs (ri)−Gcalc (ri)]2

N∑
i=1
w (ri)G2

obs(ri)
,

where Gobs is the PDF extracted from the diffraction data,
and Gcalc is the PDF calculated from the model.

2.6 X-ray absorption near-edge structure at the S
K -edge

Sulfur speciation of the synthetic samples was determined by
using a synchrotron-based X-ray absorption near-edge struc-
ture (XANES) at the S K edge. Data were collected in flu-
orescence detection mode on the beamline 4–3 at the Stan-
ford Synchrotron Radiation Light Source (SSRL, California,
United States of America). The beamline was equipped with
an Si(111) double-crystal monochromator and a PIPS (Pas-
sivated Implanted Planar Silicon) detector. Incident 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 session. Measurements were per-
formed at room temperature in a sample chamber under He
flow on pure powders shipped to SSRL within strictly anoxic
containers, spread over sulfur-free tape, and mounted on-site
into sample holders in a COY glove box (H2/N2 atmosphere,
< 20 ppm O2). Two spectra were collected for each sample
that were further calibrated, normalized, and averaged using
the ATHENA code (Ravel and Newville, 2005). Systematic
comparison between the first and second spectrum allowed
us to rule out any possible redox change that could have been
caused by the X-ray beam during data collection.

2.7 X-ray absorption near-edge structure at the Fe
K -edge

Iron K edge data were collected in transmission mode at
cryogenic temperature below 20 K in a liquid helium cryo-
stat on the bending magnet SAMBA beamline at SOLEIL
Synchrotron. The incident beam energy was monitored by an
Si(220) double-crystal monochromator equipped with sagit-
tal focusing of the second crystal. The incident beam energy
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was calibrated by measuring a Fe(0) foil reference in dou-
ble transmission mode and by positioning the first inflection
point of its absorption band at 7112 eV. For these measure-
ments, sample pellets were prepared by pressing an appro-
priate amount of finely ground sample powder (2.5 mg) with
30 mg of cellulose in the JACOMEX™ glove box (< 1 ppm)
under an N2 atmosphere. The pellets were covered with Kap-
ton™ tape and sealed in strictly anoxic containers that were
transported to the synchrotron facility according to proven
protocols (e.g., Baya et al., 2021). When taken out of the
anoxic container, the kapton-covered pellets were quickly
mounted on the cryostat sample rod and immersed in a liq-
uid N2 bath before being transferred into the beamline liq-
uid He cryostat. Two spectra were collected for each sample
that were further calibrated, normalized, and averaged using
the ATHENA code (Ravel and Newville, 2005). Systematic
comparison between the first and second spectrum allowed
us to rule out any possible redox change that could have been
caused by the X-ray beam during XAS data collection.

2.8 Ab initio calculations of FeS band structure and
X-ray absorption near-edge structure at the S K
edge

Ab initio calculations were performed using the Quantum
ESPRESSO suite of codes (Giannozzi et al., 2017), im-
plementing density functional theory (DFT) using pseudo-
potentials, plane waves, and periodic boundary conditions.
Ultrasoft pseudo-potentials were directly taken from the
GBRV database (Garrity et al., 2014) for iron or were gen-
erated using the PSLIBRARY (Dal Corso, 2014) for sulfur,
removing one 1s core electron from its electronic configu-
ration when generating the pseudo-potential of the absorber
in XAS. All calculations were performed within the general-
ized gradient approximation of Perdew, Burke, and Ernzer-
hof (GGA-PBE, Perdew et al., 1996) and with energy cutoffs
for the electronic wave function and the density of 100 and
800 Ry, respectively. Self-consistent calculation of the non-
magnetic electronic band structure of tetragonal mackinaw-
ite was carried out using the experimental crystal structure
determined using Rietveld refinement of the experimental
XRD pattern, a uniform Monkhorst-Pack 14×14×11 k-point
grid, and a Gaussian smearing of 0.01 Ry. X-ray absorp-
tion spectra at the S K edge were calculated as a continued
fraction using the XSPECTRA module (Taillefumier et al.,
2002; Gougoussis et al., 2009; Bunău and Calandra, 2013)
in the full core-hole approximation, i.e., modeling the pho-
toelectron as a uniform negative background charge in the
supercell. An energy-dependent arctangent-like broadening,
as given in de Clermont Gallerande et al. (2018), with param-
eters 0H = 1 eV, 0M = 10 eV, AC = 20 eV, and AM = 30 eV,
was used in the continued fraction to obtain the X-ray absorp-
tion cross-sections plotted in this article. For mackinawite,
the absorbing atom was isolated in a 3×3×3 supercell con-
taining 108 atoms, ensuring a spatial separation of ∼ 11 Å

between the absorber and its periodically repeated images.
Unit cell parameters a = 3.6784 and c = 5.046 Å and inter-
nal coordinate for S atoms u= 0.256 were employed. Self-
consistent field and XANES spectra were calculated using a
4×4×3 k-point grid. For pyrite, the absorbing atom was iso-
lated in a 2×2×2 cubic supercell containing 96 atoms, using
the unit cell parameter a = 5.44 Å and the internal coordinate
for S atoms u= 0.386 (Baya et al., 2021). Self-consistent
field and XANES spectra were calculated using a 2× 2× 2
k-point grid and a 4×4×4 k-point grid, respectively. Finally,
the relative energy position of the S K edge was estimated
using the 1SCF procedure described in Lelong et al. (2014)
and de Clermont Gallerande et al. (2018).

3 Results

3.1 Mineralogy of the synthesized iron sulfides

For the control experiment labeled FeS, the final pH of 6.9
was close to the initial one of 7.1, showing that only small
variations occurred during the 47 d of mackinawite aging in
aqueous solution (Table 1). In the case of FeS–pH−, the
solution pH, initially set to 5.1 after HCl addition, was ob-
served to re-equilibrate to 6.4 by the end of the experiment,
which indicates H+ consumption (Table 1). In the case of
FeS–pH+, the pH increased from 9.7 just after Na2S addi-
tion to 10.5 at the end of the experiment (Table 1). Given
the molarity of Na2S introduced in excess (0.6 mmol, Ta-
ble 1) to initially increase the pH in this experiment, the final
pH value is expected to be 10.7, which is close to the final
value measured. Thus, we observe a lag phase before the
re-equilibration of pH close to the expected value after the
47 d of aging, possibly due to complex interactions between
the added Na2S solution and FeS solids already present in
the solution at the initial stage. The XRD powder patterns of
the final solids, together with their corresponding Rietveld-
refined patterns, are shown in Figs. 2 and S2a, while the PDF
of the final solids and their associated refinements are shown
in Fig. 3. All refined parameters are given in Table 2.

Both Rietveld and PDF analyses show that crystalline
mackinawite is the unique component of the FeS and FeS–
pH+ samples. In the latter sample pattern, an additional
broad peak is observed at approximately twice the macki-
nawite d(001) distance, around 10–10.5 Å, as discussed in the
next section.

In contrast to the FeS and FeS–pH+ samples, the Rietveld
and PDF analyses of the FeS–pH− sample reveal the addi-
tional occurrence of greigite. The Rietveld refinement indi-
cates 19 wt % of greigite and 81 wt % of mackinawite (Ta-
ble 2). These proportions are confirmed by the PDF analysis
that also indicates no additional contribution of species not
detectable by X-Ray diffraction in the samples (Fig. 3, Ta-
ble 2). The X-ray fluorescence measurements performed on
the three samples under strictly comparable conditions show
that the FeS–pH− sample has a higher S content compared to
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142 P. Le Pape et al.: Mackinawite transformation into greigite

Figure 2. Detailed view of the Rietveld refinement results, in the
medium-angle region, of the powder X-ray diffraction (XRD) pat-
terns obtained for the final solids of each experiment. Experimental
and calculated patterns are represented in black and red color, re-
spectively. Mackinawite and greigite components are displayed as
green and blue curves respectively. Corresponding refinement pa-
rameters are reported in Table 2. Full-range patterns are displayed
in Fig. S2a. The arrow points a broad superstructure at low angle in
the FeS – pH+ sample (see text).

the FeS and FeS–pH+when all of the spectra are normalized
to the Fe Kα emission line (Fig. S1). This chemical result
is in agreement with the mineralogical results since a mix-
ture of 19 wt % Fe3S4 and 81 wt % FeS is expected to show
a lower Fe–S ratio than a sample made of 100 % FeS. This
suggests a release of aqueous Fe(II) in the aging solution of
the FeS–pH− sample.

3.2 Unit cell and texture parameters of FeS and Fe3S4
minerals

For all of the experiments, the unit cell parameters of the
minerals were determined via both Rietveld and PDF re-
finements (Figs. 2 and 3, Table 2). Regarding mackinaw-
ite, the Rietveld-refined unit cell parameter values are close
and comparable in the three experiments, with a = b ranging

Figure 3. Pair distribution function analysis obtained for the final
solids of each experiment (black curves) and their associated refine-
ment analysis (red curves) using mackinawite (Lennie et al., 1997)
and greigite (Stanjek and Schneider, 2000) as starting mineralog-
ical structures. Detailed results of the refinement are presented in
Table 2.

from 3.6784(7) to 3.680(2) Å and c ranging from 5.046(3)
to 5.049(8) Å (Table 2). The size of the mean coherent do-
mains (MCDs) calculated in both the ab and c directions
from Rietveld-refined Lorentzian line width parameters us-
ing the Scherrer equation and assuming a platelet-like parti-
cle shape was observed to vary as a function of the initial
pH of the solution and/or the initial Fe/S ratio (Fig. S3).
Mackinawite particles in the FeS–pH+ sample showed the
smallest mean coherent domains (i.e., MCDab = 79(1) Å and
MCDc = 46(1) Å), followed by those in the FeS control
experiment (i.e., MCDab = 115(1) Å and MCDc = 71(1) Å)
and those in the FeS–pH− sample (i.e., MCDab = 130(1) Å
and MCDc = 81(1) Å). Consistently, in our PDF analysis,
MCDiso values were found to be 50(4), 64(6), and 81(14) Å
for the mackinawite particles in the FeS–pH+, FeS control,
and FeS–pH− samples, respectively, assuming spherically
shaped crystallites (Fig. S2b). Microstrain effects, charac-
terized by local or extended atom displacements from their
crystallographic positions, were determined from the width
of the Gaussian line shape functions used to fit the XRD pat-
terns. Microstrain values, calculated along the ab and c di-
rections, were found to increase with decreasing MCD size
from the FeS–pH− to the FeS–pH+ sample (Fig. S4). More
precisely, the microstrains along the c axis (i.e., εc) showed
higher values and increased faster than those in the ab di-
rection (i.e., εab) when the mackinawite crystallite size de-
creased. This trend could be due to a variation in interplanar
distances between the core and the surface of the particles,
resulting in a gradual increase in the microstrains with de-
creasing particle sizes.
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Figure 4. XANES spectra at the S K edge for the three samples studied and for spectra of reference compounds corresponding to
FeSNanoMck/cluster (Ikogou et al., 2017) and nanocrystalline pyrite (Baya et al., 2021). A zoom on the pre-edge region shows a shoulder
appearing in the pre-edge of the FeS–pH− sample, likely resulting from greigite contribution (19 wt %, Table 2).

3.3 S and Fe oxidation states probed by X-ray
absorption spectroscopy at the S and Fe K -edges
and comparison with DFT calculations

The S K-edge spectra of iron sulfides exhibit a pre-edge at
low energy contrary to (poly)sulfides and other S-bearing
compounds due to the electric dipole transitions from S 1s
electrons to unoccupied S 3p antibonding states hybridized
with Fe 3d states (Farrell et al., 2002). The position and in-
tensity of this pre-edge depend on site geometry (e.g., octahe-
dral vs. tetrahedral) and on Fe–S bond covalency (Solomon
et al., 2005). Figure 4 displays the S K-edge spectra for the
three samples studied and for two reference samples. The
first reference sample is a biogenic FeS precipitate corre-
sponding to the “FeS–1.5months” sample described in Iko-
gou et al. (2017), which contains a nanocrystalline macki-
nawite fraction with small crystallites (i.e., MCDab = 5 nm
and MCDc = 2 nm; Table 2). This reference spectrum, re-
ferred to as FeSNanoMck/cluster by Baya et al. (2021), was used
to fit the S K-edge spectra of FeS samples (using a least-
square linear combination fitting procedure) that consisted
of a continuum between FexSx clusters and nanocrystalline
FeS–mackinawite, with both of these components potentially
containing undetermined amounts of Fe(III). In this iron sul-
fide sample, the sulfur oxidation state is expected to be close

to the formal S(-II) valence state. The second reference sam-
ple is a synthetic pyrite FeS2 described in Baya et al. (2021),
in which sulfur has an S(-I) formal oxidation state.

Overall, the S K-edge XANES spectra for the three FeS
samples synthesized in this study show a similar global shape
(Fig. 4). They all exhibit a pre-edge peak at an intermedi-
ate position between that of the FeSNanoMck/cluster and that of
pyrite, which implies an effective S oxidation state between
–II and –I for our nanocrystalline mackinawite samples. The
pre-edge peak of the SK-edge XANES spectrum of the FeS–
pH− sample exhibits a marked shoulder on the low-energy
side that can be attributed to greigite Fe3S4 considering the
proportion of 19 wt % of this mineral species quantified by
XRD–Rietveld and PDF refinements in this sample. Interest-
ingly, this contribution of greigite in the spectrum of the FeS–
pH− sample occurs at the same energy as the pre-edge peak
in the spectrum of the FeSNanoMck/cluster reference (Ikogou
et al., 2017; Baya et al., 2021) that is also expected to con-
tain Fe(III). A weaker, but still significant, shoulder at the
same energy position can also be observed on the XANES
spectra of the FeS–pH+ and control samples (Fig. 4). Con-
sidering the lack of detection of greigite by XRD–Rietveld
and PDF refinements in these samples, such a signal could
be related to the occurrence of residual FeS precipitate that
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144 P. Le Pape et al.: Mackinawite transformation into greigite

Figure 5. Comparison between experimental and theoretical S K-
edge of the FeS and FeS2 model compounds. A rigid energy shift
has been applied to the theoretical spectra for a proper comparison
with the experimental spectra.

likely contained amorphous FexSx monosulfide. This reason-
ing is supported by DFT calculations of S K-edge XANES
spectra in pyrite and mackinawite performed by consider-
ing the crystallographic parameters determined experimen-
tally in this work (Table 2) and in Baya et al. (2021). In-
deed, a good agreement between experimental and theoret-
ical spectra is obtained regarding the overall spectral shape
for both mineral structures (Fig. 5). In addition, the core-level
shift calculated between mackinawite and pyrite is in qualita-
tive agreement with the one measured experimentally (0.8 eV
against 1.2 eV, respectively). The lower edge onset energy in
mackinawite is indicative of a more efficient screening of the
core-hole potential by the valence electrons. It is consistent
with a higher charge density around S atoms in mackinaw-
ite compared to pyrite. These results further confirm that the
experimental spectra recorded in our monosulfide FeS nano-
compounds (Ikogou et al., 2017; Baya et al., 2021) differ sig-
nificantly from the one expected theoretically in bulk macki-
nawite.

At the Fe K edge (Fig. 6), a general remark is that both
the shape and position of the FeS spectra ressemble more
to the one of a metal such as Fe(0) than to commonly mea-
sured Fe oxides. Differences are hardly noticeable between
the three samples studied, most likely due to the presence of
mackinawite as the main mineralogical component (> 80 %).
Figure 6b and c zoom into different regions of the Fe K-
edge spectra to facilitate comparison with the reference com-
pounds. The pre-edge feature, corresponding to transitions

from the 1s core orbital to the localized 3d or 4p mixed to
3d orbitals, is sensitive to both the Fe oxidation state and the
site geometry (Arrio et al., 2000). Here, in the Fe–S covalent
system, only weak differences are observed in the pre-edge,
with a slight shift towards the higher energy for the FeS–
pH− sample as compared to the control FeS sample. The
contribution from greigite, including Fe(III) in the structure,
in the FeS–pH− sample is particularly visible on the first
shoulder of the white line around 7120 eV. It is also visible
on the second shoulder, showing a higher intensity between
7135 and 7145 eV, as already observed in a sample contain-
ing mostly greigite used as a reference in Gorlas et al. (2022).
Such features, also observed in the Fe K-edge spectrum of
the FeSNanoMck/clusters reference compounds, were attributed
elsewhere to the presence of Fe(III) in FeS iron sulfide pre-
cursors (Matamoros-Veloza et al., 2018a; Baya et al., 2021).
Minor additional differences observed in the 7130–7150 eV
range could be due to slight differences in the normalization
process, in particular when comparing the FeS and FeS–pH+
samples.

4 Discussion

4.1 Mineralogical and spectroscopic characteristics of
nanocrystalline mackinawite synthesized at low
temperature

In our experiments, the range of cell parameters determined
by Rietveld refinement of XRD powder patterns are a =
b = 3.6784(7) to 3.680(2) Å and c = 5.046(3) to 5.049(8) Å
for mackinawite precipitated from FeCl2 and Na2S (Ta-
ble 2). In comparison, Lennie et al. (1995) determined a =
b = 3.6735(4) Å and c = 5.0328(7) Å for FeS precipitated
from Fe(0) and Na2S.9H2O, and Michel et al. (2005) de-
termined a = b = 3.685(6) to 3.696(1) Å and c = 5.037(4)
to 5.089(3) Å for FeS precipitated from Mohr’s salt and a
NaSH/NaOH solution with pH values ranging from 5.5 to
9.2. Thus, the a and b unit cell values of our mackinaw-
ite samples are, on average, comparable to those of previ-
ous studies, whereas a significant difference can be observed
for the c parameter. In the study by Lennie et al. (1995),
no information is given on the MCD size of mackinawite,
even though we can expect a relatively high degree of crys-
tallinity after observing the provided XRD patterns. In the
study by Michel et al. (2005), the MCD sizes derived from
PDF refinement by considering an isotropic medium are de-
termined to be around 45 Å for a mackinawite sample hy-
drothermally aged over 7 d. This value is close to our range
of MCD sizes of 50 to 81 Å determined by PDF analysis.
In the study by Michel et al. (2005), the FeS bulk sam-
ple synthesized after starting from Fe(0) as in the study
by Lennie et al. (1995) is the one that shows the closest
size and cell parameters compared to our study (Table 2,
Fig. S3). This indicates that our aging and drying proce-
dures at ambient-temperature-produced solids with similar to
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Figure 6. (a) XANES spectra at the Fe K-edge for the three investigated samples and two reference compounds corresponding to
FeSNanoMck/cluster (Ikogou et al., 2017; Baya et al. 2021) and nanocrystalline pyrite (Baya et al., 2021). (b) Zoom on the 7120–7170 eV
region of the edge and (c) zoom on the 7105–7130 eV region of the edge, showing that FeS–pH− has a close but different signal, likely due
to the presence of greigite in the sample (19 wt %).

higher crystallinity. The larger MCD size determined in our
study compared to those previous studies could be related to
the reported increase in crystallinity upon aging of macki-
nawite under aqueous conditions (Wolthers et al., 2003, and
reference therein; Ikogou et al., 2017). In the present exper-
iments, we observe that the increase in final crystallite sizes
after aging is negatively correlated to pH. However, since all
three experiments start from the same precipitated FeS solid
at pH 7.1, the difference in crystal growth upon aging could
be attributed to the contrasting saturation of aqueous species
in the media and pH. Indeed, the FeS–pH+ sample is satu-
rated with HS−/S2− ions, while FeS–pH− is considered to
be affected by the presence of Fe(II) in the solution due to
the transformation of FeS into Fe3S4. Consequently, deter-
mining from which combination of factors the final size of
crystallites is derived exactly remains challenging and falls
out of the scope of the present study.

Interestingly, the S K-edge XANES data (Fig. 4) indi-
cate that our crystalline mackinawite samples differ from
the FeSNanoMck/cluster reference corresponding to amorphous
FeS or freshly precipitated FeS (Ikogou et al., 2017; Baya et
al., 2021). The expected formal valence state of (-II) for sul-
fur in this reference is confirmed theoretically (Fig. 5). How-

ever, the edge onset of our crystalline mackinawite samples
is clearly shifted towards higher energies, likely due to elec-
tron delocalization in the Fe atom layer of the ab plane, as al-
ready proposed by Vaughan and Ridout (1971) and modeled
by Kwon et al. (2011) using DFT. Our XAS data also show
that the nanometric size and/or the presence of Fe(III) impu-
rities in the FeSNanoMck/clusters strongly change the electronic
properties compared to crystalline mackinawite, resulting in
a pre-edge S K-XANES signature closer to a typical S(-II)
signal in a Fe sulfide compound.

The fact that the occurrence of greigite in our FeS–pH−
sample yields a shoulder at the same energy level as the main
pre-edge peak energy of FeSNanoMck/clusters (Fig. 4) suggests
that this phase contains S atom sites with a XAS signature
similar to that of FeSNanoMck/clusters (i.e., with a formal va-
lence of S(-II)). For instance, at the S K edge, this signa-
ture could be due to bonds with Fe(III) at tetrahedral A sites
of greigite or bonds with mixed Fe(II)–Fe(III) at octahedral
B sites, resulting in this covalent system in a fractional ap-
parent oxidation state of between 2 and 3 for Fe (Pattrick
et al., 2017). At the Fe K edge, the difference between our
FeS–pH− and the two other samples is more subtle since this
sample contains only 19 wt % Fe3S4. However, the compari-
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146 P. Le Pape et al.: Mackinawite transformation into greigite

son with the spectrum of Fe(III)-containing FeSNanoMck still
stands, particularly considering the slight shift observed in
the first maximum of the white line (Fig. 4).

The lack of studies reporting reliable S and/or Fe K-edge
XAS data (i.e., supported by a full mineralogical and crystal
chemistry characterization) for “pure” and “non-oxidized”
greigite in the literature hinders a formal comparison with
our S and Fe K-edge XAS data. This lack is likely explained
by the fact that, when synthesized at ambient temperature,
produced greigite can hardly be separated from other more
or less crystalline persistent FeS monosulfide phases. In ad-
dition, the large variation expected in the stoichiometry of Fe
at the A and B sites of greigite compared to that observed,
for instance, for magnetite (Vaughan and Tossell, 1981; Pat-
trick et al., 2017; Roberts et al., 2011) suggests that Fe and S
K-edge XAS spectra might change significantly from one
sample to the other, depending on the reaction route em-
ployed and/or the sample preservation from oxidation. These
considerations indicate that experimental synthesis of pure
greigite with controlled Fe(II)/Fe(III) stoichiometry at a low
temperature would deserve further dedicated studies in order
to set a stronger basis for interpreting S and/or Fe speciation
through direct XAS measurements in complex environmen-
tal samples containing this type of Fe sulfide. Unfortunately,
this lack of a reliable experimental dataset could not be easily
overcome by atomistic modeling. Indeed, DFT calculations
for this compound are particularly challenging due to intrin-
sic complexity and, consequently, fall out of the scope of the
present study.

4.2 Effect of pH increase by H2S addition on
mackinawite properties

Our XRD results indicate that the increase in pH by Na2S
addition in the FeS–pH+ sample resulted in the small-
est mackinawite crystallite size (i.e., MCDab = 79(1) Å and
MCDc= 46(1) Å) compared to the other samples (Fig. 2; Ta-
ble 2). Detailed analysis of the XRD pattern also revealed
the appearance of a weak and broad peak located at a low an-
gle on the diffractogram (Fig. 2), corresponding to an inter-
reticular distance of ∼ 10.5 Å. Such a peak could be inter-
preted as being due to partial lattice expansion directly af-
fecting unit cell parameters, especially at the grain bound-
aries, which could be related to the small crystallite size
of the mackinawite in this sample (Wolthers et al., 2003).
Hence, the high strain observed along the c direction sug-
gests that such lattice distortions could accumulate on the
basal faces of the mackinawite particles. The observed low-
angle broad peak could also be interpreted as a double-cell
super-structure along the c direction, with the observed dis-
tance being approximately twice the basal spacing distance
of mackinawite. Since the overall pattern is not affected by
this modification, it would then result from a more-or-less
regular alternate stacking of either mackinawite layers with
slightly differing composition or spatial extension or of in-

terlayer species. In a study on synthetic disordered mack-
inawite (i.e., FeSam), Wolthers et al. (2003) proposed that
lattice expansion of mackinawite could also be related to
intercalation of water molecules and trace elements, which
has also been proposed in theoretical studies (Terranova and
de Leeuw, 2016; Muñoz-Santiburcio et al., 2013). In a more
recent FeS precipitation experiment at ambient temperature,
similar additional Bragg reflections around 10 Å were inter-
preted as expanded planes of the initial FeSNano compound
while transforming into mackinawite (Matamoros-Veloza et
al., 2018b). In our study, considering the excess of S in the
aging suspension, the high degree of defects at the edges of
mackinawite particles in the FeS–pH+ sample could also
be tentatively attributed to local perturbation of tetrahedral
sheets due to the interactions and/or intercalations with resid-
ual HS−/S2−

n molecules.

4.3 Mackinawite oxidation to greigite under anoxic
conditions

The transformation of mackinawite into greigite has been
studied in detail from a crystallographic point of view by
Lennie et al. (1997). At the mechanistic level, these authors
proposed a “solid-state transformation” by diffusion of Fe(II)
atoms along the c axis of the FeS structure, which should
imply the existence of a mineral interface with water. This
same “solid-state mechanism” is further evoked in the study
by Hunger and Benning (2007), reporting results from FeS–
polysulfide mixing experiments. These latter authors addi-
tionally proposed a crystal growth model for greigite rely-
ing on oriented aggregation of mackinawite nanoparticles
that would be further oxidized by polysulfides and would re-
sult in the accumulation of defects along the mackinawite–
greigite interface. In another study on experimental Fe sul-
fide phase transformation, Bai et al. (2014) reported high-
resolution TEM observations showing abundant crystal de-
fects (translations and dislocations) in mackinawite during
its transition to greigite. These authors interpreted these de-
fects as the result of processes such as Fe diffusion and/or in-
terstitial incorporation through S layers (Brgoch and Miller,
2012). In our study, such an epitaxial transformation, likely
associated with Fe release in solution, would be supported
by the similar size estimated for the MCDab of mackinawite
(i.e., 130(2) Å) and the MCDiso of greigite (i.e., 132(4) Å) in
the FeS–pH− sample (Table 2).

At the mechanistic level, the transformation of mackinaw-
ite into greigite could also proceed via a Fe(III)–mackinawite
transient intermediate that would not have been caught in our
experiment. This hypothesis relies on the occurrence of such
species reported by Bourdoiseau et al. (2011) on the basis
of Raman measurements or inferred by Matamoros-Veloza
et al. (2018a) and Baya et al. (2021) on the basis of Fe K-
edge XAS data. Recently, on the basis of high-temperature
experiments (80 to 100 °C), Lin et al. (2018) proposed that,
in acidic media, H2S could act as an oxidant towards Fe(II)
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in mackinawite, transforming it into Fe(III)-containing greig-
ite. These authors concluded that acidic environments could
favor rapid transformation of Fe sulfides.

Our results show the oxidation of solid-state Fe(II) in
mackinawite in the presence of H+ only, provided by dis-
solved HCl (pH 5.1) instead of H2S. Moreover, we empha-
size that FeS oxidation can proceed at room temperature in
the absence of H2S–polysulfide addition, as generally pro-
posed in pyrite formation pathways and with mackinawite
formed prior to acidification. In summary, the reaction sug-
gested here by mineralogical and pH results implies that H+

acts as an oxidant for solid-state Fe(II) in FeS, leading to its
transformation into greigite Fe3S4 with putative H2 produc-
tion at a low temperature (Eq. 1).

Fe4S4(mackinawite)+ 2H+(aq) = FeII,III
3 S4(greigite)

+H2(g)+Fe2+
(aq) (1)

This reaction, which likely describes our mineralogical ob-
servations, can be tentatively compared with another chemi-
cal system, the one of anaerobic corrosion of zero-valent iron
(Reardon, 1995, 2005; Beverskog and Puigdomenech, 1996;
Xu et al., 2008; Ortiz et al., 2002; Ma et al., 2013; Filip et al.,
2014; Robineau et al., 2021). Indeed, this process starts with
the oxidation of iron by H+ (e.g., Reardon, 1995; Beverskog
and Puigdomenech, 1996; Lantenois et al., 2005; Xu et al.,
2008; Bourdelle et al., 2017) (Eq. 2).

Fe0
(s)+ 2H+(aq) = Fe2+

(aq)+H2(g) (2a)

This rewrites in an alkaline medium as follows:

Fe0
(s)+ 2H2O(l) = Fe2+

(aq)+H2(g)+ 2OH−(aq). (2b)

This first step can be followed by Fe(OH)2 formation in near-
neutral or alkaline media and by the so-called Schikorr reac-
tion, in which Fe(OH)2 is observed to be oxidized by the
protons of water into magnetite Fe3O4, producing molec-
ular hydrogen at temperature typically above 80 °C in de-
aerated water (Schikorr, 1929, 1933; Evans and Wanklyn,
1948; Schauzer and Guth, 1977; Reardon, 1995; Ma et al.,
2013).

3Fe(OH)2(s) = Fe3O4(magnetite)+ 2H2O(l)+H2(g) (3)

The latter reaction may actually proceed via the oxidation
of aqueous Fe(II) species since Fe(OH)2 is not stable over
60 °C, thus providing an anoxic corrosion pathway from
metallic iron to magnetite in dilute aqueous solutions, as pro-
posed by Beverskog and Puigdomenech (1996), which can
be summarized as follows (Ortiz et al., 2002; Xu et al., 2008;
Qin et al., 2018):

3Fe0
(s)+ 4H2O(l) = Fe3O4(magnetite)+ 4H2(g). (4)

This net reaction (Eq. 4) has been extensively studied in vari-
ous anoxic geological and technological contexts since it has

Figure 7. Left panel: non-magnetic GGA-PBE band structure of
FeS using the crystallographical data of Table 2 as inputs for FeS
structure. Right panel: corresponding total, Fe, and S projected den-
sities of states.

important implications for the long-term behavior of steel
barriers in storage waste management (Ortiz et al., 2002; Xu
et al., 2008; Schlegel et al., 2016; Smart et al., 2017), and it is
also sought after as a key hydrogen evolution reaction (HER)
(Evans and Wanklyn, 1948; Reardon, 1995, 2005; Qin et al.,
2018).

Our results compare well with those from other chemi-
cal systems studied in the corrosion field, in particular in
sulfide-rich systems, in which greigite, instead of magnetite,
becomes a main product of the anoxic corrosion of carbon
steel (Robineau et al., 2021). Importantly, we also show here
that the peculiar electronic structure of mackinawite yields
a direct pathway to anoxic corrosion of Fe(II) to Fe(III) by
protons at room temperature under acidic conditions, while
the Schikorr reaction, starting from hydroxylated ferrous
species, operates under neutral or alkaline conditions at a
temperature higher than 80 °C (Schikorr, 1929, 1933; Evans
and Wanklyn, 1948; Reardon, 1995, 2005; Beverskog and
Puigdomenech, 1996; Schauzer and Guth, 1977; Ma et al.,
2013). In this regard, it is noteworthy that FeS layered struc-
tures are actively explored as potential candidates for HER
(Zhou et al., 2019; Wang et al., 2020; Senthamaraikannan et
al., 2025).

From these perspectives, our results would suggest that
nanocrystalline mackinawite would behave in a strictly
anoxic system like a metallic compound that could be cor-
roded by H+. This assumption is supported by the shift ob-
served in the S K pre-edge of nanocrystalline mackinawite
compared to that of the FeSNanoMck/cluster compound of S(-
II) formal valence. In addition, such a corrosion pathway of
mackinawite, comparable to that of Fe(0), is also supported
by the conclusion of Kwon et al. (2011), who proposed, on
the basis of Fe L2,3-edges XAS measurements, that Fe 3d
electrons in mackinawite are delocalized, as in metallic iron.
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In Fig. 7, we report the non-magnetic GGA-PBE band
structure of mackinawite calculated with our mackinawite
crystallographic parameters. This figure shows a clear en-
ergy separation between low-lying bands derived from the S-
3p states, located between 6 and 4 eV below the Fermi level
and the network of higher-lying, partly filled Fe-3d bands,
extending over 4.5 eV around the Fermi level. The metal-
lic character of mackinawite arising at this level of theory is
consistent with early non-magnetic DFT calculations (Welz
and Rosenburg, 1987) and proved, more recently, to be a
fairly stable feature of FeS in more advanced approaches ac-
counting for spin polarization (Kwon et al., 2011) or local
electron–electron correlations (Tresca et al., 2017). Note that
the Fe-3d states dominating the first unoccupied electronic
bands in FeS are indirectly probed in the S K-edge XANES
spectra through their hybridization with the more delocalized
S-3p states (see right panel of Fig. 7) and give rise to the first
intense pre-edge peak visible in the experimental and theoret-
ical spectra. This global picture of FeS therefore supports the
fact that electrons are mostly given by Fe(II) and enforces the
idea that Fe(II) can be oxidized to Fe(III) by H+ without im-
plying S(-II) oxidation (Eq. 1), at least at the bulk mackinaw-
ite structure level. This could have implications for our un-
derstanding of the initial steps of the H2S pathway to pyrite
initially proposed by Rickard and Luther (1997). Hence, one
may infer from Eq. (1) that, in our experimental setup, adding
more drop-by-drop H+ could possibly transform all FeS into
Fe3S4. A question remaining is whether the addition of more
H+ to Fe3S4 would result in its further transformation by
corrosion into another mineral, for instance, pyrite FeS2, in
which Fe is Fe(II) and S is S(-I). In line with this hypothesis,
the reaction could be described with Eq. (2):

FeII,III
3 S4(greigite)+2H+(aq) = 2FeS2(pyrite)+H2(g)+Fe2+

(aq). (5)

Equations (1) and (2) would then lead to the net reaction:

Fe4S4(mackinawite)+ 4H+(aq) = 2FeS2(pyrite)

+ 2Fe2+
(aq)+ 2H2(g), (6)

which exhibits some similarities with the reported net reac-
tion of the H2S pathway to pyrite (Rickard and Luther, 1997).

FeS+H2S= FeS2(pyrite)+H2 (7)

Further research is needed to confirm whether pyrite could
actually form via Eq. (6), particularly at ambient tempera-
ture, depending on the ability of greigite to be oxidized by
H+ (Zhang et al., 2012) or to stand as the final end product
under such anoxic conditions.

5 Conclusions and environmental implications

The greigite formation pathway derived from our observa-
tions, which likely proceeds via FeS corrosion associated

with iron release in the solution, actually differs from the
one generally proposed, for instance, by Hunger and Benning
(2007). These authors invoke greigite precipitation from FeS
in the presence of zero-valent sulfur (i.e., via the polysulfide
pathway) under sulfur-limited conditions. In our study, the
electronic band structure of mackinawite supports the fact
that Fe atoms are the first to be oxidized before S atoms
may eventually produce S(0) /S2−

n , for instance, via oxida-
tion of S(-II) by excess Fe(III) in greigite domains. From
an environmental point of view, the evidence we provide
here for the production of greigite from mackinawite un-
der strongly reducing and strictly anoxic conditions, likely
by oxidizing Fe(II) atoms of FeS first through the corrosion
pathway, calls for further investigations regarding the pro-
duction of this mineral in sedimentary environments. This
idea echoes the recent findings by Turney et al. (2023) sug-
gesting that micro-environments may be important for greig-
ite formation and persistence in natural media (Lacroix et al.,
2023). In particular, the possibility of existing acidic micro-
environments in sediments subjected to active early diage-
nesis should be further examined in natural sediments. Fi-
nally, the fact that nanocrystalline mackinawite could be ox-
idized without an oxidizing agent other than water via the
present corrosion pathway could have possible implications
for (1) iron cycling through the release of Fe(II) in the local
medium and (2) iron isotopic fractionation during transfor-
mation of low-spin tetrahedral Fe(II) mackinawite into high-
spin Fe(II)/Fe(III) greigite, thus possibly impacting the Fe
isotope signature of deposited sedimentary archives. Addi-
tionally, the putative H2 production at a low temperature that
is suggested from this reaction could feed specific bacterial
metabolisms (Ortiz et al., 2002; Thiel et al., 2019) that would
exert a significant control on both Fe and S biogeochemical
cycles, as already shown in the process of biocorrosion (e.g.,
Xu et al., 2016).
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