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ARTICLE INFO ABSTRACT

Associate editor: Juan Liu Goethite and pyrite are common iron minerals in oxic or anoxic environments, respectively, both minerals being

major reservoirs for Nickel, a bio-essential element. Mineral transformation between goethite and pyrite is

Keywords: frequent owing to the alternation of oxic and anoxic conditions in sulfate-rich environments. This mineral
N‘Ckel. transformation has been amply studied, but the effect of Ni on this transformation and its fate along it remain
Goefhlt? poorly understood. Sulfidation of Ni-free and Ni-containing (through adsorption or isomorphic substitution)
Sulfidation . . . . R . .

Iron sulfides goethites was thus studied experimentally by reacting goethite with dissolved S(-II) (molar Fe:S~1:1). X-ray
Pyrite diffraction and associated Rietveld refinement, thermogravimetric analysis, scanning/transmission electron
Migration microscopy, X-ray absorption spectroscopy, and wet chemistry were used to monitor mineralogical evolutions

and unravel Ni association with reaction products. After 44 days of sulfidation, about half of initial goethite
converted to iron sulfides: thermodynamically stable pyrite (67%-93%) with minor contents of mackinawite
(2%-15%) and greigite (5%-25%). Although the overall content of iron sulfides formed was essentially inde-
pendent of Ni presence, Ni hampered the conversion from metastable iron sulfides (i.e., mackinawite and
greigite) to pyrite (67%-78% vs. 93%, in the presence and absence of Ni, respectively). Pyrite formation from
metastable sulfide precursors yielded a uniform Ni distribution in newly formed pyrite, regardless of the initial Ni
association with goethite. Although no Ni was released to solution during pyrite formation, Ni incorporation to
pyrite results in an increased risk of release to the environment as iron sulfides will be oxidized when exposed to
air and water in supergene environments, leading to highly acidic conditions favoring Ni solubility and mobility.

1. Introduction pool in laterites (Fan and Gerson, 2015; Landers et al., 2009; Manceau
et al., 2000). Goethite sequesters Ni, and other transition metals, via
surface adsorption (Nachtegaal and Spark, 2002; Ugwu et al., 2019; Xu

etal., 2006) and isomorphic substitutions (Cornell, 1991; de Carvalho-E-

Laterite (Deoliveira et al., 1992; Dublet et al., 2015; Dublet et al.,
2012; Fan and Gerson, 2015; Landers and Gilkes, 2007; Landers et al.,

2009) and sulfide deposits (Ikogou et al., 2017; Morin et al., 2017; Noel
et al., 2015; Swanner et al., 2019) represent the two most important Ni
reservoirs in terrestrial environments (Elias, 2002). In both settings,
goethite and pyrite are the two main host minerals for Ni. For example,
goethite may present Ni-enrichment up to several weight percents
(Dublet et al., 2012; Eliopoulos and Economou-Eliopoulos, 2000; Ugwu
and Sherman, 2019) and commonly accounts for ~60-75% of the Ni

Silva et al., 2002; Dublet et al., 2015; Landers and Gilkes, 2007; Man-
ceau et al., 2000). Ni(II) adsorbed to goethite surface is commonly
considered to readily desorb, whereas incorporation in goethite crystal
structure (Ugwu et al., 2019) results in a more stable sequestration. Both
adsorbed and structurally incorporated Ni modify goethite’s physico-
chemical properties, affecting its subsequent reactivity, including phase
transformation. In particular, adsorbed Ni(II) was reported to compete
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with other adsorbents for goethite surface sites (Xu et al., 2006) and to
delay goethite recrystallization (Frierdich et al., 2019). Ni(II)-for-Fe(III)
substitutions also influence vibrational properties of surface hydroxyl
groups (de Carvalho-E-Silva et al., 2002), surface charge, or solubility
(Ugwu and Sherman, 2019) of goethite particles in particular owing to
the difference in valence of Fe(III) and Ni(II) in goethite crystal structure
(de Carvalho-E-Silva et al., 2002; Frierdich et al., 2019; Gasser et al.,
1996; Ugwu and Sherman, 2019; Zachara et al., 2001).

Although goethite is the most common and the thermodynamically
most stable iron (oxyhydr)oxide on Earth (Cornell and Schwertmann,
2004), it may be altered under reducing conditions through interactions
with microorganisms (Maurice et al., 2000; Zachara et al., 2001),
organic compounds (Gasser et al., 1996; Larsen and Postma, 2001; Suter
et al., 1991), or inorganic reductants (Poulton et al., 2004; Rickard,
1974; Suter et al., 1991). As a result, goethite may be dissolved (Dos
Santos Afonso and Stumm, 1992) or transformed to secondary Fe min-
erals such as iron sulfides (e.g. pyrite, mackinawite, etc.) as the result of
its interaction with dissolved sulfides [including HS, HS™, and S(-II),
hereafter globally referred to as S(-II)] (Poulton et al., 2004; Rickard,
1974; Wan et al., 2017; Wang and Morse, 1996). Such reducing condi-
tions are commonly found in flooded sulfate-rich farmlands, wetlands,
and marshes, where S(-II) could accumulate up to ~15 mM as the result
of microbial anaerobic respiration (Bagarinao, 1992). A wealth of
literature has been devoted to deciphering the interaction of goethite
and other iron (oxyhydr)oxides with S(-II), a process commonly referred
to as sulfidation (Kumar et al., 2018; Poulton et al., 2004; Rickard and
Luther, 2007; Rickard, 1974; Wan et al., 2017), iron (oxyhydr)oxides
being regarded as the main iron suppliers for the early diagenetic for-
mation of pyrite (Canfield, 1989). Goethite sulfidation is of particular
importance as it is regarded as the starting point for sedimentary pyrite
formation (Rickard, 1974), resulting in the association of goethite and
pyrite under reducing (Seyfferth et al., 2020) or alternating oxidizing
and reducing conditions (Otero et al., 2009). Mechanisms of goethite [or
other iron (oxyhydr)oxides] sulfidation are well documented: first, S(-II)
is adsorbed to the surface of the iron (oxyhydr)oxide allowing an
electron-transfer from S(-II) to Fe(Ill) to form Fe(II), elemental sulfur
(SO), and polysulfides (Sf’) (Luther, 1991). S(-II) in excess then pre-
cipitates with Fe(II) to form amorphous FeS; clusters, that transform first
to crystalline but metastable monosulfides (mackinawite) and then to
greigite. A final reaction between metastable iron sulfides (MIS: mack-
inawite and greigite) and $°, S2-, or HaS produces thermodynamically
stable pyrite (de Carvalho-E-Silva et al., 2002; Hurtgen et al., 1999; Lan
and Butler, 2014; Luther, 1991; Pyzik and Sommer, 1981; Rickard and
Luther, 2007; Schoonen and Barnes, 1991b; Wang and Morse, 1996).

In S(-II)-rich sediments, sulfidation of goethite and other Fe (oxy-
hydr)oxides is a typical process of reductive-dissolution and recrystal-
lization (Luther, 1991; Wang and Morse, 1996), and as such strongly
influences transport and bioavailability of foreign metals initially asso-
ciated to goethite (Hockmann et al., 2020; Zachara et al., 2001). The sole
reductive-dissolution of goethite and other iron (oxyhydr)oxides re-
leases both adsorbed [like As and Ni — (Huang et al., 2015; Ren et al.,
2018)] and substituted [like Al, Co, Mn, Ni, Cr — (Dubbin and Bullough,
2017; Landers and Gilkes, 2007; Maurice et al., 2000)] foreign elements
to aquatic systems. In particular, structurally incorporated Ni(II) may be
released to the aqueous phase during a bacteria mediated (Zachara et al.,
2001) or HCl caused (Landers and Gilkes, 2007) reductive-dissolution of
goethite, or lost during the lateritization process (Dublet et al., 2015). In
contrast, when reductive-dissolution occurs in the presence of S(-II), an
efficient reducing species (Canfield, 1989; Canfield et al., 1992), this
species can readily coprecipitate with both Fe(II) and Ni(II) (Morse and
Luther, 1999) thus leading to the formation of solid metal sulfides.
Interestingly, the fate of Ni along goethite sulfidation and its effect on
this process remain sparingly documented although iron sulfides are
also important Ni sinks in sediments (Ikogou et al., 2017; Noeél et al.,
2015).
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To bridge this knowledge gap, the present study investigated
experimentally the sulfidation of goethite containing adsorbed or
isomorphically substituted Ni, to decipher Ni transfer from oxic laterite
deposits to anoxic sulfide deposits. Both the mineralogical trans-
formations and Ni retention were characterized using X-ray diffraction,
electron microscopy, thermogravimetric analysis, X-ray absorption
spectroscopy, and wet chemistry. The main goal of the present work was
to elucidate the fate of both adsorbed and substituted Ni(II) species
during goethite sulfidation and Ni influence on the process.

2. Experimental methods
2.1. Goethite preparation

Ni-free goethite was prepared according to a modified version of
Cornell and Schwertmann (2004) protocol. Briefly, 600 mL of a 0.167 M
Fe(NOg3)s solution was prepared from the dissolution of Fe(NO3)3-9H50
into MilliQ water (18.2 MQ.cm) in a plastic beaker. Then, 180 mL of 5 M
KOH was added in the above solution at a 5 mL/min rate with contin-
uous stirring. The obtained suspension was then diluted to 2 L using
MilliQ water, and let to settle down and age at room temperature for 7
days. The resulting precipitate was subsequently washed with 400 mL
oxalate/ammonium oxalate solution (pH = 3) for 2 hrs to remove
amorphous precipitates and adsorbed species, and dialyzed until con-
ductivity was <20 pS/cm. The resulting paste was finally centrifuged,
freeze-dried, ground, and sieved (100 mesh). Ni-incorporated goethites
were synthesized along the same protocol but using mixed Fe(NO3)3 and
Ni(NOg), solutions with Ni/(Ni + Fe) molar ratios of 0.02 or 0.06 (Ugwu
and Sherman, 2019). Resulting samples are hereafter referred to as Gt,
GtNi2, and GtNi6, according to the initial Ni contents.

Additional Ni-bearing goethite samples were obtained from sorption
experiments: 150 mL of a 0.01 M (or 0.04 M) Ni(NOg3); solution were
added to 150 mL of a 10 g/L Gt suspension, the mixed solution being
stirred for 24 hrs. Both Gt suspension and Ni(NOs)s solution were pre-
pared using a 0.01 M NaNOs ionic background. Before mixing, the
suspension pH was adjusted to 6.00 and allowed to vary by less than
+0.05 pH units for 12 hrs. The final suspension was centrifuged and
washed twice, before being freeze-dried. Resulting solids are hereafter
referred to as GtANi5 (GtANi20).

The relative contents of Fe and Ni for Ni-containing goethites were
determined by dissolving 10 mg of solids into 10.00 mL of 6 M HCl
solution in duplicates, and metal concentration was measured via
Atomic Absorption Spectroscopy (AAS). Results are shown in Table 1.

2.2. Sulfidation experiments

Goethite sulfidation experiments were performed in a glovebox
[(Mikrouna, 100% Ar), maintained at < 1 ppm (v/v) O3 using a copper
catalyst] at room temperature (~23 °C) using a protocol similar to that
of previous studies (Hockmann et al., 2020; Wan et al., 2017). Reagents
and MilliQ water used in this part were purged with N, for more than 4
hrs before being transferred to the glovebox to minimize Oz content of
reacting solutions/suspensions prepared in the glovebox. 1.00 g of Gt,
GtNi2, GtNi6, GtANi5, and GtANi20 were then added to 1 L of a 11.24
mmol NayS solution (Fe:S molar ratio ~1), whose pH was adjusted to
6.00 £ 0.10 using HCI and maintained for 12 hrs before goethite addi-
tion. Each set was gently stirred with a magnetic stirrer for several mins

Table 1
Relative content of Ni and Fe in synthetic goethites.

Samples Cre (Mg/g) cni (mg/g) Ni/(Fe + Ni) at.%
GiNi2 572.1 + 3.3 6.66 + 0.11 1.1
GtNi6 557.1 £ 1.7 13.26 + 0.05 2.2
GtANi5 573.8 £ 3.5 6.56 £+ 0.05 1.1
GtANi20 566.9 + 3.4 9.12 £+ 0.02 1.5
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every day, and the pH was monitored and adjusted manually with HCl or
NaOH as needed.

At certain time intervals, aliquots were withdrawn for analysis of
aqueous and/or solid phases. Aqueous samples were filtered through
0.22 pm nylon membrane (the filtration may be repeated up to 8 times
until the solution got colorless due to the formation of colloidal FeS at
the beginning of the sulfidation) before further measurement. Ni con-
centration in solution was determined with AAS, that of Fe(II) with the
phenanthroline method (Fadrus and Maly, 1975), and that of dissolved
sulfides via the methylene blue method (Cline, 1969; Hockmann et al.,
2020). Solid samples were retrieved by centrifugation and subsequently
dried in the glovebox for several days. They are named as Sample_name-
Reaction_time; for example, Gt-44d was obtained from Gt reacting with
S(-II) for 44 days. Elemental sulfur (SO) present on the surface of sulfi-
dized solids was measured using a methanol extraction method: 7.0 mg
of solids were added to 7.00 mL of methanol, the mixture being then
sonicated for 10 mins, and S° content being then determined using high-
performance liquid chromatography (Agilent-1260).

2.3. Characterization of goethites and of their sulfidized products

Mineralogy of Ni-free/-bearing goethites, and of their sulfidized
counterparts was determined by X-ray diffraction (XRD), using a Bruker
D8 Advance diffractometer equipped with a Cu Ka source (A = 1.5418 A,
voltage 40 kV, current 40 mA), and using a scanning rate of 1°/min and
0.02° step size. Quantitative phase analysis of sulfidized samples was
performed through the Rietveld refinement of XRD data using the Profex
software (Dobelin, 2015; Dobelin and Kleeberg, 2015). Thermogravi-
metric analysis (TGA, Mettler) was performed from room temperature to
800 °C at a heating rate of 10 °C/min and under a continuous N flow of
20 mL/min. Scanning electron microscopy (SEM) observations were
performed on a Zeiss Sigma300 instrument operated with an acceler-
ating voltage of 30 kV and a working distance of 50 mm. Transmission
electron microscopy (TEM) investigations were performed on a FEI
Tecnai G2 F30 microscope operated at 300 kV. STEM-HAADF (scanning
transmission electron microscopy — high-angle annular dark field) im-
ages were obtained using Bruker Super Lite X2.

Fe K-edge extended X-ray absorption fine structure (EXAFS) spectra
were recorded at the 4B9A beamline of the Beijing Synchrotron Radia-
tion Facility (BSRF). A metallic Fe foil (Eg = 7112 eV) was systematically
used for energy calibration before data collection; data was collected at
room temperature and in transmission mode over the 6920-7920 eV
range. Data reduction was performed using Athena (Ravel and Newville,
2005). Fourier transform (FT) of k3—weighted x(k) data was performed
over the 2.9-12.2 A~! k-range to obtain the radial distribution function
(RDF) x(r) in real space.

2.4. Acid dissolution

From the literature, goethite (a-FeOOH), mackinawite [(Fe,Ni);4S1,
and greigite [Fe(I[)Fe(IlI)2S4] are readily soluble in (hot) HCl. Pyrite
does not usually dissolve in HCl (Cooper and Morse, 1998; Cornwell and
Morse, 1987; Morse et al., 1987), although nanocrystallinity may allow
pyrite dissolution in HCI (Cooper and Morse, 1998; Cornwell and Morse,
1987; Morse et al., 1987), but is readily dissolved in HNO3. A HCI-HNO3
sequential treatment was thus modified from that of Huerta-Diaz and
Morse (1990) to determine the association of Ni with iron oxides/sul-
fides according to their Fe/Ni release behavior. Specifically, 100 mg of
sulfidized samples were added to 100 mL of 3 M HCl in a capped conical
flask and kept at 40 °C using a water bath. Magnetic stirring could not be
used owing to the highly magnetic character of sulfidized solids, and
flasks were thus shaken for 5 mins to homogenize the solution every day
and before each sampling. After 4 days in HCl, goethite, mackinawite,
and greigite were supposed to be fully dissolved, with only pyrite being
left. The residual solid was then filtered and washed twice, before being
transferred in 45 mL of 2 M HNOs. During both acid treatments, aliquots
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were sampled at different time intervals to determine Fe and Ni con-
centrations using AAS. After ~120 hrs of treatment in 2 M HNOs, solids
could still be observed, which could be dissolved completely by adding
10 mL of aqua regia.

3. Results
3.1. Powder X-ray diffraction

Synthesized Ni-free Gt yielded a diffraction pattern typical for
goethite (Fig. 1, ICDD#29-0713). XRD patterns of Ni-bearing goethites
were essentially similar to that of Gt, without additional diffraction
lines, indicating Ni incorporation in goethite crystal structure or sorp-
tion at its surface. After reacting with S(-II) under anoxic conditions for
3 days, XRD patterns of reacted samples were similar to those of their
unreacted counterparts, whereas modifications were visible from 7 days
of reaction and on (Fig. S1). XRD patterns of Ni-free and Ni-bearing
samples were dominated by peaks at ~21.2°/~36.6° (20 — goethite
110 and 111 reflections - Fig. 1), whereas after sulfidation the peak at
~33.1° (26 — pyrite 200 reflection) became most intense for all samples.
Consistently, intensities of goethite peaks at ~53.3°, ~59.1°, ~61.4°,
and ~64.0° (20 — goethite 221, 151/160, 002, and 061 reflections,
respectively) significantly decreased with increasing reaction time. In
addition, peaks at ~36.6°, ~47.3°, ~59.1°, and ~61.4° (20) shifted to
higher angles (green arrows in Fig. 1), and the peak at ~36.6° (20) was
split on its high-angle side (blue arrow in Fig. 1). These evolutions
indicated the formation of new phase(s) at the expense of goethite.
Additional reflections at ~28.5° and ~56.3° (20) were attributed to
pyrite (111 and 311 reflections, respectively - ICDD#42-1340), those at
~30.1°, ~39.0°, and ~49.6° (20) to mackinawite (101, 111, and 200
reflections, respectively - ICDD#15-0037), whereas weak peaks at
~25.4° and ~52.4° (260) indicated the presence of greigite (220 and 440
reflections, respectively - ICDD#16-0713) in reaction products, consis-
tent with previous reports of goethite sulfidation (Wang and Morse,
1996). No nickel sulfides, other iron (oxyhydr)oxides, or S° were
detected using XRD, although the latter was reported in similar studies
(Hockmann et al., 2020; Rickard, 1974).

Quantitative phase analysis was performed using the Rietveld
method to quantify the contributions of the four Fe-bearing minerals
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Fig. 1. Powder XRD patterns obtained from pristine Ni-free/-containing goe-
thites (black) and from the corresponding reaction products after 44 days of
interaction with S(-II) (red). G = goethite, P = pyrite, Gr = greigite, and M =
mackinawite. Bars, from bottom to top, above these patterns are characteristic
diffraction lines for: goethite (ICDD#29-0713; black), pyrite (ICDD#42-1340;
green), greigite (ICDD#16-0713; blue), and mackinawite (ICDD#15-
0037; magenta).
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identified in sulfidized samples (Fig. 2, Table S1) in an effort to monitor
sulfidation progress. Colloidal FeS and FeSy clusters remain undetected
by this approach however. After 3 days of reaction, minor amounts
(~1-2%) of iron sulfide minerals were detected in all runs. After 7 days,
~40% of initial Gt and GtNi6 was converted to iron sulfides, mainly
pyrite, that is more than that in GtANi5-7d and GtANi20-7d (~32%),
possibly because the pre-existing sorption of Ni(I) to the goethite sur-
face (Hellige et al., 2012; Hockmann et al., 2020; Wan et al., 2017)
hindered the interaction of S(-II) with structural Fe(IIl) (Luther, 1991)
during the early stages of GtANi5 and GtANi20 sulfidation, consistent
with previous reports (Biber et al., 1994; Poulton et al., 2004). Goethite
sulfidation then proceeded, with about half of initial goethite being
transformed to sulfides after 44 days of reaction. For example, sulfide
content was ~59% in Gt-44d (Table S1), a content significantly higher
than that in sulfidized Ni-bearing goethites (~46-52%, Table S1), sug-
gesting that the association of Ni incorporated in or adsorbed to goethite
significantly hampered its conversion to iron sulfides. For all samples,
pyrite was the main crystalline product of goethite sulfidation (~33%-
54%) (Rickard, 1974), with a minor contribution of greigite (~3%-—
12%) and mackinawite (~1%-8%), the latter two being commonly
considered as pyrite precursors (Luther, 1991; Rickard and Luther,
2007). Consistently, the overall content of metastable iron sulfides (MIS:
mackinawite, greigite) remained limited in all reacted samples, sug-
gesting that pyrite was formed at the expense of MIS or that MIS for-
mation was inhibited. In addition, MIS appeared less abundant in Gt
reaction products compared to Ni-bearing goethite reaction products.
Incorporation of Ni in goethite led to a minor distortion of its crystal
framework, and more especially to a slight expansion of its b unit-cell
parameter from 9.957(6) to 9.966(8) A, a and c unit-cell parameters

= B
C
5 0.6 '
£ |
S 0.4
& - ] Mackinawite
o [ Greigite
Pyrite
Goethite
1.0
<) N |
c
S
b=
S ! !
[oN -
[
a
0.2- 0.2-
0.0+ ; ; ' 004+ . ; .
3d 7d  25d  44d 3d 7d 250 44d
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o TIRI TN
0.8- o8]
f= c
S 0.6 ' S 0.6- .
g N B 2
S 041 S 0.4 -
o o
0.2- 0.2
0.0+ ' ' ' 0.0+ : . ,
3d 7d 254 44d 3d 7d 250 44d

Fig. 2. Evolution as a function of reaction time of the mineralogy of reaction
products of Ni-free/-containing goethites after their interaction with S(-II): a):
Gt, b): GtNi2, ¢): GtNi6, d): GtANi5, and e): GtANi20. Errors on mineral frac-
tions are given in Table S1.
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remaining essentially unchanged (Table S2), consistent with previous
reports (Wells et al., 2006). By contrast, unit-cell parameters of the two
Ni-adsorbed samples are logically almost identical to those of Gt. After
44 days of sulfidation, the low contents of greigite and mackinawite
generate large uncertainties on their unit-cell parameters precluding an
unambiguous assessment of their evolution. Unit-cell parameters of
pyrite formed both from Ni-free and Ni-bearing goethites are identical
within uncertainty.

3.2. Evolution of Fe local environments
Consistent with the above-described mineralogical evolution along

goethite sulfidation, Fe local environment was modified as shown by the
evolution of Fe K-edge EXAFS spectra (Fig. S2) and of corresponding

Fe-S
Fe-Fe.,

FeS Cluster

Fe-Fe.,  Mackinawite

Fe-Fe,, F:e_FeCZ

Greigite

Fe-Fe.,

UL

Fe—%/ Pyrite
Fe-F
\/er-FeC .

N Goethite

e
5

\ V4

YA

D\ GtANi20
35 N GtANi5
SEN GtNi6
RN GtNi2

FT magnitude (a.u.)

)

Y,

VUL

2

o

R+AR (A)

Fig. 3. Fourier transforms of Fe K-edge EXAFS spectra obtained for pristine
(black) and sulfidized goethite samples (red: 3 days, blue: 7 days, green: 44
days), and iron oxhydroxide/sulfide standards (gray). To highlight the evolu-
tion of Fe local environment, FT intensities were normalized to that of the first
shell. Data for colloidal FeS from Noél et al. (2020). Fourier transform for
greigite was computed from the Fe K-edge EXAFS spectrum calculated with
Feff8.4 based on greigite structure model (COD#9000123 - Ikogou et al.,
2017). For mackinawite, Fe-Feg; and Fe-Fec; indicate edge- and corner-sharing
linkages of FeS4-FeS, tetrahedra; for greigite, Fe-Feg, and Fe-Fec, indicate edge-
and corner-sharing linkages between FeSg-FeSg octahedra and FeS4/FeS¢-FeSe
polyhedra, respectively; for pyrite, Fe-S, and Fe-Fecs indicate the second
nearest Fe-S shell and corner-sharing linkages of FeSg octahedra, respectively;
for goethite, Fe-Fep3 and Fe-Fec, indicate edge- and corner-sharing linkages of
FeOg-FeOg octahedra, respectively.
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RDFs (Fig. 3). It was not possible to determine relative proportions of the
different Fe-bearing phases from linear combination fitting of the EXAFS
spectra however. All attempts to fit EXAFS data using reference spectra
of colloidal FeS (Noel et al., 2020), mackinawite, greigite, pyrite, and
goethite did not allow reaching a satisfactory fit (not shown), thus
precluding comparison with the mineralogy determined from Rietveld
refinement of the XRD data (Table S1, Fig. S1). The inability to fit the
EXAFS signature of the solid fraction is likely related to contrasting
signatures of FeSy clusters present in the solid fraction and of the
colloidal FeS reference that was obtained from filtered (<0.02 ym) so-
lutions by Noél et al. (2020) as suggested by the mismatch between the
spectral signature of colloidal FeS and the modification of EXAFS spectra
after 3 days of sulfidation (Figs. S2 and S3). In both k- and r-space,
pristine samples data was typical of goethite (Burton et al., 2010;
Hohmann et al., 2011), with a first maximum at ~1.50 AR+ AR)int-
space corresponding to the first Fe-O shell and an asymmetric peak
spanning from ~2.30 to ~3.60 A (R + AR), peaking at ~2.70 A (R +
AR), and corresponding to Fe-Fe bonds in goethite edge- and corner-
sharing FeOg octahedra. After reacting for 3 days with S(-II), the fre-
quencies of goethite EXAFS spectra in k-space were essentially alike
those of pristine samples. Amplitudes were attenuated however
(Fig. S2), the modification being most significant for Gt relative to Ni-
bearing goethites (Fig. S3), suggesting a negative effect of Ni on
goethite sulfidation. Consistently, the Fe-Fe shell at ~2.70 A (R + AR) in
r-space decreased slightly (Fig. 3), supporting a minor decrease in the

Geochimica et Cosmochimica Acta 353 (2023) 158-170

number of edge-sharing linkages between FeOg octahedra in goethite. In
addition, the minor increase of the shoulder at ~1.80 A (R + AR) (Fig. 3)
supports the early formation of Fe-S bonds, consistent with the forma-
tion of FeSy clusters. After 7-44 days of sulfidation, Fe K-edge spectra
were strongly modified compared to that of pristine samples with a
major evolution of frequencies in k-space (Figs. S2 and S3). Consistently,
the main contribution to the first coordination shell of Fe shifted from
~1.50 A to ~1.80 A (R + AR); similarly, the asymmetric peak extending
from ~2.30 to ~3.60 A (R + AR) with a maximum at ~2.70 A (R + AR)
in pristine samples weakened and split into two isolated peaks of similar
intensity at ~2.80 A and ~3.40 A (R + AR). The peak at ~2.80 A
combines the contributions from edge-sharing Fe-Fe linkages of FeOg
octahedra in goethite and from Fe-Sypq linkages in pyrite, whereas that
at ~3.40 A (R + AR) is related to the nearest Fe-Fe shell in pyrite
(corner-sharing linkages of FeS, polyhedra). These modifications are
consistent with the conversion of a significant fraction of goethite to iron
sulfides after 44 days of sulfidation, most of the conversion occurring
from 3 to 7 days of sulfidation, consistent with XRD results (Figs. 1, 2,
and S1, and Table S1). On the difference plots between reacted and
initial samples (Fig. S3), reacted Gt samples systematically showed
significantly stronger differences (both after 3 and 44 days of sulfida-
tion), compared to GtNi6 and GtANi20 supporting the negative effect of
Ni association to goethite on its sulfidation.
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3.3. Thermogravimetric analysis

Consistent with the observed mineralogical evolution upon goethite
sulfidation, the thermogravimetric analysis of unreacted and reacted
samples differed significantly (Fig. 4). All goethite samples (with or
without Ni) exhibited a significant weight loss from ~170 °C to ~300 °C
with a maximum at ~255 °C typical for goethite dehydroxylation and
conversion to hematite [a-Fe;O3 — (Cornell and Schwertmann, 2004;
Ponomar, 2018)]. Weight losses occurring prior to dehydroxylation
were ascribed to the loss of physisorbed water. An additional weight loss
was observed at ~300 °C for GtANi20 (Fig. 4e), which is possibly related
to the presence of adsorbed Ni(II) on goethite surface. Compared to
pristine samples, goethite dehydroxylation weight loss was still
observed in sulfidized samples, consistent with the presence of unreac-
ted goethite, but shifted to slightly higher temperature (~270 °C)
compared to unreacted samples. In addition, the splitting of TGA data
first derivative observed over this low-temperature range (Fig. 4b,d)
suggests the contribution of another process to the weight loss of sulfi-
dized samples. The temperature shift of goethite dehydroxylation
weight loss could correspond to a morphological/size evolution of
unreacted goethite whereas the additional process possibly results from
the partial conversion of greigite (Krs et al., 1993; Kyprianidou-
Leodidou et al., 1997; Sagnotti and Winkler, 1999). For all sulfidized
goethites, two major weight losses were observed at ~510-525 °C and
~555-570 °C (Fig. 4) that are typical for pyrite (Yang et al., 2019). Two
additional weight losses were observed at low temperatures (~215/220
°C and ~240/245 °C) in sulfidized Ni-containing goethites. These
weight losses are possibly related to the presence of Ni- or Ni-rich phases
[possibly Ni; S — (Bishop et al., 1999)] as they were not observed for
sulfidized Ni-free Gt and did not appear to be related to the presence of a
specific Fe sulfide species. These Ni-rich phases were not detected using
XRD however. Another weight loss was observed at 390/415 °C in the
TGA curves of sulfidized Ni-bearing goethites (Fig. 4d,f), but was absent

pristine
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in the reacted Ni-free Gt (Gt-16d/44d). This weight loss is possibly
ascribed to the decomposition of NiS, to NiS (Dunn and Kelly, 1977).

3.4. Electron microscopy

Goethite sulfidation and the associated crystallization of Fe-rich
sulfides (pyrite, greigite, mackinawite) were associated with a dra-
matic morphological evolution (Fig. 5 and S4). All pristine goethite
samples were acicular shaped with lath lengths ranging ~300-400 nm
or more, typical for goethite (Cornell and Schwertmann, 2004), and no
significant difference was detected between Gt and Ni-bearing samples.
Crystal habits were more heterogeneous in sulfidized samples with three
main crystal habits: i) laths extending ~100-300 nm in length and
corresponding to residual goethite after their interaction with S(-II); ii)
framboids extending several hundred nanometers in diameter and
composed of cubic pyrite nanocrystals (Wang and Morse, 1996); iii)
irregular lamellas, possibly corresponding to greigite as suggested by
lattice fringes exhibiting ~0.350 and 0.285 nm periodicities [greigite
(220) and (222) planes; Fig. S4f,i — (Cao et al., 2009; Islam and Patel,
2017; Lan and Butler, 2014)]. Although Rietveld refinement indicated
that half of the initial goethite was preserved in sulfidized samples
(Table S1), the framboids and irregular lamellas visually dominated the
three sulfidized samples, suggesting that residual goethite might be
covered by newly formed iron sulfides. Contrasting with micrometer-
sized cubic/polyhedral pyrite crystals reported previously (Butler and
Rickard, 2000; Du et al., 2021; Liu et al., 2022; Lowers et al., 2007),
pyrite grain sizes ranged from tens to hundreds of nanometers in the
present sulfidized goethites. Consistent with previous TEM observations
(Kumar et al., 2018; Peiffer et al., 2015), no joints between pyrite
framboids and goethite laths were observed, thus confirming that the
goethite-to-iron sulfides transformation proceeded mainly through dis-
solution-recrystallization (Wang and Morse, 1996), rather than as a
solid-state conversion.

Fig. 5. Scanning electron micrographs of pristine and sulfidized Ni-free/-bearing goethites. G, P, Gr, and M stand for goethite, pyrite, greigite, and mackinawite,

respectively. Blue scale bars at the lower left of each figure represent 100 nm.
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3.5. Solution chemistry during sulfidation (S(-II) and Fe(II)
concentrations)

S(-II) concentration in solution decreased dramatically below the
detection limit of the methylene blue method (0.02 mg/L) within 3 days
(Fig. 6a). S(-II) consumption rate was similar for all goethite samples.
This decrease resulted from the quick adsorption of S(-II) to goethite
surface and from the subsequent swift formation of amorphous FeSy
clusters induced by S(-II) interactions with Fe(II) (Poulton, 2003; Wan
et al., 2017) according to:

2Fe(IIHOOH + S(-I) — 2Fe(II) + S° (€D)

Fe(Il) + xS(-I[) - Fe(I)S, @

Consistently, Fe(II) and elemental sulfur (SO) were produced as the
result of these interactions immediately after adding goethite to the S
(-II) solution (Fig. 6b,c). After an initial steady increase, Fe(II) content
in solution stabilized after ~15 days of sulfidation, most likely because
Fe(II) consumption related to Fe sulfides formation compensated its
production according to Eq. (1), and to the subsequent destabilization of
both FeSy clusters/colloidal FeS and MIS. After a possible sharp initial
increase (not detected), S° amount decreased gradually in the system
most likely as the result of pyrite formation from Fe sulfide precursors
according to Eq. (3) (Rickard, 1975). Consistent with quantitative phase
analysis, pyrite formation was most noticeable over 3-7 days in all ex-
periments (Table S1, Fig. 6¢). Ni concentration in solution was system-
atically lower than its detection limit with AAS (0.05 mg/L — data not
shown).

FeS + S” — FeS, 3)

3.6. Solid chemistry during sulfidation

Content and distribution of Fe, Ni, O, and S within sulfidized parti-
cles were determined using HAADF imaging coupled with EDX analysis
(Figs. 7 and S5). Fibrous morphologies were ascribed to goethite crys-
tals, whereas bright areas in HAADF dark field micrograph were mainly
related to aggregated crystals shown in Figs. 5 and S5 and identified as
iron sulfides, consistent with elemental distributions. Both Fe and O
were evenly distributed in both types of crystals however, consistent
with the formation of Fe sulfides on residual goethite particles. On the
other hand, Ni and S appeared to be concentrated in the bright areas, the
distributions of the two elements being highly correlated, indicative of
the slight Ni enrichment of newly formed iron sulfides compared to
residual goethite. For example, Ni mass fraction in selected Fe sulfide
polycrystals and goethite crystals (areas #1 and #2, respectively, in
Fig. 7 upper left) were 0.9 + 0.3%, and 0.5 + 0.2%, respectively.
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3.7. Acid Treatment of pristine and sulfidized samples

3.7.1. HCI treatment and kinetic modeling

Fe was steadily released from pristine GtNi6 and GtANi20 upon 3 M
HCI treatment and Fe concentration in solution reached a plateau after
~24 hrs (Fig. 8a), even though the former dissolved slightly slower than
the latter (inset in Fig. 8a). By contrast, Fe release from their sulfidized
counterparts appeared more complex. The initial (~10 mins) Fe release
from sulfidized samples is larger than that of their pristine equivalents
(inset in Fig. 8a), likely as the result of Fe(II) desorption from mineral
surfaces and from the dissolution of FeSy clusters and MIS. Following
this initial fast stage, Fe release from sulfidized samples slowed down
from 10 mins to ~12-24 hrs, a period during which goethite dissolution
is the main process releasing Fe to solution. In contrast to pristine
goethite samples that were thoroughly dissolved after 24 hrs of hydro-
chloric acid treatment, Fe release from sulfidized samples continued,
most likely owing to dissolution of nanocrystalline pyrite at this stage,
consistent with the enhanced solubility of fine-grained pyrite in HCl
(Cornwell and Morse, 1987). Dissolution of fine-grained pyrite is sup-
ported by the overall Fe release during HCl treatment that exceeds the
relative proportion of goethite and crystalline MIS determined by XRD
in sulfidized samples (~60-67 wt% — Table S1, Fig. S6). These pro-
portions do not account for FeSy clusters. Fe release rate was signifi-
cantly decreased however, and no plateau was reached during the HCl
treatment of sulfidized samples, even after 96 hrs.

The release of Ni associated to pristine goethite and to corresponding
sulfidized samples differed significantly from that of Fe in these phases
but also from one sample to the other (Fig. 8b). For example, Ni in GtNi6
was released slightly faster than Fe, both metals reaching a maximum
concentration after ~24 hrs and complete goethite dissolution. In
contrast, most adsorbed Ni present in GtANi20 was quickly released to
the solution (~76% after 5 mins of the HCI acidic treatment) before
reaching a plateau after ~7 hrs. Their sulfidized counterparts (GtNi6-
44d and GtANi20-44d) exhibited contrasting Ni release rates before and
after ~10 mins of interaction with HCI (inset in Fig. 8b), consistent with
Fe release. In particular, ~25% and ~9% of Ni was released from GtNi6-
44d and GtANi20-44d, respectively, within the first 10 mins of inter-
action. After this initial fast release, which likely represents Ni associ-
ated to FeSy clusters and MIS, Ni release from both samples appeared
steady with no obvious rate modification.

Simulations of Fe and Ni release kinetics during HCI treatment were
performed using one-phase exponential decay function to evaluate the
relative release of the two metals from pristine and sulfidized samples
(Fig. S7, S8, and Table S3). The rates (1st derivative of kinetics) of Fe and
Ni released from all the examined samples decreased as a function of
time, and the relative release rate of Ni to Fe varied gradually (Fig. S7).
For GtANi20, the adsorbed Ni experienced fast release while structural
Fe was released gradually, producing an inverted-L relative release
curve of Ni to Fe (Fig. 8c). For GtNi6, Ni (~69%) was released faster
compared to Fe (~44%) before ~4.30 hrs and slower after that, yielding
a convex relative release curve (Figs. 8c and S7), indicating a non-
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Fig. 6. Evolution of (a) S(-II) and (b) Fe(II) concentration in solution and (c) relative mass of elemental sulfur (S° associated with the solids as a function of
sulfidation time for Ni-free/-bearing goethites. S° content was quantified only for sulfidized samples.
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Fig. 7. STEM/HAADF micrograph (upper left) and EDX maps for Fe (upper center), Ni (upper right), O (lower center), S (lower right), and composite Fe-Ni-S-O
image obtained for GtANi20-44d.
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uniform distribution of Ni in goethite (Girgin et al., 2011; Landers and
Gilkes, 2007; Landers et al., 2009), with a significant Ni-enrichment in
goethite outer layers. For sulfidized samples, Fe was released slightly or
significantly faster relative to Ni upon the HCI treatment, and the rates
dropped until equal to each other at ~9.60 hrs and ~7.10 hrs for GtNi6-
44d and GtANi20-44d, respectively (Figs. 8c and S7). Although both
sulfidized samples displayed rather similar trends of Fe release (~76%
vs. ~78% after 7.70 hrs), Ni was released faster from GtNi6-44d than
from GtANi20-44d before ~7.70 hrs (~60% vs. ~33%, Fig. S8). Inter-
estingly, both sulfidized samples led to a concave relative release curve
(Fig. 8c), that of GtNi6-44d being close to the y = x line. In contrast, that
of GtANi20-44d was far from the line, indicating that Ni was more ho-
mogeneously distributed in GtNi6-44d compared to that in GtANi20-
44d. In addition, GtANi20-44d most likely contained more Ni-free/
poor phase(s) (residual goethite mainly) that were readily extracted
by HClI and Ni-rich cores. The two sulfidized samples contained multiple
Fe species [i.e., adsorbed Fe(Il), goethite, FeSy clusters, greigite, mack-
inawite, and pyrite], each likely releasing Fe at a different rate, espe-
cially during the first ~24 hrs of the treatment. To overcome this issue,
the relative release curve was plotted excluding data points measured
during this initial 24 hrs period (Fig. 8d). This curve was close to the y =
x line, indicating Ni was homogeneously distributed in nanocrystalline
pyrite.

3.7.2. HNOgs treatment

When sulfidized samples pre-treated with HCl were equilibrated in 2
M HNOs, the release of Fe and Ni proceeded (Fig. 9), accounting for the
sole pyrite dissolution. For both GtNi6-44d and GtANi20-44d, Fe release
rate was significantly enhanced by HNO3 treatment, and reached pla-
teaus after ~48-72 hrs. Ni release was strongly correlated to that of Fe,
leading to an almost linear relative release curve (Fig. 9c), indicative of a
homogeneous Ni distribution in pyrite crystals.

4. Discussion
4.1. Mineralogical evolution along goethite sulfidation

In the present study, diffraction (Figs. 1 and S1), electron microscopy
(Figs. 5 and S5), and spectroscopic (Figs. 3, S2, and S3) data consistently
show that crystalline products of goethite sulfidation consist mainly of
pyrite with minor mackinawite and greigite. Sulfidation of goethite and
other iron (oxyhydr)oxides thus appears as a pathway possibly ac-
counting for the coexistence of iron (oxyhydr)oxides and of these iron
sulfides in natural anoxic or alternating oxic-anoxic sediments and soils
(Kalatha and Economou-Eliopoulos, 2015; Otero et al., 2009; Seyfferth
et al., 2020). In nature, goethite and iron monosulfide (FeS) prevail in
surface or subsurface horizons of soil profiles, whereas pyrite is the
major iron-bearing mineral in deep horizons (Kraal et al., 2013; Seyf-
ferth et al., 2020). Experimental studies, including the present one,
provide additional insights into specific conditions favoring the
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formation of one phase or the other, common iron sulfides obtained from
goethite sulfidation being amorphous FeSy clusters, mackinawite, grei-
gite, and pyrite (Table 2). More especially, solution pH, relative abun-
dance of goethite [(Fe(IlI)] and dissolved sulfides [S(-II)], and reaction
duration appear to be responsible for reaction product diversity.

Mackinawite was identified in most studies listed in Table 2, and was
consistently described as resulting from aging or crystallization of
amorphous FeSy precursors, that would result from direct coprecipita-
tion of Fe(II) and S(-II) according to Eq. (2) (Rickard, 1975; Schoonen
and Barnes, 1991a). Both lower (<7.0) pH conditions (Wang and Morse,
1996) and decreased Fe:S(-II) ratios (Kumar et al., 2018) increase
dissolution rate of iron (oxyhydr)oxides and mackinawite precipitation
rate. Although mackinawite readily precipitates in all runs of the present
study, it hardly accumulates during sulfidation, compared to greigite
and pyrite (Fig. 2 and Table S1). Two hypotheses may account for this
specific behavior: i) the swift consumption of dissolved S(-II) (Fig. 6a)
leads to low S(-II) levels, insufficient to precipitate mackinawite but
allowing pyrite formation to proceed (Rickard and Luther, 2007); ii)
mackinawite acts as a precursor for the formation of both greigite and
pyrite (Wang and Morse, 1996). In addition, the initial formation of
mackinawite provides active surfaces that favor pyrite nucleation and
growth (Rickard and Luther, 2007), inhibiting further mackinawite
formation and growth. Mackinawite was also reported to be a necessary
precursor for greigite formation (Rickard and Luther, 2007) through a
rearrangement of Fe atoms in a [S(-II)] cubic close packing lattice and Fe
loss to reach a proper Fe:S ratio (Lennie et al., 1997).

Formation of greigite along goethite sulfidation derived from XRD
data analysis in the present work (Fig. 1) was consistently reported only
by Wang and Morse (1996) in similar sulfidation experiments. In
contrast, the presence of greigite was rejected in other studies from the
analysis of Mossbauer spectra (Wan et al., 2017) or from the modeling of
S K-edge XANES (X-ray absorption near edge structure) data (Kumar
et al., 2018). These contrasting results suggest the key role of initial
solution pH for greigite formation; sulfidation experiments of Wang and
Morse (1996) were performed indeed under weakly acidic conditions
consistent with the present ones (pH = 5.0 and 6.0, respectively),
whereas those of Wan et al. (2017) and Kumar et al. (2018) were per-
formed under circum-neutral conditions (pH = 7.0 or 7.2). Contrary to
the present hypothesis derived from the comparison of experimental
studies, Son et al. (2022) predicted from Density Functional Theory
calculations that greigite stability and formation would be favored by
higher pH conditions. These calculations were performed however for
nanometer sized particles (~0.5-4 nm) to benefit from greigite lower
surface energy compared to pyrite. In the present study, Rietveld
refinement of XRD data indicates much larger crystal sizes (~15-18 nm
along the 001 axis) for greigite. The Fe:S ratio appears less influential for
greigite precipitation as Kumar et al. (2018) performed their experi-
ments using a Fe:S ratio similar to that of the present study (Fe:S molar
ratio ~ 1).

Pyrite was formed in most goethite sulfidation experiments reported
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Table 2
Conditions of goethite reaction with S(-II) and mineralogy of iron sulfides reported in the literature and in the present study.
Cre CsIn Fe:S pH Reaction Duration Products Identification Methods References
11.20 50.00 0.22 7.77 ~2 hrs amorphous FeS,, mackinawite XRD Rickard, 1974
11.20 100.00 0.11 7.64
11.20 200.00 0.06 7.50
11.20 400.00 0.03 7.24
11.20 500.00 0.02 6.95
1.12 4.50 0.25 7.55 ~24 hrs iron monosulfide chemical method Pyzik and Sommer, 1981
5.10 4.16 1.23 7.61
1.04 4.90 0.21 7.54
3.17 2.60 1.22 7.54
1.06 5.50 0.19 7.42
1.06 5.40 0.20 7.40
n.i. 17.40 o 5.12 ~2160 hrs mackinawite, greigite, pyrite XRD, SEM Wang and Morse, 1996
n.i. 17.60 5.06 ~4320 hrs
n.i. 66.50 5.01 ~4320 hrs
41.60 8.10 5.14 7.00 ~168 hrs mackinawite, pyrite Mossbauer spectroscopy Wan et al., 2017
3.40 14.90 0.23 7.00 ~3672 hrs
112.36 224.72 0.50 7.20 ~336 hrs mackinawite XANES Kumar et al., 2018
112.36 112.36 1.00 mackinawite
11.20 11.20 1.00 6.00 ~1056 hrs mackinawite, greigite, pyrite XRD, SEM, TEM This study

Note: cge and cg.q are given in mM. “n.i.” stands for “not indicated”, and ** indicates “S(-II) in excess”.

in the literature. Slightly alkaline conditions and low Fe:S(-II) ratios
appear however to hamper pyrite formation (Kumar et al., 2018; Pyzik
and Sommer, 1981; Rickard, 1974; Wan et al., 2017). Duration of the
sulfidation experiment also appears as an important parameter for pyrite
formation. Pyrite was not detected by Rickard (1974) and Pyzik and
Sommer (1981) whose goethite sulfidation experiments lasted ~2 and
~24 hrs, respectively, whereas a minor amount of pyrite (~1-2%) was
detected only after ~48 hrs by Wan et al. (2017) using Mossbauer
spectroscopy, consistent with the present study in which minor pyrite
(~1-2 wt%) was detected in sulfidation products after 3 days (Figs. 2, 3,
and S1). In the present sulfidation experiments, pyrite formed massively
from 3 to 7 days (Figs. 2, 3, S1, and S2). Low Fe:S(-II) ratios (<0.2) may
delay further pyrite formation as shown by the presence of pyrite being
detected only after ~56-60 days under such experimental conditions
(Wan et al., 2017; Wang and Morse, 1996). Despite favorable Fe:S(-II)
ratio (0.5-1.0) and sufficient duration (14 days), Kumar et al. (2018)
discarded pyrite presence among goethite sulfidation products from the
analysis of S K-edge XANES data. Contrasting initial solution pH values
(7.2 vs. 6.0 in the present experiments) are most likely responsible for
the much higher pyrite contents reported in the present experiments
(~28.5-39.1% after 7-25 days — Fig. 2 and Table S1), consistent with
the results of Wang and Morse (1996). Although pyrite is the dominant
iron sulfide in most geological settings, Fe sulfidation or pyritization
appears incomplete in many cases, with the persistence of MIS. Apart
from the unfavorable conditions described above [low Fe:S(-II) ratio,
slightly alkaline pH conditions], low concentration of S° in solution
(Fig. 6¢) may also hamper MIS transformation to pyrite Wang and Morse
(1996).

Consistently, colloidal FeS (or FeSy clusters) were readily formed
upon addition of goethite into the S(-II)-containing solutions, as the
solution got black immediately after the addition (Hellige et al., 2012;
Hockmann et al., 2020; Noél et al., 2020; Peiffer et al., 2015; Rickard,
1974), even after filtration through 0.22 pm nylon filters (not shown).
Solutions remained black-colored for about one week before turning
colorless consistent with previous observations from ferrihydrite sulfi-
dation (Noél et al., 2020). The timing of this color change roughly co-
incides with the remarkable decrease of S° (Fig. 6¢) and with the onset of
the three crystalline iron sulfides identified by XRD in the present ex-
periments (Fig. 2 and Table S1). This coincidence suggests that reaction
between colloidal FeS (or FeSy clusters) and s according to Eq. (2) most
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likely contributed to or even dominated the early formation of pyrite
from goethite sulfidation (Hellige et al., 2012; Peiffer et al., 2015).

4.2. Influence of Ni on the sulfidation of goethite to pyrite

In this study, the influence of both adsorbed and structurally incor-
porated Ni on/in goethite on its sulfidation was assessed. The limited
modification of Fe local environment in sulfidized Ni-bearing samples
compared to Ni-free one (Fig. 3, S2, and S3) and the slower formation of
pyrite (Fig. S1, Table S1) suggest that the presence of Ni hampered
goethite sulfidation. Consistently, after 44 days of interaction with S(-II),
reaction products of Ni-free goethite contain significantly more pyrite
(54.4% vs. 33.2%, 33.5%, 33.0%, and 40.7%, Table S1) and less MIS
(4.2% vs. 12.7%, 12.7%, 16.5%, and 11.7%, Table S1) than their
counterparts from Ni-bearing goethites. A similar trend may be observed
after 25 days of reaction (Fig. 2 and Table S1), suggesting that Ni sta-
bilized MIS and delayed their complete conversion to pyrite, consistent
with previous report (Swanner et al., 2019).

After the swift pyrite formation from 3 to 7 days in both Ni-free and
-containing experiments, pyrite formation proceeded gradually (Fig. 2
and Table S1), indicating that MIS likely mediated this process at this
later stage (Luther, 1991; Rickard and Luther, 2007), as colloidal FeS
and FeSyx clusters almost disappeared. During the pyritization process,
destabilization of both FeSy clusters/colloidal FeS and MIS release Fe(II),
likely contributing to the increase of [Fe(I)] in solution within the first
~15 days of reaction [Fig. 6b - (Butler and Rickard, 2000; Lennie et al.,
1997)]. For all runs, the content of MIS was kept at a relatively low level
(<2.7%) before 7 days, while after that MIS in Ni-containing groups
accumulated up to 11.7%-16.6%. In contrast, MIS content in the Ni-free
experiment only reached 4.2%, suggesting again that their association
with Ni hindered the conversion of MIS to pyrite after 7 days.

The negative impact of Ni on MIS transformation to pyrite started
earlier however. After 3 days of interaction with S(-II), iron sulfide
formation is extremely marginal in all cases but modification of Fe local
environment appears to be more limited in Ni-bearing goethites
compared to Gt (Fig. S3). This reduced modification suggests also that
the presence of Ni, both as adsorbed and incorporated species, decreases
goethite reactivity towards S(-II). As proposed previously (Xu et al.,
2006), the presence of Ni(II) sorbed at the goethite surface possibly
hinders subsequent sorption of other ions [S(-II) in this study]. In
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addition, the reduced surface charge resulting from Ni(II)-for-Fe(III)
substitutions could also contribute to decrease goethite reactivity (de
Carvalho-E-Silva et al., 2002). It should be noted however that in the
present study similar kinetics of S(-II) consumption was measured for all
reacting samples up to 3 days (Fig. 6a). This apparent inconsistency
likely results from the fast decrease of S(-II) content originating from S
(-I) adsorption to goethite surface, precipitation with Fe(Il) and Ni
(I1), and formation of colloidal FeS and FeS clusters, making adsorption
specific contribution difficult to differentiate.

Mackinawite and FeSy cluster formation is considered to result from
the direct coprecipitation of Fe(II) with S(-II) (Rickard and Luther,
2007), and dissolved Ni(II) precipitates more readily with S(-II)
compared to Fe(I) [5.89 x 10710 vs. 2.29 x 10 for Ni and Fe,
respectively — (Morse and Arakaki, 1993)]. The tendency of Ni to pre-
cipitate first as Ni-rich nuclei has been confirmed recently from TEM
observations (Mansor et al., 2019), consistent with the present distri-
bution of Ni in MIS particles (Figs. 7 and S5). In addition, mackinawite
crystal growth rate increases in the presence of Ni(Il), crystal structure
being stabilized by Ni(II) (Ikogou et al., 2017). In the present work,
mackinawite content remains limited in all experiments although the
maximum mackinawite content [8.0(2) wt.%] was reported for
GtANi20-44d (Table S1). The presence of Ni(II) appears to stabilize MIS
as a whole (Fig. 2 and Table S1) however, possibly inhibiting their
conversion to pyrite. The limited mackinawite content also suggests that
the mackinawite-to-greigite transformation was not significantly hin-
dered by Ni thus hampering the identification of a possible positive ef-
fect on mackinawite formation.

4.3. The migration of Ni from goethite to iron sulfides

The systematic correlation between Ni and Fe sulfide polycrystals
observed with electron microscopy (Figs. 7 and S5) evidenced the
migration of Ni initially associated to goethite to iron sulfides (pyrite
mainly) resulting from the sulfidation thereof. Acid treatments using
HCI suggest however that Ni distribution within MIS depends on the
initial association mode of Ni with goethite. When initially incorporated
in goethite structure, Ni is homogeneously distributed in newly formed
sulfides whereas Ni appears to be enriched in MIS crystal cores when
initially adsorbed onto goethite (Fig. 8c), consistent with previous re-
ports (Mansor et al., 2019). In contrast, subsequent acid treatments
using HNOj3 indicate that Ni was homogeneously distributed in newly
formed pyrite, regardless of the initial association mode of Ni with
goethite (Fig. 9c). It should be noted that Ni was not detected in solution
during sulfidation of Ni-bearing goethite, implying that this process does
not contribute Ni to sedimentary pore water in geological settings. In
addition, the absence of dissolved Ni suggests that contrasting Ni dis-
tributions observed as a function of the initial association mode of Ni
with goethite derive from differences in Ni and Fe release rates during
the sulfidation of goethites. Specifically, adsorbed Ni(II) is most likely
released faster compared to structural Fe, the latter being gradually
released during goethite reductive dissolution. In addition, Ni(II) pre-
cipitates with S(-II) faster than Fe(Il) (Morse and Arakaki, 1993) and
thus concentrates mainly in the inner part of mackinawite particles. In
contrast, Ni(Il) structurally incorporated in GtNi6 was released almost
stoichiometrically with Fe(Il), resulting in a homogeneous distribution
of both metals within MIS crystals.

Although Ni(II) may be heterogeneously distributed within MIS
crystals, its distribution within pyrite systematically appears to be ho-
mogeneous as suggested by the congruent release of Ni and Fe along the
late (>24 hrs) HCI and the whole HNOg acid treatments (Fig. 9¢). This
homogenous distribution in pyrite appears logical when MIS precursors
also exhibit a homogeneous Ni distribution, owing to Fe(II) and Ni(II)
interaction with So(-II) onto mackinawite and greigite active surfaces to
form pyrite (Rickard and Luther, 2007). In MIS formed from Ni-adsorbed
goethite, Ni distribution is heterogeneous however, and redistribution of
Ni between mackinawite and greigite most likely accounts for this
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apparent inconsistency. Specifically, mackinawite-to-greigite conver-
sion is likely responsible for this redistribution before the subsequent
formation of pyrite, as this conversion was described as the rearrange-
ment of Fe (and Ni in the present study) atoms in a cubic close packing S
(-ID) lattice (Rickard and Luther, 2007). As a consequence and although a
direct mackinawite-to-pyrite conversion was proposed (Rickard, 1975),
the formation of a greigite intermediate appears to be an efficient
alternative pathway for pyrite formation from mackinawite, greigite
occurrence increasing significantly pyrite formation rate (Lennie et al.,
1997; Wang and Morse, 1996).

4.4. Geochemical and environmental implications

In natural soil environments, Ni concentration usually increases with
increasing depth (Michopoulos, 2021), goethite [and other iron (oxy-
hydr)oxides] and iron sulfides being common Fe-bearing minerals in
upper and deeper horizons, respectively, both being Ni sinks (Ikogou
et al., 2017; Morin et al., 2017; Swanner et al., 2019). Goethite is the
main Ni host in oxide-type laterite deposits, which accounts for ~70% of
Ni world’s resources (Landers et al., 2009), the remaining ~30% being
hosted in sulfide deposits. Although structural Ni incorporation usually
prevails over surface complexation in both cases, Ni release to solution
and/or transport to other phases can occur as the result of mineral
dissolution or alteration under oxidative (Larsen and Postma, 1997;
Nesbitt and Muir, 1994) or reductive (Landers and Gilkes, 2007; Landers
et al., 2009) conditions. From the present results, Ni association to
goethite slows down its possible conversion to Fe sulfides under
reducing conditions, possibly accounting for goethite persistence in
thermodynamically unfavorable S(-II)-rich conditions. Ni migration
from Fe (oxyhydr)oxides to Fe sulfides along goethite sulfidation as re-
ported in the present work most likely represents the main transport
pathway for Ni from the oxic zone to the anoxic zone however. In turn,
the swift release of Ni to solution upon the oxidative alteration of Ni-
bearing Fe sulfides, in acid mine drainage for example, is a key pro-
cess of Ni geochemical cycling.

5. Conclusions

The mineralogical evolution observed in the present study along
goethite sulfidation is consistent with the commonly accepted reaction
mechanisms for this process. The mineralogical sequence, and thus
mechanisms at play, is similar for both Ni-free and Ni-containing goe-
thites and involves the swift initial formation of colloidal FeS, FeSy
clusters, and metastable iron sulfides (mackinawite and greigite) prior to
pyrite formation that is detected after ~3 days of interaction with S(-II).
The early (~3-7 days) formation of pyrite originates from the reaction
between colloidal FeS, FeS, clusters, and S°, and the later stage (~7-44
days) mainly comes from the conversion of metastable iron sulfides.
Consistent with previous reports, greigite formation appears to be
favored by slightly acidic pH conditions (pH = 6.0). These conditions
also enhance pyrite crystallization, whereas low Fe:S(-II) ratios (<0.2)
negatively impact pyrite formation. Compared to the Ni-free system,
pyrite formation rate is also decreased by the presence of Ni, indepen-
dent of its association mode with goethite, i.e., adsorption or isomorphic
substitution. Ni appears indeed to reduce the reactivity of goethite to S
(-II) and increase MIS stability, the overall sulfidation progress, as
measured by Fe local environment and the relative proportion of sulfides
and goethite, being similar in all cases. Incorporation of Ni in interme-
diate MIS also buffers its subsequent release and induces a uniform
distribution of this element in newly formed pyrite, independent of its
initial association mode with goethite.
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tions; XRD data; XAS data at Fe K-edges; TGA data; Solution chemistry;
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Fe/Ni release upon HClI/HNOg treatment. Dataset can be accessed at
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Fig. S1. Evolution of XRD patterns of Ni-free/-containing goethites as a function of sulfidation
duration: a): Gt, b): GtNi2, c): GtNi6, d): GtANi5, and e): GtANi20.
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Fig. S2. Fe K-edge EXAFS spectra (k* weighted) obtained for pristine (black) and sulfidized
goethite samples (red: 3 days, blue: 7 days, olive green: 44 days), and iron oxyhydroxide/sulfide
standards (gray). Data for colloidal FeS from Noél et al. (2020). The Fe K-edge EXAFS spectrum
of greigite was calculated with Feff8.4 (Ikogou et al., 2017) based on its structure model
(COD#9000123).
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Fig. S3. Difference of Fe K-edge EXAFS spectra (k* weighted) between pristine and sulfidized
samples (3 or 44 days of sulfidation) by comparison with a FeS cluster standard.
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Fig. S4. Low magnification TEM images (scale bar is 100 nm) of samples sulfidized for 44 days:
a): Gt-44d, d): GtNi6-44d, and g): GtANi20-44d. Those fibrous morphologies represent residual
goethite crystals, and red dotted circles outlining polycrystalline aggregates indicate iron sulfides.
b), e), and h): selected area electron diffraction (SAED) patterns of green circles indicated areas in
a), d), and g), respectively. c), ), and i): high magnification images (scale bar is 5 nm) of the blue
dotted rectangles shown in a), d), and g), respectively. Yellow values plotted on SAED patterns and
lattice fringe images are distances (in nm). In particular, ~0.282/0.285, ~0.350, and 0.573 nm
correspond to (222), (220), and (111) of greigite (ICDD#16-0713) respectively, and that of
~0.537/0.539 nm are ascribed to (100) of pyrite (ICDD#42-1340), and ~0.300 nm indicates (311)
of greigite or (101) of mackinawite (ICDD#15-0037). These numbers above couldn’t be attributed
to any plane of goethite (ICDD#29-0713).



Fig. S5. STEM/HAADF micrograph (upper left) and EDX maps for Fe (upper center), Ni (upper
right), O (lower center), S (lower right), and composite Fe-Ni-S-O obtained for GtNi6-44d. Ni mass
fraction in area #1 (HAADF image) was 1.0+0.2%, that in area #2 was 0.8+0.5%.
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Fig. S6. Kinetic release of Fe (in concentration) during HCI treatment of pristine GtNi6 and
GtANi20 and of their sulfidized counterparts. After 24 hrs, ~75% of Fe initially present in pristine
goethites has been released from sulfidized samples.
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Fig. S7. Modeling of Fe and Ni kinetic release and corresponding 1%t derivatives during HCI1
treatment of a) GtNi6, b) GtANi20, c) GtNi6-44d, and d) GtANi20-44d. Fits to the Fe and Ni data
are shown as solid and dotted lines, respectively. 15 derivative curves are shown as green lines. Red
arrows in a), ¢), and d) indicate the point where the 1% derivatives of Fe and Ni release are equal.
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Fig. S8. First derivative of modeled Fe and Ni kinetic release of GtNi6 and GtANi20.



Table S1

Relative contents of Fe-bearing minerals determined from Rietveld refinement of XRD data in
pristine Ni-free/-containing goethites and corresponding reaction products after interaction with S(-
10).

. Goethite Pyrite Greigite Mackinawite
Sample Time
% %/1s% %/fs% %/fs%
0d 100 -/- -/- -/-
3d 98.1 1.0(2)/- 0.1(1)/- 0.8(1)/-
Gt 7d 61.7(5) 35.8(5)/93.7 0.6(2)/1.5 1.9(1)/4.8
25d 59.5(5) 38.5(5)/95.1 1.1(2)/2.8 0.9(1)/2.1
44d 41.5(5) 54.4(5)/92.8 2.8(2)/4.8 1.4(1)/2.4
0d 100 -/- /- /-
3d 97.4 1.6(1)/- 0.2(1)/- 0.8(1)/-
GtNi2 7d 70.9(5) 27.5(5)/94.6 0.4(1)/1.5 1.1(1)/3.9
25d 57.8(6) 37.7(5)/89.4 3.3(2)/7.8 1.2(1)/2.8
44d 54.1(5) 33.2(4)/72.4 9.7(3)/21.2 3.0(1)/6.5
0d 100 -/- /- /-
3d 97.9 1.4(1)/- -/- 0.7(1)/-
GtNi6 7d 58.2(7) 39.1(6)/93.5 0.9(2)/12.2 1.8(1)/4.2
25d 52.0(6) 33.9(5)/70.6 13.2(4)/27.4 1.0(1)/2.0
44d 53.8(5) 33.5(5)/72.5 11.5(3)/24.8 1.3(1)/2.7
0d 100 -/- /- /-
3d 97.8 1.6(1)/- /- 0.6(1)/-
GtANi5 7d 66.0(6) 31.5(5)/92.5 0.8(2)/2.5 1.7(1)/5.0
25d 57.3(6) 38.2(5)/89.5 3.0(2)/7.0 1.5(1)/3.6
44d 50.4(6) 33.0(5)/66.6 11.0(3)/22.1 5.6(2)/11.2
0d 100 -/- /- /-
3d 99.1 0.5(1)/- 0.3(1)/- 0.1(1)/-
GtANi20 7d 69.1(5) 29.2(5)/94.6 0.4(2)/1.4 1.2(1)/4.0
25d 48.5(8) 36.2(8)/70.3 13.9(8)/26.9 1.4(1)/2.8
44d 47.6(5) 40.7(5)/77.7 3.7(2)/7.0 8.0(2)/15.3

Note: % represents the mass fraction (wt.%) of a specific mineral in the samples,
whereas fs% represents the relative proportion of this mineral among iron sulfides
(pyrite + greigite + mackinawite).



Table S2
Unit-cell parameters of Fe-bearing minerals in pristine Ni-free/-containing goethites and

corresponding reaction products and fit quality parameters of the Rietveld refinement.

. Goethite Pyrite Greigite Mackinawite
Sample  Time Rwp r
a b c a a a c
0d 2.05 1.27  4.629(5) 9.957(6) 3.025(2) -- -- -- --
3d 233 1.24  4.626(9) 9.958(10) 3.023(3) 5.435(12) 9.975 3.697(42) 5.083(66)
Gt 74 3.22 235 4.629(9) 9.964(12) 3.025(4) 5.427(5) 9.975 3.698(19) 5.083
25d  3.75 1.42  4.630(12) 9.964(16) 3.025(5) 5.430(6) 9.922(47) 3.710 5.083
44d  3.10 2.08 4.631(8) 9.963(11) 3.024(3) 5.429(4) 9.884(18) 3.662(23)  5.072(34)
0d 2.56 142 4.624(7) 9.966(8) 3.027(2) - - -- --
3d 249 1.21  4.619(8) 9.959(10) 3.022(3) 5.432(8) 9.953(28) 3.680(37) 5.083
GtNi2 7d  3.00 1.98 4.620(10) 9.962(13) 3.023(4) 5.431(6 9.975 3.704(27) 5.083
25d  3.50 1.90 4.628(10) 9.968(13) 3.024(4) 5.433(5) 9.890(19) 3.672(31) 5.078(46)
44d  2.90 2.06  4.622(7) 9.961(9) 3.023(2) 5.429(3) 9.872(17) 3.668(7)  5.050(15)
0d 2.22 1.31  4.624(5) 9.967(6) 3.026(2) - - -- --
3d  2.47 1.37 4.624(7) 9.965(9) 3.024(3) 5.435(8) - 3.710 5.083
GtNi6 7d  3.33 2.10  4.625(13) 9.975(18) 3.026(5) 5.439(6) 9.975 3.685(21) 5.083
25d  2.88 1.90  4.621(8) 9.966(11) 3.022(3) 5.433(4) 9.875(17) 3.692(22) 5.083
44d  2.70 1.70  4.622(7) 9.967(10) 3.023(3) 5.433(3) 9.879(14) 3.660(17)  5.063(26)
0d 2.08 1.17  4.629(4) 9.956(5) 3.025(1) - - -- --
3d  2.27 1.20 4.624(7) 9.955(9) 3.023(3) 5.425(7) - 3.710 5.083
GtANiS 7d  3.15 2.07  4.625(9) 9.961(12) 3.024(3) 5.433(6) 9.975 3.695(23) 5.083
25d  3.13 1.76  4.630(9) 9.967(14) 3.025(3) 5.435(5) 9.907(20) 3.666(23) 5.083
44d  2.79 1.67  4.624(8) 9.962(10) 3.023(3) 5.432(4) 9.877(13) 3.670(5)  5.045(10)
0d 2.12 1.23  4.629(4) 9.956(5) 3.025(1) - - -- --
3d  2.13 .11 4.626(7) 9.960(8) 3.025(2) 5.440(14) 9.783(110) 3.710 5.083
GtANi20 7 2.96 1.95 4.628(10) 9.968(13) 3.026(4) 5.439(6) 9.975 3.710 5.083
25d  3.18 1.95 4.633(10) 9.965(15) 3.025(4) 5.438(5) 9.887(76) 3.683(23) 5.049(36)
44d  3.15 1.84  4.624(8) 9.960(11) 3.023(3) 5.432(4) 9.883(14) 3.672(4)  5.047(10)




Table S3

Kinetic parameters computed for Fe (yi) and Ni (y») release from solids in HCI solutions.

Acid Treatment HC1
Time 0.167-24 h 24-96 h
yi=-1.04%¢792+1 00, =0.9957;
GINi6 y2=-0.94%¢375+0.99, 12=0.9970;
y1=-1.05*¢¥49%4+1.00, r>=0.9955;
GtANi20 y2=-0.20%¢19+0.98, 17=0.9346;
GiNi6A4d y1=-0.55%e333+0.90, 1>=0.9932;  y;=-0.28*¢V®*25+1.07, r>=0.9888;

y2=-0.51*%¢02240.75, 1>=0.9989;  y,=-0.55*¢"4594+1.07, 1>=0.9903;

y1=-0.51%¢1509+0.89, 1’=0.9832;  y1=-0.26%¢676+1.06, r’=0.9956;

GtANi20-44d
y2=-0.61*%¢V1341+0.70, 1’=0.9993;  y,=-0.93*¢"3701+1.07, 1>=0.9956;
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