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The morphology of pyrite has been used to infer ancient redox states and biogenicity.
However, the influence of trace metals on pyrite morphology is poorly understood.
Through batch synthesis experiments, we demonstrate that bioessential trace metals
(Co, Cu, Mo, Ni, Zn) accelerate pyrite formation. The first precipitate, FeS,,, trans-
formed to an intermediate greigite phase and to pyrite with increasing time and tem-
perature. Trace metals either facilitated polysulphide formation or precipitated as
nanoparticles that can serve as nuclei for pyrite growth, depending on the initial
metal concentration. Despite varying precipitation rates, the final pyrite morpholo-
gies were unaffected. Various morphologies including tabular precipitates (<150 nm),

aggregates resembling microframboids (100-250 nm), octahedral (300-1500 nm) and rose-like particles (1000-3000 nm) were
observed. This size-shape particle continuum was interpreted as stages of pyrite growth via particle attachment. This process
could be important in explaining variations in the mineral’s reactivity (e.g., defects), isotopic and trace metal distributions, and
morphologies (e.g., framboids) for applications in paleo-proxies, environmental research and biosignatures.
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¥ Introduction

Pyrite is a widespread mineral that is involved in a variety of bio-
geochemical processes with implications for interpreting Earth’s
past, present and future (Huang et al., 2017). Natural pyrite typ-
ically adopts either a euhedral or framboidal (raspberry-like)
morphology. Euhedral pyrite is proposed to form via slow
growth on pre-existing pyrite, while framboids are proposed
to form under fast nucleation conditions in close association with
Fe sulphide precursors, such as mackinawite (FeS) and greigite
(FesS4) (Raiswell, 1982; Butler and Rickard, 2000). In the geologi-
cal record, high abundances of framboids have been interpreted
as indicators of euxinic conditions in water columns (Wilkin et al.,
1996; Rickard, 2019). The striking morphology of framboids and
their association with organic matter have led to their interpre-
tation as biosignatures, despite the various reports of framboid
synthesis via abiotic pathways (Ohfuji and Rickard, 2005).

The continuum model for pyrite growth (Sawlowicz, 1993)
has received increasing support from growing textural, geo-
chemical and isotopic evidence (Lin et al., 2016, 2017; Liu et al.,
2022). In this model, pyrite of different morphologies and sizes
reflects cyclic growth stages of small euhedral particles aggregat-
ing to form framboids that recrystallise over time into a larger
euhedral particle. This continuum model mirrors the particle
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attachment pathway in that mineral growth occurs via aggrega-
tion and recrystallisation of smaller particles. This pathway
explains defects in crystal structures, distributions of trace metals
and isotopes, and unusual particle morphologies in nature (De
Yoreo et al., 2015). This pathway has been demonstrated for
pyrite synthesised at >100 °C (Hunger and Benning, 2007; Li
et al., 2011; Gong et al., 2013), but not at lower temperatures.

Recent studies have investigated how trace metals impact
pyrite formation rates (Table S-1). Comparatively, the effects of
trace metals on pyrite morphology are under-constrained. Here,
we tested the influence of five bioessential trace metals (Co, Cu,
Mo, Ni, Zn) on pyrite formation. These bioessential trace metals
are common impurities in pyrite and play key roles in Earth’s
biogeochemical evolution (Robbins et al., 2016). Their effects
on pyrite formation need to be constrained in order to disentan-
gle factors that can affect the utility of pyrite morphologies as
environmental proxies and biosignatures.

! Fe Sulphide Transformation Sequence

Iron sulphides were synthesised in the presence of 3 mM Fe?*, 6
mM Na,S and 30 mM elemental sulphur (5°) in 50 mM HEPES
buffer (pH 7). Two sets of experiments were performed and
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termed Set-1 (97 % N», 3 % H; headspace) and Set-2 (100 % N»),
respectively (details in SI Methods; Table S-2). In both sets, the
addition of Na,S to Fe?* led to the immediate formation of fine
black precipitates identified as a disordered mackinawite-like
phase (FeS,;,) based on a single broad reflection with d-spacings
of 5.2-5.3 A via X-ray diffraction (XRD) (Fig. 1a; Table S-3), and
characteristic sheet-like aggregate structures under scanning
electron microscopy (SEM) (Fig. 2a) (Csakberényi-Malasics et al.,
2012).

Despite following the same methods, Sef-1 and Set-2
experiments demonstrated differences in greigite contents,
pyrite formation rates and the extent of pyritisation. In Set-1
experiments, FeS,,, transformed to greigite and eventually to
pyrite with increasing time (up to 14 days) and temperature
(25-80 °C). FeS,, was no longer detectable by XRD after 14 days
of incubation at 80 °C, but greigite was still not fully transformed
to pyrite (Fig. 1a). Comparatively, in Set-2 experiments, FeS,,
was completely transformed to pyrite within 3—7 days of incuba-
tion at 80 °C, with no greigite detected. Nonetheless, greigite
was likely present at low relative abundances because minerals
attracted to hand magnets were observed (Table S-3). These
magnetic minerals were associated with black coatings around
SO particles.

Samples containing greigite and pyrite from Set-1 experi-
ments were analysed using SEM, which revealed morphologies
classified into four categories: tabular (<150 nm), spherical
aggregates (100—250 nm), octahedral (300-1500 nm) and rose-
like particles (1000-3000 nm) (Fig. 2). Treatment with 6 M
HClled to dissolution of the tabular particles, which we interpret
as HCl-soluble greigite given its morphological similarity to pre-
vious lab-synthesised greigite (Csakberényi-Malasics et al., 2012;
Mansor et al., 2019). The other particles (spherical aggregates,
octahedra and “roses”) were interpreted as pyrite since they
did not dissolve in HCl (Voelz et al., 2019). In Set-2 experiments,
where greigite was not detected by XRD, tabular particles
were rarely observed whilst other particles were common.
Occasionally, acicular particles (100-5000 nm length) were also
observed from day 3 onwards and identified via energy disper-
sive X-ray spectroscopy (EDS) to be rich in Fe and oxygen, sug-
gestive of Fe(Ill) oxyhydroxides (Fig. S-1).

Overall, Set-1 and Set-2 experiments exhibited similar
transformation sequences of FeS,,, to greigite to pyrite with
increasing time and temperature, consistent with previous
studies (Hunger and Benning, 2007; Mansor and Fantle,
2019). Alternative pathways without a greigite intermediate
are possible (see Sanden et al., 2021) but seem unlikely in
our experiments. We suggest that the differences in pyrite for-
mation rates (~10 X faster in Set-1) are caused by the headspace
composition (3 % H, vs. pure N»). The lack of H, in Set-2 experi-
ments likely led to a more oxidising condition, which acceler-
ated pyrite formation, consistent with the detection of trace
Fe(III) oxyhydroxides (SI Discussion). Differences in headspace
gas composition should be considered for experimental studies

on pyrite.

Influence of Trace Metals on Pyrite
Formation

Prior to Na,S addition, trace metals (Co, Cu, Mo, Ni, Zn) were
added to Set-1 and Set-2 experiments to obtain metal:Fe ratios of
1:10° and 1:102, respectively, to determine their effects on pyrite
formation. These ratios represent the broad range of environ-
ments (e.g., low temperature sediments, acid mine drainage,
hydrothermal vents) in which natural pyrite can form (Von
Damm et al., 1985; Shaw et al., 1990; Allman et al., 2021).

From the low-metal setups (1:10° ratio), XRD analysis sug-
gested that all trace metals accelerated pyrite formation after 14
days of incubation at 80 °C. The ratio of pyrite/greigite increased
in the following order: no-metal < Mo < Ni < Cu < Zn < Co,
although it must be noted that the ratios overlap within error
(Fig. 1b). We were unable to determine if any accelerating effects
occurred in the high-metal setups (1:10%) given the unexpectedly
rapid pyrite formation within Set-2 experiments. In both exper-
imental sets, stronger magnetism was observed in the presence
of Mo compared to other metals.

Trace metals were proposed to influence pyrite formation
via either: (1) formation of metal-rich nanoparticles that serve as
nuclei, (2) complexation or redox reactions that affect polysul-
phides reactivity and formation, and S(-II) and Fe(II) oxidation,
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Figure 1 (a) XRD patterns showing the progressive transformation from FeS,,, (F) to greigite (G) and pyrite (P) with increasing temperatures
(25, 40, 60 and 80 °C) and time (after 7 and 14 days). Residual sulphur (S) and halite (H) were also detected. Samples from two replicate bottles
of experiments at 80 °C after 14 days (80 °C D14-1 or D14-2) indicate high reproducibility. (b) Relative intensity of pyrite/greigite signals as

determined from thin-film XRD after 14 days of incubation at 80 °C.
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Figure 2 Representative SEM micrographs suggestive of growth via particle attachment. (a—c) Transformation of mackinawite to tabular
greigite to spherical aggregates of tabular particles. (d) The arrow denotes a potential transformation from spherical aggregates to pyrite
octahedra. (e) Close association between spherical aggregates (microframboids) that are recrystallising to form pyrite octahedra. (f) Colloidal
pyrite octahedra (centre) with a rough surface and porous structure. (g) Micrometre-sized pyrite “rose” (yellow arrow) surrounded by smaller
pyrite octahedra. The transformation mechanism may be related to skeletal growth.

or (3) stabilisation of FeS precursors via coprecipitation or
adsorption (Table S-1). To test the first two possibilities, we
repeated the no-metal, low-metal (30 nM metals) and high-metal
(30 pM) setups with the omission of Fe and monitored the for-
mation of nanoparticles and polysulphides at 80 °C.

In the no-metal and low-metal setups, no precipitates
formed and a slight yellow tinge indicative of polysulphides
was observed (Fig. 3a). The polysulphide spectra obtained by
UV-VIS spectroscopy generally increased in intensity with time
with two peaks observed at 275 and 314 nm. At day 1, higher
polysulphide peaks were observed in the presence of Co, Cu,
Ni and Zn relative to the no-metal setup (Fig. 3c—d; S-2). After
day 8, however, polysulphides were elevated only in the pres-
ence of Co, while the other metals showed no increase or even
a slight decrease compared to the no-metal setup. High polysul-
phides with Co correlated with increased pyrite formation rate
(Fig. 1b), suggesting that the interaction between this metal
and polysulphides may play a role in accelerating pyrite
formation.

In the high-metal setups, grey or colourless precipitates
were formed with all trace metals except for Mo. The yellow pol-
ysulphide tinge was evident in the presence of Mo, Cu and Zn

but was obscured by the presence of colloidal nanoparticles in
the presence of Ni and Co (Fig. 3b). Polysulphide intensities
increased with higher trace metal concentrations with the excep-
tion of Mo. High Mo concentration induced an additional peak at
470 nm corresponding to tetrathiomolybdate (MoS,?") (Erickson
and Helz, 2000). The highest polysulphide intensities at day 14
were observed in the presence of high Co concentration, fol-
lowed by Ni, Cu and Zn (Fig. 3c—d). The amount of polysulphide
formed was likely influenced by varying availability of H,S and S°
after metal sulphide precipitation. All the metals tested in this
study were proposed to form polysulphide complexes (Rickard
and Luther, 2006), with Co known to enhance polysulphide con-
versions in lithium-sulphur batteries (Liu et al., 2021). The inter-
actions between these metals and polysulphides and their
impact on biogeochemistry are currently poorly known.

The tentative accelerating effects of Mo and Ni on pyrite
formation observed in this study are consistent with previous
studies (Table S-1). Mo is also known to promote greigite forma-
tion (Mansor and Fantle, 2019; Miller et al., 2020), which could
explain the lower pyrite/greigite ratio observed in the presence of
Mo compared to other trace metals. In contrast, other studies
demonstrated that Co and Ni (Swanner et al.,, 2019) and Mo
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Figure 3 (a-b) Pictures of Fe-free setups after 8 days of incubation at 80 °C. Yellow tinge indicates the presence of polysulphides.
Precipitates (grey or colourless) are observed in some high-metal setups. (c-d) Bar charts of the polysulphide peak intensities at (c) 275
nm and (d) 314 nm at Day 1, 8 and 14. Polysulphide intensities increase with time and with higher metal concentrations.

(Baya et al., 2022) inhibited pyrite formation. Differences in
metal:Fe ratios and synthesis conditions (e.g., pH and formation
pathways) between studies likely led to differences in how spe-
cific trace metals affect pyrite formation (SI Discussion).
Nevertheless, our results clearly show that trace metals influence
polysulphide chemistry and form metal-rich nuclei that may
affect pyrite formation.

Despite differences in precipitation rates, the presence
of trace metals had little influence on pyrite morphologies
(Fig. S-3). Spherical aggregates, octahedral and rose-like par-
ticles interpreted as pyrite were present in all samples with no
systematic correlation with precipitation rate. Therefore, we con-
clude that pyrite morphologies were unaffected by trace metal
loading. Other factors, such as aging time, S/Fe ratio, organic

FeS,
Octahedral

Fes,
Rose-like

Zoning

Defect~rich pyrite
Increased reactivity?

Different trace metal or
isotopic distribution?

(d)

Patches
Classical pathway  Particle attachment [l
200 nm
—

Unique morphology
Paleo-proxies interpretation?

Figure 4 (a) Schematic of pyrite formation via particle attachment, showing skeletal growth and twinning between octahedral and rose-
like particles (generated in Blender 3.2.2) and (b-d) the potential implications to the environment.
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matter and biological activities, should be experimentally studied
to determine their influence on pyrite morphologies and how
these affect subsequent geological interpretations.

I Particle Attachment Pathway

Detailed SEM analyses revealed two striking features: (1) par-
ticles existed in a continuum of size and shape, and (2) many
of the larger particles had rough surface textures that indicate
growth via aggregation of smaller particles with varying degrees
of recrystallisation, similar in appearance to mesocrystals (Sturm
and Colfen, 2016). Similar surface features have been observed
before and interpreted as screw dislocations (Wang and Morse,
1996; Butler and Rickard, 2000). We instead interpret these com-
bined features imaged across multiple experiments as evidence
for the particle attachment pathway (Fig. 2, 4) and propose the
following transformation sequences. Initially, nanometer-scale
FeS,m precipitated and transformed to tabular greigite particles
(<150 nm). The tabular particles, perhaps in combination with
nano-scale FeS,,, particles, acted as primary units that attached
together, forming larger aggregates (<100-250 nm). The aggre-
gates tended to become less rounded and showed signs of
recrystallisation towards particles with sharp edges, eventually
forming octahedral particles (300-1500 nm). Pyrite containing
multiple layers of flat particles and twinned developed into
rose-like particles (1000-3000 nm). This morphology was the
rarest type observed, and it was more common in Sef-2 com-
pared to Set-1 experiments. The developmental link between
rose-like particles to other smaller particles was less clear. We
propose that as particle attachment proceeded on octahedral
pyrite, preferential stabilisation of the {111} faces are amplified,
leading to a skeletal structure (Fig. 4), similar to those observed
previously for ZnS (Xu et al., 2016). The skeletal crystals continue
to grow driven by higher attachment rates along the edges (Salas
et al., 2021) until they develop into a rose-like structure.

To our knowledge, this is the first time that pyrite forma-
tion via particle attachment has been described at <100 °C, lead-
ing to micro-framboid formation. In situ real-time microscopy
observations will be crucial to confirm and describe the exact
steps of this pathway. Studies aimed at investigating the sub-
sequent effects on the reactivity and stability of pyrite grains,
as well as the distribution of isotopes and trace metals, will help
to constrain the potential implications to environmental proxies
and biosignature interpretation (Fig. 4).
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Materials and Methods

Pyrite synthesis

Pyrite was synthesised using a modified method detailed in Mansor and Fantle (2019). Two
sets of experiments were performed — one at the University of Texas at El Paso in 2019, and
another at the University of Tuebingen in 2022. Differences between the two experimental sets
are detailed in Table S-2. For both experimental sets, the following reagents were prepared in
an anoxic glovebox: (1) 3 mM iron (Fe?") solution in 20 mM NaCl, (2) 180 mM sulphide
solution, freshly prepared by dissolving Na>;S+*9H,0 in anoxic MQ H>O on the same day of the
experiment, (3) 1 M HEPES buffer, pH pre-adjusted to 7 with NaOH and (4) trace metal
solutions (Co/Cu/Mo/Ni/Zn) either at 2 mM or 2 uM. Different trace metal concentrations were
used to achieve a final metal:Fe ratio of either 1:10% (high-metal experiments) or 1:10° (low-
metal experiments). Mixing of the reagents was performed in the glovebox in 100 ml-volume
serum bottles. First, 10 mg of elemental sulphur (S°) was pre-weighed into each bottle. Then,
30 ml of Fe?* solution was aliquoted into each bottle, followed by the addition of 0.5 ml trace
metals where applicable. Afterwards, 1.5 ml of HEPES buffer and 1 ml Na>S were added,
followed immediately by sealing of the bottles with butyl rubber stoppers and aluminum crimps.
The final mixture contained approximately 3 mM Fe, 6 mM Na,S, 30 mM S°and either 30 uM
(high-metal) or 30 nM trace metals (low-metal experiments). The bottles were incubated
statically at 25-80 °C in a dark incubator for up to 14 days. We employed static incubation to
better represent environmental conditions in which materials are not consistently well-mixed,
such as those found in natural sediments. Final pH was measured to be pH 7 (= 0.1) with a pH
probe, indicating the effectiveness of the HEPES buffer.
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Polysulphides experiment and analysis

A set of bottles (1 bottle/condition) was prepared to determine the effects of trace metals on
polysulphide formation following the protocol above. The only difference was the use of Fe-
free NaCl instead of Fe?" solution, which enabled better visualisation of the polysulphide
coloration. After incubation, the solutions were sub-sampled, centrifuged at 20,000 x g for 2
minutes, and 200 pL of the supernatants were pipetted into a 96-well plate. Absorption was
determined via UV-VIS spectroscopy from 250-550 nm, using the same experimental solution
without Fe, S and trace metals as a blank.

Mineralogical analyses

Set-1 experiments were completely harvested (i.e., sacrificial sampling) for X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Initial attempts to collect the precipitates
quantitatively via centrifugation or 0.22 um filtration were unsuccessful due to the colloidal
nature of the precipitates. Hence, aggregation and settling of the precipitates were first induced
by adding 3 mL of anoxic 5 M NaCl, followed by incubation at 4 °C overnight. The overlying
solution was carefully removed by pipetting. The precipitates were pooled into 1.5 mL tubes
by repeated centrifugation at 2,000 x g for 5 minutes. The pellets were then washed 3x with
100 % ethanol (preventing colloidal behaviour) before resuspension to 1 mL in anoxic HO.
An aliquot of ~800 puL was dried as a thin film onto glass slides for XRD analysis. The XRD
patterns were collected using a Rigaku Miniflex II equipped with a Cu Ka source from 10-60°
20 angle with a step size of 0.05° and a scan speed of 0.5°/min, totalling a collection time of 1
h 45 min. The remaining samples were diluted to 10 mL in anoxic H>O and stored in sealed
serum bottles for ~2 years prior to SEM analyses.

Aliquots of Set-2 experiments were sub-sampled (repetitive sampling) for micro-XRD and
SEM. For micro-XRD, around 5 mL was sampled, aggregation and settling induced by the
addition of 5 M NaCl (1:10 NaCl:sample ratio) as before, washed 3x in ethanol and finally
dried in the glovebox. Micro-XRD patterns of the dried pellets were collected on a Bruker’s
D8 Discover GADDS XRD2 equipped with a Co Ka source from 5.6-69.1° 26 angle with a
step size of 0.05° and a scan speed of 0.265°/sec, totalling 4 minutes of scanning time (Berthold
et al., 2009). For all XRD analyses throughout this study, samples were transferred from the
glovebox to the instrument within air-tight containers. Exposure to air was unavoidable during
analysis. However, oxidation and transformation of dried Fe sulphides is not expected within
the scanning times employed in this study (Boursiquot ef al., 2001).

For SEM analysis of both experimental sets, aliquots (50 uL) of the samples were placed
directly onto carbon adhesive tabs attached to aluminium stubs. Excess solution was allowed
to air-dry overnight within an anaerobic chamber. Once dry, the samples were removed from
the glovebox, immediately coated with an 8 nm-thick deposition of gold or platinum using a
BAL-TEC™ SCD 005 sputter coater and imaged within the same day. The precipitates were
characterised using a Zeiss Crossbeam 550L Scanning Electron Microscope (SEM) equipped
with an Oxford Instrument Energy Dispersive Spectrometer (EDS). All micrographs were
taken in Secondary Electron (SE) mode with an accelerating voltage of 2 kV. An additional
subset of samples was dissolved in 6 M HCI for 10 minutes before SEM imaging to differentiate
between HCl-soluble minerals (FeS.m, mackinawite, greigite) and HCl-insoluble mineral

(pyrite).
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The relative XRD signal intensities of pyrite/greigite — a proxy for the extent of pyrite
formation — were determined by dividing the height of the main pyrite signal at 33° 20 with the
greigite signal at 30° 26 (Cu Ka). This approach is only valid when mackinawite is absent, as
it also contributes to the 30° signal. Furthermore, this approach does not consider crystallinity
variation, which can cause signal broadenings that decrease peak heights. Analyses of duplicate
bottles of no-metals and low-metal Co Set 1 experiments indicated an error of 0.25 and 0.23,
respectively. We conservatively assumed an error of + 0.25 for all experiments.

SI Discussion

Calculation of pyrite formation rates and potential effects of H»

For Set-1 experiments, we used the Match! Software (https://www.crystalimpact.com/match/)
to semi-quantitatively obtain the relative abundance of pyrite over greigite at day 14 in the
presence of various trace metals. With pyrite’s relative abundance of 55-78 % and initial Fe
concentration of 3 mM, we calculated formation rates of 1.5-1.9 x 10 mol/L/s.

For Set-2 experiments, pyritisation was complete within 3 days and earlier time points were
not measured. We therefore calculated a minimum formation rate of 1.2 x 10® mol/L/s. Hence,
Set-2 experiments exhibited at least 10 times faster pyrite formation than Sez-/ experiments.

In our study, pyrite forms via two parallel pathways:

H>S pathway:
FeSaq + HaS = FeSa + Ha (D
Polysulphide pathway:
HoS +S%-> Sp> + 2 HY 2)
FeSaq + 2> = FeS, + S* 3)

Pyritisation via the polysulphide pathway is more important in our study given the presence of
SY and limited H>S(q) from the speciation of HaS(q/HS™ at pH 7 (Mansor and Fantle, 2019).
The range of the rate in this study of 10 to 10® mol/L/s is similar to those of the 80 °C
experiments of Mansor and Fantle (2019) and room temperature pyritisation via the ferric-
hydroxide-surface (FHS) pathway (Wan et al., 2017). It is however slightly faster than average
rates determined from marine sediments (compiled in Mansor and Fantle, 2019). The relative
importance of different pyrite formation pathways in various environments is an open question.
Peiffer et al., (2015) noted that the FHS pathway operates at high Fe(III)/S(-1I) ratio such as in
freshwater systems or at various sediment-water interfaces where sulphide concentration is low,
while the polysulphide/H-S pathways tend to operate deeper in the subsurface in environments
rich with sulphate and organic matter that promote microbial sulphate reduction. A recent study
noted that the FHS pathway could still operate in deeper sediments under high burial rates (Liu
et al., 2021). Hence, the mode of pyrite growth in our study could be applicable to nature given
the similarities in the observed rates.
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To explore how H» can affect pyrite formation via the polysulphide pathway in experimental
setups, we first calculated the aqueous concentration of H» at equilibrium with 3 % H; (1 bar)
in the glovebox based on Henry’s Law (Sander, 2015) to be 23 uM. We then calculated the Eh
of different redox couples in Phreeqc using Minteq database version 4 under the specified
experimental condition (pH 7, 3 mM Fe?*, 6 mM Na,S, 20 mM NaCl, varying Ha(g)). The S(-
2)/S(6) redox couple has an Eh of -209 mV. The Eh of the H(0)/H(1) redox couple decreases
from -203 to -361 mV from negligible concentration to 23 uM Ha@g). Previous studies have
noted that pyrite formation is faster under more oxidising conditions (Benning et al., 2000;
Butler and Rickard, 2000; Rickard and Luther, 2007) and that different glovebox gas
compositions affected whether FeSam or crystalline mackinawite was formed (Csakberényi-
Malasics et al., 2012). Rickard and Luther (2007) noted that Eh variations between -200 to -
361 mV could greatly affect polysulphide speciation and pyrite supersaturation state at near-
neutral pH. Hence, even small quantities of H» have the potential to decrease Eh and to slow
down pyrite formation.

Disparities in how trace metals affected pyrite formation Kinetics

In our Sez-1 experiments, XRD analyses suggested that all tested trace metals (Mo, Ni, Cu, Zn,
Co) accelerated pyrite formation relative to when no trace metals were added (Fig. 1b). These
observations are consistent with many studies (Table S-1). However, several disparities exist.

First, Swanner et al., (2019) showed that Co and Ni inhibited pyrite formation at relatively high
trace metal to Fe ratios (0.002-0.007 versus 10 in this study). They synthesised pyrite by
reacting 33 mM of dried mackinawite (co-precipitated with Ni or Co to a final concentration
of ~0.16 mM in the mixture) with 50 mg of S° in pH 6 phthalate buffer for 2 weeks at 65 °C.
The final solution volume was not specified — therefore, the total S/Fe ratio is unclear. It was
suggested that Co and Ni incorporation into mackinawite increased the mineral’s crystallinity,
making it less susceptible to dissolution-reprecipitation reactions towards pyrite formation
(Baya et al., 2021; Ikogou et al., 2017). Given that we utilised much lower trace metal to Fe
ratios, it is likely that the FeS.m formed in our experiments were not so affected by this increase
in crystallinity. Other studies that tested Ni observed similar accelerating effects as in our study
(Morin et al., 2017; Baya et al, 2021; 2022), attributed to the formation of Ni-rich
nanoparticles that acted as nuclei for pyrite formation. Those studies did employ similar trace
metal to Fe ratios as Swanner et al. (2019), but pyrite synthesis was achieved at a pH of 5.5,
wherein NiS is one orders of magnitude less soluble than at pH 6 (Mansor ef al., 2019). Hence,
the formation of NiS that can act as nuclei for pyrite formation becomes more likely under the
acidic condition employed in those studies.

The mechanism of how Co can accelerate pyrite formation is less clear than for Ni. Our study
is the first to show that Co actually facilitates more polysulphide formation compared to other
trace metals tested (Fig. 3). A previous study showed that Co substitutes easily into FeS and
that the crystallinity of Co-substituted FeS decreases with higher Co content (Mansor et al.,
2020), in contrast to what Swanner et al., (2019) observed. We hypothesize that in our current
study, the low Co content did not greatly affect the crystallinity of FeS.m while it
simultaneously facilitated polysulphide formation.
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Next, Baya et al., (2022) showed that Mo inhibited pyrite formation at trace metal to Fe ratios
0f 0.005, which is higher than the ratio of 10~ in this study. They synthesised pyrite by reacting
75 mM aqueous FeCls with 75 mM Na,S at pH 5.5 for up to 129 days at room temperature.
They proposed that the formation of colloidal Fe-Mo-S clusters inhibits pyrite formation by
slowing down the interaction between polysulphides and Mo-free FeSx clusters. We
hypothesize that the difference in synthesis pH affects the formation of colloidal Fe-Mo-S
clusters (Vorlicek et al., 2018) and subsequently how Mo influence pyrite formation. At our
experimental pH of 7 and relatively low Mo concentration, less colloidal Fe-Mo-S clusters are
expected. Hence, Mo(VI) could function as an oxidant to accelerate pyrite formation at near-
neutral pH, consistent with other studies (Mansor and Fantle, 2019; Miller et al., 2020).
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Supplementary Tables
Table S-1 Summary of experiments that studied the influence of trace metals on pyrite formation.
Initial Influence on Influence on
Metal metal/Fe precipitation Synthesis conditions Proposed mechanism(s) Reference
q morphology
molar ratio rate

As (IIT) 0.001 Inhibit ? 50 mM FeCl; + 50 mM (Baya et al.,
Na,S at pH 5.2-5.8 for 9 2021)
weeks at room temperature

As (IIT) 107 to 10 Inhibit ? 9 mM freeze-dried FeS + (Wolthers et
18 mM HS + Ti(Ill) al., 2007)
citrate in pH 6 phosphate Sorption to FeS/pyrite, passivation
buffer by As:S;, interference of

As (IT) 0.005 Inhibit 7% 75 mM FeCl; + 75 mM polysulphide formation by forming (Bayaetal.,
Na,S at pH 5.5 for 129 As-(poly)sulphide complexes 2022)
days at room temperature

As(V) 107 to 10 Inhibit ? 9 mM freeze-dried FeS + (Wolthers et
18 mM H,S + Ti(IIl) al., 2007)
citrate in pH 6 phosphate
buffer

Co 0.007 Inhibit ? 33 mM dried mackinawite Co incorporation increased (Swanner et al.,
+50mg S’ inpH 6 mackinawite's crystallinity, making 2019)
phthalate buffer for 2 it less susceptible to dissolution-
weeks at 65°C. Final reprecipitation reactions (proposed
solution volume not by Baya et al., 2021)
specified.

Co 0.005 Accelerate 7% 75 mM FeCl; + 75 mM - (Baya et al.,
NaxS at pH 5.5 for 129 2022)
days at room temperature

Co 0.11 No data Same shape but | 100 mM FeS + 100 mM - (Lin et al.,

smaller size polysulphides for 12 hours 2022)
at 160°C
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Table S-1 continued Summary of experiments that studied the influence of trace metals on pyrite formation.

Initial Influence on Influence on
Metal metal/Fe precipitation Synthesis conditions Proposed mechanism(s) Reference
- morphology
molar ratio rate
Co 10° Accelerate No effect 3 mM Fe*" + 6 mM Na,S + Facilitation of polysulphide This study
30 mM S° in pH 7 HEPES formation / acceleration of
buffer for 2 weeks at 80°C nucleation
Cu 10° Accelerate No effect 3 mM Fe?" + 6 mM Na,S + Facilitation of polysulphide This study
30 mM S”in pH 7 HEPES formation / acceleration of
buffer for 2 weeks at 80°C nucleation
Cu 0.005 Accelerate 7% 75 mM FeCl; + 75 mM - (Baya et al.,
Na,S at pH 5.5 for 129 2022)
days at room temperature
Cu 0.1-3.5 Inhibit - 1:3 Fe:S ratio sonicated for Enhanced crystallinity and (Zavasnik et
15 min in diethanolamine stabilisation of mackinawite by Cu; al.,2014)
and ethanol, then heated formation of secondary Cu-Fe
for 18 h at 100°C mixed phases
Mo 0.00003 to Accelerate ? 3 mM Fe?* + 6 mM Na,S + - (Mansor and
0.03 10 mM S° in pH 7 HEPES Fantle, 2019)
buffer for 1 week at 80°C
Mo 0.005 to 0.05 Accelerate ? 60 mg Mo(VI) stabilises greigite and (Miller et al.,
mackinawite/greigite accelerates pyrite formation by 2020)
mixture (~135 mM Fe) acting as an oxidant, becoming
heated in H,O for 9 reduced to Mo(IV) in the process.
minutes from 80-200°C
Mo 107 Accelerate No effect 3 mM Fe*" + 6 mM Na,S + This study
30 mM S° in pH 7 HEPES
buffer for 2 weeks at 80°C
Mo 0.005 Inhibit 7% 75 mM FeCl; + 75 mM Formation of colloidal Fe-Mo-S (Baya et al.,
Na,S at pH 5.5 for 129 clusters slows down interaction of 2022)

days at room temperature

polysulphides with FeSy clusters
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Table S-1 continued Summary of experiments that studied the influence of trace metals on pyrite formation.

Initial Influence on Influence on
Metal metal/Fe precipitation Synthesis conditions Proposed mechanism(s) Reference
. morphology
molar ratio rate
Mn 0.005 Accelerate 7% 75 mM FeCl; + 75 mM - (Baya et al.,
Na,S at pH 5.5 for 129 2022)
days at room temperature
Mn 0.11 No data No effect 100 mM FeS + 100 mM - (Lin et al.,
polysulphides for 12 hours 2022)
at 160 °C
Ni 10° Accelerate No effect 3 mM Fe*" + 6 mM Na,S + Facilitation of polysulphide This study
30 mM S”in pH 7 HEPES formation / acceleration of
buffer for 2 weeks at 80 °C nucleation
Ni 0.001 Accelerate ? 50 mM FeCl; + 50 mM Ni accelerated pyrite nucleation (Bayaet al.,
Na,S at pH 5.2-5.8 for 9 2021)
weeks at room temperature
Ni 0.01 Accelerate ? 50 mM FeCl; + 50 mM Ni accelerated pyrite nucleation (Morin et al.,
Na,S at pH 5.2-5.8 for 2 2017)
weeks at room temperature
Ni 0.005 Accelerate 7% 75 mM FeCl; + 75 mM Ni accelerated pyrite nucleation (Baya et al.,
Na,S at pH 5.5 for 129 2022)
days at room temperature
Ni 0.11 No data Smaller size and | 100 mM FeS + 100 mM - (Lin et al.,
shape change polysulphides for 12 hours 2022)
from cubic to at 160 °C
octahedral
Ni 0.002 Inhibit ? 33 mM dried mackinawite Ni incorporation increased (Swanner et al.,

+50mg S’ inpH 6
phthalate buffer for 2
weeks at 65 °C. Final
solution volume not
specified.

mackinawite's crystallinity, making
it less susceptible to dissolution-
reprecipitation reactions (proposed
by Baya et al., 2021)

2019)
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Table S-1 continued Summary of experiments that studied the influence of trace metals on pyrite formation.

Initial Influence on Influence on
Metal metal/Fe precipitation Synthesis conditions Proposed mechanism(s) Reference
. morphology
molar ratio rate
Se 0.005 Accelerate 7% 75 mM FeCl; + 75 mM - (Baya et al.,
Na,S at pH 5.5 for 129 2022)
days at room temperature
A" 0.005 Inhibit 7% 75 mM FeCl; + 75 mM - (Baya et al.,
NayS at pH 5.5 for 129 2022)
days at room temperature
Zn 107 Accelerate No effect 3 mM Fe*" + 6 mM Na,S + Facilitation of polysulphide This study
30 mM S° in pH 7 HEPES formation / acceleration of
buffer for 2 weeks at 80 °C nucleation
Zn 0.005 Accelerate 2% 75 mM FeCl; + 75 mM - (Bayaet al.,
Na,S at pH 5.5 for 129 2022)
days at room temperature

*Electron microscopy images showed increasing sizes in the < 1 pm size range in the order of As < Mo < Ni < Co < Zn < Se, but corresponding

data on trace metal-free pyrite are not available
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Table S-2 Differences between Set-/ and Set-2 experiments.

Set-1 Set-2
Location University of Texas at El Paso University of Tuebingen
Year 2019 2022
Experimental Sacrificial sampling. No-metals Repetitive sampling. No-metals, low-
design and low-metals experiments from | metal Co, high-metals and Polysulphide
25-80 °C experiments at 80 °C
Glovebox and CoyLab, 97% N - 3% H» MBraun, 100% N>
headspace
XRD Thin film on glass slides, Rigaku Dried pellets, Bruker's D8 Discover
Miniflex II, Cu Ka source, 1 h 45 GADDS XRD2, Co Ka source, 240
min collection time seconds collection time

Storage ~2 years in anoxic water at < 2 weeks in anoxic water at ambient
details before ambient temperature temperature
SEM
Reagents (NH:)2Fe(SO4)2-6H20 FeS04.7H,0

Na,S.9H,0 Na,S.9H,0

S’ Alfa Aesar product #10785 S?; Sigma Aldrich product #13803
CoCly6H,O Co(NO:s)2'6H,O
CuCl,;-2H,0 CuCl,-2H,0O
Na2M004'2H20 Na2M004~2H20
NiCl,-6H,O NiCl,-6H,O
ZnCl, ZnCl,
@ Geochem. Persp. Let. (2023) 26, 14-19 | https://doi.org/10.7185/geochemlet.2318 SI-10
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Supplementary Information

Table S-3 Summary of experimental conditions, the type of analyses (SEM, magnetism) and
the mineralogy as determined by XRD.

Exp Timp Time Condition | SEM XRD detection Magnetism
O | (days) FeSun | Greigite | Pyrite | 8° | NaCl
Set 1 25 7 NoMetal + + NM
40 7 NoMetal + + + NM
40 14 NoMetal v + + + + NM
60 7 NoMetal + + + + NM
LowCo + + + NM
LowCu + + + NM
LowNi + + + NM
LowZn + + + + NM
60 14 NoMetal + + + + + NM
LowCo + + + + + NM
LowCu + + + + NM
LowNi + + + + + NM
LowZn + + + + NM
80 14 NoMetal 1 v + + + NM
NoMetal 2 + + + NM
LowCo 1 v + + + NM
LowCo 2 + + + NM
LowCu 4 + + + NM
LowMo v + + + NM
LowNi 4 + + + NM
LowZn v + + + NM
Set 2 80 0 LowCo 4 + -
3 4 + Light
7 4 + Light
14 4 + Light
80 7 NoMetal Insufficient sample Light
HighCo + Light
HighCu + Light
HighMo Insufficient sample Strong
HighNi Insufficient sample Light
HighZn + + Light
14 NoMetal 4 + + Light
HighCo v + + Light
HighCu 4 + Light
HighMo 4 + + Medium
HighNi 4 + + Light
HighZn v + Light
*S° and NaCl are residues from the starting materials.
“Magnetic minerals probed with a hand magnet. NM = not measured.
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Table S-4 Metadata for SEM images shown in the main text Fig. 2 and Fig. 4

Figure | Exp 'I(‘Sg)p ('g:;:) Condition
2a Set 2 80 0 LowCo
2b Set 1 40 14 NoMe
2c Set 1 40 14 NoMe
2d Set 1 80 14 NoMe
2e Set 2 80 7 HighZn
2f Set 1 80 14 NoMe
2g Set 1 40 14 NoMe
4b Set 1 40 14 NoMe
4d Set 2 80 7 HighZn

Supplementary Figures

Figure S-1 Representative SEM images of Fe- and oxygen-rich acicular minerals (yellow
arrows) in samples from the Set-2 experiments. The acicular minerals are surrounded by pyrite
octahedra of different sizes and degrees of sharp edges. The acicular minerals exhibit twinning
features and are reminiscent of goethite (FEOOH), although the mineralogy still needs to be
confirmed via techniques such as transmission electron microscopy. Fe(Ill) (oxyhydr)oxides

were not detected with XRD, suggesting low relative abundances.
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Figure S-2 Absorption spectra of polysulphides in the (a) No-metal (middle left), (b-f) low-
metal (top row) and (g-k) high-metal (bottom row) setups at day 1, 8 and 14. Note that (i)
enhancements of formation of polysulphides are evident by peaks at 275 and 314 nm, (ii) higher
trace metals generally lead to more polysulphide formation, except for Mo, (iii) different trace
metals result in different ratios of the 275 and 314 nm peaks, most likely indicating different
polysulphide distribution (SxS?; different n values) and (iv) longer incubation time generally
lead to more polysulphides, with the exception of the HighNi setup in which the polysulphide
distribution has most likely evolved over time. Individual polysulphide species cannot be
identified based on their spectrum alone ( Steudel and Chivers, 2019; Kamyshny et al., 2004).
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Experiments

Figure S-3 Comparison of particle morphologies across experiments with varying trace metals.
(a) Spherical aggregates surrounded by smaller nanoparticles; (b) spherical aggregates of
varying sizes that are morphing into sharp-edged euhedral crystals; (¢) agglomerated spherical
& octahedral crystals; (d) octahedral crystals with extended edges surrounded by smaller
tabular nanoparticles; (e) octahedral crystals with extended edges surrounded by smaller
tabular nanoparticles; (f) agglomerated octahedral crystals; (g) rose-like crystals surrounded by
octahedral crystals and smaller nanoparticles; (h) a rose-like crystal surrounded by octahedral
crystals and smaller nanoparticles; (i) spherical aggregates with octahedral crystals; (j) multiple
spherical aggregates surrounded by some octahedral crystals; (k) a penetration twin (orange
arrow) of two octahedral crystals with extended edges surrounded by smaller octahedral
crystals; (I) spherical aggregates morphing into octahedral crystals; (m) agglomerated
octahedral crystals; (n) multiple octahedral crystals with porous surfaces; (0) multiple rose-like
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crystals with octahedral crystals in-between; (p) rose-like crystal surrounded by octahedral
crystals. Note that surface roughness of pyrite has been observed experimentally before but
they were not directly linked to growth via particle attachment.
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