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Zoning and speciation of arsenic (As) in pyrite are used to infer changes in the
chemical composition of hydrothermal fluids and conditions of ore deposit forma-
tion. Yet, the processes controlling the distribution and oxidation state of As during
pyrite formation are poorly understood. We report the results of experiments
designed to test the capacity of pyrite to record changes in fluid composition under
dynamic reaction conditions. When pyrite seeds were exposed alternately to
As-bearing and As-free fluids, concentric As-rich (≤6.0 wt. % of As1−) and As-free
pyrite overgrowths formedwhen native S was used as the sulfur source. In contrast, a
sodium thiosulfate source produced randomly oriented aggregates of concentrically
zoned microparticulate (∼1 μm) As-bearing pyrite (<1.5 wt. % of As2þ/3þ), failing

to record the changes of fluid composition. We demonstrate that by controlling H2S(aq) availability, the source of sulfur affects
the degree of pyrite supersaturation under conditions relevant to natural hydrothermal systems, which controls the nucleation
rate, crystal growth, As uptake, As oxidation state, and consequently, the ability of pyrite to record individual fluid pulses.
This sulfur source effect has significant implications for metal incorporation into pyrite and understanding of the formation
of many ore deposits.
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Introduction

The incorporation of arsenic and other trace elements into dis-
tinct zones during pyrite growth is one of the most prominent
features that helps elucidate the evolution of fluid composition
during ore deposition (Muntean et al., 2011; Peterson and
Mavrogenes, 2014; Morin et al., 2017; Román et al., 2019; Xing
et al., 2019). Commonly, pyrite growth zones are arranged in
concentric As-rich and As-poor zones (Chouinard et al., 2005)
or as spongy porous aggregates of spheroidal particles deposited
on barren pyrite (Deditius et al., 2008; Genna and Gaboury,
2015). Lattice bound arsenic in pyrite occurs either as As1−

(Simon et al., 1999; Manceau et al., 2020) or As2þ/3þ (Deditius
et al., 2008; Qian et al., 2013; Le Pape et al., 2018), reflecting dif-
ferent incorporation mechanisms. Importantly, the concentra-
tions and oxidation state of As in pyrite are some of the key
parameters controlling the incorporation of Au into the mineral
and its fate during the formation of gold deposits (e.g., Reich et al.,
2005; Deditius et al., 2014; Pokrovski et al., 2021). Changes in the
physicochemical parameters of the hydrothermal fluids, such as
vigorous vs. gentle fluid boiling (Román et al., 2019); the kinetics
of crystal growth (Kusebauch et al., 2018; Wu et al., 2019); the
type of As source (Qian et al., 2013); and surface chemistry

(Fleet and Mumin, 1997) were suggested to account for variable
As concentrations, oxidation states, and zoning patterns in
pyrite. Yet, the mechanisms controlling As scavenging by pyrite
remain poorly understood.

Here, we show that changes in fluid composition affect the
formation mechanism of zoned As pyrite overgrowing pyrite
seeds (Table S-1). Different S sources, i.e. elemental S or thiosul-
phate (Na2S2O3·5H2O), led to contrasting zoning textures and
As oxidation states in the overgrowths after hydrothermal treat-
ments that alternated between As-rich and As-free fluids at
200 °C (Table S-2). The aqueous solution compositions involved
a mixture of oxidised (HSO4

−, SO4
2−) and reduced S species

(HS−, H2S(aq)) in the pyrite stability field, relevant for natural
hydrothermal systems. Experimental details, analytical methods,
and thermodynamic modelling results can be found in the
Supplementary Information.

Results

Pyrite morphology, zoning, and composition. Addition of native S
resulted in four concentric pyrite growth zones around the seeds
(denoted as pyrite-S) (Fig. 1a–e), i.e. As-rich (Zones-1, -3) and
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As depleted or As-free zones (Zones-2, -4). The alternating
zones record the imposed variations in fluid composition.
However, when native S was replaced with Na2S2O3·5H2O,
spongy aggregates (5–50 μm) of microparticulate As pyrite
(denoted as pyrite-SO) formed instead (Fig. 1f–j); these textures
do not reflect the chemical evolution of the system (Fig. 1c,h).

Electron probe microanalysis (EPMA) data show that the
As concentrations in Zones-1 and -3 of pyrite-S vary broadly
(0.02 to 6.02 wt. %), whereas pyrite-SO contains less As
(<1.5 wt. %; Fig. S-1, Table S-3). High angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
observations and electron dispersive spectroscopy (EDS) analy-
ses confirm the systematic textural and compositional changes
across the four zones in pyrite-S (Figs. 2a,b, S-1 and S-2).
Zones-1 and -3 are 200–300 nm thick and contain ≤5.8 wt. %
and≤4.7 wt.%As, respectively; Zones-2 and -4 are 3–5 μm thick
and contain As (0.1 and 0.8 wt. %, respectively) near the contact
with Zones-1 and -3 (Fig. 2b). Trails of pores occur along

the contact between the pyrite seed and Zone-1; between
Zones-2 and -3; and within Zone-4 (Fig. 2c–e). High resolution
(HR) TEM and electron backscattered diffraction (EBSD) data
show that, except for a few spherical misoriented domains
(<500 nm) of As-bearing pyrite-S located near the contact
between the seed and Zone-1, the lattice orientation of the
zoned overgrowth aligns with that of the pyrite seed (Figs. S-3a,
b, S-4a). This indicates the predominance of epitaxial growth.
The Fast Fourier transformation (FFT) diffraction pattern from
the Zone-1 HRTEM image documented rare realgar nanodo-
mains (d= 3.05 Å) (Fig. S-5) in quantities below the detection
limit of XRD (<0.1 wt. %) (Fig. S-6a).

Pyrite-SO is the only phase detected in the
Na2S2O3·5H2O experiments (Fig. S-6b). It comprises concentri-
cally zoned particles, randomly oriented and assembled into
aggregates (Figs. 2f,g, S-3c,d, and S-4b). Porosity formed along
the contacts between the 50–200 nm thick alternating zones of
As-rich and As-poor pyrite (Fig. 2f). Some particles contain oval
shaped As-rich (1.1–1.5 wt. %) cores, ∼300 nm in diameter, fol-
lowed by subhedral As depleted zones (0.2–0.7 wt. %), and by a
third As enriched zone (∼1.4 wt. %) (Fig. 2g). In some particles, a
subhedral As depleted core formed first (Figs. S-7, S-8). In
pyrite-SO, random As zoning reflects local fluid variations,
whereas in pyrite-S the ordered four zone pattern records
changes in bulk fluid composition (Figs. 1, 2).

Sulfur source affects arsenic incorporation in pyrite.
Pyrite-S compositions plot along the As-S join, indicating the
substitution of anionic As1− for S; i.e. As substitutes as [As2]2−

for the [S2]2− dimer (Manceau et al., 2020) (Fig. 3a). In contrast,
pyrite-SO compositions form a trend parallel to the Fe-S join
towards the As corner of the ternary diagram, indicating cationic
As2þ/3þ substitution for Fe2þ (Deditius et al., 2008). These indirect
EPMA and EDS results are corroborated by the X-ray absorption
near edge structure (XANES) analyses (Fig. 3b,c).

Reaction conditions based on equilibrium thermodynamics.
We used activity-activity diagrams to examine As and S specia-
tion in fluids during pyrite formation (Fig. S-9), and aliquot-type
thermodynamic modelling to predict reaction paths and mineral
compositions resulting from progressive reactions with the
two sulfur sources (native S or Na2S2O3). These equilibrium
models serve as a reference for discussing potential kinetic
effects. The sulfur speciation in both systems was buffered near
the bisulfide-sulfate boundary, at different bisulfide/sulfate
ratios:

4SðsÞ + 4H2O = 2H+ + 3H2SðaqÞ + SO2−
4 ð3∶1bisulfidetosulfateÞ

Eq. 1

S2O2−
3 + H2O = H2SðaqÞ + SO2−

4 ð1∶1 bisulfide to sulfateÞ
Eq. 2

As(OH)3(aq) is the predominant species for As at the pH
(∼2–6) and redox conditions of the experiments, as it is in most
hydrothermal fluids (James-Smith et al., 2010; Testemale et al.,
2011). Note that arsenopyrite and realgar are predicted to form
inH2S(aq)-rich, reduced (aH2(aq) > 10−10) fluids (Fig. S-9a). In our
experiments, H2S(aq) concentrations increase rapidly during sul-
fur dissolution (Fig. 4a,b), and hence the model predictions are
consistent with the presence of small amounts of realgar in
pyrite-S (Fig. S-5).

Pyrite is highly supersaturated in the initial solutions with
a saturation index (SI) of ∼8 for both sulfur sources (Fig. S-10).
This SI increases to ∼10 in the Na2S2O3·5H2O experiments; but
decreases gradually towards ∼6 in the S experiments (Fig. S-10).
The predicted pH (neutral pH is 5.64 at 200 °C, Psat) is slightly
acidic (4.5–5) in the Na2S2O3·5H2O experiments (Fig. 4c), and
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Figure 1 Backscattered electron images (a, b, f, g) and elemental
mapping of As (c, h), Fe (d, i), and S (e, j) in newly formed pyrite.
(a–e) Pyrite-S, (f–j) pyrite-SO. Note four zones of pyrite-S deposited
on pyrite seed (b) and the sponge-like texture of pyrite-SO.
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rapidly evolves towards more acidic (∼3.2) conditions in the S
experiments (Fig. 4d). The redox conditions in both experiments
remain buffered close to the sulfate-bisulfide equilibrium
(Fig. S-9b). The modelling predicts maximum As concentrations
of 1000 ppm in pyrite-S and pyrite-SO, lower than the maxima
measured in pyrite-S (6.0 wt. %) and pyrite-SO (1.5 wt. %). The
predicted As partitioning coefficients between the mineral and
fluid decrease by several orders of magnitude in the early stages
of the reaction (Fig. 4e,f).

Discussion

Chemical zoning in minerals forms due to changes in fluid com-
position, temperature, and pressure (Shore and Fowler, 1996),
kinetic factors, and/or self organisation (e.g., Rakovan and

Reeder, 1996). The alternating As-rich and As-free/poor zones
in pyrite-S reflect the pulses of fluids with different composi-
tions, but this record is absent in pyrite-SO (Figs. 1, 2).

The differences between pyrite-S and pyrite-SO are
related to the S source, and its effect on the (super-)saturation
state of pyrite. First, native S (<1 g/100mL) is far less soluble than
Na2S2O3·5H2O (73 g/100 mL). Second, the progressive dispro-
portionation of thiosulfate (Eq. 2) increases the pyrite supersatu-
ration level, whereas the disproportionation of sulfur (Eq. 1; Liu
et al., 2021) is predicted to decrease supersaturation (Fig. S-10).
This is mainly because during pyrite precipitation (Fig. S-9), the
same amounts of total S added result in a pH increase when
using Na2S2O3·5H2O, whereas native S causes a rapid pH
decrease. This promotes fast nucleation of pyrite-SO and kineti-
cally driven precipitation of spongy aggregates (Figs. 1f–j, 2f,g,
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Figure 2 Summary of pyrite textures observed at higher resolution (HAADF-STEM) with corresponding TEM-EDS elemental maps of As.
(a, b) Alternating As-in (Zones-1, -3) and As-out (Zones-2, -4) zones deposited on pyrite seed. (b) The rectangles and the values represent
the areas of analysis and the concentration of As (in wt. %). (c–e) Porous pyrite formed between the seed and between the zones. (f, g)
Aggregates of As zoned microcrystalline pyrite-SO. Note the porosity between the pyrite seed and the product and between the As-rich
and As-poor zones of pyrite. (a, b) Pyrite-S; (f, g) pyrite-SO.
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and S-9). In contrast, slower nucleation in the sulfur-bearing
experiments resulted in epitaxial growth of pyrite S (Figs. S-3a,
S-4a).

The XANES data indicate that As exists predominantly as
As1− in pyrite-S (Fig. 3b). Hence, the formation of pyrite-S from
dissolved Fe, As and S under acidic conditions is described by:

Fe2+ + xAsðOHÞ3ðaqÞ + ð2 − xÞH2SðaqÞ = FeS2−xAsxðsÞ

+ ð3xÞH2O + ð1 − 2:5xÞH2ðaqÞ + 2H+ Eq. 3

From the equilibrium constant K3 of Equation 3, assuming
a dilute solution, the value of the molal concentration
of As(OH)3(aq) ([As(OH)3(aq)]) is equal to the activity (a) of
As(OH)3(aq), since γ As(OH)3(aq) ≈ 1, where γ is the activity
coefficient. Similarly, for a small mole fraction (x) of the FeAs2
component in arsenian pyrite, γ FeAs2 ≈ 1 according to the stan-
dard state based on Henry’s law (Supplementary Information);
hence, the values of the concentrations of FeAs2 ([FeAs2], in
mole fraction units) are identical to aFeAs2. Using these assump-
tions, the partitioning coefficient for As between solid and
solution is proportional to:

logð½FeAs2�=½AsðOHÞ3ðaqÞ�Þ
≈ 1=x f2 log K3 + ð5x − 2Þlog aH2ðaqÞ + 4pH+ 2 log aFe2+

+ xlog aðAsðOHÞ3ðaqÞ + ð4 − 2xÞlog aH2SðaqÞg Eq. 4

This indicates that the As partitioning coefficient is expected to
change rapidly during precipitation, depending not only on the
amounts of As in solution, but also on pH, redox, and the
amounts of dissolved Fe and S. The thermodynamic model of
Xing et al. (2019) and Equations 3, 4 assume As1− substitution
for S in pyrite, requiring a reduction of As3þ to As1−. The rapid
decrease in the As partitioning coefficient predicted by this
thermodynamic model (Fig. 4) is primarily attributed to changes
in pH and redox (a H2(aq)) during the reaction.

In contrast, cationic As2þ/3þ substitutes for Fe2þ in
pyrite-SO. Assuming As2þ:

ð1 − xÞFe2+ + xAsðOHÞ3ðaqÞ + 2H2SðaqÞ = ðFe1−xAsxÞS2ðsÞ
+ ð3xÞH2O + ð1 − x=2ÞH2ðaqÞ + ð2 − 2xÞH+ Eq. 5

The stability constant K5 for Equation 5 is:

logð½AsS2�=½AsðOHÞ3ðaqÞ�Þ ≈ 1=x flog K5 þ ðx=2 − 1Þlog aH2ðaqÞ

þð2 − 2xÞpH þ ð1 − xÞlog aFe2þ þ 2 log aH2SðaqÞg Eq. 6

Compared to anionic As, the incorporation of cationic As is less
sensitive to redox.

The thermodynamic modelling shows that the As contents
in the pyrite-SO increase with pH when a small amount of S2O3

(<∼0.15 mole Stotal) is added (Fig. 4). For pyrite-S, adding similar
amounts of native S results in a continuous decrease of As con-
tents in pyrite, coinciding with pH decrease. Overall, the model
results indicate that solution chemistry plays a critical role in con-
trolling the precipitation and As content of arsenian pyrite.

Le Pape et al. (2017) reported that the polysulfide pathway
of pyrite formation generates more oxidising conditions than
when reacting FeS with H2S(aq), facilitating the incorporation
of As2þ/3þ. However, incorporation of As2þ/3þ into pyrite-SO
suggests that cationic As in pyrite may not only be related to a
relatively higher oxidation state but also to the kinetics of pyrite
formation; i.e. nucleation is the predominant process for pyrite-
SO precipitation at high supersaturation levels, whereas growth
is the predominant process for pyrite-S. Thermodynamic mod-
elling suggests that the fluid redox differs only slightly between
both experiments (Δlog aH2(aq)< 1; Fig. 4c,d). The incorporation
of As2þ/3þ introduces structural distortion, which is balanced by
the formation of vacancies (Deditius et al., 2008) and is favoured
by rapid growth.

Implications for As geochemistry and the formation of ore
deposits. The new experiments illustrate how arsenian pyrite
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precipitation and associated dynamic changes in fluid composi-
tion (pH, redox, As and Fe contents) result in different As spe-
ciation (anionic vs. cationic As substitution) and variable product
morphology arising from different mechanisms of pyrite growth
(epitaxial vs. nucleation of randomly oriented particles) (Figs. 1–
3). Thus, these results help explain the natural variability of pyrite
textures in porphyry epithermal, volcanic-hostedmassive sulfide
(VMS), and Carlin-type ore deposits, as well as in hydrothermal
vents. In these dynamic environments, zoned As pyrite forms
during fluid boiling/phase separation and/or mixing of seawater
or meteoric water with hydrothermal fluids, and/or rapid fluid-
rock interactions commonly in the presence of pre-existing
pyrite, as documented by changes in S isotopes (Reich et al.,
2013; Peterson and Mavrogenes, 2014; Franchini et al., 2015;
Román et al., 2019; McLeish et al., 2024; Schaarschmidt et al.,
2021; Holley et al., 2024; Xiao et al., 2025). Resulting pyrite tex-
tures exhibit a single type, or a mixture of euhedral oscillatory
zoned grains (pyrite-S) associated with collomorphic over-
growths and/or aggregates of spongy pyrite (pyrite-SO) reflect-
ing the change in the conditions of the hydrothermal systems.

A higher proportion of oxidised S species is expected dur-
ing flash vapourisation of hydrothermal fluids at low pressures
and/or extreme disproportionation of magmatic SO2 (Reeves
et al., 2011; Peterson and Mavrogenes, 2014). The epitaxial
growth of As-bearing pyrite-S resembles the structure of As

pyrite inporphyry andepithermal gold deposits (Chouinard et al.,
2005; Deditius et al., 2008; Peterson and Mavrogenes, 2014).
There, pyrite records the transition from porphyry to epithermal
conditions, through As, Au, and chalcophile element-rich rims
overgrowing a (Co, Ni)-bearing euhedral porphyry pyrite core
(Fig. 1) (Reich et al., 2013; Peterson and Mavrogenes, 2014;
Franchini et al., 2015). Porosity aligned with the contact between
the As-rich zones and As-free pyrite (Fig. 2) highlights the
change in the fluid chemistry. A similar texture was interpreted
to signify enrichment of chalcophile elements in arsenian pyrite
during fluid boiling in hydrothermal systems (Román et al.,
2019). Importantly, the textural changes and porosity (Figs. 1,
S-1) fromAs-rich to As-poormay be the only evidence of chang-
ing conditions during continuous growth of pyrite without dis-
turbing the S isotopic signature (McLeish et al., 2024).

The spherical morphology and randomly orientated pyrite-
SO, often detached from the pyrite seed (Figs. S-7, S-8), resembles
textures in Carlin-type gold deposits formed during mixing of
meteoric water and hydrothermal fluids interacting with pre-
existing pyrite traps (Muntean et al., 2011; Holley et al., 2024), or
those in hydrothermal pyrite precipitated under far from equilib-
riumconditionsof hydrothermal vents during themixing of thehot
fluids with seawater with decreasing H2S(aq) concentrations
(Gartman and Luther, 2013; McLeish et al., 2024; Schaarschmidt
et al., 2021). The variable concentrations of As in pyrite-SO
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Mineral abbreviations: py, pyrite; Hm, hematite; Rlg, realgar.
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resemble the internally heterogeneous nanoscale concentric As
zonation of pyrite from Carlin-type gold deposits, stemming from
thepartial replacementof pre-existingAs-rich zones and liberation
of As into the fluid. This process explains the formation of the
aggregates of randomly oriented nanoparticles on the sedimentary
pyrite or detached from its surface (Holley et al., 2024; Xiao et al.,
2025). Epitaxial growth of As pyrite on the pyrite core was
explained by means of decoupled dissolution of the core and sub-
sequent precipitation of the As pyrite rim (Xiao et al., 2025).

In nature, most As pyrite contains anionic As substituting
for S (Deditius et al., 2014). Epitaxial overgrowth of pyrite by As
pyrite (Fig. S-5) or recrystallised As pyrite hosts As1−, while fast
nucleation of spherical, randomly oriented pyrite sequesters cat-
ionic As2þ/3þ. We find that the incorporation of anionic or cat-
ionic As into pyrite (Figs. 1–3) may depend on pyrite
saturation levels. At high S concentrations (high supersatura-
tion), pyrite incorporates cationic As, since no (or little) redox
reaction is required (Eqs. 3–6; Figs. 1, 2 and 4).

In addition, the ppm-based As partitioning coefficient,
DAs

py=fluid (= [As (ppm) in pyrite/As (ppm) in fluid]) for pyrite-S
(∼100), is an order of magnitude higher than in pyrite-SO
(∼12), following the decreasing trendwith increasingAs concen-
tration in the fluid (Figs. S-11, S-12) (Kusebauch et al., 2018).
This may stem from different mechanisms of incorporation of
anionic vs. cationic As species; thermodynamically controlled
(Eq. 2) growth of arsenian pyrite-S and nucleation of pyrite-
SO. In nucleation controlled pyrite-SO, the As zoning does
not reflect As-rich and As-free pulses, i.e. pyrite-SO does not
preserve the history of successive fluid inputs (Holley et al.,
2024). Consequently, the incorporation of other metals, such
as Au, Cu, Co, Ni, and Zn, which often coexist with As
(Parnell et al., 2018; Domingos et al., 2023), may be limited,
therefore affecting the capability of pyrite to record the compo-
sition of the hydrothermal fluid. These results provide important
and first hand information on how mineral formation responds
to changing fluid chemistry, with implications for a detailed
understanding of ore deposit-forming processes.
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Materials and Experiments 
 
 
Materials 
 
Euhedral pyrite grains from Navajun Mine in Spain were used as pyrite seeds. The cubes were crushed, sieved into 
particles 150-355µm, and ultrasonically cleaned in deionised water. Based on the electron probe microanalysis (EPMA) 
(n = 20), the chemical composition of pyrite is FeS2.03, with traces of Ni (~466 ppm) and Cu (~168 ppm) (Table S-1).  
 
The chemicals used were NaH2PO4 (≥ 99.0%, Chem-Supply), Na2HPO4 (≥ 99.0%, Chem-Supply), NaCl (≥ 99.7%, 
Chem-Supply), Fe(NH4)2(SO4)2·6H2O (≥ 98.5%, Merck), NaHS (≥ 99.0%, Sigma-Aldrich), Na2S2O3·5H2O (≥ 99.0%, 
BOH Chemicals), S (99.3%, Ajax), and As2O3 (≥ 99.5%, Chem-Supply). 
 
The pH buffer solution at pH 7 was prepared by dissolving Na2HPO4, NaH2PO4 and NaCl in Milli-Q water and has a 
composition of 0.0347 M NaH2PO4, 0.0652 M Na2HPO4 and 0.6 M NaCl. The pH values were measured by a benchtop 
pH meter (Eutech pH 2700) with a resolution of 0.01. Calibrations of the pH meter were carried out using standard 
buffer solutions: pH=4.01 (potassium hydrogen phthalate), pH=7.00 (potassium dihydrogen phosphate and disodium 
hydrogen phosphate), and pH=10.01 (sodium tetraborate and sodium hydroxide). Dissolved oxygen was removed from 
the pH buffer solution by purging high-purity N2 (99.999%) at a rate of 15 mL s-1 for 70 min (Butler et al., 1994). 
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Hydrothermal Experiments 
 
Hydrothermal Synthesis Conditions 
The hydrothermal synthesis experiments were conducted in 25 mL polytetrafluoroethylene (PTFE)-lined stainless-steel 
autoclaves at 200 °C. The specific synthesis conditions are detailed in Table S-2. All sample loadings were performed 
in an N₂-filled glove box. Once the samples were loaded into the autoclaves, they were tightly sealed before being placed 
in a preheated oven at 200 °C for the duration of the experiment. 
 
Preparation of Oscillatory-Zoned As-Pyrite 
To generate oscillatory zoning in arsenical pyrite (As-pyrite), pyrite seeds (0.15 g; 150–355 µm) were alternately 
exposed to As-rich and As-free solutions over two full cycles, totalling four experiments. Each experiment lasted 14 days: 
the first exposure involved the interaction of pyrite seeds in an As-rich solution, followed by the transfer of the reacted 
seeds into an As-free solution for the same duration. This process was then repeated for a second cycle to develop 
additional concentric zones. 
 
Transfer of Seeds between Experiments 
At the end of each 14-day experiment, the autoclaves were rapidly quenched in cold water before being opened. The 
solid products were separated from the solution, thoroughly washed with Milli-Q water to remove residual reactants, 
and dried. Particles larger than 150 µm were retained for the subsequent experimental cycle, ensuring the continued 
growth of alternating As-rich and As-free layers. 
 
Pyrite Types and Sulfur Sources 
Two distinct types of zoned As-pyrite were synthesised using the same iron and arsenic sources but different sulfur 
sources. Pyrite-S was formed using elemental sulfur (S) and sodium hydrosulfide (NaHS), while pyrite-SO was 
produced using sodium thiosulfate pentahydrate (Na2S2O3·5H2O) and NaHS. In both cases, Fe(NH4)2(SO4)2·6H2O was 
used as the iron source, and arsenic was introduced as arsenolite (As2O3). 
 
Solution Composition 
The composition of the As-free solutions was adapted from Wilkin and Barnes (1996). For Pyrite-S, the As-free solution 
consisted of 17 mL of pH buffer solution, 0.667 g (1.7 mmol) Fe(NH4)2(SO4)2·6H2O, 0.095 g (1.7 mmol) NaHS, and 
0.065 g (2 mmol) elemental sulfur. For Pyrite-SO, the As-free solution contained 17 mL of pH buffer solution, 0.667 g 
(1.7 mmol) Fe(NH4)2(SO4)2·6H2O, 0.095 g (1.7 mmol) NaHS, and 0.506 g (2 mmol) Na2S2O3·5H2O. 
 
The As-rich solutions were prepared by adding 0.024 g (0.12 mmol) As2O3 to the respective As-free solutions before 
the reactor was sealed. 
 
 
Analytical Methods 
 
The structure, morphology and chemical composition of the starting material and residues were analysed by synchrotron 
X-ray diffraction (XRD), scanning electron microscopy (SEM), and electron probe microanalyser (EPMA), 
respectively.  The high-resolution structural analyses, as well as distribution and concentrations of As, were investigated 
using electron back-scattered diffraction (EBSD), selected area diffraction (SAED), transmission electron microscopy 
(TEM), high-angle annular dark-field (HAADF) scanning TEM, and dispersive X-ray analysis (EDS). The 
concentrations of As in the solution were measured by ICP-MS. Speciation of As was measured by synchrotron X-ray 
absorption near-edge structure (XANES). Thermodynamic modelling was conducted using Geochemist’s Workbench 
and HCh. The latter included a non-ideal solid solution model for As uptake by pyrite (Xing et al., 2019b). Pyrite 
saturation indices were calculated based on the reaction:  

FeS2(pyrite) + 2 H+ + H2(aq) = Fe2+ + 2 H2S(aq); logK200 ˚C = 1.451 (Eq. S-1) 
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XRD analysis and quantification 
 
The XRD analyses of the starting material and the run products were conducted at the powder diffraction beamline at 
the Australian Synchrotron in Melbourne, Australia, using an X-ray energy of 21 keV (λ=0.5904 Å); the beam energy 
was calibrated using a LaB6 standard (NIST SRM 660b). The high-energy beam of the synchrotron source enabled the 
identification and quantification of the newly precipitated As-pyrite, which was previously unachievable using standard 
XRD equipment. Quantification of the X-ray diffraction patterns of the product was performed using sequential Rietveld 
analysis with TOPAS Academic v6, from Coelho Software. In the refinements, the background was modelled using a 
5th-order polynomial function. The peaks were modelled using the sums of Gaussian and Lorentzian functions. The 
starting crystal structure was obtained from the Inorganic Crystal Structure Database (ICSD) (#55699 for pyrite). No 
other peaks but those of pyrite were detected in the starting mineral sample. The product consisted of either composite 
grains containing pyrite seed coated with newly formed As-pyrite or particles of As-pyrite only. The content of newly 
formed As-pyrite in composite particles was obtained based on the analyses of calculated cell parameters for the pyrite 
seed and particles containing As-pyrite only. 
 
Scanning electron microscopy (SEM) 
 
Scanning electron microscope (SEM) images were obtained on a FEI Verios XHR SEM equipped with an energy 
dispersive X-ray spectroscopy (EDS) detector (80 mm2 Oxford Instruments X-Max SDD) for microanalysis. The 
instrument is located at the Centre for Microscopy, Characterization and Analysis (CMCA) at the University of Western 
Australia. The pyrite grains were embedded in epoxy resin, polished to expose their cross-sections, coated with a thin 
carbon film, and imaged under backscattered electron (BSE) mode. BSE images were collected using an acceleration 
voltage of 10 kV. The EDS analyses were collected using a fully focused beam at an acceleration voltage of 15 kV. 
 
Electron probe microanalysis (EPMA) 
 
Electron probe microanalyses (EPMA) of the samples were carried out using a field-emission JEOL 8530F hyperprobe 
at the Centre for Microscopy, Characterisation and Analysis (CMCA) at the University of Western Australia. The 
analyses for the starting pyrite were undertaken using a take-off angle of 40°, an accelerating voltage of 20 kV, and a 
beam current of 20 nA. X-ray lines, analysing crystals, counting time, and standards used for each element were: S Kα 
(PETL, 20 s, pyrite), As Kα (TAPL, 20 s, indium arsenide), Fe Kα (LIFL, 20 s, Fe metal), Au Lα (LIFL, 60 s, Au metal), 
Pb Mα (PETL, 60 s, galena), Cu Kα (LIFL, 60 s, Cu metal), Co Kα (LIFL, 60 s, Co metal), Se Lα (TAPL, 60 s, Se 
metal), Ni Kα (LIFL, 60 s, Ni metal), Ag Lα (PETL, 60 s, Ag metal), Sb Lα (PETL, 60 s, Sb metal), Te Lα (PETL, 60 
s, coloradoite), Hg Mα (PETL, 60 s, coloradoite), Zn Kα (LIFL, 60 s, sphalerite), and Mn Kα (LIFL, 60 s, Mn metal). 
Detection limits ranged from 0.007 wt. % for Sb to 0.046 wt. % for Au. The same operation conditions were used during 
single spot analyses and elemental mapping of the products, but only included S Kα (PETL, 20 s, pyrite), As Kα (TAPL, 
50 s, indium arsenide), and Fe Kα (LIFL, 20 s, Fe metal). Mean atomic number background corrections were employed 
throughout (Donovan and Tingle, 1996). Unknown and standard intensities were corrected for dead time, and the ZAF 
algorithm was used for matrix absorption (Armstrong, 1988). The programs CalcImage v.12.6.2 and Surfer were used 
for data analysis. 
 
The broad ranges of As concentrations (0.02-6.02 wt.%) in pyrite-S and analytical totals < 100 wt. % stem from a 
relatively low spatial resolution of the EPMA (excitation volume ~3-5 μm in diameter) and signal contamination from 
neighbouring areas. 
 
Electron backscatter diffraction (EBSD) 
 
Backscattered electron imaging (BSE) and electron backscattered diffraction (EBSD) were conducted with a FEI 
Quanta 3D field emission scanning electron microscope (FESEM) at the Monash Centre of Electron Microscope 
(MCEM), Monash University. Samples for BSE imaging and EBSD were embedded in epoxy resin, polished, and then 
coated with a thin carbon film (2-4 nm). EBSD patterns were collected at 15 kV and 11 nA with the TSL OIM EBSD 
system. EBSD data was analysed using TSL-OIM 8 software and the Matlab MTEX toolbox. The Confidence 
Index (CI) was set to >0.15 to effectively remove low-quality data points. Crystallographic data for pyrite and 
marcasite were taken from the American Mineralogist Crystal Structure Database (AMCSD). 
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Transmission electron microscopy (TEM) 
 
The FIB cross-section samples were prepared at the CMCA facility at UWA. A dual-beam FIB-SEM system (FEI Helios 
NanoLab G3 CX) was used to prepare ultrathin TEM wafers from the resin-embedded polished thin sections coated 
with c. 20 nm of gold. Electron beam imaging within the dual-beam FIB was used to identify previously mapped 
microstructures of interest in the thin sections, allowing site-specific TEM samples to be prepared. The TEM sections 
were prepared by a series of steps involving different ion beam energies (2-30 kV) and currents (40 pA-21 nA) after 
initial thinning to c. 1 μm. The wafers were extracted using an in situ Tungsten micromanipulator and welded onto 
PELCO FIB-lift-out Cu TEM grids. Final thinning to c. 150 nm was done in situ on the grid using lower beam currents. 
High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) imaging and element 
mapping were carried out using a FEI Titan G2 80-200 TEM/STEM with ChemiSTEM Technology operating at 200 
kV. The element maps (S, Fe, and As) were obtained by energy-dispersive X-ray spectroscopy using the Super-X 
detector on the Titan with a probe size of ~1 nm and a probe current of ~0.9 nA. 
 
Inductively coupled-plasma optical emission spectroscopy (ICP-OES) 
 
A Thermo Scientific iCAPTM 7600 inductively coupled plasma optical emission spectrometer was used to determine As 
concentrations in the solutions after completion of the reactions. The chemical composition of the fluid during the 
reaction was completed by thermodynamic modelling. Calibration curves for standard solutions at concentrations 1, 5, 
20, 50, 100, and 200 ppm were obtained. The sample solutions were diluted to the concentration range of the calibration 
curves before ICP-OES analysis. 
 
X-ray absorption near-edge spectroscopy (XANES) 
 
Micro-XANES (X-ray absorption near-edge spectroscopy) combined with chemical mapping by micro-XRF (X-ray 
fluorescence) were used to characterise the chemical state of As in the arsenian pyrites. A micro-beam technique is 
required to prevent the analysis of As-rich mineral inclusions and assess the homogeneity of the As chemical state. The 
analyses were conducted at the X-ray fluorescence microscopy beamline (XFM; Howard et al., 2020) on polished pyrite 
grains embedded in epoxy resin, at the Australia Synchrotron, Melbourne, Australia. Details of the measurement 
procedure and data reduction can be found in Li et al. (2016) and Etschmann et al. (2014). The incident beam energy 
was set at 12.117 keV using a horizontal Si(111) monochromator with an energy resolution ΔE/E of ~2.8 × 10−4. This 
energy corresponds to the highest energy in the XANES stacks and provides optimum detection limits for As. The beam 
was focused to a ~2x2 µm2 spot size using Kirkpatrick-Baez mirrors. Full spectral fluorescence data (as opposed to only 
regions-of-interest) were collected using the Maia model D384 detector array, which has an energy resolution of 240 eV 
(Ryan et al., 2014). Samples were mapped in continuous mode using scanning speeds ranging from 0.5-1 mm/s for 
mapping, corresponding to dwell times of 0.75 to 1.5 ms/pixel. The full spectral data were analysed using GeoPIXE II 
(Ryan, et al., 1996, 2010), using the Dynamic Analysis method (DAM) (Ryan, 2000), which subtracts background, 
escape peaks and other detector artefacts. Standard foils (Pt, Mn, Fe) were used as external standards to constrain the 
quantification parameters (detector geometry and efficiency; ion chamber calibration to measure photon flux). Note that 
As concentrations are semi-quantitative only because As is located on the edge of the grains, and sample thickness 
varies; this affects the accuracy of the corrections for the absorption effect and the fluorescence excitation (performed 
assuming a fixed pyrite thickness of 50 µm).  
 
The chemical state of As was mapped using XANES imaging, as described in Etschmann et al. (2010, 2014). Grains 
for measurements were selected based on the overview maps of each sample. XANES stacks were measured by 
collecting µSXRF maps/lines at 82 irregularly spaced monochromator energies that spanned the As-K edge, with 0.5 eV 
steps across the edge. A separate Dynamic Analysis matrix was used for each beam energy when processing the stack 
to track the changing energy of the scatter peaks. The intensities of the As Kα peak, integrated over regions in the 
µSXRF map, were extracted and used to construct XANES spectra at each monochromator energy. X-ray excitation 
volume was 2 µm x 2 µm horizontal resolution.  
 
XANES maps were obtained on Pyrite-S (two grains, total 148 kpixel, with ~9,000 pixels/map As-rich) and Pyrite-SO 
(two grains, total 240 kpixel, including ~20,000 pixels/map As-rich) at pixel sizes of 2x2 and 1x1 µm2, respectively. In 
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each map, sample heterogeneity was investigated by extracting pixels with different ratios of emission intensities at 
energies near the white line maximum (Table S-4, e.g., Ram et al., 2019) and as a function of As concentrations. In the 
case of line scans, the reported standard deviation is that of the centroid of the white line in each pixel, determined by 
fitting a Gaussian around the peak maximum. 
 
 
Thermodynamic Modelling 
 
The thermodynamic calculations for the titration of different sulfur sources to precipitate pyrite were conducted using 
the HCh software package (Shvarov and Bastrakov, 1999), which uses a Gibbs free energy minimisation algorithm to 
calculate the equilibrium of mineral-fluid systems. Calculations at water densities above 0.35 g/cm3 and a P-T range of 
0-1000 ºC and 0-5000 bar are possible, in agreement with the limitations imposed by the HKF equation of state (EoS) 
used for aqueous species (Tanger and Helgeson, 1988; Johnson et al., 1992). The thermodynamic properties of aqueous 
species and minerals were collected from an updated version of the Unitherm database (Shvarov, 1999; Xing et al., 
2019a). In particular, the non-ideal solid solution model of As in pyrite and arsenopyrite, developed by Xing et al. 
(2019b), was used to accurately predict As incorporation into pyrite. We use the standard states for aqueous species, 
which is the hypothetical 1 molal at infinite dilution, i.e. 𝜸 = 𝟏 at infinite dilution at any given pressure and temperature. 
For minerals, the standard state is the pure stoichiometric phase. In the case of the FeS2-FeAs2 solid solution, we use 
Henry’s law standard state for the dilute component, i.e. 𝜸 (FeAs2) = 𝜸 (FeS2) = 1 in an As-poor arsenian pyrite. 
 
Figure 4 was calculated using HCh software based on the database as mentioned above. The initial composition of the 
titration system used in the model was based on the experimental setup of this study and is provided in Table S6. The 
Aliquot-Type model (Xing et al., 2018) was used to simulate the titration process by gradually increasing the amount 
of either Na2S2O3 or native sulfur (S) in the initial system (Table S-6). The calculation was performed at 200 ºC with 
vapour saturation pressure consistent with the experimental setup. The calculated data was processed in Matlab for 
visualisation. The calculated saturation index of pyrite, as presented in Figure S-10, was extracted from this modelling 
result as well. 
 
The activity-activity diagrams, as shown in Figure S-9, were calculated using the Geochemist’s Workbench. The 
database used for the calculation is based on the common thermodynamic data from the SUPCRT database for aqueous 
species and minerals (Johnson et al., 1992; Shock et al., 1997; Sverjensky et al., 1997), which is consistent with the 
thermodynamic data from the Unitherm database used in HCh. For both Figure S-9a and Figure S-9b, the calculation 
was performed at 200 ºC with a vapour saturation pressure. 
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Supplementary Tables 
 
Table S-1 EPMA single-point analyses of starting pyrite (n=20). 

Element Detection limit wt.% mean (range) 
S 0.005 53.89 (53.72–54.19) 
As 0.011 bdl 
Sb 0.009 bdl 
Fe 0.01 46.39 (46.19–46.67) 
Se 0.021 bdl 
Au 0.03 bdl 
Te 0.009 bdl 
Cu 0.007 0.02 (0.01–0.02) 
Pb 0.013 bdl 
Ni 0.006 0.05 (0.01–0.11) 
Co 0.003 bdl 
Ag 0.007 bdl 
Hg 0.015 bdl 
Zn 0.009 bdl 
Mn 0.006 bdl 
Total 100.35 

bdl: below the detection limit. 
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Table S-3 The results of EPMA and TEM-EDS analyses of the products. 
Pyrite-S Pyrite-SO 

 Fe 
(wt.%) 

S  
(wt.%) 

As 
(wt.%) 

Total 
(wt.%) 

Fe 
(wt.%) 

S  
(wt.%) 

As 
(wt.%) 

Total 
(wt.%) 

EPMA 
results 

45.16 53.04 bdl 98.19 45.16 53.04 bdl 98.19 
45.16 53.04 bdl 98.19 45.35 52.85 bdl 98.21 
45.35 52.85 bdl 98.21 45.35 52.79 bdl 98.14 
45.35 52.85 bdl 98.21 45.5 53.63 bdl 99.15 
45.35 52.79 bdl 98.14 45.24 53.7 bdl 98.96 
45.35 52.79 bdl 98.14 45.85 52.86 0.02 98.73 
47.88 50.68 bdl 98.57 45.85 52.86 0.02 98.73 
47.1 52.34 bdl 99.45 45.8 54.08 0.05 99.93 
45.5 53.63 bdl 99.15 45.73 52.88 0.08 98.62 
45.5 53.63 bdl 99.15 45.16 53.64 0.08 98.88 

45.24 53.7 bdl 98.96 45.16 53.64 0.08 98.88 
45.24 53.7 bdl 98.96 45.35 52.85 0.11 98.31 
45.85 52.86 0.02 98.73 45 52.36 0.13 97.49 
45.85 52.86 0.02 98.73 46 52.36 0.13 98.49 
45.85 52.86 0.02 98.73 44.73 53.25 0.14 98.12 
45.85 52.86 0.02 98.73 44.73 53.25 0.14 98.12 
46.39 53.04 0.02 99.45 44.69 54.01 0.15 98.86 
46.59 53.12 0.02 99.73 45.71 52.56 0.15 98.27 
46.53 53.13 0.02 99.68 44.49 53.75 0.17 98.41 
45.98 52.53 0.04 98.55 44.49 53.75 0.17 98.41 
45.8 54.08 0.05 99.93 45.83 53.06 0.18 98.99 
45.8 54.08 0.05 99.93 46.56 52.3 0.21 99.08 

47.47 50.66 0.06 98.19 44.77 54.33 0.21 99.31 
46.54 52.06 0.07 98.67 45.31 53.05 0.26 98.56 
45.28 52.11 0.07 97.47 44.23 53.46 0.28 97.97 
46.04 51.89 0.14 98.07 46.23 53.46 0.28 99.97 
46.15 53 0.2 99.15 46.38 52.86 0.32 99.54 
46.09 53.24 0.22 99.34 45.49 52.9 0.36 98.79 
46.35 53.23 0.23 99.81 45.95 52.13 0.37 98.45 
46.47 53.05 0.27 99.53 45.73 52.52 0.4 98.64 

46 52.55 0.28 98.55 46.03 51.21 0.41 97.84 
46.42 53.01 0.3 99.43 45.58 53.36 0.42 99.45 
48.05 51.16 0.31 99.52 45.11 53.11 0.52 98.74 
45.76 52.55 0.31 98.61 46.03 53.05 0.55 99.64 
46.28 53.03 0.56 99.32 44 53.61 0.56 98.17 
46.05 52.95 0.67 99.67 45.72 53.01 0.59 99.33 
46.19 52.87 0.72 99.78 45.99 52.86 0.61 99.44 
45.97 52.25 0.82 99.04 45.71 53.38 0.61 99.68 
48.13 49.95 1.07 99.15 45.92 52.46 0.69 99.08 
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Table S-3 continued. 
Pyrite-S Pyrite-SO 

 Fe 
(wt.%) 

S  
(wt.%) 

As 
(wt.%) 

Total 
(wt.%) 

Fe 
(wt.%) 

S  
(wt.%) 

As 
(wt.%) 

Total 
(wt.%) 

EPMA 
results 

44.94 51.75 1.11 97.8 46.31 52.87 0.71 99.89 
45.39 51.6 1.18 98.18 46.02 52.72 0.77 99.54 
45.54 51.81 1.28 98.63 46.08 52.94 0.8 99.82 
46.34 52.09 1.39 99.82 45.96 52.81 0.88 99.65 
46.33 52.17 1.39 99.9 46.05 52.8 0.91 99.85 
45.04 50.44 2.31 97.79 44.74 52.56 0.98 98.3 
45.86 50.36 2.38 98.6 44.61 52.85 1 98.46 
45.51 50.89 2.39 98.8 44.56 52.3 1.21 98.08 
45.14 50.74 3.03 98.91 

    

46.06 49.26 4.05 99.38 
    

45.22 50.43 4.18 99.83 
    

45.6 48.37 4.22 98.19 
    

45.36 48.15 5.05 98.56 
    

45.85 48.77 5.21 99.83 
    

45.48 48.38 5.27 99.13 
    

45.22 48.41 5.45 99.08 
    

45.79 47.93 5.86 99.57 
    

44.1 49.59 6.02 99.71         

TEM-
EDS 
Results 

46.5 48.3 5.2 100 46.5 53.4 0.2 100 
46 48.5 5.5 100 46.8 52.9 0.3 100 

46.3 48.2 5.5 100 46.7 52.9 0.4 100 
46 48.3 5.8 100 45.1 54.3 0.6 100 

47.3 52.7 0 100 45.3 54 0.7 100 
47.5 52.5 0 100 45.7 53.2 1.1 100 
47.7 52.2 0.1 100 44.6 54.1 1.3 100 
47.3 52.6 0.1 100 45.3 53.4 1.3 100 
46.8 48.6 4.6 100 45 53.6 1.4 100 
46.9 48.5 4.6 100 44 54.6 1.4 100 
46.5 48.8 4.7 100 45.6 53.1 1.4 100 
46.6 48.8 4.7 100 44.5 54.1 1.4 100 
47.9 51.3 0.8 100 45.3 53.2 1.5 100 

48 51.2 0.8 100 
   

 

48.2 50.9 0.9 100 
    

47.8 51.3 0.9 100 
    

47.6 52.4 0 100 
    

47.5 52.5 0 100 
    

47.2 52.8 0 100 
    

47.3 52.6 0 100         
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Table S-4 The mean position of white line (peak of the absorption edge) energies in eV for arsenical groups in created 
arsenian pyrites and selected reference materials. 

Sample White line Standard 
deviation Interpretation 

Number of 
measurements/types of XANES 
dataset 

Pyrite-S 11,869.80 0.06 [As2]2- for [S2]2- ~9,000 pixels/map 
Pyrite-SO 11,870.20 0.03 As2+/3+ for Fe2+ ~20,000 pixels/map 
As2O3 11,871.70 - As3+ Smith et al. (2005) 
AsS (realgar) 11,870.13  As2+ James-Smith et al. (2010) 
FeAsS (arsenopyrite) 11,869.17 - As2- James-Smith et al. (2010) 

 
 
 
 
Table S-5 The arsenic weight ratio between the newly formed As-pyrite and the fluid. 

As-Pyrite As in starting 
solution (ppm) 

As ratio1 
(solid/fluid) 

As ratio2 
(solid/fluid) 

As ratio3 
(solid/fluid) 

Pyrite-S 1069 11.63 14.87 110.93 
Pyrite-SO 1069 11.78 20.37 48.29 

1 The As weight of the solid is obtained from the EPMA results of all zones, while the As weight of the solution is 
acquired from ICP-OES results of the remaining solution after producing Zone-1. 
2 The As weight of the solid is obtained from the EPMA results of all zones, while the As weight of the solution is 
acquired from ICP-OES results of the remaining solution after producing Zone-3. 
3 The As weight of the solid is obtained from the TEM EDS results of Zone-1, while the As weight of the solution is 
acquired from ICP-OES results of the remaining solution after producing Zone-1. 
 
 
 
 
Table S-6 Initial composition of the system used to simulate the titration of Na2S2O3 and native sulfur. 

Component Amount 

H2O 1 kg 

As2O3 0.05 mol 

FeSO4 0.1 mol 
NaCl 0.5 mol 
NaHS 0.1 mol 
(NH4)2SO4 0.1 mol 

NaOH 0.06 mol 
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Supplementary Figures 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S-1 Concentration plot for As in newly-formed pyrite. EMPA and TEM EDS spot analysis data are 
included and displayed as boxplots separately (green and blue boxes correspond to the results of EPMA and TEM 
analyses, respectively). Data are plotted in parts per million (ppm) on a vertical logarithmic scale. In each boxplot, 
minimum, median, and maximum concentrations are marked, and the number of single-point analyses is shown at the 
top. 
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Figure S-2 (a) HAADF-TEM image of the oscillatory zoned As-pyrite formed on the pyrite seed. (b-d) EDS 
elemental mapping of As, S, and Fe, respectively. The rectangles and the values represent the areas of analysis and the 
concentration of the elements (in wt.%). Experimental conditions: 200 °C, anoxic conditions for 8 weeks, As2O3 as the 
source of As, and elemental S as the source of sulfur (see also Fig. S-11 for the As analyses in Zone-2). 
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Figure S-3 (a-b) HRTEM image of the contact between As-pyrite-S (Zone-1) and pyrite seed. FFT diffraction 
pattern in (b) documents a single crystal, i.e. epitaxial growth of pyrite-S. (c-d) Randomly oriented grains of As-
pyrite-SO and ring diffraction pattern with d-spacing of pyrite. Py: pyrite. 
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Figure S-4 EBSD analysis of the grain boundary between pyrite seed and the newly formed arsenian pyrite 
overlapped with BSE images (Experimental conditions: 200 °C, anoxic condition for 8 weeks, (a) native S and (b) 
Na2S2O3 as the source of sulfur). (a) Note the same orientation of pyrite seed and the alternate As-rich (brighter in 
BSE) and As-poor zoning of newly formed pyrite (pyrite-S); (b) note the random orientation of porous aggregates of 
As-pyrite (pyrite-SO). The colours correspond to different crystallite orientations concerning the surface normal, as 
indicated by the associated colour key. 
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Figure S-5 TEM images of As-pyrite and pyrite seed. (a) Low-magnification bright-field TEM images of the 
grain boundary between the pyrite seed and the newly formed As-pyrite. (b) High-resolution TEM image of the 
boundary between As-pyrite and pyrite seed associated with Fast Fourier Transform (FFT) diffraction pattern that 
indicates a single crystal of pyrite; FFT shows diffraction pattern with d-spacing of realgar. Note that the source of 
sulfur for figures is native S. Py - pyrite and Rl - realgar. 
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Figure S-6 Synchrotron-XRD patterns and Rietveld refinement analyses of arsenian pyrite after four consecutive 
experiments of growth on pyrite seeds (200 °C, anoxic conditions, 8 weeks), using (a) native S and (b) Na2S2O3 as the 
source of sulfur. Note: the insets (20.82º to 21.04º) show the (311) peak, including a broad peak (green) from 
nanocrystalline arsenian pyrite and a sharp peak (blue) from pyrite seed.  
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Figure S-7 (a) HAADF-STEM image of concentric aggregates of As-pyrite growth on a pyrite seed. (b-d) EDS 
elemental mapping of As, S, and Fe, respectively. Experimental conditions: 200 °C, under anoxic conditions for 8 
weeks, with As2O3 as the source of As and Na2S2O3 as the source of sulfur. The rectangles represent the areas of 
analysis, and the numbers indicate the concentration of the element (in wt.%). 
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Figure S-8 (a and e) HAADF-STEM image of concentric aggregates of As-pyrite growth on pyrite seed. (b-d 
and f-h) EDS elemental mapping of As, S, and Fe, respectively. Experimental conditions: 200 °C, anoxic conditions 
for 8 weeks, Na2S2O3 as the source of sulfur. The rectangles represent the areas of analysis, and the numbers indicate 
the concentration of the element (in wt.%).  
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Figure S-9 Arsenic (a) and sulfur (b) speciation as a function of the activity of H2(aq) and H2S(aq). The 
calculation of the activity diagrams was performed with the Geochemist’s Workbench. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S-10 Calculated saturation index (SI) of pyrite when titrating Na2S2O3 (a) or native S (b). (a) the SI 
increases with an increasing amount of total S; (b) the SI decreases with the increasing amount of S. 
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Figure S-11 Comparison of the partitioning coefficient (Dpy/fluid) values from this study with published values as a 
function of As concentration in the fluid (modified after Kusebauch et al., 2018). Note the decreasing trend of D 
values with increasing concentration of As in the fluid (blue arrow), which indicates the decrease of As uptake by 
pyrite with increasing As concentration. Values are calculated based on data in Table S-4. The intergrowth of pyrite 
with realgar has only a minute effect on the Dpy/fluid, Zone-1 with realgar vs. Zone-3 without. ‘B & F’ stands for 
Bostick and Fendorf (2003). 
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Figure S-12 Comparison of the concentration of As in pyrite as a function of As concentration in the starting fluid 
in this study with literature data (Filled symbols show TEM-EDS analyses; open symbols show EPMA analyses. 
Squares are the experiments with native sulfur; circles are the experiments with Na2S2O3. Black and grey filled 
squares represent Zone-1 and Zone-3a, respectively; the red filled circle shows analyses of As-rich zones in 
microparticulate pyrite. Note the increase in the As concentration in pyrite with increasing As concentration in the 
fluid up to ~100 ppm Asfluid. No increase has been observed (blue arrow) at 103 concentrations of As in the fluid, 
which suggests that the maximum solubility of As has been achieved. Modified after Kusebauch et al. (2018). ‘B & F’ 
stands for Bostick and Fendorf (2003). 
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Figure S-13 (a-b) EDS spectra of pyrite containing 0.1 wt.% of As and pyrite without a detectable amount of As in 
Zone-2, Pyrite-S (see Fig. S2 for the position of the analyses). Spectra normalised against the respective intensities of 
the S Kα peak (a).  
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