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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 As'") and As-free
pyrite overgrowths formed when native S was used as the sulfur source. In contrast, a
sodium thiosulfate source produced randomly oriented aggregates of concentrically

zoned microparticulate (~1 pm) As-bearing pyrite (<1.5 wt. % of As?™3%), failing

to record the changes of fluid composition. We demonstrate that by controlling H,S ) 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; Roman 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 As!~
(Simon et al., 1999; Manceau et al., 2020) or As?+3+ (Deditius
et al., 2008; Qian ef 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 (Roman et al., 2019); the kinetics
of crystal growth (Kusebauch et al., 2018; Wu et al., 2019); the
type of As source (Qian ef al, 2013); and surface chemistry
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(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 (Na,S,03-5H,0), 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~, SO,4>7) and reduced S species
(HS™, HyS(ag)) 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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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.

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 Na,S,05-5H,0,
spongy aggregates (5-50 pm) 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 um 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
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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 A) (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
NayS5,05-5H,0 experiments (Fig. S-6b). It comprises concentri-
cally zoned particles, randomly oriented and assembled into
aggregates (Figs. 2f,g, S-3¢,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 As'~ for S; i.e. As substitutes as [As,]?~
for the [S,]%>~ 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
As?>*3+ substitution for Fe?* (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 NayS,03). 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:

4S() + 4H,O = 2H* + 3H,S ,q) + SO}~ (3:1bisulfidetosulfate)
Eq.1

$,03" + H,O = HyS,q) + SO}~ (1:1bisulfide to sulfate)
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
in H,S 5)-rich, reduced (aHo gy > 107) fluids (Fig. S-9a). In our
experiments, H,S,q) 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 Na,S,03-5H,0 experiments; but
decreases gradually towards ~6 in the S experiments (Fig. S-10).
The predicted pH (neutral pH is 5.64 at 200 °C, Pg,,) is slightly
acidic (4.5-5) in the NaS,03-5H,0 experiments (Fig. 4c), and
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S source: native S

Pyrite seed 100 nm
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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.

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).

I 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
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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/100 mL) is far less soluble than
Na,S,03-5H,0 (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 NayS,03-5H,0, 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—, 2f,g,
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Figure 3 (a) Chemical composition of pyrite plotted in the As-Fe-S ternary. Filled symbols indicate the TEM-EDS analyses of Zones-1to Zone-
4 (Z-1 to Z-4). The coloured arrows indicate the trends associated with the substitution of (i) As for S (red), and (ii) Me?" for Fe (yellow).
Red cross; starting pyrite. (b) XANES spectra obtained on grains in (c). (c) XFM maps showing the distribution of As in Pyrite-S (two grains,
total 148 kpixel, with ~9000 As-rich) and Pyrite-SO (two grains, total 240 kpixel, including ~20,000 As-rich).

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
As!™ in pyrite-S (Fig. 3b). Hence, the formation of pyrite-S from
dissolved Fe, As and S under acidic conditions is described by:

Fe?* + xAs(OH)3(q) + (2 = ¥)H,S(oq) = FeSy_ Asy)
+ (3)H,0 + (1 = 2.5x)Hy(,q) + 2H Eq. 3

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

log([FeAs,]/[As(OH)3(,q)])
~1/x{2log K3 + (5x — 2)logaH,,q + 4pH +2log aFe**
+xloga(As(OH)3,q) + (4 — 2x)logaH,S(q)} 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 As'~ substitution
for S in pyrite, requiring a reduction of As®>* to As!~. 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 Hp(g) during the reaction.
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In contrast, cationic As?t3t substitutes for Fe?* in
pyrite-SO. Assuming As**:

(1 - x)FeQJr + XAS(OH)3<aq> + 2st(aq) = (Fel_XASX)SQ<S)
+ (3x)H,0 + (1 = x/2)Hy(oq) + (2 — 20)H* Eq.5
The stability constant K5 for Equation 5 is:

log([AsS,]/[As(OH)3(,q))) & 1/x {logKs5 + (x/2 — 1)log aHy ()
+(2 = 2x)pH + (1 —x)logaFe*" + 2log aH,S(.q)}  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 S,03
(<~0.15 mole Sty 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 H,S,q), facilitating the incorporation
of As**3*. However, incorporation of As**** 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 (Alog aHyq) < 1; Fig. 4c,d). The incorporation
of As?t/3+ 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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trations and partitioning coefficients between pyrite and fluid; D”jj/ﬂuid is the partitioning coefficient in ppm and is plotted on the left axis.

Mineral abbreviations: py, pyrite; Hm, hematite; Rlg, realgar.

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-hosted massive 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;
Roman 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 SO, (Reeves
et al., 2011; Peterson and Mavrogenes, 2014). The epitaxial
growth of As-bearing pyrite-S resembles the structure of As
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pyrite in porphyry and epithermal 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 (Roman et al.,
2019). Importantly, the textural changes and porosity (Figs. 1,
S-1) from As-rich to As-poor may be the only evidence of chang-
ing conditions during continuous growth of pyrite without dis-
turbing the S isotopic signature (McLeish ef 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 ef al., 2011; Holley et al., 2024), or
those in hydrothermal pyrite precipitated under far from equilib-
rium conditions of hydrothermal vents during the mixing of the hot
fluids with seawater with decreasing H,S(,q 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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resemble the internally heterogeneous nanoscale concentric As
zonation of pyrite from Carlin-type gold deposits, stemming from
the partial replacement of pre-existing As-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 As'~, while fast
nucleation of spherical, randomly oriented pyrite sequesters cat-
ionic As?*"**. 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 (Egs. 3-6; Figs. 1, 2 and 4).

In addition, the ppm-based As partitioning coefficient,
Dg‘; Jiuia (= [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 trend with increasing As 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 ef 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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