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ABSTRACT

Prolonged and episodic magmatic-hydrothermal processes have been proposed to be important in
forming large-tonnage Cu volcanogenic massive sulfide (VMS) deposits but are difficult to document
and remain poorly understood in ancient VMS systems. In this study, we combine textural evidence
and in situ analysis of sulfur isotopic composition with trace elements of pyrite from the well-preserved,
large-tonnage Ashele VMS deposit (Central Asian Orogenic Belt, NW China) to elucidate the origin of
the ore-forming materials and controlling factors of VMS deposits. The distribution of hydrothermal
alteration and mineralization allows the Ashele deposit to be divided into five zones: massive sulfide,
quartz-pyrite, chlorite-chalcopyrite-quartz-pyrite, quartz-chlorite-sericite-pyrite, and quartz-sericite-pyrite
zones. Cu mineralization is mainly hosed in the massive sulfide and chlorite-chalcopyrite-quartz-pyrite
zones. Three texturally and compositionally distinct types of pyrite from the Cu mineralization zones have
been recognized. The first type of growth zones with high Cu, As, and volatile elements (e.g., Hg and TI)
concentrations and negative 5>*S values (—7.83%o to —0.35%o) are observed in pyrite grains from the mas-
sive sulfide zone most likely formed from the input of magmatic volatiles degassed from the underlying
magmatic systems. The second type of Cu-As-rich growth zones in pyrite grains from the chlorite-
chalcopyrite-pyrite zone is not enriched in volatile elements and has positive 5S values (2.59-6.56%0),
which are interpreted to have precipitated during fluid boiling. The third type of growth zone, without
Cu-As enrichment but having positive 5>*S values (0.30-9.76%o) in pyrite grains from both mineralization
zones, was probably formed without boiling or magmatic volatile input. Our results suggest that
multi-stage magmatic degassing or fluid boiling accompanied by Cu precipitation recorded in individual
pyrite grains can reveal episodic magmatic-hydrothermal activity, which is an essential factor in forming

large-tonnage VMS deposits.

Keywords: Pyrite chemistry, in situ analysis, episodic magmatic activity, VMS deposit

INTRODUCTION

Volcanogenic massive sulfide (VMS) deposits, formed at
mid-ocean ridges, as well as intra-oceanic arc and back-arc basin
settings, supply significant Cu, Zn, Pb, Au, Ag, and other byprod-
uct metals (Large 1992; Franklin et al. 2005). Understanding the
processes that lead to the formation of these deposits is key to the
exploration and sustainable production of these important
resources. It is generally recognized that VMS deposits formed
through the leaching of metals from underlying volcanic host
rocks by heated seawater (i.e., the seawater model, Richardson
et al. 1987; Seyfried and Ding 1993; Franklin et al. 2005; Jowitt
etal. 2012; Patten et al. 2017). However, other studies argued that
magmatic fluids from the underlying magma chamber through
magmatic degassing could be the source of metals (i.e., the mag-
matic fluid model, Yang and Scott 1996; de Ronde et al. 2011;
Brueckner et al. 2014; Martin et al. 2020; Falkenberg et al.
2022). In addition, numerical simulations have indicated that
the formation of a large-tonnage, Cu-rich VMS deposits may
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require a long-lived hydrothermal system related to the underlying
magma chamber (e.g., >35 kyr at the Matsumine deposit; Cathles
1983; Barrie et al. 1999; Schardt and Large 2009). These simula-
tions are based on the assumption that the mineralization
processes of VMS are continuous. However, recent in situ
analyses of Sr isotope ratios and trace element contents of zoned
epidote in the alteration pipe of Cyprus VMS deposits indicated
that episodic fluxing of magmatic fluids was involved in the alter-
ation and mineralization processes of these VMS systems (Fox
et al. 2020). To advance our understanding of the controls on
the formation of VMS deposits, it is critical to further evaluate
the source of metals (i.e., seawater vs. magmatic fluids) and the
evolution of mineralizing fluids and associated magmatism
(i.e., episodic or continuous).

In addition to the presence of an ore-forming fluid, an effi-
cient trigger is required to precipitate ore minerals. For the sea-
water model, metal precipitation is likely controlled by changes
in fluid temperature and pH caused by mixing with seawater
(Franklin et al. 2005; Hannington 2014). While for the magmatic
fluid model, fluid boiling and magmatic degassing may have
resulted in abrupt physicochemical changes in the hydrothermal
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fluids and rapid metal precipitation (Tardani et al. 2017; Roman
etal. 2019; Falkenberg et al. 2021; Keith et al. 2022). Hence, it is
crucial to precisely determine the specific processes for metal
precipitation and their contributions to Cu mineralization during
continuous or episodic magmatic-hydrothermal activities in
VMS systems.

Pyrite is ubiquitous in VMS systems, can incorporate a wide
variety of trace elements, and possesses distinct isotopic finger-
prints. The trace-element compositions of pyrite are controlled
by the physicochemical conditions of the hydrothermal fluid,
making pyrite an excellent tracer mineral for fluid evolution dur-
ing mineralizing processes (Large et al. 2009; Reich et al. 2013;
Brueckner et al. 2016; Ishida et al. 2022; Zhang et al. 2022).
Similarly, in situ sulfur isotope analyses of pyrite in VMS depos-
its can be used to discriminate contributions from isotopically
distinct reservoirs of sulfur in hydrothermal fluids, such as sulfur
leached from oceanic crust (~0%o) (Ohmoto 1972), seawater
sulfate (4—33%o) (Brueckner et al. 2015), and SO, degassing
from shallow magma chambers (<0%o) (Herzig et al. 1998).
In this study, we made detailed documentation of pyrite textures
in the well-preserved, large-tonnage Ashele VMS deposit from
the Central Asian Orogenic Belt and performed in situ analyses
of sulfur isotopes and trace elements in pyrite, aiming to identify
multiple stages of mineralization/magmatism and shed new light
on the critical factors controlling mineralization in large-tonnage
VMS systems.

DEeposiT GEOLOGY

The Early-to-Middle Devonian Ashele deposit is the largest
known VMS Cu-Zn deposit in the Chinese Altay Orogen
(Fig. 1), containing significant Cu (1.08 Mt. at 2.46%), Zn
(0.43 Mt. at 0.41%), and Au (27.2 t at 0.36 g/t) (Zheng et al.
2016). Detailed geological descriptions of the Ashele Cu-Zn
deposit are available in Wan et al. (2010), Zheng et al.
(2016), Yang et al. (2018), and Xiao et al. (2024). Mineralization
and hydrothermal alteration are generally hosted by the first and
second sub-members of the second unit in the Ashele Formation.
The first sub-member comprises basalt, tuff, breccia tuff, rhyo-
lite, and limestone, while the second sub-member consists of
tuff, sedimentary tuff, breccia tuff, barite, and limestone (Zheng
et al. 2016). Hydrothermal alteration and mineralization zona-
tion at the Ashele deposit are well developed in the volcanic tuff
that makes up the hanging wall of the deposit (Fig. 2a).

The Ashele deposit can be divided into five zones (outwards
from the mineralization center), i.e., massive sulfide, quartz-
pyrite, chlorite-quartz-chalcopyrite-pyrite, quartz-chlorite-sericite-
pyrite, and quartz-sericite-pyrite zones (Fig. 2b) (Xiao et al.
2024), with most Cu mineralization in the massive sulfide and
chlorite-quartz-chalcopyrite-pyrite zones. The massive sulfide
zone is composed mainly of colloidal and euhedral pyrite, with
minor chalcopyrite, quartz, sphalerite, sericite, chlorite, barite,
and tourmaline (Fig. 2c¢). The chlorite-quartz-chalcopyrite-
pyrite zone is characterized by intense chlorite alteration with
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Ficure 1. Simplified regional geological map of the Altay Mountains, Xinjiang (after Yang et al. 2018), showing the location of the Ashele VMS
deposit. (Color online.)
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disseminated chalcopyrite (Fig. 2d) overprinting earlier quartz
and pyrite, which represents a stringer-zone orebody in the
Ashele VMS deposit (Xiao et al. 2024).

SAMPLING AND ANALYTICAL METHODS

In this study, a total of 10 representative samples, 5 from the massive sulfide
zone and 5 from the chlorite-quartz-chalcopyrite-pyrite zone, were investigated.
Polished thin sections of these samples were first examined using transmitted
and reflected light microscopy and then backscattered electron (BSE) imaging
to characterize textural relationships. Representative samples were then analyzed
in situ by secondary ion mass spectrometry (SIMS) and laser-ablation inductively
coupled plasma-mass spectrometry (LA-ICP-MS) to determine trace-element and
sulfur isotope compositional characteristics. The locations of samples investigated
in this study are listed in the Online Materials' Appendix L.

Prior to the BSE imaging, selected polished thin sections were etched by
sodium hypochlorite NaOCl (~5%; 15 s) and then photographed under a
reflected-light microscope to reveal microstructures such as zoning, microfrac-
tures, and grain boundaries. The etching of pyrite also enabled the selection of
areas free of mineral inclusions and microfractures for SIMS and LA-ICP-MS
analysis. The BSE imaging was carried out on polished thin sections using a
TESCAN MIRA3 field-emission scanning electron microprobe (FE-SEM) at
the Testing Center, Tuoyan Analytical Technology Co. Ltd. (Guangzhou, China).
After the samples were carbon-coated, SEM images were acquired at an accelera-
tion voltage of 20 kV and a beam current of 15 nA.

The SIMS analysis of pyrite was conducted using a Cameca IMS1280-HR at
the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. The fol-
lowing conditions were used for the measurements of all standards and samples: 20
keV total impact energy, ~2.0 nA beam current, and 10 pm beam diameter. Prior to
SIMS analysis, 20 s of pre-sputtering was applied to remove the Au coating, and a
normal-incidence electron gun was used for charge compensation. Isotopes 32,
S, and **S were measured simultancously by the Cameca IMS 1280-HR
multi-collection system and the total analysis time for each spot was about
4 min. The primary standard used was PPP-1 (Gilbert et al. 2014) for pyrite
and the in-house sample Py-1 (Maier et al. 2016; Molnar et al. 2016) was used
as the secondary pyrite standard. Correction factors of the instrumental bias of

534S for pyrite measurements were determined using 5>*Sp, values of bracketing
analyses of Py-1 (634S=—0.6%o VCDT) as follows: aspvs (pyrite) =[1 + 5%
Sraw(Py-1)/1000]/1.01604. The average 5°S value that we obtained on the
standard Py-1 [-0.6+0.1%0 (20); n=10] is consistent with the recommended
value [—0.6 £ 0.6%o (26)] (Maier et al. 2016; Molnar et al. 2016). More details
can be found in Li et al. (2020). The S isotope data are listed in Online Materials'
Appendix II, and the corresponding BSE images of the samples for SIMS analysis
are given in Online Materials' Appendixes IIT and IV.

Mapping of trace elements in pyrite was made using a NWR 193 nm ArF Exci-
mer laser ablation (LA) system coupled to an iCAP RQ inductively coupled
plasma-mass spectrometer (ICP-MS) at the Guangzhou Tuoyan Microregion
Testing Center, Guangzhou, China. The ICP-MS was tuned using the NIST 610
standard glass to yield low oxide production rates. A 0.7 L/min He carrier gas was
fed into the cup, and the aerosol was subsequently mixed with 0.89 L/min
Ar make-up gas. Samples were ablated with an 8 pm diameter circular ablation
area, a repetition rate of 10 Hz, and a laser fluence of 3.5 J/em?. The laser scan
speed was 10 pm/s. The raw isotope data were reduced using the “TRACE ELE-
MENTS” data reduction scheme (DRS). The DRS runs within the freeware
IOLITE package of Paton et al. (2011). In IOLITE, user-defined time intervals
are established for the baseline correction procedure to calculate session-wide
baseline-corrected values for each isotope. Two silicate standards (NIST 610
and GSE-2G) and one sulfide standard (MASS-1) were analyzed after 5 to 8
unknown sample analyses. All the isotopes were quantified using TFe
(Fe =46.6%) as an internal standard. The LA-ICP-MS plot data are listed in Online
Materials' Appendix V and LA-ICP-MS mapping images in Online Materials'
Appendixes VI and VII.

REsuLTS
Multiple generations of pyrite
Based on petrographic observations, NaOCl etching, BSE
imaging, and LA-ICP-MS mapping analyses, complicated
zones were recognized in pyrite from the Ashele deposit (Online
Materials' Appendixes III and IV). For example, pyrite from the
massive sulfide zone consists of five growth zones (Fig. 3;
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FiGure 3. (a) Backscat-
tered electron image with
SIMS analytical spots, (b—e)
LA-ICP-MS element maps,
SIMS &**S values (f) and Cu
contents (g) of pyrite from the
massive sulfide zone, and (h)
the five-stage growth history
inferred from petrographic
observations of representative
pyrite grains from the massive
sulfide zone of the Ashele
VMS deposit. The transect of
Cu concentrations is extracted
from the LA-ICP-MS map

data. (Color online.)
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Online Materials' Appendix IIIa): an inclusion-free core Py1-1,
a porous and inclusion-rich Py1-2, a second inclusion-free zone
Py1-3, an oscillatory-zoned overgrowth Pyl-4, and an outer
xenomorphic zone Pyl-5. Pyrite from the chlorite-quartz-
chalcopyrite-pyrite zone also shows five growth zones (Fig. 4;
Online Materials! Appendix IVa): a porous and inclusion-rich
core Py2-1, porous and inclusion-free zones Py2-2 and Py2-4,
and porous zones Py2-3 and Py2-5.

Sulfur isotopes

Figure 5 shows the in situ sulfur isotope compositions of pyrite
in the Ashele deposit. Compared with chalcopyrite (0.01-4.15%o
634S) (Xiao et al. 2024) and sphalerite (0.40—0.90%o 6348) (Yang
etal. 2018), pyrite in the Ashele deposit has larger 534S variations
(—7.83-9.76%0). Combined with our previous S isotope study
(Xiao et al. 2024), pyrite grains in the -chlorite-quartz-
chalcopyrite-pyrite zone have 8>*S values ranging from 1.25 to
9.76%o with an average of 5.18 £ 0.77%o (1o and n=17). Pyrite
grains in the massive sulfide zone have a larger range of 534S
values ranging from —7.83 to 5.87%o with an average value of
1.924+0.79%o (1o and n=55).

LA-ICP-MS trace-element spot and mapping analyses

A total of 43 LA-ICP-MS spots and two trace-element
mapping analyses were conducted in this study for all pyrite
generations identified in the mineralization zones of the Ashele
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deposit. Combined with chemical etching and BSE images,
LA-ICP-MS spot and mapping analyses indicate that the zonal
textures of pyrite are mainly expressed by variable As and Cu
contents. Zones Pyl-1, Pyl-3, and Pyl-5 from the massive
sulfide zone have very low trace element concentrations with
positive 8°*S values, whereas Py1-2 and Pyl-4 are enriched
in Cu, As, Mn, Zn, Se, Mo, Ag, Sb, Te, Hg, Tl, and Pb with
negative 8°*S values (Fig. 3). Although pyrite from the
chlorite-quartz-chalcopyrite-pyrite zone displays multiple
textures, its texturally distinct zones all have positive 5%4S
values. Specifically, the porous Py2-1, Py2-3, and Py2-5 have
elevated concentrations of Cu, As, Co, Pb, Mn, Bi, Zn, Te,
Se, Ag, Te, and In but are poor in Sb, Hg and Tl (Fig. 4).
Chalcopyrite is developed around As-Cu enriched growth zones
in pyrite grains from both the massive sulfide and chlorite-
quartz-chalcopyrite-pyrite zones (Figs. 3 and 4).

DiscussioN
Source of mineralizing fluids

The overall sulfur isotope composition of pyrite at Ashele
ranges from —7.83 to 9.76%o (Fig. 5), with the largest intra-grain
variation from —7.83 to 4.36%o (Online Materials' Appendix III),
suggesting that the source of sulfur must have varied significantly
as the pyrite crystals grew. The positive values of sulfur isotope
(1.65-6.56%o, avg. 4.45%0, n = 69) found in pyrite growth zones
from the massive sulfide and chlorite-quartz-chalcopyrite-pyrite
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FiGURE 4. (a) Backscattered electron image with SIMS analytical spots, (b—e) LA-ICP-MS element maps, SIMS 8>*S values (f) and Cu contents (g),
and (h) the five-stage growth history inferred from petrographic observations of a representative pyrite grain from the chlorite-quartz-chalcopyrite-pyrite
zone of the Ashele VMS deposit. The transect of Cu concentrations is extracted from the LA-ICP-MS map data. (Color online.)

zones suggest that sulfur in these growth zones is mainly derived
from leaching of volcanic rocks (~0%o) (Ohmoto 1972) and ther-
mochemical sulfate reduction (TSR) of Devonian seawater
(18.5%0) (Holser 1977). However, these processes cannot account
for the negative 5°*S values (=7.83%o to —0.50%o, n= 11, avg.
—4.30%o) of pyrite growth zones from the massive sulfide zone.
The absence of any framboidal pyrite and high formation tem-
peratures [>200 °C, according to fluid inclusion analyses of Yang
et al. (2018)] also exclude the involvement of low-temperature
(generally <100 °C) seawater sulfates via bacterial sulfate reduc-
tion (BSR) (Nozaki et al. 2020). In addition, these pyrite growth
zones with negative 534S values have high Se/S x 10 ratios
(>500), also indicating magmatic volatile influxes (Martin et al.
2020). Therefore, we suggest that the negative 8°*S values in
pyrite from the massive sulfide zone most likely recorded degas-
sing of an underlying magma body where disproportionation of
magmatic volatile-derived SO, produced 34S_enriched H,SO4
and 3*S-depleted H,S (Herzig et al. 1998).

Episodic Cu mineralization recorded by zoned pyrite

The input of magmatic volatiles can lead to a significant
increase of the Cu, As, Te, Se, Sb, Pb, T, and Hg concentrations
in hydrothermal fluids (Layton-Matthews et al. 2013; Wohlge-
muth-Ueberwasser et al. 2015; Berkenbosch et al. 2019). The cor-
relation between negative 534S values and trace-clement
abundances (Cu, As, Te, Se, Sb, Pb, T1, and Hg; Online Materials'
Appendix VI) in certain growth zones of pyrite indicate that

magmatic volatiles (Hg and T1) could play an important role in
mineralization in the massive sulfide zone, which is consistent
with high *He/*He ratios (0.14 to 0.26 R/Ra) of fluid inclusions
in pyrite (Yang et al. 2018). It is important to note that a single
pyrite grain, only a few hundred micrometers in diameter, in
the massive sulfide zone records at least two pulses of magmatic
volatiles (Fig. 3), indicating that multiple magmatic volatile influ-
xes occurred as episodic releases into the overlying hydrothermal
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Ficure 5. Histogram of 58 values in pyrite from the massive
sulfide and chlorite-quartz-chalcopyrite-pyrite zones of the Ashele
VMS deposit.
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system. Episodic releases of metalliferous magmatic fluids have
been well documented in several types of magmatic-hydrothermal
systems, including porphyry, skarn, and vein-type Sn-W deposits,
and have been suggested to be critically important for metal
enrichment (Li et al. 2017, 2018, 2022a, 2022b). We suggest that
episodic inputs of magmatic volatiles are also critical for accumu-
lating metals at Ashele. In addition to Cu, As, Te, Se, Sb, Pb, Tl,
and Hg, the episodic inputs of magmatic volatiles also cause sig-
nificant increases in Mn, Zn, and Mo concentrations (Online
Materials' Appendix VI).

Differing from the scenario in the massive sulfide zone, the
positive 84S values of growth zones in pyrite from the chlorite-
quartz-chalcopyrite-pyrite zones with abnormally high Cu and
As contents cannot be explained by the input of magmatic vola-
tiles alone. These growth zones display porous textures with low
contents of volatile elements (Hg and T1), indicating rapid crys-
tallization during vigorous boiling, an efficient process for the
precipitation of Cu from hydrothermal fluids due to the destabi-
lization of Cu complexes (Roman et al. 2019). Previous studies
suggested that hydrothermal fluid boiling in low-pressure envir-
onments would result in the separation of liquid and vapor
phases (Roman et al. 2019; Falkenberg et al. 2022). Pyrite
formed under such conditions of fluid boiling is usually charac-
terized by porous textures with abundant mineral inclusions
(Online Materials' Appendix IVa), relatively high As, Cu, Pb,
and Ag but low Hg, T1, and Ni concentrations (Online Materials'
Appendix V) (Roman et al. 2019). In addition, fluid inclusion
analyses of Yang et al. (2018) also provided compelling evi-
dence for fluid boiling that had taken place in the chlorite-
quartz-chalcopyrite-pyrite zone. It is also important to note that
at least three fluid boiling events were recorded in a single pyrite
grain from the chlorite-quartz-chalcopyrite-pyrite zone (Fig. 4;
Online Materials' Appendix IV), suggesting that fluid boiling
may have played a crucial role in the formation of the
stringer-zone orebody in the Ashele deposit. In addition, similar
534S values from Cu-rich and Cu-poor pyrite growth zones in the
chlorite-quartz-chalcopyrite-pyrite  zone (Online Materials'
Appendix IVa) argue for insignificant S isotopic fractionation
between the liquid and vapor phases during fluid boiling.

Controls of sub-seafloor Cu mineralization

The abnormally high Cu concentrations of certain growth
zones in pyrite from the Ashele deposit (>1 wt%; Figs. 3 and
4) indicate that this mineral may have acted as an important
Cu scavenger in VMS deposits, similar to that documented in
porphyry-epithermal hydrothermal deposits (Pacevski et al.
2008; Deditius et al. 2009; Reich et al. 2013). The alternating
occurrences of Cu-rich and Cu-poor growth zones within single
pyrite grains in both the massive sulfide and chlorite-sulfide
zones suggest that Cu mineralization at the Ashele VMS deposit
was not a continuous process but rather episodic. Such abrupt
and rhythmic changes in the composition of the pyrite-forming
fluids are likely related to changes in physicochemical condi-
tions due to multi-stage fluid boiling and episodic inputs of mag-
matic volatiles. This complex evolution of fluids in the Ashele
VMS deposit was probably related to pulses of magmatic activ-
ity from the underlying magma chamber in a similar fashion to
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those observed in porphyry, skarn, and vein-type Sn-W deposits
(Li et al. 2017, 2018, 2022a, 2022b).

These results suggest that the Ashele VMS deposit formed in
a magmatic-hydrothermal system characterized by at least two
pulses of magmatic fluids, which provided both the heat sources
and ore-forming materials. In addition, fluid boiling and input of
magmatic volatiles operated in different zones of the Ashele
deposit that might be related to the different locations of the mas-
sive sulfide and chlorite-quartz-chalcopyrite-pyrite zones. The
massive sulfide zone is usually situated at the top of VMS depos-
its, where volatiles can easily reach. In contrast, the chlorite-
quartz-chalcopyrite-pyrite zone is located in the lower and outer
parts of VMS deposits where magmatic fluids could mix with
seawater and cause boiling (Fig. 6). In summary, in situ SIMS
sulfur isotopic analysis and LA-ICP-MS element mapping of
texturally distinct pyrite indicates multi-stage fluid boiling
and episodic inputs of magmatic volatiles occurred in the Ashele
VMS deposit. Moreover, our results suggest that such episodic
magmatic activities from the underlying magmatic systems
(Fig. 6) could be the essential prerequisite to forming large-
tonnage VMS deposits.

IMPLICATIONS

Previous studies of modern VMS systems have suggested
that magmatic fluids from the underlying magma chamber
contribute ore-forming metals to VMS-hydrothermal systems
(Yang and Scott 1996; de Ronde et al. 2011; Brueckner et al.
2014; Martin et al. 2020; Falkenberg et al. 2022). However,
the question of whether magmatic fluids play an important role
in the mineralization processes of ancient VMS deposits remains
unclear because they have often been variably overprinted by
later tectonic and deformation events. Our detailed documenta-
tion of pyrite textures combined with systematic in situ SIMS
sulfur isotope analyses and LA-ICP-MS elemental mapping
of zoned pyrite grains, provide significant new insights into
the source and evolution of the ore-forming fluids in the Early
to Middle Devonian Ashele VMS deposit. Highly variable 534S
values and elemental compositions of pyrite grains at the intra-
grain scale reveal multi-stage fluid boiling or episodic inputs of
magmatic volatiles, which resulted in abnormally high Cu-As
contents in pyrite. The occurrence of alternating Cu-rich and
Cu-poor growth zones in pyrite suggests that Cu mineralization
of the Ashele VMS deposit is episodic rather than continuous.
This study shows that integrating detailed textural observations
with in situ sulfur isotopic and trace-element analyses of pyrite
can be used to document and distinguish fluid boiling and epi-
sodic inputs of magmatic volatiles, which may be important
processes to form large-tonnage VMS deposits. It is also inter-
esting to note that we documented distinct textural patterns and
contrasting trace-element compositions and sulfur isotopic sig-
natures in pyrite between the massive sulfide zone and chlorite-
quartz-chalcopyrite-pyrite zones in the Ashele deposit. These
differences are interpreted to record different processes operat-
ing in different parts of VMS systems. Therefore, a comprehen-
sive understanding of mineralization processes in VMS deposits
requires a systematic study of pyrite from all parts of individual
deposits.
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boiling and episodic inputs of magmatic
volatiles is provided by in situ SIMS
sulfur isotopes and elemental mapping
of texturally distinct pyrite. (Color
Fluid boiling online.)
vapour: Hg, Tl
liquid:Cu, As
5%'S > 0%o

Magmatic degassing
S0,, H,S

Cu, As, Hg, TI,
%S < 0%o

Qz-Chl-Ser-Py zone

Magma chamber

Finally, Fox et al. (2020) also investigated zoned epidote in an
alteration pipe of the Troodos ophiolite to track magmatic fluids
and used it to show episodic fluxing of magmatic fluids in oceanic
hydrothermal systems. Hypothetically, all ore- and rock-forming
minerals such as quartz (e.g., Gotze et al. 2021) in VMS deposits
are potential tracers for deciphering mineralization processes and
related magmatic-hydrothermal activities. In practice, many
minerals of low abundance and/or narrow stability fields often
have restricted occurrences and limited paragenesis in VMS sys-
tems, thus making them less useful as tracers. For example, BSE
imaging combined with in situ SIMS analyses of chalcopyrite and
sphalerite (Yang et al. 2018; Xiao et al. 2024), including those
after NaOCl etching, showed that these two minerals in the Ashele
deposit are texturally and compositionally uniform within individ-
ual grains and have limited variations in general, thus representing
poor tracers of the complex, episodic magmatic-hydrothermal
activities. Two obvious advantages of pyrite over most other
minerals are: (1) its ubiquitous occurrence, local high abundances,
and close spatial-temporal associations with mineralization in
VMS deposits and (2) its complex, pronounced, and robust tex-
tural and chemical variations that are readily documented by mod-
e analytical techniques. Therefore, the linkage between textural
and geochemical features of zoned pyrite established in the
Ashele deposit and ore-forming processes (such as fluid boiling
and magmatic volatile influx) can be applied to reveal minerali-
zation processes in ancient VMS deposits worldwide and may
also constitute a significant exploration guide for VMS ores.
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