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ARTICLE INFO ABSTRACT
Keywords: The SYG (Sichuan-Yunnan-Guizhou) area is one of the most economically significant Mississippi Valley Type
Pyrite (MVT) ore provinces, providing approximately 27 % of the Pb-Zn resources in China. The Pb-Zn deposits in this

Elemental composition
Sulfur isotope

Maoping Pb-Zn deposit
MVT deposit

region are renowned for their high grade, and the Maoping deposit with 20.3 % Pb-Zn grade is one prime
example. However, the mechanism of such high-grade mineralization remains unclear, and pyrite may record
valuable ore-forming information before and during Pb-Zn mineralization. Based on field geology and petrog-
raphy, three hydrothermal stages were identified in the Maoping deposit: dolomite-pyrite vein (stage I), dolo-
mite-sphalerite-galena vein (stage II), and calcite vein (stage III). Three types of pyrite are recognized: Pyl and
Py2 occur in stage I, and Py3 is closely associated with sphalerite and galena in stage II. Py1 exhibits the highest
concentrations of S, Pb, Sb, Cu, Co, Ni, V, Ag, Mn, Se, and Mo, and Py3 shows the highest Fe and As contents but
the lowest levels of S, Pb, Sb, Cr, Ti, Co, Ni, Mn, and Mo. The element composition of Py2 shows transitional
characteristics between those of Pyl and Py3. The Co and Ni contents gradually decrease from Py1 through Py2
to Py3, while their ratios remain within the range of 0.1-1.0. Compared with Py1 and Py2, Py3 exhibits suddenly
elevated As levels and apparent acicular structures, indicating that a rapidly precipitating environment was likely
triggered by an abrupt temperature decrease. Pyl exhibits 5>*S values of 19.7-21.5 %o, followed by Py2 between
18.6 and 21.1 %o; both indicate that the sulfur was sourced from sulfates by thermochemical sulfate reduction
(TSR). In contrast, Py3 exhibits lower §°*S values ranging from 7.5 to 11.0 %o, potentially attributed to bacterial
sulfate reduction (BSR). The differences in mineral structure, element composition, and sulfur isotopes among
the three pyrite types indicate the involvement of two distinct fluids: metal-bearing basin brine and fluid con-
taining reduced sulfur. The former was derived from basin brine that extracted ore metals (Pb?* and Zn?*) from
host sedimentary piles. The latter originated from carbonate strata in the Maoping area containing reduced sulfur
formed by BSR. We propose that the ore-bearing basin brine reacted with organic matter in the wallrock through
TSR to generate Pyl and Py2 in stage I and then mixed with the positioned fluid containing reduced sulfur via
BSR to precipitate Py3, sphalerite, and galena in stage II. Hence, fluid mixing is the primary ore-forming
mechanism and effectively accounts for the high-grade Pb-Zn ores in the Maoping deposit.

1. Introduction magmatic-hydrothermal systems (e.g., Reddy and Hough, 2013; Large
et al., 2014; Large et al., 2019; Mukherjee and Large, 2020; Steadman

The presence of pyrite, a highly abundant metal sulfide in Earth’s etal., 2021). Pyrite serves as a primary paragenetic mineral in numerous
crustal rocks, offers valuable insights into ancient geological phenomena hydrothermal ore deposits, providing significant insight into fluid con-
and features such as tectonic movements, global atmospheric oxygena- ditions and mineralization processes through abundant trace element
tion and reduction processes, as well as volcanic activity and signatures (Large et al., 2007; Deditius et al., 2011; Genna and Gaboury,
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2015; Chinnasamy et al., 2021). Many studies have focused on pyrite
from various sediment-hosted gold deposits, orogenic deposits and
Carlin-style deposits, due to its role as the uppermost gold-bearing
mineral (e.g., Large et al., 2009, 2011; Thomas et al., 2011; Makoundi
et al., 2014; Agangi et al., 2015; Jiang et al., 2023). Furthermore, pyrite
is commonly studied in Pb-Zn deposits (SEDEX and MVT). For instance,
(1) trace elements are utilized to ascertain the origin and composition of
ore-forming fluids, as well as the genesis of ores (Gadd et al., 2016;
Wang et al.,, 2018; Song et al., 2019), and (2) sulfur isotopes are
employed to trace the source of ore-forming materials and speculate on
the ore-forming mechanism (Li et al., 2019a; Zhang et al., 2022).
Consequently, despite not being an ore mineral, pyrite still allows for the
elucidation of the ore-forming process in Pb-Zn deposits.

The Maoping deposit is one of the largest Pb-Zn deposits within the
SYG area, and abundant pyrite types are associated with Pb-Zn miner-
alization. Several important conclusions regarding the Maoping Pb-Zn
deposit have been widely acknowledged: (1) it was deposited during the
Late Triassic through Rb-Sr and Sm-Nd isotope dating (Yang et al., 2019
and references therein); (2) its ore-forming materials originated from a
combination of underlying basement rocks and overlying marine car-
bonate rocks (Tan et al., 2019; Xiang et al., 2020); (3) the reduction of
marine sulfate supplied reduced sulfur for Pb-Zn mineralization (Kong
etal., 2018; Wu et al., 2021); and (4) germanium is mostly found in the
sphalerite crystal lattice (Belissont et al., 2016; Cugerone et al., 2020;
Chen et al.,, 2021). However, several issues still require resolution,
including (1) the mineralization mechanism—the sulfate reduction or
fluid mixing model (Yang et al., 2019; Xiang et al., 2020; Wu et al.,
2021), (2) the source of reduced sulfur for Pb-Zn mineralization—TSR
or BSR (Tan et al., 2019), and (3) the origin for high-grade ore deposi-
tion (averaging 20.3 %, higher than most MVT deposits worldwide:
3-10 %; Leach et al., 2010). The extensive research on trace elements
and isotopes in sphalerite and galena cannot accurately reflect pre-ore
information, thereby constraining the ore-forming mechanism in the
Maoping deposit (Xiang et al., 2020; Wu et al., 2021; Xu et al., 2020).
Hence, we conducted comprehensive in situ analyses of element com-
positions and sulfur isotopes for different pyrite types within the
Maoping Pb-Zn deposit to further explore the intricate ore-forming
processes responsible for high Pb-Zn grades. Given that the Maoping
deposit serves as a typical example, the findings in this study can be
extrapolated and applied to Pb-Zn deposits across the entire SYG area.

2. Regional geology

The Yangtze Block is regarded as one of the most ancient cratons in
China and was involved in the Paleoproterozoic Columbia and Neo-
proterozoic Rodinia supercontinents (Fig. 1A; Zheng et al.,, 2013;
Cawood et al., 2013, 2018). The Yangtze Block comprises an Archean to
early Neoproterozoic metamorphic basement, which is overlain by
sedimentary cover and surrounded by numerous magmatic intrusions
from the Neoproterozoic to the Mesozoic (Fig. 1B; Zhang and Zheng,
2013; Zhang et al., 2020; Tang et al., 2021). The northern Yangtze Block
is predominantly underlain by the Archean crystalline basement (e.g.,
Kongling and Douling complex), while the western margin is primarily
characterized by the Meso— to Neoproterozoic folded basement (e.g.,
Kunyang and Huili Formations; Li et al., 2019b; Li et al., 2019c¢; Xiang
et al., 2020). Abundant Neoproterozoic granites and mafic —ultramafic
rocks are found in the western and northern parts of the Yangtze Block,
respectively (Fig. 1B; Kong et al., 2018; Zhao et al., 2018). During the
Mesozoic epoch (Triassic), a large mantle plume triggered the eruption
of massive Emeishan basalts, which host world-class Fe-Ti-V oxide
deposits (Song et al., 2018; He et al., 2020). Moreover, the Yangtze Block
is covered by thick layers of marine and continental sedimentary rocks
(Hu et al., 2017; Yang et al., 2019).

The SYG area (the study area), is located at the triangular junction of
Sichuan, Yunnan, and Guizhou provinces on the Yangtze Block. This
area is bounded by the N-S-trending Anning Fault to the west, the N-S-
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trending Mile-Shizong Fault to the southeast, and the N-W-trending
Weining-Shuicheng Fault to the northwest (Fig. 1B; Han et al., 2019;
Xiang et al., 2020). This region generally comprises two basement units,
two sedimentary covers, and interbedded Emeishan basalts (He et al.,
2020; Wu et al., 2021). The lower basement consists of Archean hypo-
metamorphic crystalline rocks, specifically diorite-granitic schists and
gneisses of the Kangding Formation (Zhu et al., 2020; Luo et al., 2022).
The upper basement includes the Kunyang and Huili Formations, which
are characterized by interstratified slates, shales, carbonates, and vol-
canic rocks (Wu et al., 2021; Niu et al., 2023). The basement above is
overlain by an extensive layered marine sediment sequence formed
during the Ediacaran-Permian period, followed by a continental sedi-
mentary unit during the Triassic to Cretaceous (Wu et al., 2013; Xu et al.,
2020).

The tectonic framework of the SYG area is characterized by fifteen
major faults trending in the N-S, N-E, and N-W directions (Fig. 1B). The
N-S-trending faults include the Anninghe—(Lvyejiang) Fault and the
Xiaojiang Fault, which underwent initial extensional deformation in a S-
W direction, followed by subsequent compression and torsion in the N-S
direction (Fig. 1B; Han et al., 2019; Niu et al., 2024). The Anninghe—
(Lvyejiang) Fault delineates the separation between Pb-Zn deposits to
the east and Fe-Cu-REE deposits associated with intrusions to the west
(Fig. 1B; Zhou et al., 2014; Xiang et al., 2020). The Xiaojiang Fault and
its subsidiary structures control numerous Pb-Zn deposits, such as
Lehong, Daliangzi, and Paoma (Fig. 1B; Yuan et al., 2018; Chen et al.,
2019). The N-E-trending fault system dominates the Mile-Shizong Fault,
exhibiting several minor secondary faults on its northwestern side. The
Weining-Shuicheng Fault is a prominent N-E-trending structure in the
SYG area, intersecting with the Mile-Shizong Fault in the southeastern
region and extending continually toward the northwest (Fig. 1B; Zhou
et al., 2013; Kong et al., 2018).

The magmatic rocks in this region include Neoproterozoic
mafic-ultramafic rocks and granitoids, as well as Ordovician-Devonian
mafic-ultramafic rocks and the Emeishan basalts (Zhang et al., 2015;
Chen et al., 2021; Kong et al, 2018; Fu et al., 2021). Abundant
geochronological research has indicated that the formation of the
Emeishan basalts (~260 Ma) preceded the Pb—Zn mineralization event
(228-191 Ma) in the SYG area (Zhou et al., 2013; Zhang et al., 2015;
Yang et al., 2019).

The SYG area is the dominant region in China for Pb-Zn resource
production and MVT ore concentration. Currently, there are more than
500 Pb-Zn deposits (occurrences) and approximately 30 Mt Pb-Zn
metals hosted in this area, including the Huize, Daliangzi, Maoping,
Tianbaoshan, and Maozu deposits (Fig. 1B; Hu et al., 2017; Tan et al.,
2019; Chen et al., 2021). Most of these Pb-Zn deposits are found within
the marine carbonate sequence from the Neoproterozoic Ediacaran to
Permian periods (Kong et al., 2018; Han et al., 2019). Each deposit
primarily occurs at a single or multiple stratigraphic positions. For
instance, the Huize deposit is located within the Baizuo Formation,
while the Maoping deposit is situated within the Zaige and Weining
Formations (Chen et al., 2021; Niu et al., 2024). Faults and stratigraphic
horizons serve as key controlling factors for Pb-Zn deposits in the SYG
area.

3. Deposit geology

The Maoping Pb-Zn deposit hosts 2.5 Mt of metals, with average
grades of 14.2 % Zn and 6.1 % Pb. It also contains 560 t of Ag with an
average grade of 74.91 g/t and 182 t of Ge with an average grade of
24.00 g/t. The deposit is divided by the NS-trending Luoze River and
consists of eastern and western ore clusters, encompassing 37 mined
orebodies (Fig. 1C; Zhao et al., 2023; Wu et al., 2024). The eastern part
comprises the Nos. [, II, and III ore blocks, which are crucial components
and account for more than 80 % of the total resources, while the western
part includes the Shuilu, Qiancengdong, and Hongjianshan ore blocks
(Fig. 1D; Chen et al., 2021; Niu et al., 2023).
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Fig. 1. (A) The main tectonic framework of China, showing the position of the SYG area (after Zhang et al., 2015). (B) Regional geological schematic diagram of the
SYG (Sichuan, Yunnan, and Guizhou provinces) clamping area, showing the overlying Emeishan basalts and regional dynamic tectonic conditions (Kong et al., 2018).
(C) Geologic diagram of the Maoping Pb—Zn deposit, which displays Pb-Zn ore clusters named I-III, Shuilu, Qiancengdong, and Hongjianshan. (D) Comprehensive
vertical profile drawing of the I-III ore clusters in the Maoping Pb-Zn deposit, which include the No. I, I-6, I-8, I-10, II-1, II-3, and III Pb-Zn orebodies (Han
et al., 2019).
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The exposed strata include the Devonian Zaige Formation, the
Carboniferous Datang, Baizuo and Weining Formations, the Permian
Liangshan and Qixia-Maokou Formations, the Emeishan basalts, and
Quaternary sediments (Fig. 1C). The Zaige Formation is composed of
off-white thick coarse-grained dolomite (>120 m), and can be catego-
rized into three sections based on different interbedded marker layers
(Chen et al., 2021; Zhao et al., 2023). The No. 1 section comprises
dolomite interbedded with thin layers of carbonaceous shale, and the
No. 2 section contains algae-bearing dolomite accompanied by a limited
amount of shales, carbonaceous shales, and crystalline limestones (Han
etal., 2019; Xiang et al., 2020). The No. 3 section is composed of coarse-
grained dolomites interspersed with stratified carbonaceous shales
(Fig. 1D; Wu et al., 2021; Wang et al., 2023). The Datang Formation is
characterized by gray-green and black carbonaceous shale and sand-
stone, which contain numerous industrial smokeless coal seams (He
et al., 2020; Niu et al., 2023). The Baizuo Formation comprises thick-
layered and fine-grained gray limestone interbedded with thin-layered
calcareous shale and black shale, as well as flint strips and lumps
(Fig. 1D; Xiang et al., 2020; Miao et al., 2023). From bottom to top, the
lithologies of the Weining Formation include dolomite intercalated with
shale and bioclastic limestone, interstratified dolomite and limestone,
limestone with shale and dolomite, interbedded dolomite and limestone,
and dolomite with flint strips and lumps (Wu et al., 2021; Wang et al.,
2023). The Liangshan Formation is composed of sandy shale, tuff, and
breccia, with approximately 5 m of bituminous coal on its roof (Tan
etal., 2019; Yang et al., 2019). The Qixia—-Maokou Formation consists of
fine-grained limestones with organic matter, compact limestones, and
minor biological fossils (Fig. 1C). The Emeishan basalts and the over-
lying Quaternary sediments represent younger strata than the Qix-
ia-Maokou Formation (Niu et al., 2023; Wang et al., 2023). The more
recent Triassic and Jurassic strata predominantly outcrop in a circular
arc distribution in the northern part of this deposit. These strata include
the Xuanwei, Feixianguan, Guanling, Xujiahe, Ziliujing, Shaximiao, and
Suining Formations, which are characterized by fluvial-lacustrine
sedimentary rocks (Fig. 1C).

The Maanshan anticline (below) and the Zhao-Lu anticline (top)
constitute the primary structural framework in the Maoping deposit,
with the former being the dominant ore-controlling structure (Fig. 1C;
Han et al., 2019; Zhao et al., 2023). The Maanshan anticline is a short
axial plunging fold with dimensions of 20 km in length and 19 km in
width (Fig. 1C). It exhibits a sigmoidal axis ranging from 10° to 37°, an
inclination of the southeast wing between 30° and 40°, and an inclina-
tion of the northwest wing from 65° to 90° (Fig. 1C; Han et al., 2019).
The formation of the Maanshan anticline predates Pb-Zn mineralization
(Wu et al., 2021; Zhao et al., 2023). The lithological variations within
the Maanshan anticline gradually transition from the Zaige, Datang,
Baizuo, and Weining to the Liangshan Formation toward its periphery
(Fig. 1C). A series of N-S-, N-E-, and N-W-trending faults situated in the
core play essential roles in controlling the Pb—Zn mineralization. The
Emeishan basalts situated to the north are primary magmatic rocks near
the Maoping deposit and consist of compact massive basalts, as well as
almond-shaped and stomatal basalts (Yang et al., 2019; Wu et al., 2024).

The Nos. I, I, and III ore clusters constitute the principal components
of the Maoping Pb-Zn deposit. These Pb-Zn orebodies are hosted within
the interbedded fault zone in the hinge zone of the Maanshan anticline
and exhibit various forms, such as lenticular, layered, veined, and
reticulated structures (Fig. 1D). These Pb-Zn orebodies resemble nearly
vertical strata that dip toward the southwest (Fig. 1D).

The No. I ore cluster comprises numerous sub-orebodies, such as Nos.
I-1, I-6, I-7, 1-8, and I-10, hosted by the 2nd section of the Devonian
Zaige Formation. The No. I-1 orebody is connected to the deep-seated
No. I-6 orebody, which both constitute the largest orebody in this de-
posit between 620 and 1040 m (Fig. 1D). The Nos. I-8 and I-10 ore-
bodies exhibit similarities between 300-500 m elevations and exhibit
barrel and layer shapes (Fig. 1D). The No. II ore cluster is composed of
the Nos. II-0, II-1, and II-3 orebodies with Pb-Zn grades of 1.2-30.3 %,
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locally exceeding 40 % (Han et al., 2019). These orebodies are pre-
dominantly found in the dolomite and limestone of the Carboniferous
Baizuo Formation. The No. III ore cluster comprises a series of small
orebodies that are hosted in the Carboniferous Weining Formation and
arranged like a string of beads along fractures (Fig. 1D). In the eastern
part of the Maoping Pb-Zn deposit, the Shuilu and Qiancengdong ore
clusters exhibit relatively more minor scales than the economically
significant Hongjianshan ore cluster, which benefits from the recent
discovery of several large Pb-Zn orebodies (Zhao et al., 2023; Niu et al.,
2023). Overall, these orebodies in Maoping exhibit substantial vertical
extension, expanding as occurrence slows down and contracting rapidly
as occurrence changes steeply (Fig. 1D). The ore grades increase grad-
ually from top to bottom, accompanied by a decrease in Zn content but
an increase in Pb content (Han et al., 2019).

The ore-forming process of the Maoping Pb-Zn deposit can be
divided into three periods: the sedimentary diagenesis period, hydro-
thermal period, and supergene period (Fig. 2). In the early passive
continental margin environment, the Maoping area was deposited by a
series of thick-layered marine carbonates consisting of abundant dolo-
mite and limestone, minor pyrite and bitumen, and trace barite. The
hydrothermal period comprises three stages: dolomite-pyrite veins in
stage I, dolomite-sphalerite-galena veins in stage II, and calcite veins in
stage III (Fig. 3A, B). The dominant minerals in stage I include dolomite
and pyrite, with less sphalerite, galena, and calcite (Fig. 3C). Stage II is
characterized by abundant sphalerite and galena, with localized dolo-
mite, calcite, pyrite, bitumen, quartz, and boulangerite (Fig. 3D). There
are also rare miargyrite and zinckenite grains in stage II. Only abundant
(Fe-) calcites are prominently visible, and other minerals are scarce in
stage III (Fig. 3E). The supergene period is dominated by oxidized
minerals, such as hematite, siderite, limonite, and smithsonite, which
were likely oxidized from pyrite, sphalerite, and galena (Fig. 2).

4. Sampling and petrography

The collected samples are from the Nos. I-6, I-7, and I-8 orebodies
within the No. I ore cluster and the No. H-8 orebody in the Hongjianshan
ore cluster, as well as some drillings and surface mineralization. Three
types of pyrite are observed before and during Pb-Zn mineralization,
namely, coarse-grained pyrite (Pyl) and fine-grained pyrite (Py2) in
stage I, and middle-graiedn pyrite (Py3) in stage II. The Pyl aggrega-
tions exhibit compact lumps and megaphyric structures, wherein the
pyrite particles demonstrate superior quality and are relatively closely
packed (Fig. 4A; Fig. 5A, B). Py2 is commonly found and is often asso-
ciated with dolomite as the primary mineral assemblage in stage I
(Fig. 4B). Compared with Pyl, Py2 shows excellent grain sizes and
brecciated structures, and the bonds between grains are looser, with
many voids and fissures (Fig. 5C, D). Under natural light, Py3 appears to
be a highly conspicuous bright yellow color. It is interspersed with Pyl
and Py2 and is closely related to galena-sphalerite veins (Fig. 4C-E).
Although Py3 predates sphalerite and galena, they exhibit a very close
relationship (Fig. 5E, F). In other words, the emergence of Py3 is
invariably accompanied by sphalerite and galena in all the samples. Pyl
is distributed within Py2 as compact and massive structures, while Py3 is
interspersed with Pyl (Fig. 5G-J). Py3, sphalerite, and galena veins are
distributed in the interior of Py2 (Fig. 5E, F, H, I). Two distinct structures
can be observed in Py3: granular and acicular. The acicular structure of
Py3 becomes particularly prominent when it coexists with sphalerite
and galena (Fig. 5E, H, I). The calcite in stage III is interspersed with and
replaces minerals formed during stages I and II (Fig. 4F; Fig. 5J, L).

5. Analytical methods
5.1. Electron probe micro—analysis (EPMA)

Electron probe micro-analysis of pyrite was conducted at the State
Key Laboratory of Geological Processes and Mineral Resources, China
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‘?’f' Dol-Py2in tage I
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Fig. 4. Hand specimen photographs selected from the Maoping Pb-Zn deposit. (A) Py2 parceling Pyl at stage I; (B) Dol-Py2 veins in stage I galena-sphalerite-
dolomite veins with medium-grained pyrite in stage II cross-cutting fine-grained pyrite in stage I; (C) Py3, Gn, and Sp in stage II cross-cutting Py2 veins in stage
I; (D-E) Pyl and Py2 in stage I interspersed with Py3, Gn, and Sp veins in stage II; (F) Cal veins in stage III in the holes and crevices of Py2-Gn-Sp veins in stage II.
Abbreviations: Dol- “dolomite”, Py— “pyrite”, Gn- “galena”, Sp— “sphalerite”, Cal- “calcite”.

University of Geosciences (Wuhan). The analysis was performed using a
JEOL JXA-8100 model EPM Analyzer connected to a four-channel WDS.
Before the formal analysis, the surface of the selected probe sheet was
cleaned and then coated with a uniform thickness of carbon (~20 nm)
using a carbon spraying instrument (Zhang and Yang, 2016). During the
analysis, the EPM Analyzer was operated with analytical parameters,

including an acceleration voltage of 15 kV, a current of 20nA, and an
electron beam spot diameter of 2 pm. The upper and lower background
measurement times were half of the peak measurement time. The ele-
ments analyzed in this study included Fe, S, As, Cu, Pb, and Sb, and their
corresponding master standards were pyrite, gallium arsenide, cuprite,
galena, and elemental antimony, respectively. All the data were
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Fig. 5. Photomicrographs of three types of pyrites in the Maoping Pb-Zn deposit. (A, B) Pyl in stage I with massive grain sizes and fewer interparticle cracks; (C, D)
Py2 in stage I with large pores between mineral aggregates; (E, F) Py3 in stage II coexisting with Gn and Sp; (G-I) Py2 encapsulating Py1 in stage I; (J) Py1 in stage I
interspersed with Py3 in stage II; (K, L) Py3 in stage II, together with galena and sphalerite, crosscutting Py2 in stage I. Abbreviations: Dol- “dolomite”, Py— “pyrite”,

Gn- “galena”, Sp- “sphalerite”, Cal- “calcite”.

corrected online via the ZAF method before generating the output
report.

5.2. Laser ablation inductively coupled plasma-mass spectrometry
(LA-ICP-MS)

The elemental mapping analysis of pyrite was conducted at Nanjing

FocuMS Technology Co., Ltd., using a 7900 model quadrupole ICP-MS
manufactured by Agilent Technologies, which was connected to a 193
nm ArF laser ablation system. The mapping analysis was performed
through continuous line scanning, with each line scanning distance
matching the size of the beam spot. The laser ablation process employed
a beam spot of 40 pm and an energy level of 2-3 J/cm? at a frequency of
10 Hz. The step size in the line scanning process is consistent with the
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size of the beam spot. The He gas was the carrier gas during the laser
ablation process, while Ar gas acted as an auxiliary gas to adjust the
sensitivity. Standard samples were measured before and after the entire
ablation process, and background signal values were collected for 30 s.
Given our larger analyzed area, the mapping analysis process was suc-
cessfully completed within one hour to ensure data accuracy. The raw
data were processed by LIMS software to output elemental mapping, in
which the instrument signal drift correction and background deduction
were completed automatically (Xiao et al., 2018).

The elemental content analysis of pyrite at specific points was con-
ducted at Nanjing FocuMS Technology Co., Ltd., utilizing an Agilent
7700x quadrupole ICP-MS and an Analyte Excite laser ablation system.
The laser generated a homogenized deep ultraviolet beam, which was
applied to the pyrite surface for 40 s, with an energy density of 6.06 J/
cm?, a beam diameter of 40 pm, and a frequency of 6 Hz. Prior to
analysis, each analyzed position underwent pre-ablation to eliminate
impurities and oxides from the surface. The denuded samples were
subsequently mixed with He gas and Ar gas before being subjected to
ICP-MS analysis. This study used two internal standards (MASS-1 and
GSE-1G). The raw data were processed using the ICPMSDataCal soft-
ware through a 100 % normalization strategy without incorporating
internal standards (Liu et al., 2008). The elements analyzed included Na,
Mg, Al Si, S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se,
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Rb, Sr, Y, Mo, Ag, Cd, In, Sn, Sb, Te, Ba, W, Au, Tl, Bi, Pb, Th and U. The
trace element data of pyrite in this paper were corrected using the Fe
content as determined by EPMA data.

5.3. Multi—collector inductively coupled plasma-mass spectrometry
(MC-ICP-MS)

The in situ sulfur isotope analysis of pyrite was performed at the
Mineral Deposit Geochemistry Division of the State Key Laboratory of
Geological Processes and Mineral Resources, China University of Geo-
sciences (Wuhan). This analysis employed a Nu Plasma II MC-ICP-MS
and a Resonetics-S155 laser ablation system. The laser emitted a ho-
mogenized 193 nm deep ultraviolet beam onto the mineral surface, with
a spot diameter of 23 um. This process was conducted at a frequency of 5
Hz and 40 s for every position. The denuded sample was mixed with
high-purity He gas and trace amounts of Ar and N gases, to generate an
aerosol within the mass spectrometer. The 3*S/32S ratio of the selected
sample was directly obtained, and the 84S ratio was subsequently
calculated using the standard-sample bracket method based on labo-
ratory pyrite standard samples of WS-1 and WS-2 (Zhu et al., 2017). The
detailed analysis methods can be found in Niu et al. (2019), and the
overall analytical precision (16) is approximately 4 0.1 %o.
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Fig. 6. Elemental boxplots of Py1, Py2, and Py3 analyzed by LA-ICP-MS; the elements included Fe, S, As, Pb, Sb, Cr, Cu, Ti, Co, Zn, V, Ni, Ag, Mn, Se, and Mo (A-P).
Abbreviations: Pyl- “coarse-grained pyrite”, Py2— “fine-grained pyrite”, Py3— “medium-grained pyrite”.
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6. Results
6.1. EPMA data for pyrite

A total of 127 data points from three types of pyrite (Pyl, Py2, and
Py3) are reported in Table S1 and include Fe, S, Cu, Pb, As, and Sb
contents. Pyl contains 45.46-47.41 % Fe, 52.35-54.12 % S, 0-1.70 %
As, 0-0.60 % Pb, 0-0.20 % Cu, and 0-0.02 % Sb, with total concen-
trations ranging from 99.52 to 100.66 %. The dominant elements in Py2
are Fe (45.95-46.83 %) and S (53.01-54.29 %), accompanied by minor
elements such as As (0-0.56 %), Cu (0-0.02 %), Pb (0-0.09 %) and Sb
(0-0.04 %). These elements contribute to a total content between 99.56
and 100.72 % (Fig. 6A, B). The composition of Py3 includes Fe, S, As, Cu,
Pb, and Sb, with varying contents ranging from 45.91-47.34 %,
51.86-54.13 %, 0-2.16 %, 0-0.04 %, 0-0.10 %, and 0-0.02 % respec-
tively, resulting in total values ranging from 99.67-100.76 % (Table S1).

6.2. Pyrite element mapping analysis

We selected two representative pyrite areas for elemental mapping
analysis. The first mapping (21MP-11-1) involves the intersection of
Py3 with Pyl, covering an area of approximately 0.32 cm? This
particular area exhibits minor instances of sphalerite, galena, and calcite
in the fillings (Fig. 7A). The Fe and S signals show no significant vari-
ation throughout the region, except for lower levels of Fe and S in areas

21MP-11-1
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where calcite, galena, and sphalerite are present (Fig. 7B, C). Pyl shows
more pronounced Ag signals than Py3, and galena contains the highest
amount of Ag (Fig. 7D). The As, Mg, and Zn signals of Pyl and Py3 are
slightly low, while the elevated signals observed in certain areas can be
attributed to the influence of sphalerite and calcite (Fig. 7E-G). The
signals of Co, Cu, Sb, Tl, V, and Ni in Py3 are lower than those in Py1;
however, most of these elements exhibit high signal values within calcite
(e.g., Co, Cu, V, and Ni; Fig. 7 H-M).

The second sample (21MP-27-1) covers an area of approximately
0.34 cm? and consists of Py3, sphalerite, and galena from stage II
interspersed with Py2 from stage I (Fig. 8A). The Fe and S signals in Py2
and Py3 are greater than those in sphalerite and galena (Fig. 8A, B). The
Ag, Zn, and Sb primarily originate from galena and sphalerite but are
relatively depleted in pyrite and sphalerite (Fig. 8D, G, J). Compared to
that in Py2, the As signal in P