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Abstract: The Xiong’ershan district is situated on the southern margin of the North China
Craton (NCC) and located within the Qinling-Dabieshan Orogen’s orogenic zone. It is
adjacent to the XiaoQinling mining district and exhibits very favorable geological conditions
for mineralization, as the district contains numerous gold deposits, positioning it as one
of the key gold-producing areas of China. The Miaoling gold deposit is a hydrothermal
deposit and is controlled by the Mesozoic nearly NS-trending fault. The ore bodies are
hosted in the Mesoproterozoic Xiong'er Group of the Changcheng System of volcanic rocks,
with reserves reaching large-scale levels. Pyrite is the main gold-bearing mineral and can be
classified into four generations: early-stage fine- to medium-grained euhedral to subhedral
cubic pyrite (Py1); medium- to coarse-grained euhedral to subhedral cubic granular pyrite
in quartz veins (Py2a); fine-grained subhedral to anhedral disseminated pyrite in altered
rocks (Py2b); and late-stage anhedral granular and fine-veinlet pyrite in later quartz veins
(Py3). Through in situ trace element analysis of the pyrite using LA-ICP-MS, a positive
correlation between Au and As was observed during the main mineralization stage; gold
mainly exists as a solid solution within the pyrite lattice, and the ablation signal curve
reflecting the intensity of trace element signals showed that gold also occurs as micron-
scale mineral inclusions. The trace element content suggested a gradual increase in oxygen
fugacity from Stage 1 to Stage 2, followed by a decrease from Stage 2 to Stage 3. The
Co/Ni values in the pyrite (0.56 to 62.02, with an average of 12.34) exhibited characteristics
of magmatic hydrothermal pyrite. The in situ sulfur isotope analysis of the pyrite using
LA-MC-ICP-MS showed §%S values of 4.24%, for Stage 1, —6.63%0 to —13.79%. for Stage 2,
and —4.31%0 to —5.15%o for Stage 3. Considering sulfur isotope fractionation, the §%*S
value of the hydrothermal fluid during the main mineralization stage was calculated to be
between 0.31%o and 2.68 %o.

Keywords: pyrite; trace elements; S isotope; LA-MC-ICP-MS; LA-ICP-MS; Miaoling gold
deposit; North China Craton
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1. Introduction

The Xiong’ershan district is located on the southern boundary of the NCC and the
northern edge of the Qinling Orogenic Belt (Figure 1a). Since the Archean, the region has
experienced multiple phases of tectonic and magmatic activities [1-5]. Large-scale tectonic—
magmatic events have not only provided sufficient energy and space for mineralization but
also moved substantial amounts of mineralizing materials from deep sources. The region
exhibits favorable geological conditions for mineralization, leading to the enrichment of
various metals such as gold, silver, molybdenum, lead, and zinc [6-11]. Among these, gold
resources are the most abundant, with more than 20 gold deposits having been discovered
and a cumulative proven gold metal content exceeding 400 tons [12]. The Miaoling gold
deposit can be found in the southeastern section of the Xiong’ershan district (Figure 1c).
The ore body is hosted in the Mesoproterozoic Xiong’er Group of the Changcheng System
of volcanic rocks [13]. It is a typical large-scale hydrothermal gold deposit for the district,
with over 20 tons of proven gold reserves. Researchers have previously conducted partial
studies on the sources of ore-forming materials and the evolution of ore-forming fluids,
but there is still debate about these questions. It remains unclear whether the ore-forming
materials were sourced from post-magmatic hydrothermal fluids that extracted them
from the surrounding rocks [14-16] or whether they were supplied by deep magmatic
hydrothermal fluids. Similarly, it remains unclear whether the fluids that were responsible
for ore formation originated mainly from magmatic sources or from the metamorphic fluids
released by subducted crust [17-19].

The main metallic mineral of the Miaoling gold deposit is pyrite, which serves as
the primary gold-bearing mineral. The distribution of and variation in trace elements
in pyrite can reflect the composition and physicochemical properties of the ore-forming
fluids [20-23]. For example, the ratio of Co/Ni in pyrite diminishes from the initial stages
to the final stages in the Sanshandao gold deposit, Jiaodong district, reflecting a continuous
decrease in the mineralization temperature, which is consistent with quartz inclusion
thermometry results [24]. Therefore, the variation in trace element content in pyrites from
different mineralization stages can generally be utilized to reconstruct the development
of fluids.

On the basis of field geological survey work, petrological and mineralogical studies
were conducted on the Miaoling gold deposit. In order to gain a better understanding of
the genesis of the Miaoling gold deposit, we employed a range of techniques, including
LA-MC-ICP-MS for sulfur isotopes and LA-ICP-MS for trace element analyses of different
generations of pyrite. These experiments provide us with more evidence to discuss the
origin of the Miaoling gold deposit.
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Figure 1. (a) Map of the distribution and locations of plates in China [25]. (b) Geological map of the
southern margin of the NCC [5]. (c) Regional geological map of the Xiong’ershan district [7].
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2. Regional Geology

The Xiong’ershan area is located on the southern margin of the North China Craton
(NCC). The NCC is the earliest formed and largest craton in China [26], comprising the
western and eastern blocks and the central orogenic belt [27]. Since the Mesoproterozoic,
the NCC has entered a period of stable sedimentary cover formation, but certain regions
have remained tectonically and magmatically active, such as the series of orogenic belts
along the margin of the NCC, including the XingMeng Orogenic and Qinling Orogenic
Belts, which formed on the periphery of the NCC during the late Paleozoic to Mesozoic.
The Qinling Orogenic Belt, located in the central-eastern part of the central orogenic belt,
has undergone extensive tectonic and magmatic activity since the Neoproterozoic [2,28].
By the Late Paleozoic, the complete collision and suturing of the North China and Yangtze
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Plates had been achieved, marking the transition of the Qinling Orogenic Belt into a fully
intracontinental orogenic stage. During the Late Triassic, lithospheric thinning occurred
in this region, leading to the upwelling of asthenospheric materials [1,29]. This process
created favorable conditions for subsequent large-scale metallogenic events in the area.

The geological layers in the district exhibit a typical two-layer structure: a Precambrian
crystalline basement overlain by a Mesoproterozoic volcanic cover. The Precambrian crys-
talline basement mainly consists of Neoarchean—Paleoproterozoic Taihua Group metamor-
phic rocks, which are primarily composed of granitic gneiss, TTG (tonalite-trondhjemite—
granodiorite) gneiss, and amphibolite. The metamorphic grade typically corresponds to
amphibolite facies, with parts reaching granulite facies [30-32]. The overlying Mesopro-
terozoic volcanic rocks from the Xiong’er Group consist of basic, intermediate-basic, and
intermediate—acidic volcanic rocks [33], including rhyolite, andesite, basaltic andesite, and
rhyolitic tuff lava. These volcanic rocks unconformably overlie the Precambrian crystalline
basement and represent the most significant volcanic activity in the region following the
formation of the Precambrian basement [34-36].

Fold structures in the Xiong’ershan district are not prominent, with only the NE-
trending Huashan-Longbo anticline and the Dazhuang-Zhonghu anticline being of signif-
icance. However, these structures are relatively simple and have little connection to the
region’s polymetallic mineral deposits. As a result of the impact from both the NCC and the
Qinling Orogenic Belt, the district has developed fault structures. Major structures include
the NE-trending Luoning fault in the north and the nearly EW-trending Machao-Ying fault
in the south [37]. Additionally, a series of nearly NS-, NW-, and NE-trending secondary
faults have developed in the district. These faults are considered significant ore-conducting
and ore-hosting structures [5], being intimately connected to the spatial arrangement of
extensive gold and polymetallic mineral deposits across the district [7,16].

Magmatic activity occurred in three main phases in this district: the Archean, Meso-
proterozoic, and Mesozoic [5]. Archean magmatism primarily formed intermediate-basic
to acidic volcanic rocks, which were later subjected to regional metamorphism, producing
rocks such as amphibolite and granitic gneiss that constitute the crystalline basement in
the district. Mesoproterozoic volcanic activity mainly produced intermediate-basic to
intermediate—acidic volcanic rocks, such as andesite and rhyolite, which form the volcanic
cover of the region. Mesozoic volcanic activity, mainly occurring during the Yanshanian
period, was the most intense magmatic phase and was dominated by intermediate—acidic
intrusive rocks. These formed porphyritic medium-coarse-grained biotite-hornblende
granite, porphyritic alkali-feldspar granite, and giant porphyritic medium-coarse-grained
granite. Researchers have previously suggested that the Yanshanian magmatism provided
the necessary thermal conditions for the remobilization of gold, silver, and other met-
als from the ancient crystalline basement, making it a significant source of mineralizing
materials [5,12,14,38].

3. Deposit Geology

The Miaoling gold deposit is located 89 km southwest of Luoyang city. The exposed
strata in the mining district mainly belong to the Mesoproterozoic Xiong’er Group of
the Changcheng System of volcanic rocks (Figure 2a). This system can be divided into
the Dagushi, Xushan, Jidangping, and Majiapo Formations in ascending order. Among
these, the Jidangping Formation serves as the main ore-hosting layer. The lithology of
this formation is primarily composed of purplish-red rhyolite, with potassium feldspar
and a small amount of quartz as the main mineral components. The fault structures are
extremely developed within the mining district, trending nearly north-south and dipping
westward, with dip angles ranging from 30° to 80°. The F8, F9, and F22 faults are the
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main ore-controlling faults (Figure 3a). Additionally, a series of secondary faults trending
east-west, northeast, and northwest are present. Ore bodies tend to be more developed at
the intersections. The region has experienced intense magmatic activity, with large-scale
intermediate-basic to intermediate—acidic volcanic rocks and intrusive granitic and dioritic
dikes formed during Mesozoic magmatic intrusion.
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Figure 2. (a) Geological diagram of Miaoling gold deposit [12]. (b) Projection of ore body in Miaoling

gold deposit [39]. (c) Exploration line profile of Miaoling gold deposit [40].
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Orebody

Figure 3. (a) F8 fault structure alteration zone. (b,c) Primary ore body in the F8 fault.

Currently, 27 gold ore bodies have been identified in the Miaoling gold deposit,
distributed along the F8 (15 bodies) and F22 (12 bodies) gold-bearing fault alteration zones,
with the ore bodies being strictly controlled by the fault structures (Figure 2b). Ore body no.
-3 is located in the F8 fault zone and has a vein-like, irregular large lenticular shape with
good continuity. Its strike ranges from 250° to 301°, with dip angles between 19° and 56°.
The thickness of its ore bodies varies between 0.44 and 13.29 m, with a gold grade between
0.21 and 70.20 g/t (with an average of 2.3 g/t; Figure 2c). Ore body no. II-2 is located in the
F22 fault zone and has a vein-like and lenticular shape, tapering off as it extends southward
and forming branches that pinch out. Its strike ranges from 260° to 305°, with dip angles
between 45° and 82°. The thickness of the ore body is between 0.73 and 9.36 m, with a gold
grade between 0.49 and 8.22 g/t (with an average of 2.2 g/t) [39].

The primary metallic minerals include pyrite, galena, and chalcopyrite (Figure 4c—e).
Non-metallic minerals include quartz, potassium feldspar, sericite, calcite, and fluorite
(Figure 5). The ore texture is mainly granular, with structures such as fine veinlets, dissemi-
nations, and massive forms. The main types of ore are fine disseminated and fine veinlet
ores. The surrounding rock alterations include silicification, potassium feldspar alteration,
sericitization, pyrite-sericite alteration, fluorite alteration, and carbonate alteration.
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Figure 4. Field and underground photos of quartz veins and altered rocks in four stages of the
Miaoling gold deposit: (a) Stage 1 quartz vein; (b) two stages of crossing—cutting quartz veins;
(c) Stage 2 quartz vein and pyrite; (d) pyrite in altered rocks; (e) Stage 3 quartz—polymetallic sulfide
vein; (f) specularite vein; (g) Stage 4 quartz—fluorite vein; (h) carbonate vein; (i) epidotization; Py—
pyrite; Py2a—pyrite in quartz vein; Py2b—pyrite in altered rocks; Ccp—chalcopyrite; Sp—sphalerite;
Gn—galena; Spe—specularite; Qtz—quartz; Fl—fluorite; Cal—calcite; Ep—epidotization.

Stage Stage1 Stage2 Stage3 Stage4
Mineral
Quartz

Potassium Felspar
Pyrite —_—
Native Au | = fFeeem————-
Electrum | 0@ Feeeee—e-
Chalcopyrite
Galena
Sphalerite
Sericite

Fluorite
Calcite
Apatite
Barite
Chlorite
Note —— Max

Med W @ ——----- Min

Figure 5. An overview of the paragenetic sequence from the four stages of mineralization in the

Miaoling gold deposit.
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Based on field observations of the veins’ cross-cutting relationships, the mineralization
process was categorized into four stages (Figures 4 and 5) as follows: (1) The pyrite-quartz
stage (Stage 1) is characterized by weak gold mineralization, with the predominant minerals
being quartz, potassium feldspar, and pyrite. The pyrite can be observed sporadically in
euhedral to subhedral granular textures and displays evidence of the silicification and
alteration of the potassium feldspar (Figure 4a,b). (2) The quartz—pyrite—native gold stage
(Stage 2) is the primary stage of gold mineralization, and the mineral assemblage includes
pyrite, quartz, potassium feldspar, fluorite, and sericite. The pyrite is mostly subhedral
to anhedral, occurring as a granular and finely disseminated texture, and native gold
occasionally appears (Figure 4c,d). (3) The quartz—polymetallic sulfide stage (Stage 3) is
characterized by the simultaneous presence of pyrite, chalcopyrite, galena, and sphalerite.
Pyrite typically occurs having an anhedral granular texture and is distributed in fine veinlets
(Figure 4e). The gold mineralization is relatively strong. (4) The quartz—carbonate stage
(Stage 4) is characterized by the occurrence of quartz and calcite, with gold mineralization
not being observed (Figure 4g,h).

4. Sampling and Analytical Methods
4.1. Sampling and Preparation

Samples were obtained from the Miaoling gold deposit’s 512-level adit, 459 middle-
section project, and open-pit outcrop. A total of 14 samples from different mineralization
stages were selected and subjected to in situ trace element analysis of their pyrite contents,
as well as in situ sulfur isotope analysis.

4.2. In Situ Trace Element Analysis

The trace element analysis was performed at Kehui Testing (Tianjin, China) Technology
Co., Ltd. (Seoul, Republic of Korea), using an Analytik Jena PQMS ICP-MS paired with a
RESOLution 193 nm excimer laser ablation system. The laser beam diameter was 38 um,
with a frequency of 5 Hz and an energy density of approximately 5 J/cm?. High-purity
helium was used as the carrier gas. Before testing, the instrument was calibrated using
NIST 610 to achieve optimal conditions. For the LA-ICP-MS laser ablation, a single-point
ablation method was used. Initially, the laser beam was blocked to collect a 20-s blank
signal, followed by 45 s of continuous ablation sampling, and, finally, a 20-s cleaning period
to flush the system. Each single-point analysis took 85 s. Every 10 ablation points, a set of
standard reference materials (NIST 610, NIST 612, BHVO-2G, BCR-2G, BIR-1G, and MASS-
1) was inserted for quantitative element analysis [41]. Offline data processing (including
sample and blank signal selection, instrument drift correction, and element concentration
calculation) was performed using ICPMSDataCal software (ICPMSDataCal 10.2).

4.3. In Situ Sulfur Isotope Analysis

The in situ sulfur isotope analysis was also conducted at Kehui Testing (Tianjin, China)
Technology Co., Ltd., using a Neptune Plus multi-collector ICP-MS from Thermo Scientific,
coupled with a RESOlution SE 193 nm solid-state laser. Based on images of the samples,
suitable areas were selected for the laser ablation of sulfides. Point ablation was used, with
the ablation diameter being adjustable between 10 pm and 150 pm (typically 30 um for
sphalerite and chalcopyrite and 20 um for pyrite). The energy density was 3 J/cm? with a
frequency of 5 Hz. High-purity helium was used as the carrier gas to transport the aerosol
produced during ablation to the MC-ICP-MS for mass spectrometry analysis. The sulfur
isotopes 32S and 34S were simultaneously collected using Faraday cups, with an integration
time of 0.131 s, collecting 200 data sets in approximately 27 s. Prior to formal analysis, the
instrument parameters were adjusted using sulfide standards to reach optimal conditions.
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To minimize matrix effects on the results, sulfide standards with similar matrices to the
samples were used during analysis, and a standard—-sample-standard bracketing method
was employed for mass bias correction.

5. Results
5.1. Types of Pyrite

Based on mineralogical and petrographic studies, the pyrite was classified into three
generations: Pyl, Py2, and Py3. Pyl is linked to the significant development of potassium
feldspar and silicification during Stage 1. Due to subsequent stress, the early potassium
feldspar and silicification were fractured and later filled by hydrothermal fluids, forming
silicified structural lenses. Pyl is typically medium- to fine-grained euhedral to subhedral
cubic pyrite and sparsely distributed within the silicified breccia. Gold mineralization is
weak (Figure 6a,b). Py2 developed during Stage 2 and can be further divided into Py2a
and Py2b based on the shape and structure. Py2a is medium- to coarse-grained euhedral
to subhedral cubic pyrite that developed in the mineralized quartz veins and their sides,
showing strong gold mineralization (Figure 6¢,d). Py2b is fine-grained and subhedral to
anhedral disseminated pyrite and found in silicified, sericitized, and structurally altered
rocks. It represents the stage with the strongest gold mineralization (Figure 6e,f). Py3
developed during Stage 3 and is characterized by anhedral granular and fine veinlet pyrite
that is medium to fine grained; subhedral to anhedral in texture; and associated with
chalcopyrite, galena, and sphalerite through inclusion, replacement, and filling structures.
This stage still shows strong gold mineralization (Figure 6g).

S50pm
—

Figure 6. Microscopic photos of pyrite in Miaoling gold deposit: (a,b) pyrite in Stage 1 quartz
vein; (c—d) pyrite in Stage 2 quartz vein; (e—f) pyrite in altered rocks; (g) pyrite in Stage 3 quartz
vein; (h—i) polymetallic sulfide in Stage 3 quartz vein. Py—pyrite; Gn—galena; Ccp—chalcopyrite;
Sp—sphalerite.
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5.2. Trace Element Compositions of Pyrite

The results of the trace element analysis of the pyrite are shown in Table 1. The
tested elements included Fe, Cu, Zn, As, Ag, T, Au, Bi, and Pb. The results indicated
that the samples contained relatively high concentrations of Cu (4.04-5554.78 ppm), Pb
(0.23-72051.62 ppm), Ti (1.64-10526.06 ppm), Zn (0.47-2742.6 ppm), As (16.03-17010.57 ppm),
and Sb (0.73-2168.91 ppm). Additionally, various amounts of gold (Au) were detected,
ranging from 0.01 to 871.47 ppm, along with Ag (0.22-357.7 ppm), Bi (0.01-414.59 ppm),
and T1 (0.04-134.38 ppm). Small amounts of Sn (0.04-7.13 ppm) and In (0.01-0.4 ppm) were
also found.

Table 1. LA-ICP-MS results for pyrites from the Huanxiangwa gold deposit.

Stage Number Au As Co Ni Cu Pb Zn Ag Te Bi Sb TI

Stage 1 M2-2-1 871.47 17011 14.82 5.60 576.87 31365 11119 357.7 94152 157 1325.8 134.38
M8-1-1 0.31 1954. 1.76 3.14 22.05 60.38 1.27 4.08 0.38 0.01 58.46 8.65
M8-1-2 0.32 607.93 28.86 341 43.74 380.49 1.80 12.54 4.18 0.02 127.06 15.36
M8-1-3 0.48 169.18 37.67 534 46.31 402.48 3.82 11.88 2.90 0.52 154.38 26.84
M8-2-1 0.01 397.69 8.73 — 5.99 12.93 8.03 0.45 0.15 0.01 8.09 2.06
M8-2-2 0.35 4541 7.79 — 61.52 124.59 744 9.37 0.64 0.04 61.54 8.53
M8-2-3 048 89.63 69.42 7.33 41.56 124.58 2.08 3.36 0.13 0.01 43.55 6.14
M8-3-1 0.01 8.31 420.72 22.50 4.04 57.41 3.44 0.22 0.12 2.94 1.88 0.04
M8-4-1 0.03 2316.4 043 — 6.97 0.23 0.47 — — 0.01 4.37 0.06
M8-5-1 0.06 76.02 5.46 424 11.62 35.46 247 1.33 — 0.01 20.22 5.29
M8-6-1 0.72 157.31 7.47 3.24 66.12 1507.8 1.64 60.92 60.35 0.05 159.79 28.37

Stage 2 M8-6-2 0.03 309.08 3.79 249 1091 42.61 1.97 0.89 0.35 0.01 23.65 5.43
M8-7-1 0.31 55.13 18.27 215 30.77 96.39 1.35 9.36 5.96 0.01 45.06 297
M11-1-1 4.28 8568.8 17.23 6.03 5554.8 28779 1911.9 296.60 44.45 0.13 2168.9 30.31
Mil1-2-1 0.55 2694.5 38.52 4.02 160.45 727.64 6.63 78.17 11.64 0.16 323.31 34.70
M13-2-1 10.84 6330.5 12.13 439 1942 6382.5 665.37 171.99 36.60 0.06 1248.8 37.33
M13-2-2 4.40 4774.7 64.03 7.21 3690.1 62020 1083.1 370.43 61.29 0.38 1979.8 19.45
M15-1-1 1.94 3471.5 71.04 11.21 246.47 6185.5 53.81 110.33 89.71 0.08 312.18 30.27
M15-1-2 6.84 5499.1 4547 3.08 128.67 34404 3.38 19.20 42.02 0.49 76.91 0.89
M15-1-3 0.18 8571.3 92.79 9.33 6.24 83.53 18.48 0.61 — 0.03 16.66 0.07
Mi5-2-1 15.16 4165.5 104.70 19.40 139.51 13672 44.00 81.32 51.77 0.33 124.39 3.87
M15-2-2 9.94 6147.9 184.16 19.68 134.26 3655.8 18.49 118.87 78.07 0.73 208.82 4.83

Stage 3 M5-1-1 0.10 16.03 198.47 3.48 287.52 28290 3.13 291.61 20.84 188.39 0.73 0.28
M5-3-1 0.06 23.59 481.79 7.77 103.77 72052 2742.6 282.20 15.96 414.39 0.87 0.13

(—) indicates that it is below the detection limit.

In Py1, the Au content was relatively low (0.01 ppm). However, the Au content signifi-
cantly increased in Py2 to between 0.01 and 871.47 ppm (with an average of 31.08 ppm). In
Py3, the Au content decreased sharply to between 0.10 and 0.06 ppm (with an average of
0.08 ppm). This trend was mirrored by several other elements, such as the As content, which
increased from 8.31 ppm in Py1 to 45.41-17010.57 ppm (with an average of 3072.89 ppm)
in Py2 and then decreased in Py3 to 16.03-23.59 ppm (with an average of 19.81 ppm).
However, the Tl content rose from 0.04 ppm in Py1 to 0.06-134.38 ppm (with an average of
16.63 ppm) in Py2 before decreasing in Py3 to 0.13-0.28 ppm (with an average of 0.20 ppm).
In contrast, the trend for other elements, such as Co, was the opposite. The Co content
dropped from 420.72 ppm in Py1 to 0.43-184.16 ppm (with an average of 40.32 ppm) in
Py2 but then increased again in Py3 to 198.47-481.79 ppm (with an average of 340.13 ppm).
Similarly, Ag and several other elements showed inverse trends. The Ag content increased
from 0.22 ppm in Py1 to 0.45-357.70 ppm (with an average of 125.41 ppm) in Py2 and then
rose further in Py3 to 282.20-291.61 ppm (with an average of 286.90 ppm). The Pb content
grew from 57.41 ppm in Py1 to 0.23-62019.72 ppm (with an average of 5529.14 ppm) in Py2
and increased again in Py3 to 28290.37-72051.62 ppm (with an average of 50170.99 ppm)
(Figure 7).

Our correlation analysis (Table 2) showed that Au is significantly positively correlated
with the concentrations of elements such as As and Ag.
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Figure 7. Box and whisker plots of trace element concentrations in pyrite, acquired by means of
LA-ICP-MS analysis, from the Miaoling gold deposit.
Table 2. Correlation analysis of ore-forming elements in Miaoling gold deposit.
Element Au Ag Cu Pb Zn Co Ni As Bi
Ag 0.44
Cu 0.01 0.63
Pb -0.11 0.69 0.45
Zn 0.24 0.74 0.56 0.75
Co —0.11 0.24 —0.13 0.48 0.41
Ni —0.02 0.08 —0.01 0.06 0.02 0.59
As 0.73 0.52 0.39 0.07 0.33 —0.12 0.16
Bi —0.06 0.43 —0.08 0.68 0.63 0.71 0.01 —0.21
TI 0.89 0.51 0.21 -0.11 0.28 —0.26 —0.08 0.73 —0.17

5.3. In Situ S Isotope Compositions of Pyrite

The test results indicated that except for Pyl (n = 1), with a positive 5>*S value of
4.24%, all remaining stages exhibited significantly negative 534S values, with an average of
—8.25%o (Table 3). The §%S value of sphalerite was —8.19%, the §3*S value of chalcopyrite
was —14.24%,, and the §%S value of galena was —17.9%o.
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Table 3. Sulfur isotopic compositions of sulfides minerals from the Miaoling deposit.

Stage Sulfide Generation Sample 5348
Stagel Pyl MS8-3-1 4.24
Py2a MS8-1-2 —9.18
Py2a M8-2-2 —6.63
Py2a MS8-6-1 —8.41
Py2a M11-2-1 —13.79
Py2a M11-3-1 —13.50
Py2b M2-1-1 —10.52
Py2b M2-2-1 —9.72
Py2b M8§-1-1 —6.63
Py2b MS8-1-3 -9.09
Py2b MS8-2-1 —9.03
Py2b MS8-4-1 —8.31
Stage2 Py2b M8-5-1 —9.50
Py2b M8-6-2 —7.02
Py2b MS8-7-1 —9.39
Py2b M11-1-1 —12.40
Py2b M13-1-1 —9.60
Py2b M13-2-1 —10.32
Py2b M15-1-1 —7.94
Py2b M15-1-2 —9.90
Py2b M15-1-3 ~11.39
Py2b M15-2-1 —11.53
Py2b M5-2-2 —10.75
Py3 M5-1-1 —511
Py3 M5-2-1 —5.15
Py3 M5-3-1 —4.31
Stage3 Sp M5-4-1 8119
Gn M5-5-1 —17.90
Cep M5-6-1 —1424

6. Discussion
6.1. Trace Element Distributions in Pyrite

In gold deposits, pyrite is the primary gold-bearing mineral and also serves as an
important carrier for trace elements [20,42-44]. As the mineralization process progresses,
different generations of pyrite form during different mineralization stages, and there is
a significant difference in the distribution of trace elements in different generations of
pyrite. Trace elements can be hosted through the following mechanisms: (1) a solid solution
within the pyrite lattice; (2) nanometer-sized invisible mineral particles; and (3) micron-
sized inclusions of visible sulfide, silicate, or carbonate minerals, such as native gold,
chalcopyrite, galena, and sphalerite [45-51].

The LA-ICP-MS signal curves for Au are stable (Figure 8b,c), suggesting that gold
mainly exists either as a solid solution or nanometer-sized particles within the pyrite
lattice [52,53]. It is worth noting that anomalous peaks appear in the signal curves of Py2b
and Py3 (Figure 8e,f), suggesting the presence of micron-sized gold inclusions. A significant
positive correlation between Au and As (Figure 9a) indicates that gold enrichment is
closely associated with arsenic [54]. Similarly, a significant positive relationship was noted
between Au and Ag. (Figure 9c), with consistent signal curves (Figure 8b) accompanied
by anomalous peak signals (Figure 8e). This suggests that gold and silver might exist
together in the form of electrum [55]. The signal curves for Co and Ni run parallel to those
for Fe (Figure 8a), indicating that Co and Ni replace Fe?* [56] in the pyrite structure via
isomorphism substitution. The Co content shows a positive correlation with temperature,
decreasing from Pyl to Py2 and then increasing again in Py3. This suggests an initial
drop in temperature followed by a rise, which is inconsistent with the overall temperature
trend of the mineralizing hydrothermal system [12]. It is posited that variations in oxygen
fugacity influenced the Co content, and this will be discussed in more detail below. Earlier
research has shown that Pb is generally not incorporated into the pyrite lattice due to
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the larger ionic radius of Pb?* compared to Fe?* [57]. Moreover, Pb precipitates as metal
sulfides from hydrothermal fluids faster than Fe does [58]. Therefore, Pb typically exists as
micron-sized mineral inclusions [53,59]. The signal curves for Pb show anomalous peaks,
supporting this hypothesis (Figure 8b—d). The signal curves of the Cu and Zn in Py2b and
Py3 are generally stable, with occasional anomalous peaks (Figure 8f), indicating that these
elements may predominantly exist in invisible solid solutions or nanometer-sized particles,
with smaller amounts being present as micron-sized mineral inclusions.
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Figure 8. Graphs of LA-ICP-MS signal curves. (a) No gold signal was observed in Pyl. (b-d) A
smooth signal curve indicating the presence of gold. (e—f) Peak signal in gold data.
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Figure 9. Binary plots of selected trace elements in the different hydrothermal stages of pyrite from
the Miaoling gold deposit: (a) Au vs. As; (b) Co vs. Ni; (¢) Au vs. Ag; (d) Auvs. Cu; (e) Auvs. Pb;
(f) Auvs. Ti; (g) Au vs. Bi; (h) Au vs. TT; (i) Au vs. Te.

In summary, this study suggests that elements in the pyrite from the Miaoling gold
deposit, such as Au, As, Cu, and Zn, exist both as invisible solid solutions and nanometer-
sized particles, as well as micron-sized mineral inclusions. Meanwhile, Pb is typically
present as micron-sized inclusions, and gold enrichment is closely related to the As content.

6.2. Gold Occurrence in Pyrite

Research indicates that gold can exist either as a solid solution within a pyrite lattice
or as mineral inclusions, such as native gold, electrum, and calaverite [60-63]. Previous
studies of the Miaoling gold deposit have identified the presence of native gold [12].
The LA-ICP-MS ablation signal curves for pyrite also demonstrate that gold exists both
in its invisible (solid solution) and visible forms (inclusions) (Figure 8c—e). The pyrite
from the main mineralization stage shows a clear positive correlation between Au and
As, suggesting that the gold content and its occurrence in the Miaoling gold deposit are
closely related to the arsenic concentration. This relationship exists because the ionic
radius of Au* is relatively large and cannot directly replace Fe?* in the pyrite lattice.
However, arsenic (As) can substitute Fe?* as As?* /3* (in oxidizing environments) or replace
sulfur (57) as As™ (in reducing environments), which disrupts the pyrite lattice and
allows Au* to enter [54]. According to the solubility curve of Au in arsenic-bearing pyrite
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(Cau =0.02 x Cag +4 x 1072, where Cxy and Cug are the molar fractions of Au and As,
respectively) [52], the sample points measured in this study all fall below the solubility
curve. This indicates that the Au concentrations in the four generations of pyrite from the
Miaoling gold deposit are lower than the maximum solubility of Au in arsenic-bearing
pyrite, suggesting that the invisible Au mainly exists as a solid solution (Au*) within the
pyrite lattice (Figure 9a). Additionally, the LA-ICP-MS ablation signal curves for Py2b and
Py3 show anomalous peaks for Au, indicating the presence of micron-sized gold inclusions.
In the binary diagrams of trace elements in pyrite, no significant correlation was observed
between Au and Te (Figure 9i), indicating that the gold in the pyrite is not present in
the form of tellurides [20,64]. However, the analysis of correlations showed a significant
positive relationship between Au and Ag (Table 2, Figure 9¢) with consistent LA-ICP-MS
signal curves (Figure 9b), which are generally smooth but show occasional anomalous
peaks (Figure 9e). This suggests that gold may exist in pyrite in the form of electrum (a
gold-silver alloy).

In conclusion, the majority of gold occurs as a solid solution within the pyrite, whereas
a minor amount exists in the form of native gold and electrum within the Miaoling gold
deposit.

6.3. Fluid Evolution Based on Pyrite Compositions

Pyrite is commonly present in hydrothermal systems [65], and its trace element con-
tent and distribution can be used to infer the evolution of ore-forming fluids [65-67]. The
makeup of pyrite is affected by a range of physicochemical factors [68-70]. These parame-
ters may also be affected by processes, such as fluid boiling or mixing, making pyrite trace
elements useful in reconstructing the evolution of ore-forming fluids [71].

The contents of Co and Ni in pyrite reflect changes in the temperature within hy-
drothermal systems [72]. The solubility of the cobalt chloride complex CoCl4?~ in hy-
drothermal systems is strongly correlated with the temperature [73,74]. Specifically, a
decrease in temperature from 300 °C to 200 °C can reduce the solubility of Co by two
orders of magnitude [75]. The Co content in pyrite decreases from Py1 (420.72 ppm) to
Py2 (0.43-184.16 ppm, with an average of 40.32 ppm) and then increases again in Py3
(198.47-481.79 ppm, with an average of 340.13 ppm) (Figure 7). This suggests a trend in
which the hydrothermal temperature first decreased and then increased, although this
contradicts the fluid inclusion temperature measurements that show a steady decline from
Py1 (205-341 °C, with an average of 268 °C) to Py2 (161-257 °C, with an average of 201
°C) and Py3 (143-225 °C, with an average of 192 °C) [12]. Thus, we inferred that the
temperature had little influence on the Co content in this deposit.

The solubility of Bi is affected by oxygen fugacity, showing a negative correlation [76].
In the Miaoling gold deposit, the Bi content decreased from Pyl (2.94 ppm) to Py2
(0.01-1.57 ppm, with an average of 0.15 ppm) and then rose in Py3 (188.39-414.59 ppm,
with an average of 301.49 ppm), indicating that the oxygen fugacity initially increased from
Py1 to Py2, followed by a subsequent decrease from Py2 to Py3, which is consistent with
the trend observed for Co. Therefore, we suggest that the contents of Co, Bi, and similar
elements were primarily controlled by changes in oxygen fugacity, with an increase from
Py1 to Py2 and a decrease from Py?2 to Py3.

The As content in pyrite is affected by the fluid temperature and the rate of pyrite
crystallization. Lower temperatures and rapid crystallization can lead to arsenic enrich-
ment [77,78]. In the Miaoling gold deposit, the As content rose from Py1 (8.31 ppm) to
Py2 (45.41-17010.57 ppm, with an average of 3073.03 ppm) and then declined in Py3
(16.03-23.59 ppm, with an average of 19.81 ppm), a trend that does not align with the
temperature decrease indicated by a previous study on fluid inclusion. The fine-grained
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subhedral-anhedral pyrite that formed in Py2 is the result of rapid crystallization, which
may explain the higher As content during this stage.

6.4. Source of Ore-Forming Materials and Deposit Genesis

The sulfur isotope composition of ore minerals has been widely used to investigate
sources of ore-forming materials. In systems with simple mineral assemblages and a lack
of sulfate minerals, the §**S values of sulfides can approximately represent the total sulfur
isotope composition of the hydrothermal fluid [79-83]. In the Miaoling gold deposit, the
main ore minerals are composed of pyrite, chalcopyrite, galena, and sphalerite. Addition-
ally, previous studies have identified sulfate minerals, such as barite [12], indicating that
the 534S values of sulfides may not fully reflect the overall sulfur isotope composition.

The analysis results showed that the pyrites from the early mineralization stage had
a 6%*S value of 4.24%o, while the 534S values during the main mineralization stage were
significantly negative (—13.79%o to —4.31%., with an average of —9.65%o.). This suggests
that the hydrothermal fluids could have obtained sulfur from different sources. The
surrounding rocks (the Mesoproterozoic Xiong’er Group of the Changcheng System of
volcanic rocks) in the Miaoling deposit had positive §*4S (2.5~5.4%, with an average of
4.2%o) [84] (Figure 10), indicating that the sulfur in the pyrite did not source elements from
the surrounding rocks. Two main reasons may explain the negative 534S values: (1) the
initial sulfur in the ore-forming materials had negative 534S values, as is common with
biologically derived (§34S = —40%o to 20%.) and sedimentary (53*S = —50%o to 50%o) sulfur;
or (2) throughout the mineralization process, alterations in the mineralizing environment
may induce sulfur isotope fractionation, resulting in negative §>*S values. Previous studies
suggest that the addition of sulfur from the surrounding strata contributed to the more
negative 534S values. In the southern Xiong’ershan district, the carbonate and clastic rocks
of the Guandaokou Group may have undergone metamorphism during subduction in the
Mesoproterozoic due to the influence of Yanshanian magmatic activity, releasing volatile
substances and providing sulfur for mineralization [85,86]. However, it has been noted that
these strata are sulfur poor, and metamorphic degassing alone would not provide enough
sulfur to account for the many gold deposits [5]. Additionally, no evidence of biogenic
or organic sulfur has been found in the surrounding rocks of the Miaoling gold deposit.
Therefore, the negative 534S values in the pyrite are likely unrelated to the sulfur from the
surrounding strata.

The sulfur isotope composition of sulfides in hydrothermal deposits is influenced by
the total sulfur isotope composition of the fluid (§Sy), temperature (T), oxygen fugacity
(£(02)), pH, and Eh [87]. Earlier research on fluid inclusion indicates that the mineralization
temperatures ranged from 341 to 101 °C, with pH values of 5.60 to 7.13 and Eh values of
—0.40 to —0.12 [12]. At low oxygen fugacity, sulfur exists primarily as S>~ and HS™. As
the oxygen fugacity increases, sulfur isotope fractionation occurs, producing SO,2~ that
is enriched in 34S. The precipitation of SO,%>~ depletes the remaining hydrothermal fluid
of 345, causing sulfides to exhibit negative 534S values. The observed Bi content in the
pyrite decreased from Pyl to Py2 and then increased in Py3, suggesting a higher degree
of oxygen fugacity throughout the primary mineralization phase. The presence of barite
further supports the idea that the hydrothermal fluid had a relatively high degree of oxygen
fugacity during this stage. Therefore, we assert that sulfur isotope fractionation, driven by
increasing oxygen fugacity, is the primary reason for the strongly negative 534S values in
sulfides from the Miaoling gold deposit. Calculations based on the §3*S values of sulfides
and sulfate in the hydrothermal system suggest that the 53*Sy- value during the main
mineralization stage ranged from 0.31%o. to 2.68%. (Figure 10b) [87,88], which is consistent
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with typical magmatic sulfur values (§**S ranging from —3%o to 7%.) [89,90]. This indicates
that the ore-forming materials likely originated from magmatic hydrothermal fluids.
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Figure 10. (a) A histogram of the sulfur isotopic compositions of sulfides from the Miaoling gold deposit.
(b) The ranges of 5*S values in the Miaoling gold deposit and other deposits [5,12,84,87,88,91].

Pyrite is the main gold-bearing mineral in gold deposits, and its trace element compo-
sition and the ratios between these elements provide important insights into the sources of
ore-forming materials and the genesis of a deposit [65]. Co and Ni in pyrite substitute for Fe
through isomorphism, and the Co/Ni ratio is widely used to distinguish between different
genetic types of pyrite [92]. Pyrite with a Co/Ni ratio of less than 1 is typically considered
sedimentary, whereas pyrite with a Co/Ni ratio greater than 1, particularly in the range of
1to 5, is generally of a hydrothermal origin [93]. Co/Ni ratios between 0.56 and 62.02 (with
an average of 12.34), with most values being greater than 1 and concentrated between 1
and 10 (Figure 9b), indicate typical hydrothermal pyrite characteristics.

By comparing the mineral composition, ore characteristics, and surrounding rock
alterations with representative hydrothermal gold deposits in the district (Table 4), it can be
found that the Miaoling gold deposit and the hydrothermal gold deposit have significant
similarities in terms of their deposit characteristics.

In conclusion, we assert that the Miaoling gold deposit is a hydrothermal gold de-
posit that was formed during the Yanshanian period in the context of the destruction of
the NCC. The main supporting evidence includes the following: (1) the ore bodies are
hosted within tectonic alteration zones (Figure 3), with an ore body occurrence that is
consistent with the orientations of fault structures; (2) alterations in the surrounding rocks
include potassium feldspar alteration, silicification, sericitization, pyrite-sericite alteration,
chloritization, epidotization, fluorite alteration, and carbonate alteration (Figure 6); (3) the
mineral assemblage includes pyrite, chalcopyrite, galena, and sphalerite (Figure 4); (4) the
534Sy values of the hydrothermal fluids during the main mineralization stage range from
0.31%o to 2.68%o, and the Co/Ni ratios in the pyrite range from 0.56 to 62.02 (with an
average of 12.34), indicating that the ore-forming materials likely originated from magmatic
hydrothermal fluids; and (5) the characteristics of the Miaoling gold deposit are consistent
with typical hydrothermal gold deposits in the district (Table 4).
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Table 4. Geological characteristics of Miaoling gold deposit and comparison with typical hydrother-
mal gold deposits [5,12,40,91].

Deposit Characteristics Miaoling Qianhe Gongyu Shanggong
Ore-hosting laver Jidangping Formation of Jidangping Formation of Xushan Formation of the Xushan Formation of the
&1y the Xiong’er Group the Xiong’er Group Xiong'er Group Xiong'er Group

Ore type

Mineral combination

Gold-bearing mineral
Ore-controlling structure

Surrounding rock
alterations

83s
Mineralization age

Tectonically altered rock

Pyrite, sphalerite, galena,
chalcopyrite, electrum and
quartz, potassium feldspar,

calcite, and fluorite
Pyrite
Near north-south fault
Silicification, potassium
feldspar alteration,
sericitization,
pyrite-sericite alteration,
fluorite alteration, and
carbonate alteration

—13.79-0.24 %o

Average of —8.65%o
127-121 Ma

Tectonically altered rock

Pyrite, sphalerite, galena,
chalcopyrite, molybdenite,
native gold, electrum and
quartz, potassium
feldspar, and calcite
Pyrite
Near east-west fault
Silicification, potassium
feldspar alteration,
sericitization,
pyrite-sericite alteration,
chloritization, and
epidotization
—10.60-0.26 %o
Average of —4.28%o
127-123 Ma

Tectonically altered rock

Pyrite, sphalerite, galena,
chalcopyrite, limonite,
scheelite, argentite and

quartz, potassium feldspar,
calcite, and biotite
Pyrite
Northeast fault

Silicification, potassium
feldspar alteration,
sericitization,
Epidotization, and
carbonate alteration

—1.9-1.1%o
Average of —0.15 %o
130-124 Ma

Tectonically altered rock,
explosion breccia
Pyrite, sphalerite, galena,
chalcopyrite, scheelite,
calaverite and quartz,
calcite, chlorite, sericite,
and fluorite
Pyrite
Northeast fault
Silicification, potassium
feldspar alteration,
sericitization,
pyrite-sericite alteration,
fluorite alteration,
carbonate alteration, and
chloritization
—14.3—13.3%0
Average of —13.75%o
236-227 Ma
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7. Conclusions
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Au content in the ore-forming fluid is closely related to As.
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ore-forming materials likely originated from magmatic hydrothermal fluids, confirm-
ing the deposit as a hydrothermal gold deposit.
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