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A B S T R A C T   

The Wutuogou Ag-Pb-Zn deposit, a newly discovered vein-type deposit, is located in the Eastern Kunlun Orogenic 
Belt (EKOB), northwestern China. The vein-type Ag-Pb-Zn ore bodies are hosted in Middle Triassic granodiorite 
and monzogranite and are characterized by high-grade Ag, Pb, and Zn (average Ag: 293 g/t, Pb: 3.00 %, Zn: 2.85 
%). Three paragenetic stages have been recognized: quartz + pyrite (Py-1) + arsenopyrite (stage I), pyrite (Py-2) 
+ sphalerite + chalcopyrite + tetrahedrite + quartz (substage II-1), galena + pyrargyrite + freibergite +
freieslebenite + quartz + calcite (substage II-2), and quartz + calcite (stage III). Except for Ag-bearing minerals 
(pyrargyrite, freibergite, and freieslebenite), invisible silver is also present in pyrite (1.91–165 ppm), sphalerite 
(3.86–8806 ppm), and galena (up to 0.21 wt%). The calcite is closely associated with sulfides in substage II-2 and 
yields a U-Pb age of 210 ± 7 Ma (MSWD = 2.7), which represents the ore-forming age (lower limit). Py-1 dis-
plays higher As contents and lower Co contents than those of Py-2, indicating a decrease in temperature from 
stage I to stage II. In addition, the Fe/Zn mass ratios (0.025–0.075) of sphalerite estimate the fluid temperature 
for substage II-1 of 246–284 ◦C, whereas the Ag/(Ag + Cu) and Zn/(Zn + Fe) mole ratios of freibergite estimate 
the fluid temperature for substage II-2 of 140–270 ◦C, further indicating the decrease of temperature from stage I 
through substage II-1 to substage II-2. Mineral assemblages of pyrite-chalcopyrite-tetrahedrite in substage II-1 
and Ag-sulfosalts in substage II-2 suggest a decrease in sulfur fugacity (fS2). Both the decrease in fS2 and cool-
ing of the mineralizing fluids facilitate silver precipitation. The heterogeneous compositions of the freibergite 
and the Ag zonation in sphalerite (Sp-1) resulted from retrograde solid-state reactions that redistributed Ag 
through microscale exsolution. The δ34S values (+5.49 to +7.78 ‰) of the sulfides and the low Zn/Cd ratios 
(107–195) of sphalerite indicate a felsic magma source for the ore-forming materials. Therefore, we concluded 
that the Wutuogou Ag-Pb-Zn deposit corresponds to a medium- to low-temperature magmatic-hydrothermal 
deposit associated with Late Triassic magmatism in the Eastern Kunlun Orogenic Belt (EKOB).   

1. Introduction 

Hydrothermal vein-type Ag-Pb-Zn deposits are known as significant 
global sources of silver and base metals with high grades and abundant 

ore-forming elements (Baumgartner et al., 2008; Lawley et al., 2010; 
Mango et al., 2014; Mehrabi et al., 2016; Zhai et al., 2019; Zhai et al., 
2020; Li et al., 2020a). In general, Ag-Pb-Zn ore veins are formed 
through open-space infill. These deposits may contain silver as the main 
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commodity or as a co-existing product with lead and zinc ores (Zhai 
et al., 2020). Silver is often associated with sulfides and predominantly 
occurs as Ag-bearing sulfosalts (Mango et al., 2014; Li et al., 2019; Zhai 
et al., 2019; Qi et al., 2022; Zhang et al., 2023a). Previous studies have 
primarily concentrated on investigating the distribution of silver in 
pyrite or sphalerite (Li et al., 2016; Yu et al., 2020a; Wang et al., 2022; 
Zhang et al., 2022), leaving a need for comprehensive research on the 
distribution of silver within common sulfides and Ag-bearing sulfosalts 
in specific vein-type Ag-Pb-Zn deposits. Some researchers suggest that 
the precipitation of silver from hydrothermal fluids is primarily 
controlled by decreases in temperature, pH, fO2, and fS2 (Li et al., 2019; 
Zhai et al., 2019; Zhang et al., 2023a); others argue that it is influenced 
by fluid mixing and dilution (Baumgartner et al., 2008; Li et al., 2016). 
However, further study is still required to better understand the for-
mation conditions for hydrothermal vein-type Ag-Pb-Zn deposits. In 
some cases, Ag-Pb-Zn veins are frequently found in association with 

magmatic-hydrothermal systems (Lawley et al., 2010; Box et al., 2012; 
Catchpole et al., 2015; Zhai et al., 2019; Li et al., 2020a; Zhang et al., 
2023a). Nevertheless, certain deposits of this type do not seem to have a 
clear genetic connection to magmatic activity (Beaudoin and Sangster, 
1992; Kissin and Mango, 2014). The origin of their ore-forming mate-
rials remains a subject of debate. 

Reliable ore-forming ages are vital for comprehending regional 
large-scale mineralization as well as the genetic relationship between 
mineralization and magmatism of this type deposit (Zhai et al., 1999; 
Mederer et al., 2014; Yan et al., 2021). Nevertheless, it is still difficult to 
constrain the ore-forming age of hydrothermal Ag-Pb-Zn ore veins. At 
present, Rb-Sr and Re-Os dating of sulfides, U-Th-Pb dating of U-bearing 
hydrothermal auxiliary minerals, and 40Ar/39Ar and Rb-Sr dating of K- 
bearing alteration minerals are commonly used to constrain the miner-
alization age of hydrothermal vein-type deposits (Selby et al., 2002; 
Baumgartner et al., 2008; Li et al., 2012; Catchpole et al., 2015). 

Fig. 1. (a) Tectonic map of China showing the location of the EKOB, after (Yuan et al., 2010). (b) Structural sketch of the EKOB showing the location of study area, 
after (Dong et al., 2018). (c) Geology of the Wutuogou Ag-Pb-Zn deposit and surrounding areas. 
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However, it is challenging to precisely establish the Re-Os isotopic 
composition of the samples with currently available instrumental 
sensitivity because most of the sulfides associated with vein-type Ag-Pb- 
Zn deposits have low Re contents. The degree of homogeneity in the 
initial isotopic composition and the level of fractionation in the parent or 
daughter isotopes have a significant impact on the Rb-Sr isochron 
method. In addition, the absence of auxiliary minerals containing U in 
some vein-type Ag-Pb-Zn deposits prevents the use of the U-Th-Pb 
method for auxiliary minerals. In recent years, the laser ablation- 
inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb 
dating method has been developed for calcite with a low U content, 
offering an alternative dating method for hydrothermal deposits (Coo-
gan et al., 2016; Burisch et al., 2018; Drake et al., 2020; Jin et al., 2021). 
The calcite is usually associated with sulfides in the vein-type Ag-Pb-Zn 
deposit, providing us with studied objects to determine the ore-forming 
age. 

The Eastern Kunlun Orogenic Belt (EKOB) records the complex 
evolution history of the Paleo-Tethys. This occurred during the late 
Paleozoic to early Mesozoic, resulting in the generation of extensive 
magmatic rocks and numerous metal deposits containing abundant Au, 
Cu, Ag, Pb, Zn, and Fe (Xu et al., 2006; Yu et al., 2017; Chen et al., 
2020a; Zhao et al., 2021; Zhang et al., 2023b). In recent years, many Ag 
polymetallic deposits have been discovered in the eastern segment of the 
EKOB, including the Nagengkangqieer Ag deposit, the Nagengkangqieer 
North Ag deposit, the Gemalong Ag polymetallic deposit, the Harizha Ag 
polymetallic deposit, the Kengdenongshe Au-Ag-Pb-Zn deposit, and the 
Wutuogou Ag-Pb-Zn deposit (Zhang et al., 2018; Chen et al., 2020b; Fan 
et al., 2021; Zhao et al., 2021; Zhang et al., 2023a). Among these, the 
Wutuogou Ag-Pb-Zn deposit is distinctive as its ore bodies are hosted in 
granitoids, whereas the ore bodies in other deposits are hosted in 
Triassic volcanic or sedimentary rocks. The ore bodies in the Wutuogou 
Ag-Pb-Zn deposit are characterized by high grade (Ag: 293 g/t, Pb: 3.00 

Fig. 2. (a) Geological map of the Wutuogou Ag-Pb-Zn deposit. (b and c) Representative cross sections along exploration lines 03 (A and B) and 02 (C and D) show the 
occurrence and morphology of the major orebodies at the Wutuogou Ag-Pb-Zn deposit. The locations of the sections are shown in Fig. 2a. The ages of granodiorite 
and monzogranite are from Li et al. (2018). 
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%, Zn: 2.85 %) and a consistent orientation of the ore bodies, which 
implies that there is a potential for further exploration in the region. 
Therefore, it is important to constrain the deposit geology, mineraliza-
tion timing, and genetic type of the Wutuogou Ag-Pb-Zn deposit to un-
derstand the regional Ag-Pb-Zn metallogenic events in the EKOB. 

In this study, we determined the age of the Wutuogou Ag-Pb-Zn 
deposit using the U-Pb dating of calcite. In addition, we conducted an-
alyses on the geochemistry of sulfide and Ag-bearing minerals, along 
with in-situ sulfur isotopic compositions of sulfides. These investigations 
were carried out to constrain the distribution of silver, understand the 
physicochemical conditions of mineralization, and elucidate the genesis 
of the deposit. 

2. Regional geology 

The EKOB is bounded to the north by the Qaidam Basin and to the 
south by the Bayan Har Terrane. It extends from the Qinling Orogen in 
the east to the Altyn Tagn Fault in the west (Pan et al., 2012; Dong et al., 
2022) (Fig. 1b). From south to north, the Southern Eastern Kunlun Su-
ture, the Central Eastern Kunlun Suture, and the Northern Eastern 
Kunlun Suture divide the EKOB into three belts, e.g., the Southern 
Eastern Kunlun Belt, the Central Eastern Kunlun Belt, and the Northern 
Qimantagh Belt, respectively (Dong et al., 2018; Li et al., 2020b; Zhao 
et al., 2022a) (Fig. 1b). The Central Eastern Kunlun Suture is related to 
the closure of the Proto-Tethys Ocean during the Proterozoic-Early 
Paleozoic period. The Southern East Kunlun Fault is the result of the 
closure of the Paleo-Tethys Ocean in the Middle Triassic (Zhong et al., 
2017; Li et al., 2020b; Fu et al., 2022; Zhang et al., 2023b). The base-
ment rocks in the EKOB include migmatite, granulite, felsic gneiss, and 
amphibolite from the Paleoproterozoic Jinshuikou Group and gneiss, 
amphibolite, marble, and metasandstone from the Meso-Neoproterozoic 
Xiaomiao Formation (Huang et al., 2014; Chen et al., 2017a). The 
basement rocks are covered by low-grade metamorphic rocks from the 
Ordovician Nachitai Group and discontinuous Carboniferous to Neogene 
sedimentary and volcanic rocks (Chen et al., 2017b). Paleozoic- 
Mesozoic granitoids in the EKOB were formed at 470–390 Ma and 
260–200 Ma (Huang et al., 2014; Dong et al., 2018; Chen et al., 2020a; 
Zhao et al., 2021; Zhang et al., 2023b) (Fig. 1c). The granitoids from 
both age groups are associated with subduction and closure of the Proto- 
Tethys Ocean and the Paleo-Tethys Ocean, respectively, and subsequent 
post-collisional magmatism (Zhang et al., 2014; Chen et al., 2020a; Li 
et al., 2020c; Zhao et al., 2022b). Mafic-ultramafic rocks are found in the 
vicinity of the Central East Kunlun Fault, with ages ranging from 537 to 
467 Ma. They are also present in the Southern East Kunlun Fault region, 
with ages spanning 555 to 516 Ma and 345 to 332 Ma (Dong et al., 2018; 
Yu et al., 2020b). 

The EKOB contains several large to medium-sized metal deposits. 
The western part of the EKOB hosts numerous porphyry and skarn de-
posits (Fang et al., 2018; Zhong et al., 2018), whereas the central 
segment is characterized by occurrences of vein-type gold deposits 
(Zhang et al., 2017; Wu et al., 2021). The eastern part of the EKOB 
contains different deposit types, including vein-type gold, vein-type Ag 
polymetallic, porphyry Cu-Mo, and skarn Fe deposits (Zhao, 2020; Chen 
et al., 2020b) (Fig. 1b and c). In recent years, silver mining has been one 
of the priorities of mineral exploration in the eastern part of the EKOB, 
as a series of Ag (polymetallic) deposits were discovered (i.e., the Har-
izha Ag polymetallic deposit, the Kengdenongshe Au-Ag-Pb-Zn poly-
metallic deposit, the Nagengkangqieer Ag deposit, the Gemalong Ag 
polymetallic deposit, and the Wutuogou Ag-Pb-Zn deposit) (Chen et al., 
2020b; Fan et al., 2021; Zhao et al., 2021). The Wutuogou Ag-Pb-Zn 
deposit, which is the focus of this study, is hosted in granitoids, 
whereas the other Ag polymetallic deposits are hosted in Triassic vol-
canic and sedimentary rocks. 

3. Deposit geology 

3.1. Geology of the Wutuogou Ag-Pb-Zn deposit 

The Wutuogou Ag-Pb-Zn deposit is situated in the eastern segment of 
the EKOB, north of the Central East Kunlun Fault (Fig. 1c). The Ag-Pb-Zn 
ore bodies are hosted in the fault between granodiorite (248 Ma) and 
monzogranite (246 Ma) (Fig. 2a, Table 1). Previous studies have shown 
that both the granodiorite and monzogranite in the deposit area were 
formed in a continental arc setting related to the subduction of the 
Paleo-Tethys Ocean (Li et al., 2018). The granodiorite is covered by the 
Quaternary sedimentary rocks in the central part of the ore district and 
intruded into the Proterozoic Wanbaogou Group in the southwest 
(Fig. 2). 

Northwest and northwest-west trending faults are common in the ore 
district (Fig. 2). The NWW-trending Wutuogou Fault is a segment of the 
Central Eastern Kunlun Suture, cutting the southern part of the ore 
district. The F8 fault is a second-order fault of the Wutuogou fault and 
controls the occurrence, shape, and size of the ore bodies. The F8 fault 
dips 70◦ to the northeast and has a length of 1 km and a width of 5–30 m 
(Fig. 2). 

3.2. Ag-Pb-Zn mineralization 

Five Ag-Pb-Zn ore bodies (I-V) were identified in the Wutuogou Ag- 
Pb-Zn deposit (Fig. 2), with an average Pb + Zn grade of 5.8 % and an Ag 
grade of 293 g/t, respectively. The five vein-type lenticular-shaped ore 
bodies are 1–2 m thick and dip at an angle of over 70◦ to the northeast 
(Fig. 2). The Ag-Pb-Zn mineralization occurs as massive, brecciated, and 
veined ores (Fig. 3), which are characterized by extensive alteration as 
exemplified by silicification, carbonation, and the presence of chlorite, 
epidote, and sericite. 

Three mineralization stages were recognized based on mineral 
assemblage and cross-cutting relationships in the Wutuogou Ag-Pb-Zn 
deposit. They include a quartz-pyrite-arsenopyrite stage I, a poly-
metallic sulfide-silver stage II, and a calcite-quartz stage III. 

Stage I is characterized by a mineral assemblage of quartz, pyrite (Py- 
1), and arsenopyrite (Fig. 3a and c). Euhedral Py-1 coexists with arse-
nopyrite and quartz and is being replaced by sphalerite, galena, pyrar-
gyrite, and freibergite (Fig. 4a–d). The quartz-pyrite veins from this 
stage have been replaced by ore veins from stage II (Fig. 3a). 

Stage II represents the main mineralization stage, comprising poly-
metallic sulfides and Ag-bearing minerals. It can be subdivided into 
substages II-1 and II-2 (Fig. 3g–i). Sphalerite-dominated ore veins of 
substage II-1 have been crosscut and replaced by galena-dominated ore 
veins of substage II-2 (Fig. 3g–i). Substage II-1 is represented by a 

Table 1 
Descriptions of the wall rocks in the Wutuogou Ag-Pb-Zn deposit.  

Rock types Cross-cutting 
relationship 

mineralogical 
assemblages 

Age 
(Ma) 

Reference 

Granodiorite Cutting the 
Proterozoic 
Wanbaogou group 
and cut by the ore 
body 

Quartz (20–25 
%) 
Plagioclase 
(50–55 %)K- 
feldspar  
(30–35 %) 
Hornblende (5 
%) 

248 Li et al., 
2018 

Monzogranite Cut by the ore body Plagioclase 
(40–45 %)K- 
feldspar  
(30–35 %) 
Quartz (20–25 
%) 
Hornblende (2 
%) 
Biotite (2 %) 

246 Li et al., 
2018  
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mineral assemblage comprising pyrite (Py-2), sphalerite, and quartz 
with minor chalcopyrite. Sulfides of this stage occur in veined and 
brecciaed ores (Fig. 3d and g). 

Substage II-2 is characterized by quartz, calcite (Cal-1), galena, and 
Ag-bearing minerals with minor chalcopyrite, tetrahedrite, and smith-
sonite. These sulfides and Ag-bearing minerals occur in massive, veined, 
and brecciated ores (Fig. 3a, b, e). Galena replaces pyrite, sphalerite, and 
freibergite (Fig. 4d–g), all of which are replaced by pyrargyrite (Fig. 4b 
and k). Ag-bearing minerals, such as pyrargyrite, freibergite, freiesle-
benite, and native silver, exist as irregular grains or veinlets within 
sphalerite, galena, pyrite, and quartz, or as exsolution inclusions within 
galena (Fig. 4h–l, Fig. S1c and f). Cal-1 occurs in veined and brecciaed 
ores, associated with sphalerite and galena (Fig. 3c and e). 

Stage III signifies the end of mineralization. This stage is dominated 
by quartz and calcite (Cal-2), in which Cal-2 occurs as open-space fill-
ings that cement the breccia or crosscut ore veins (Fig. 3f and i, Fig. S1g 
and h). The mineral assemblages and paragenetic sequences described 
above are summarized in Fig. S2. 

4. Sampling and analytical methods 

Samples were collected from underground tunnels, and detailed in-
formation about each sample is summarized in Table 2. Petrographic 

analysis was carried out on polished thin sections of samples to deter-
mine the mineral composition, textures, and paragenesis. The samples 
were analyzed by backscattered electron (BSE), electron probe micro-
analyzer analysis (EPMA), and laser ablation-inductively coupled 
plasma-mass spectrometry (LA-ICP-MS). 

4.1. LA-ICP-MS U-Pb dating of calcite 

Calcite U-Pb isotopic analysis was done using laser ablation- 
inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the 
Micro-Origin and Spectrum Laboratory, Sichuan Chuangyuan Weipu 
Analytical Technology Co. Ltd. Cathodoluminescence (CL) imaging was 
used to examine the calcite texture. Following the standard methods 
described by Nuriel et al. (2021), Roberts et al. (2017), and Luo et al. 
(2020), laser sampling was performed using an ASI Resolution LR 193 
nm ArF excimer laser ablation (LA) system, and ion-signal intensities 
were acquired using a Thermo Fisher iCAP-TQ ICP-MS instrument. The 
laser timing was set at three seconds for surface cleaning, seven seconds 
for washout, 15 s for background, and 20 s for ablation. Calcite was 
ablated at a spot size of 120 μm using 15 Hz repetition rate and a 3.0 J/ 
cm2 fluence. The NIST 614 glass was utilized as a primary reference 
material to bracket carbonate reference materials and the samples at 
every five intervals for the correction of the 207Pb/206Pb ratios of the 

Fig. 3. Representative photographs of ores from the Wutuogou Ag-Pb-Zn deposit. (a) Galena and Ag-bearing sulfosalts replaced quartz and pyrite in Stage I. (b) 
Sphalerite-galena-chalcopyrite-quartz vein. (c) Late calcite crosscuts the early-formed ore veins. (d) Sphalerite-galena-quartz veins occur in wall rock, accompanied 
by chlorite and epidote alteration. (e) Late calcite cemented sphalerite-galena and calcite breccia. (f) Late calcite cemented ore brecciated. (g) Galena replaced early- 
formed brecciated sphalerite and quartz. (h) Late calcite crosscut early ores, and galena replaced sphalerite. (i) Late calcite veins crosscut the early galena and 
sphalerite veins. Qtz = quartz, Cal = calcite, Py = pyrite, Ccp = chalcopyrite, Sp = sphalerite, Gn = galena. 
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reference material and samples (Woodhead et al., 2001). The 238U/206Pb 
ratios of the calcite samples were subsequently calibrated with in-house 
standards (AHX-1d, 238.2 ± 0.9 Ma) and cross-checked with ID-MS 
calibrated calcite standard (PTKD-2, 153.7 ± 1.7 Ma) and an internal 
intensive LA calibrated standard (LD-5, 72.5 ± 1.0 Ma) for age reli-
ability and accuracy (Kendrick et al., 2022). Our measurements gave 
lower intercept ages of 238.3 ± 1.7 Ma (MSWD = 3.0, n = 25) for AHX- 
1d, 154.7 ± 2.2 Ma (MSWD = 1.1, n = 24) for PTKD-2, and 73.5 ± 0.6 
Ma (MSWD = 1.4, n = 26) for LD-5. These ages are indistinguishable 
from the standard values for AHX-1d, PTKD-2, and LD-5, respectively. 

Experimental data processing was done using Iolite 4 (Paton et al., 
2011), and concordia diagrams were constructed using Isoplot 3 (Lud-
wig, 2003). 

4.2. SEM, EDS analysis and EPMA 

Backscattered electron (BSE) images, energy dispersive X-ray spec-
troscopy analysis, and wavelength dispersive electron probe micro-
analyzer analysis (EPMA) were performed at the Wuhan Sample 
Solution Analytical Technology Co., Ltd., Wuhan, China. BSE images 

Fig. 4. Photomicrographs showing mineral assemblages and textures of ores from the Wutuogou Ag-Pb-Zn deposit. Figures b and f are BSE images, and other 
photographs are reflected light images. (a) Sphalerite replaces early pyrite and quartz. (b) Irregular sphalerite, galena, pyrargyrite, and freibergite replace pyrite. (c) 
Arsenopyrite is enveloped by pyrite. (d) Sphalerite replaces pyrite, and pyrite and sphalerite are replaced by galena. (e) Galena replaces pyrite and sphalerite. (f) 
Sphalerite with ‘chalcopyrite disease’ is replaced by galena crosscutting veinlets. (g) Early-formed sphalerite and pyrite are surrounded by galena. (h) Freibergite, 
coexisting with chalcopyrite, is surrounded by sphalerite. (i) Pyrargyrite occurs as an irregular grain in quartz and replaces galena. (j) Freibergite is intergrown with 
galena and chalcopyrite, and sphalerite is replaced by galena and freibergite. (k) Pyrargyrite is intergrown with silver and replaces freibergite, pyrite, galena, and 
sphalerite. (l) Freieslebenite is intergrown with galena. Qtz = quartz, Cal = calcite, Py = pyrite, Ccp = chalcopyrite, Sp = sphalerite, Gn = galena, Apy = arse-
nopyrite, Pyr = pyrargyrite, Frb = freibergite, Fre = freieslebenite, Thr = tetrahedrite. 
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were acquired using a Zeiss Supra 55 field emission scanning electron 
microscope (SEM, JSM-IT100, Japan Electron Optics Laboratory Co., 
Ltd., Tokyo, Japan), with an accelerating voltage of 15 kV, a primary 
beam current of 20 nA, and an image acquisition time of 35 s/sheet. A 
JEOL EX-230 was utilized for the EDS analysis using an accelerating 
voltage of 20 kV and a beam current of 40–80 nA. A JEOL JXA-8230 
electron probe microanalyzer was used for major element analyses of 
pyrite, sphalerite, galena, pyrargyrite, freibergite, and freieslebenite 
using carbon-coated polished thin sections. The sulfides were analyzed 
at a 20 kV accelerating voltage and a 20 nA beam current with a 1 μm 
spot diameter. A 5 μm spot diameter, a 20 kV accelerating voltage, and a 
5 nA beam current were used to analyze the Ag-bearing minerals. Peak 
and background analysis were done for 20 and 10 s, respectively. All 
data were corrected using the standard ZAF correction method from 
JEOL. The standards that were used include arsenopyrite, pyrite, 
sphalerite, chalcopyrite, galena, pentlandite, native gold, native silver, 

native cobalt, native germanium, native cadmium, and native bismuth. 

4.3. LA-ICP-MS trace elemental analysis of sulfides 

The trace element contents of the sulfides were determined using 
laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP- 
MS) at the Wuhan Sample Solution Analytical Technology Co., Ltd., 
Wuhan, China. The laser ablation system and the ICP-MS instrument 
operating conditions are described by Zong et al. (2017). The GeolasPro 
laser ablation system, which comprises a MicroLas optical system and a 
COMPexPro 102 ArF excimer laser with a wavelength of 193 nm and a 
maximum energy of 200 mJ, was used to accomplish the laser sampling. 
Ion signal intensities were obtained using an Agilent 7700e ICP-MS in-
strument. This laser ablation system contains a “wire” signal smoothing 
device (Hu et al., 2015). Helium was used as the carrier gas. The spot 
size and frequency of the laser were set to 32 µm and 8 Hz, respectively. 

Table 2 
Descriptions of samples used for this study.  

Sample No. Stage Ore structure Ore minerals Gangue minerals Cross-Section Analyses 

Major Minor 

67 II-1, II-2 veined Sp, Gn Py, Apy, Ccp, Pyr Qtz, Cal 3990 m BSE, LA-ICP-MS, EPMA 
69 I, II-1 veined Sp, Py Gn, Ccp, Frb, Pyr Qtz 3990 m BSE, LA-ICP-MS, EPMA 
71 II-1, II-2 brecciated Gn, Sp Ccp, Frb, Pyr Qtz, Cal 3990 m BSE, EPMA 
74 II-1, II-2 veined Gn, Sp Ccp, Frb, Pyr, Fre Qtz, Cal 3990 m BSE, EPMA 
76 II-1, II-2 brecciated Gn, Sp Frb, Pyr, Fre Qtz, Cal 3930 m BSE, EPMA 
78 I, II-1 massive Gn, Sp, Py Py, Pyr Qtz 3930 m BSE, LA-ICP-MS, EPMA 
82 II-1, II-2 brecciated Sp, Gn, Py Ccp, Frb, Pyr, Fre, Thr Qtz, Cal 3930 m BSE, LA-ICP-MS, EPMA 
84 II-1, II-2 brecciated Sp, Gn Py, Ccp, Frb, Pyr, Fre, Qtz 3930 m BSE, EPMA 
88 II-1, II-2 brecciated Gn, Sp Frb, Pyr Qtz, Cal 3930 m Calcite U-Pb, CL 

Qtz = quartz, Cal = calcite, Py = pyrite, Ccp = chalcopyrite, Sp = sphalerite, Gn = galena, Apy = arsenopyrite, Pyr = pyrargyrite, Frb = freibergite, Fre = freie-
slebenite, Thr = tetrahedrite. 

Fig. 5. (a) Late calcite cemented sphalerite, galena, and calcite breccia. (b) Reflected light images of calcite intergrown with sulfides. (c) Cathodoluminescence image 
of Cal-1. (d) U-Pb Terra-Wasserburg concordia diagram for calcite from the Wutuogou Ag-Pb-Zn deposit. 
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For each spot analysis, background data was collected for roughly 
20–30 s before sample data was acquired for 50 s. As external standards, 
measurements were performed against the synthetic glass standard NIST 
610 and the sulfide standard MASS-1 of the United States Geological 
Survey. The following elements were monitored: 55Mn, 57Fe, 59Co, 60Ni, 
65Cu, 66Zn, 69Ga, 72Ge, 75As, 77Se, 95Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 
125Te, 195Pt, 197Au, 205Tl, 208Pb, and 209Bi. The software Iolite 4 was 
used to perform off-line selection signals and quantitative calibration for 
trace element analysis (Paton et al., 2011). The Fe and Zn contents 
determined by EPMA were used as the internal standards for pyrite and 
sphalerite, respectively. 

4.4. In-situ S isotope analysis 

In-situ sulfur isotope analysis was determined using a RESOlution SE 
193-nm New Wave ArF Excimer laser coupled and a multi-collector 
inductively coupled plasma mass spectrometer (Neptune Plus) at Bei-
jing Createch Texting Technology Co., Ltd., Beijing, China. S isotope 
analyses were done using a spot diameter of 24 μm, a laser energy 
density of 8 J/cm2, and a frequency of 8 Hz. The ablated materials were 
transferred into the plasma using high-purity He as a carrier gas. Each 
analysis consisted of 40 s of sample and 30 s of background data, with a 
Nu Plasma II integration time of 0.3 s. The Wenshan natural pyrite 
crystal (GBW07267, developed by the Chinese Academy of Geological 
Sciences, Beijing, China) was used as a standard, and the reproducibility 
of δ34S measurements was better than 0.6 ‰. The instrumental mass 
discrimination was corrected using the balmat FeS, MXG, and balmat 
ZnS standards. All S isotope values are expressed in the delta notation in 
per mil (‰) relative to the Cañion Diablo Troilite (CDT) standard. 

5. Results 

5.1. Calcite U-Pb age 

Calcite (Cal-1) from sample WT-88 is milky-white in color. They 
occur as breccias macroscopically and distribute around the breccias of 
sulfide (Fig. 5a). The early breccias of Cal-1 and sulfide are cemented by 

the grayish Cal-2. In CL images, Cal-1 displays a distinct red color 
(Fig. 5c). It is texturally intergrown with sphalerite and galena, which 
are associated with Ag mineralization (Fig. 5b). Therefore, the calcite U- 
Pb age represents the mineralization age (lower limit) of the Wutuogou 
Ag-Pb-Zn deposit. 

The U-Pb isotopic data for calcite are tabulated in Table S1 and 
illustrated in the Terra-Wasserburg diagram (Fig. 5d). The calcite con-
tains Pb (0.31–12.4 ppm) and U (0.14–2.79 ppm). The 238U/206Pb ratios 
range from 0.851 to 9.091 (average of 2.794), and the 207Pb/206Pb ratios 
vary from 0.600 to 0.829 (average of 0.777). All the analyses yielded a 
lower intercept age of 210 ± 7 Ma for the calcite on the Terra- 
Wasserburg diagram (Fig. 5d). 

5.2. Mineral textures, types, and major elements 

The sulfide mineral phases in the Wutuogou Ag-Pb-Zn deposit are 
pyrite, sphalerite, and galena. The Ag-bearing minerals are identified as 
pyrargyrite, freibergite, freieslebenite, and minor native silver (Fig. 4). 
The major element compositions and calculated chemical formulas of 
these sulfides and Ag-bearing minerals are presented in Table S2. 

5.2.1. Sulfides 
Py-1 presents in stage I and is characterized by euhedral crystals. It 

shows a pentagonal dodecahedron habit, with diameters ranging from 
50 to 300 μm (Fig. 4a–d). Py-1 has Fe, S, and As contents of 45.95–46.63 
wt%, 52.11–53.51 wt%, and 0.09–2.02 wt%, respectively. Py-2 occurs in 
substage II-1 and is characterized by subhedral-allotriomorphic crystals. 
It has a diameter of 30–100 μm, of which the rim is replaced by sphal-
erite and galena (Fig. 4e and f). Py-2 has a similar S content 
(51.44–53.75 wt%) as Py-1, a slightly lower Fe content (45.08–46.27 wt 
%), and a higher As content (0.56–2.52 wt%). 

Two sphalerite types, Sp-1 and Sp-2, have been recognized in sub-
stage II-1. Sp-1 appears in vein and Sp-2 in breccia. Sp-1 contains minor 
inclusions of quartz, galena, chalcopyrite, pyrargyrite, and freibergite 
(Fig. 4a and h). The back-scattered electron (BSE) images of Sp-1 show a 
clear ring-zone texture (Fig. S1b, Fig. 6a). Sp-1 displays a wide range for 
the Zn (55.07–64.75 wt%), Ag (<5.19 wt%), Sb (<3.06 wt%), and Cu 

Fig. 6. (a) Sphalerite with high Ag content zoning texture (BSE image). The Ag content was determined by EPMA. (b) Ag, Sb, Cu, and Zn contents, determined by 
EPMA, vary in the bright and dark zones in sphalerite. The X-axis shows spot analysis from (a). (c) EDS spectra of analysis point 1 in (a). (d) EDS spectra of analysis 
point 2 show high Ag content in (a). 
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(<1.91 wt%) contents, and the S and Fe contents are 31.30–33.23 wt% 
and 2.71–4.40 wt%, respectively. In addition, the bright zonation of Sp- 
1 in the BSE images shows higher Ag, Cu, and Sb contents than those of 
the darker zones (Fig. 6). Sp-2 coexists with Py-2 and shows a texture of 
chalcopyrite disease (Fig. 4d and e). In comparison to Sp-1, Sp-2 has 
higher Zn (60.99–65.57 wt%), lower S (32.95–33.49 wt%) and lower Fe 
(1.64–3.87 wt%) contents. Sp-2 has low Cu (<1.41 wt%), Ag (<0.10 wt 
%), and Sb (<0.02 wt%) contents. 

Galena is present in substage II-2, occurring as irregular grains, 
replacing pyrite, sphalerite, chalcopyrite, and freibergite (Fig. 4d–h). 
Galena is primarily composed of Pb (85.65–86.73 wt%) and S 

(13.71–13.87 wt%) and has low Ag (<0.21 wt%) and Sb (<0.24 wt%) 
contents, along with trace amounts of Co, Ni, Fe, Cu, and Zn. 

5.2.2. Ag-bearing minerals 
Pyrargyrite has a diameter of 5–250 μm, occurring as irregular in-

clusions replacing galena, sphalerite, pyrite, and quartz (Fig. 4b, i, k). It 
contains 59.13–63.66 wt% Ag, 17.18–18.47 wt% S, and 12.80–21.69 wt 
% Sb. In addition, pyrargyrite has low contents of As (<5.37 wt%), Fe 
(<1.41 wt%), Zn (<0.93 wt%), Cu (<0.45 wt%), Pb (<0.41 wt%), Cd 
(<0.25 wt%), Bi (<0.12 wt%), and Au (0.11 wt%, one analysis only). 

Freibergite occurs as inclusions or veinlets in sphalerite and galena, 

Fig. 7. BSE images (a and e) and EDS spectra (b–d and f–h) of Ag-bearing minerals. Spectra b–d corresponds to spot analysis in (a), and spectra f–h corresponds to 
spot analysis in (e). 
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with diameters ranging from 4 to 120 μm (Fig. 4h, k, Fig. S1c). It is 
generally intergrown with chalcopyrite. The majority of the freibergite 
that coexists with sphalerite is heterogeneous and shows bright and dark 
zones in back-scattered electron (BSE) images (Fig. 7a, Fig. S1e). In 
contrast, freibergite occurring in galena is homogeneous (Fig. 7e). 
Freibergite has Ag, Cu, S, and Sb contents of 17.67–35.14 wt%, 
13.32–25.41 wt%, 20.29–22.80 wt%, and 21.88–26.61 wt%, respec-
tively. Significant variations in Zn (0.85–6.28 wt%) and Fe (0.60–5.13 
wt%) are also detected. Freibergite has minor amounts of Cd (<0.33 wt 
%), As (<1.82 wt%), and Pb (<0.21 wt%). The brighter parts of the 
heterogeneous freibergite correspond to high Ag contents whereas the 
darker parts show low Ag contents (Fig. 7a, Fig. S1e). 

Freieslebenite occurs as inclusions or exsolution inclusions in galena 
with diameters ranging from 3 to 80 μm (Fig. 4l, Fig. S1d, f). The 
freieslebenite contains 20.21–24.92 wt% Ag, 17.79–18.79 wt% S, 
20.42–25.87 wt% Sb, and 29.02–39.40 wt% Pb. It has low Cu (<0.31 wt 
%), Zn (<0.37 wt%), Ge (<0.12 wt%), and Cd (<0.26 wt%) contents. 

5.3. Sulfide trace element contents 

The LA-ICP-MS dataset includes the trace element contents of 
sphalerite and pyrite. The reported mean concentrations for trace ele-
ments were calculated assuming that contents are zero for spot analyses 

below the detection limit (bdl). The trace element contents are listed in 
Table S3 and displayed in Fig. 8. 

5.3.1. Pyrite 
The As, Ag, and Sb contents in Py-1 are 5086–34932 ppm, 1.91–131 

ppm, and 5.90–127 ppm (Fig. 8a), respectively. The contents of Zn, Cu, 
and Pb have wide ranges, with values varying from bdl to 358 ppm, 
6.03–113 ppm, and 4.28–1194 ppm, respectively. Py-1 has a Co content 
of 1.11–116 ppm and a Ni content of bdl-46.3, corresponding to Co/Ni 
mass ratios of 1.1–8.9. Four of the 19 spot analyses revealed detectable 
Sn (0.97–5.64 ppm). The Pb, Zn, Ag, Sb, and Cu contents in Py-2 are 
higher than those in Py-1, ranging from bdl-7375 ppm, bdl-317 ppm, 
3.82–165 ppm, 12.1–493 ppm, and 59.1 to 665 ppm, respectively 
(Fig. 8a). In addition, Py-2 contains 11066–32509 ppm As, 0.94–13.4 
ppm Sn, and <40.8 ppm Co. 

5.3.2. Sphalerite 
Overall, Fe, Cu, Ag, Cd, Sn, Sb, and Pb are enriched in sphalerite (Sp- 

1 and Sp-2), but Mn, Co, Ga, Ge, Tl, and Bi are absent. The contents of Fe 
(9049–33764 ppm), Ag (3.86–8806 ppm), Sb (0.47–5855 ppm), and Pb 
(0.14–72.7 ppm) are variable in Sp-1, whereas the contents of Mn 
(11.6–35.1 ppm) and Cd (3335–4785 ppm) are not much varied 
(Fig. 8b). Sp-1 has high Cu (77.6–4074 ppm) and low In (0.11–44.7 

Fig. 8. Box and whisker plots showing the trace elements compositions of pyrite (a) and sphalerite (b) in the Wutuogou Ag-Pb-Zn deposit.  
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ppm) contents. It has low Co (<20.3 ppm) and As (<76.3 ppm) contents, 
excluding an abnormally high As content (1060 ppm) for one analysis, 
which is probably related to the presence of an arsenopyrite inclusion. 
The Co (bdl-3.72 ppm), In (0.38–64.7 ppm), Sn (116–1920 ppm), and Pb 
(25.9–1551 ppm) contents in Sp-2 are more abundant than in Sp-1, 
whereas the Ag (151–3115 ppm) and Sb (79.9–2279 ppm) contents 
are lower (Fig. 8b). The Mn, Fe, Cu, Ga, and Cd contents in Sp-1 and Sp-2 
are similar. In addition, two Sp-2 analyses revealed Ge contents of 5.05 
ppm and 4.59 ppm, respectively. 

5.4. In-situ S isotopic compositions 

The sulfur isotopic compositions are presented in Table S4. The δ34S 
values for stage I pyrite (Py-1) ranged from +6.13 to +7.78 ‰ (average 
of +7.06 ‰). Py-2, Sp-1, and Sp-2 of stage II have δ34S values ranging 
from +5.75 to +6.66 ‰ (average of +6.14 ‰), +5.56 to +6.59 ‰ 
(average of +6.00 ‰), and +5.49 to +6.60 ‰ (average of +5.91 ‰), 
respectively. 

6. Discussion 

6.1. Mineralization age 

The calcite (Cal-1) U-Pb analyses yield a lower intercept age of 210 
± 7 Ma on the Terra-Wasserburg diagram (Fig. 5d), indicating a Late 
Triassic mineralization age for the Wutuogou Ag-Pb-Zn deposit. This age 
is consistent with the timing of regional Ag-Pb-Zn mineralization in the 

EKOB. The formation ages of the Harizha Ag polymetallic deposit and 
the Nagengkangqieer North Ag deposit were 223 Ma and 218 Ma, 
respectively, restricted by hydrothermal zircon in ore-bearing quartz 
veins (Fan et al., 2021; Fan, 2022). The maximum ore-forming age (215 
Ma) of the Nagengkangqieer Ag deposit was defined by the U-Pb age of 
hydrothermal zircon from mineralized rhyolites (Wu, 2019), and the 
minimum age of mineralization (207 ± 3 Ma) was determined from the 
U-Pb data analysis of a post-ore calcite vein established (Zhang et al., 
2023a). In addition, Late Triassic magmatic events are prevailing in the 
EKOB, producing magma assemblages of diorite, granitoid, and rhyolite 
(Li et al., 2020b; Jing et al., 2023; Zhang et al., 2023b). These igneous 
rocks have been dated at 237–204 Ma by LA-ICP-MS and SHRIMP on 
zircon (Guo et al., 2018; Kong et al., 2020; Zhang et al., 2023b). The age 
of the Wutuogou deposit coincides with the Late Triassic magmatism in 
the EKOB, suggesting a potential connection. 

6.2. Distribution of silver 

In the Wutuogo Ag-Pb-Zn deposit, the distribution of silver in 
pyrargyrite (silver content ranging from 59.13 wt% to 63.66 wt%), 
freibergite (silver content ranging from 17.67 wt% to 35.14 wt%), 
freieslebenite (silver content ranging from 20.21 wt% to 24.68 wt%), 
and minor native silver indicates a significant presence of silver within 
Ag-bearing minerals. Furthermore, trace amounts of invisible silver are 
present in various sulfides, including galena, pyrite, and sphalerite, 
through different mechanisms. 

Silver in pyrite typically occurs as micro-inclusions or solid solutions. 

Fig. 9. Binary plots of (a) Sb vs. Ag; (b) Pb vs. Ag; (c) Sn vs. Ag; (d) Co vs. Ni in pyrite from Wutuogou Ag-Pb-Zn deposit.  
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However, high Ag content is often attributed to the presence of Ag- 
bearing mineral inclusions (Zhao et al., 2011; Qi et al., 2022). Galena 
precipitates faster than pyrite and Pb2+ has a larger radius than Fe2+, so 
Pb often occurs as galena micro-inclusions in pyrite (Morse and Luther, 
1999). The peaks of the Pb time-resolved profiles in pyrite provide ev-
idence of this (Fig. S3a and b). The parallel Ag, Sb, and Pb peaks of time- 
resolved profiles (Fig. S3a) suggest that the origin of Ag and Sb in pyrite 
is from galena micro-inclusions containing Ag-Sb solid solutions or Ag- 
bearing sulfosalt micro-inclusions. Positive correlations between Ag, 
Sb, and Pb in pyrite (Fig. 9a–c) and the replacement of pyrite by galena 
and pyrargyrite (Fig. 4b) further support this. 

Coupled substitution mechanisms usually lead to the enrichment of 
monovalent, trivalent, and tetravalent cations in sphalerite, such as Ag+, 
Cu+, Sb3+, Ga3+, In3+, Bi3+, Ge4+, As3+, and Sn4+ (Cook et al., 2009; 
Murakami and Ishihara, 2013). The contents of Ag+ and Cu+, the two 
most common monovalent cations in the Wutuogou Ag-Pb-Zn deposit, 
are nearly equal to the total contents of trivalent and tetravalent cations 
(Fig. 10e). This indicates that Ag occurs in sphalerite (Sp-1 and Sp-2) 
through coupled substitution with trivalent or tetravalent cations. The 
smooth time-resolved profiles and positive correlation (with a slope of 
~ 1) between Ag and Sb in sphalerite (Fig. S3c, Fig. 10a), as would be 

expected from the coupled substitution mechanism of 2 Ag+ + Sb3+ ↔ 3 
Zn2+. Spot analyses with high Ag content tend to show high As contents, 
which suggests that Ag+ + As3+ ↔ 2 Zn2+ substitution occurs in 
sphalerite (Sp-1 and Sp-2). Additionally, the weak positive correlation 
between Ag and Sn in Sp-1 suggests they might have been limited by 
coupled substitutions with Zn2+ (Fig. 10b), i.e., 2 Ag+ + Sn4+ ↔ 2 Zn2+. 
The scattered relationship between Ag, Ga, and In excludes these ele-
ments for coupled substitution (Fig. 10c and d). It is worth mentioning 
that the smooth time-resolved profiles of the Sp-1 spot analyses with 
high Ag contents (4340–8806 ppm) indicate that Ag in these sphalerites 
occurs as solid solutions (Fig. S3c). Cook et al. (2009) reported a similar 
occurrence of high Ag contents (>10,000 ppm) in sphalerite from the 
Toyoha deposit in Japan. Furthermore, several spot analyses show 
parallel peaks of Ag, Sb, and Pb on the time-resolved profiles, reflecting 
the handful existence of Ag-bearing mineral micro-inclusions or galena 
micro-inclusions (Fig. S3d). 

Silver can enter galena through the coupled substitution Ag+ + Sb3+

↔ 2 Pb2+ (George et al., 2015), which is the predominant distribution 
mechanism in many Ag-Zn-Pb deposits (Horn et al., 2019; Cave et al., 
2020; Li et al., 2022; Qi et al., 2022). Galena spot analyses with high Ag 
contents tend to show high Sb contents but relatively low Pb contents, 

Fig. 10. Binary plots of (a) Sb vs. Ag; (b) Sn vs. Ag; (c) Ga vs. Ag; (d) In vs. Ag; (e) Ga + In + Sn + Sb vs. Ag + Cu; (f) In vs. Sn; (g) Sn vs. Cu; (h) Co vs. Fe; (i) Mn vs.Fe 
in sphalerite from Wutuogou Ag-Pb-Zn deposit and other deposit types (the data of skarn deposits, VMS deposits, epithermal deposits and MVT deposits are from 
Cook et al. (2008) and Ye et al. (2011). 
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suggesting that the occurrence of Ag and Sb in galena is indeed a result 
of the coupled substitution process (Ag+ + Sb3+ ↔ 2 Pb2+) (Table S2). 

In conclusion, silver (ranging from 1.91 to 165 ppm) is present as Ag- 
Sb-bearing inclusions in pyrite. The distribution of silver in sphalerite 
(ranging from 3.86 to 8806 ppm) can be attributed to two factors: (1) the 
presence of Ag-Sb-Pb micro-inclusions; (2) coupled substitution re-
actions, including Ag+ + Sb3+ ↔ 2 Zn2+, with minor Ag+ + As3+ ↔ 2 
Zn2+, and 2 Ag+ + Sn4+ ↔ 3 Zn2+. The silver content in galena (up to 
0.21 wt%) forms solid solutions through coupled substitution (Ag+ +

Sb3+ ↔ 2 Pb2+). 

6.3. Physicochemical conditions of mineralization 

Deditius et al. (2014) discovered that Au and As contents were 
negatively correlated with fluid temperatures. The average As contents 
of Py-1 (14914 ppm) and Py-2 (17308 ppm) suggest that the fluid 
temperature at stage I is slightly higher than substage II-1. Previous 
studies have indicated that a high-temperature condition is required for 
the substitution of Co for Fe in pyrite (Clark et al., 2004; Román et al., 
2019). The lower Co content in py2 (mean 2.97 ppm) compared to py1 
(mean 24.6 ppm) also suggests a temperature decrease from stage I to 
substage II-1. 

Sphalerite (Sp-1 and Sp-2) is common in substage II-1. It has been 
suggested that the Ga and In contents of sphalerite are temperature- 
dependent (Cook et al., 2009; Ye et al., 2011). Sphalerite with a low 
Ga/In mass ratio (<0.1) formed under a high-temperature condition, 
whereas sphalerite with a high Ga/In mass ratio (>1) generated at a 
moderate-to-low temperature condition (Cook et al., 2009; Ye et al., 
2011). The Ga/In mass ratios of Sp-1 and Sp-2 range from 0.13 to 43.0 
(mean of 3.67), indicating that they formed in a moderate-to-low tem-
perature environment. The Ge contents in sphalerite show a positive 
correlation with the sphalerite crystallization temperature (Frenzel 
et al., 2016). Most of the Ge contents in Sp-1 and Sp-2 are below the 
detection limit, which also indicates a moderate-to-low temperature 
fluid. Keith et al. (2014) proposed the formula Fe/Zn sphalerite = 0.0013 
× T (◦C) – 0.2953 to calculate the ore-forming temperature from the 
sphalerite Fe/Zn mass ratios. The Fe/Zn mass ratios in substage II-1 
sphalerite (Sp-1 and Sp-2) range from 0.025 to 0.075, indicating 
mineralization temperatures of 246–284 ◦C (mean of 266 ◦C) (Table S5). 
The composition of freibergite, which is widespread in substage II-2, can 
be used to determine the temperature of silver mineralization (Sack, 
2005). Using the Ag/(Ag + Cu) and Zn/(Zn + Fe) mole ratios in 

unaltered freibergite, the mineralization temperature is estimated to be 
140–270 ◦C in substage II-2 (Fig. 11a). 

The mineral assemblage reflects the degree of sulfidation during 
mineralization. A pyrite-pyrrhotite-arsenopyrite and Fe-rich sphalerite 
assemblage indicates low-sulfidation conditions; a pyrite-tetrahedrite- 
chalcopyrite and Fe-poor sphalerite assemblage indicates medium- 
sulfidation conditions; and a pyrite-enargite-covellite assemblage in-
dicates high-sulfidation conditions (Baumgartner et al., 2008). The Fe 
content of sphalerite is also closely related to the sulfur fugacity (fS2), 
both of which are generally negatively correlated (Lusk and Calder, 
2004; Demir et al., 2013; Keith et al., 2014). Pyrite, sphalerite (average 
Fe content of 21,779 ppm), chalcopyrite, and tetrahedrite (Fig. S2) are 
among the metallic sulfides found in substage II-1, indicating a medium- 
sulfidation environment. On the temperature vs. log10 fS2 phase dia-
grams (Fig. 11b), the substage II-1 pyrite-chalcopyrite-tetrahedrite 
assemblage indicates a medium-to-low sulfidation condition at ~266 ◦C 
whereas the substage II-2 assemblage of Ag-sulfosalts indicates a low 
sulfidation environment at ~200 ◦C. As a result, the main mineralization 
stage II evolved from medium (log10 fS2 of about − 9) to low fS2 condi-
tions (log10 fS2 of about − 18). The narrow δ34S range (+5.49 to +7.78 
‰) implies that the pH and oxygen fugacity (fO2) did not significantly 
change during mineralization. 

In summary, stage I mineralization occurred at a slightly higher 
temperature than stage II. Substage II-1 mineralization is characterized 
by a medium temperature (246–284 ◦C) and medium fS2 (log10 fS2 is 
about − 9), whereas substage II-2 mineralization occurs at a low tem-
perature (140–270 ◦C) and low fS2 (log10 fS2 is about − 18). These 
findings indicate that cooling and a decrease in fS2 cause the precipi-
tation of Ag-bearing minerals. 

6.4. Ore mineralogical and textural implications 

Back-scattered electron images and EPMA revealed that freibergite 
has a heterogeneous composition (Fig. S1e, Fig. 7a) and that sphalerite 
(Sp-1) is characterized by Ag zonation (Fig. S1b, Fig. 6a). These phe-
nomena may be the result of retrograde solid-state reactions. The het-
erogeneous freibergite was initially a homogeneous mineral hosted in 
sphalerite that underwent a microscale exsolution process to form Ag- 
rich and Ag-poor parts during cooling. The sphalerite, which shows Ag 
zonation, went through a similar process. This conclusion is supported 
by previous studies reporting similar phenomena (Sack et al., 2003; Zhai 
et al., 2019). The Ag+ + Sb3+ ↔ 2 Zn2+ coupled substitution can be 

Fig. 11. (a) Ag/(Ag + Cu) vs. Zn/(Zn + Fe) mole ratios of freibergite in the Wutuogou Ag-Pb-Zn deposit. Based on Sack (2005), Zhai et al. (2019), and Li et al. 
(2019), the isotherms are computed. (b) The relative sulfidation condition and the evolution of hydrothermal fluids in the Wutuogou Ag-Pb-Zn deposit are shown in a 
log10 fS2 vs. temperature diagram. The temperatures were estimated from the Fe/Zn ratio of sphalerite in substage II-1 and from the Ag/(Ag + Cu) and Zn/(Zn + Fe) 
ratio of freibergite in substage II-2. The mineral assemblage was used to estimate the log10 fS2 values (see text for further discussion). Sulfidation conditions and 
reactions originate from Zhai et al. (2019). 
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promoted by an Sb increase in the fluid during cooling, which contrib-
utes to the formation of Ag-zonation in sphalerite (Miller and Craig, 
1983; Demir et al., 2013). 

Galena contains exsolution inclusions of sulfosalts (Fig. S1f), indi-
cating the initial presence of Ag-rich galena that transformed into Ag- 
poor galena and Ag-rich sulfosalts (e.g., freieslebenite) during cooling. 
This implies that the exsolution of Ag-rich sulfosalts accounts for the low 
Ag contents (<0.21 wt%) in galena. The replacement of galena by 
pyrargyrite suggests the formation of some Ag-bearing sulfosalts later 
than galena (Fig. 4k), reflecting late-stage low-temperature 
mineralization. 

6.5. Genetic type of the Wutuogou Ag-Pb-Zn deposit 

The trace element contents of sphalerite (i.e., Mn, Fe, Co, Ga, Ge, In, 
Cu, and Sn) can be used to determine the genetic type of ore deposit 
(Cook et al., 2009; Ye et al., 2011; Belissont et al., 2014). Sphalerite from 
deposits associated with magmatism tends to have higher contents of In, 
Sn, Fe, Co (especially in skarns), Mn, and Ag (e.g., the Toyoha deposit in 
Japan), whereas low-temperature deposits without a magmatic source 
(e.g., the MVT deposit) contain sphalerite that is enriched in Ge, As, Tl, 
Ga, and Se (Cook et al., 2009; Ye et al., 2011). The sphalerite in this 
study is enriched in In, Sn, Fe, Co, Ag, Sb, and Cu and depleted in Ge, Ga, 
Se, and Tl, like the sphalerite from magmatic-hydrothermal deposits 
(Fig. 10). The pyrite Co/Ni mass ratios are also valuable in determining 
deposit genesis (Large et al., 2009; Reich et al., 2013; Wei et al., 2020; Li 
et al., 2023). The VMS, skarn, and epithermal deposits related to mag-
matism typically exhibit pyrite Co/Ni mass ratios greater than 1, 
whereas Co/Ni mass ratios are often less than 1 in sedimentary pyrite. In 
this study, the pyrite has a Co/Ni mass ratio of 1.2–8.9 (Fig. 9d), indi-
cating a magmatic-hydrothermal deposit type. 

Sulfur isotope is one of the traditional methods to evaluate the source 
of ore-forming materials (Ohmoto, 1972). Equilibrium fractionation 
results in the following orders: δ34S pyrite > δ34S sphalerite > δ34S 
chalcopyrite > δ34S galena. The pyrite δ34S in this study has a mean 
value of +6.71 ‰, which is higher than the mean δ34S value of sphalerite 
(+5.95 ‰), indicating that fractionation equilibrium was reached. The 
lack of sulfate minerals and coexisting pyrite, sphalerite, and galena 
suggest a moderate to low fO2, hence the δ34S values of pyrite and 
sphalerite are equivalent to the δ34S∑S (Ohmoto, 1972). The narrow δ34S 
range indicates a single sulfur source in the Wutuogou Ag-Pb-Zn deposit. 
The δ34S values of sulfide (+5.49 to +7.78 ‰, mean of +6.29 ‰) are 
higher than those of the Nagengkangqier Ag (− 6.1 to +8.5 ‰, mean of 
+1.23 ‰ (Li and Li, 2017; Xu et al., 2020; Chen et al., 2020b) and the 
Hazhizha Ag polymetallic deposits (− 3.8 to +1.0 ‰, mean of − 1.45 ‰, 

(Fan et al., 2021)) (Fig. 12). Notably, the Nagengkangqier Ag and 
Hazhizha Ag polymetallic deposits are known to have a magmatic- 
hydrothermal origin (Chen et al., 2020b; Fan et al., 2021; Zhang et al., 
2023a). The Wutuogou Ag-Pb-Zn deposit has higher δ34S values that are 
comparable with magnetite-series granites (Fig. 12b), which suggests 
that sulfur was derived from felsic magmas. Conversely, the lower δ34S 
values of Nagengkangqier Ag and Hazhizha Ag polymetallic deposits 
imply that some sulfur was likely derived from mantle-sourced input 
(Chen et al., 2020b; Zhang et al., 2023a). 

The Zn/Cd mass ratios in sphalerite can provide insights into the 
origin of hydrothermal fluids (Khin and Large, 1996). High Zn/Cd mass 
ratios in sphalerite (>500) or moderate Zn/Cd mass ratios (328–427) 
typically indicate that the ore-forming hydrothermal fluids were derived 
from basaltic and andesitic sources (Gottesmann and Kampe, 2007). 
Conversely, a low Zn/Cd mass ratio in sphalerite (<250) is indicative of 
a felsic source (Khin and Large, 1996; Gottesmann and Kampe, 2007). In 
the case of the Wutuogou Ag-Pb-Zn deposit, the low Zn/Cd mass ratio 
(107–195) strongly suggests that the ore-forming fluids had a felsic 
magma source. 

Considering the information provided, particularly the mineral as-
semblages, trace elements of pyrite and sphalerite, temperature (140 to 
284 ◦C of main Stage II), and sulfur isotope data (+5.49 to +7.78 ‰), it 
is a reasonable conclusion that the Wutuogou Ag-Pb-Zn deposit can be 
classified as a medium-to-low-temperature magmatic-hydrothermal 
deposit with a genetic association to felsic magmas. 

6.6. Formation of the Wutuogou deposit 

Based on the geological and geochronological data presented, it 
appears that the granodiorite and monzogranite host rocks were formed 
earlier, at around 248 Ma and 246 Ma (Li et al., 2018), respectively, 
whereas the deposit itself was formed during the Late Triassic, approx-
imately 210 Ma. This geochronological relationship suggests that the 
granodiorite and monzogranite are not the source of the ore-forming 
materials for the deposit. 

Since 240 Ma, the Paleo-Tethys Ocean has been beginning to close 
(Zhao et al., 2022b; Zhang et al., 2023b). This was subsequently fol-
lowed by the post-collision extension of the EKOB from 224 Ma to 200 
Ma, along with upwelling of the asthenosphere mantle and large-scale 
magmatism (Kong et al., 2020; Chen et al., 2020a; Li et al., 2020c; 
Zhao et al., 2022a). Although the Late Triassic magmatic rocks have not 
been discovered in the Wutuogou area, they are prevalent in the eastern 
segment of the EKOB (Guo et al., 2018; Jing et al., 2023; Zhang et al., 
2023b). We hypothesize that a Late Triassic felsic pluton, situated deep 
beneath the Wutuogou area, served as the source of ore-forming fluids, 

Fig. 12. (a) Histogram of δ34S values. (b) Range of δ34S values for pyrite and sphalerite in the Wutuogou Ag-Pb-Zn deposit. δ34S data for the Nagengkanngqieer Ag 
deposit and the Harizha Ag polymetallic deposit are from Zhang et al. (2018), Xu et al. (2020), Chen et al., (2020b), Fan et al. (2021), Chen et al. (2022). The δ34S 
values of sedimentary rocks, meteorites, ilmenite- and magnetite-series granites, andesites and basalts, and mantle xenoliths are from Seal (2006). 
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materials, and the thermal energy required for the formation of the 
Wutuogou Ag-Pb-Zn deposit. These ore-forming fluids followed pre- 
existing fault structures, like the F8 fault depicted in Fig. 2, eventually 
reaching shallower depths where silver mineralization took place. 
Subsequently, a decrease in fS2 and the cooling of the mineralizing fluids 
resulted in the formation of the Wutuogou Ag-Pb-Zn deposit in ~210 Ma 
(Fig. 13). 

7. Conclusions  

(1) Three hydrothermal mineralization stages are recognized in the 
Wutuogou Ag-Pb-Zn deposit. Stage I is characterized by quartz- 
pyrite (Py-1)-arsenopyrite. Stage II can be further divided into 
substages II-1 and II-2. Substage II-1 is defined by pyrite (Py-2)- 
sphalerite-chalcopyrite-tetrahedrite-quartz, while substage II-2 is 
characterized by galena-smithsonite-pyrargyrite-freibergite- 
freieslebenite-quartz-calcite. Stage III primarily consists of 
quartz and calcite.  

(2) The majority of silver is present in Ag-bearing minerals such as 
pyrargyrite, freibergite, and freieslebenite. Furthermore, invis-
ible silver occurs in pyrite (2–165 ppm), sphalerite (4–8806 
ppm), and galena (up to 0.21 wt%) as solid solutions that resulted 
from coupled substitution (Ag+ + Sb3+ ↔ 2 Zn2+, Ag+ + Sb3+ ↔ 2 
Pb2+) or micro-scale inclusions. Cooling and a decrease in the fS2 
of the ore-forming fluid are the main causes of Ag mineralization. 
Heterogeneous freibergite and Ag-zonation in sphalerite are 
attributed to retrograde solid-state reactions during cooling.  

(3) Based on trace element data from pyrite and sphalerite, sulfur 
isotopic compositions (+5.49 to +7.78 ‰), and estimated fluid 
temperatures (ranging from 140 to 284 ◦C), the Wutuogou Ag-Pb- 
Zn deposit is classified as a medium- to low-temperature 
magmatic-hydrothermal deposit connected to Late Triassic 
magmatism in the EKOB. Its mineralization age (low limit) is 
determined to be 210 ± 7 Ma by calcite U-Pb dating. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This study was supported by the National Natural Science Founda-
tion of China (No. 42172084). We would like to thank Shengtao Zhang, 
Xiaolong Li, and Bin Li for their assistance with fieldwork. We extend 
our gratitude to the editor and three reviewers for their valuable insights 
and suggestions. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.oregeorev.2024.105880. 

References 

Baumgartner, R., Fontbote, L., Vennemann, T., 2008. Mineral zoning and geochemistry 
of epithermal polymetallic Zn-Pb-Ag-Cu-Bi mineralization at Cerro de Pasco, Peru. 
Econ. Geol. 103 (3), 493–537. https://doi.org/10.2113/gsecongeo.103.3.493. 

Beaudoin, G., Sangster, D.F., 1992. A descriptive model for silver-lead-zinc veins in 
clastic metasedimentary terranes. Econ. Geol. 87 (4), 1005–1021. https://doi.org/ 
10.2113/gsecongeo.87.4.1005. 

Belissont, R., Boiron, M., Luais, B., Cathelineau, M., 2014. LA-ICP-MS analyses of minor 
and trace elements and bulk Ge isotopes in zoned Ge-rich sphalerites from the 
Noailhac-Saint-Salvy deposit (France): Insights into incorporation mechanisms and 
ore deposition processes. Geochim. Cosmochim. Ac. 126, 518–540. https://doi.org/ 
10.1016/j.gca.2013.10.052. 

Box, S.E., Bookstrom, A.A., Anderson, R.G., 2012. Origins of mineral deposits, Belt- 
Purcell Basin, United States and Canada; an introduction. Econ. Geol. 107 (6), 
1081–1088. https://doi.org/10.2113/econgeo.107.6.1081. 

Burisch, M., Walter, B.F., Gerdes, A., Lanz, M., Markl, G., 2018. Late-stage anhydrite- 
gypsum-siderite-dolomite-calcite assemblages record the transition from a deep to a 
shallow hydrothermal system in the Schwarzwald mining district, SW Germany. 
Geochim. Cosmochim. Ac. 223, 259–278. https://doi.org/10.1016/j. 
gca.2017.12.002. 

Catchpole, H., Kouzmanov, K., Bendezú, A., Ovtcharova, M., Spikings, R., Stein, H., 
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