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The Nagengkanggie’er (Nageng) silver deposit, situated in the Eastern Kunlun Orogenic Belt (EKOB), North-
western China. It contains 5,070 tons of contained silver at a silver grade of 325 g/t. Nonetheless, the genesis of
the Nageng silver deposit is still under debate, due to the absence of definitive constraints the mineralization age
and the metal sources. The U-Pb data analysis of a post-ore calcite vein established the minimum age of the
mineralization at 207 + 3 Ma, whereas the maximum age of 217 + 4 Ma was determined from zircon U-Pb data
obtained from the altered and mineralized rhyolitic porphyry host-rock. These temporal limitations suggest that
the mineralization formed at ca. 217-207 Ma, and it is associated with the post-collisional setting of the Paleo-
Tethys evolution in the EKOB. The distinct textural patterns, as revealed by petrographic observations, suggest
three types of pyrites: pyl is composed of euhedral pyrite in the early barren quartz vein at stage 1, py2 is
represented by subhedral-anhedral grains in massive ore veins at stage 2, and py3 forms euhedral crystals of
varying sizes, which are interspersed with early-formed marcasite in the quartz + calcite + silver-bearing
sulfosalt-dominated veins at stage 3. In-situ 5°*S values of pyrites range between —2.33 %o and —0.37 %o,
indicating a dominantly magmatic origin. EPMA studies have revealed that silver in the Nageng deposit pre-
dominantly occurs as silver-bearing galena at stage 2, whereas silver is enriched in sulfosalts of stage 3. From py1
to py3, a decrease in the Co-content indicates a decrease in the ore-forming fluid temperatures. The presence of
stage 3 sulfide, sliver-bearing sulfosalt, and calcite-quartz in a fracture-filled vein indicates low-pressure con-
ditions during its formation, compared to stages 1 and 2. In summary, the Nageng deposit is a typical magmatic-
hydrothermal vein-type Ag-Pb-Zn deposit. Fluid cooling and decrease in pressure, coupled with decreases in fOy
and fS,, are the parameters inferred to have led to a decrease of silver solubility in the hydrothermal fluids and,
successively, promoted extensive Ag deposition.

1. Introduction

Hydrothermal vein-type Ag-Pb-Zn deposits are highly valued for
their economic significance due to their high-grade silver content, which
occurs as silver-bearing sulfosalts, in association with base metals such
as lead and zinc (Simmons et al., 2005; Borojevi¢ Sostari¢ et al., 2011,
Borojevi¢ Sostari¢ et al., 2013; Li et al., 2019; Li et al., 2020a).
Furthermore, these deposits have the potential to serve as substantial
reservoirs of these metals (Baumgartner et al., 2008; Mango et al., 2014;

Zhai et al., 2019; Zhai et al., 2020). This type of deposits is commonly
associated with magmatic-hydrothermal systems and are generally
found in continental rifts, volcanic arcs, and collisional orogens (Hay-
nes, 1993; Jean-Philippe et al., 2012; Mao et al., 2013a; Jiang et al.,
2015; Jansson et al., 2017). Accurately determining mineralization ages
is of paramount importance in unraveling the intricate relationship be-
tween ore genesis and geotectonic events (Fan et al., 2014; Mederer
et al., 2014; Yan et al., 2021; Kouhestani et al., 2022). Nonetheless,
dating vein-type Ag-Pb-Zn deposits has posed a formidable challenge
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due to the absence of minerals that unequivocally associate with silver
deposition and are suitable for radiogenic isotope techniques (Zhai et al.,
2017; Benites et al., 2022; Li et al., 2022). Furthermore, subsequent
hydrothermal activities subsequent to ore formation could potentially
disturb the isotopic systematics of minerals, thereby introducing addi-
tional complexity into the chronological assessment (Corral, 2020; Jin
et al., 2021).

Calcite is a prevalent gangue mineral in various types of hydro-
thermal deposits (Grandia et al., 2000; Zhang et al., 2020; Jin et al.,
2021). In recent years, in situ U-Pb isotopic analyses have been con-
ducted using laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) with ion counters, offering the potential to date
these carbonates (e.g., Kurumada et al., 2020; Su et al., 2021; Pavlov-
skaia et al., 2022). This technique has proven successful in dating
numerous ore deposits, such as antimony mineralization in South China
(Sheng et al., 2022; Xu et al., 2022), five-element vein deposits in central
Germany (Kreissl et al., 2018), and Carlin-type gold deposits in central
Yukon, Canada (Pinet et al., 2022). Additionally, pyrite, which is the
dominant auriferous sulfide in the vein type Ag-Pb-Zn deposit (Paiement
et al., 2012; Mao et al., 2013b; Stouraiti et al., 2019; Ishida et al., 2022),
is observed throughout the mineralization process. The association and
distribution of trace elements in pyrite have been confirmed to provide
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crucial insights into the source of metals and the physicochemical con-
ditions of the ore-forming fluids (Vaughan, 2006; Borner et al., 2021; Li
et al., 2023b).

The Eastern Kunlun orogenic belt (EKOB) in NW China is a well-
known mineralized belt with a significant exploration and mining his-
tory (Zhao et al., 2021a; Deng et al., 2022). The recent discovery of the
Nagengkanggie’er (Nageng) Ag deposit, the first giant silver deposit
found in the EKOB, has garnered considerable attention from re-
searchers and explorers. The deposit geology (Chen et al., 2021; Li et al.,
2017; Xu et al., 2014), geochronology of magmatism (Chen et al., 2021,
2022a; Guo et al., 2019), geochemistry (Xu et al., 2020; Chen et al.,
2022b), and fluid inclusions (FIs) (Li and Li, 2017; Chen et al., 2019)
have been extensively investigated in the past decade. However, several
crucial issues still require additional investigation. One of these crucial
critical issues is the timing of the Ag mineralization, making it difficult
to establish a temporal link between ore formation and evolution of the
EKOB. Additionally, ongoing debates persist regarding the metal sources
and the mechanism of metal precipitation.

In this investigation, we identified and dated post-ore calcite, using
LA-ICP-MS in combination with the U-Pb age of wall rock zircon to
establish a reliable timeframe for the silver mineralization in Nageng.
Additionally, in order to further characterize the hydrothermal fluid
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Fig. 1. (a) Tectonic map of China showing the location of the EKOB (modified after Li et al., 2020c). (b) The tectonic map showing the dominated terranes of the
EKOB and the location of Gouli ore field (modified after Pan et al., 2012; Chen et al., 2017). (c) Geological map of the Gouli ore field showing the distribution of the
main silver and gold deposits (modified after Chen et al., 2020; Zhao et al., 2021b). (CAOB = Central Asia Orogenic Belt; TC = Tarim Craton, EKOB = Eastern Kunlun
Orogenic Belt, NCC = North China Craton, SCC = South China Craton, QLOB = Qinling Orogenic Belt, HLOB = Himalayan Orogenic Belt).
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sources and metal formation conditions, we conducted in-situ pyrite
chemical, S isotopic, and electron probe microscopy (EPM) analyses on
sulfides and silver minerals. Our overarching objective was to provide a
more comprehensive understanding of the Nageng Ag deposit in the
EKOB. Furthermore, we aimed to contribute to the ongoing efforts in
resolving the age of silver mineralization by employing calcite dating
techniques.

2. Regional Geological setting

The EKOB is situated on the northern margin of the Tibetan Plateau,
representing the western portion of the Central China Orogen (Fig. 1a;
Pan et al., 2012; Dong et al., 2022). The EKOB consists of three distinct
tectonic divisions known as the Northern, Middle, and Southern Kunlun
terranes. These divisions are delineated by the Central and Southern
Eastern Kunlun Sutures (Fig. 1b; Chen et al., 2012; Li et al., 2020b). The
EKOB has undergone multiple orogenic events associated with the
evolution of the Neoproterozoic to Early Paleozoic Proto-Tethys Ocean
and the Late Paleozoic to Mesozoic Paleo-Tethys Ocean (Dai et al., 2013;
Zhong et al., 2017; Li et al., 2021a). It is noteworthy that a significant
proportion of deposits within the EKOB can be traced back to the
development of the Paleo-Tethys Ocean (Zhao et al., 2021b; Zhang et al.,
2023). Therefore, the tectonic evolution of the Paleo-Tethys Ocean in
the EKOB since the Paleozoic can be summarized as follows: 1) Sub-
duction of the Paleo-Tethys Ocean began in the Early Permian, with
subsequent episodes of back-arc extension during the Late Permian to
Early Triassic (Chen et al., 2017; Zhao et al., 2019; Wang et al., 2020; Li
etal., 2020b). 2) Continental collision ensued during the Middle Triassic
(Chen et al., 2021; Kamaunji et al., 2020; Li et al., 2021a). Following the
Late Triassic period, the EKOB entered an extensional regime attributed
to lithospheric delamination (Hu et al., 2016; Zhou et al., 2020; Huang
et al., 2021; Yu et al., 2020).

The Gouli orefield is located on the eastern segment of the EKOB
(Fig. 1b) and is crossed by the Central East Kunlun Suture Zone (CEKS).
This area exclusively encompasses the Paleoproterozoic Jinshuikou
Group (composed of gneiss, amphibolite, and marble). Overlying the
Jinshuikou Group are the Naij Tai Group (composed of meta-volcanic
and meta-sedimentary rocks), as well as Carboniferous-Triassic
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sedimentary and volcanic rocks (Fig. 1c). These rocks have been
intruded by Ordovician-Silurian granitoids, Permian-Triassic arc gran-
itoids, and Middle to Late Triassic syn-collision and post-collision
granitic rocks, along with locally occurring mafic rocks (Fig. 1¢; Dong
et al., 2018; Huang, 2021). The Gouli orefield hosts more than ten gold
and silver deposits, including the Guoluolongwa (>40 t Au), Walega
(>16 t Au), Annage (>8 t Au), Asiha (>6 t Au), Kendenongshe (>40 t Au
and > 600 t Ag), and Nageng (>5000 t Ag), indicating a significant
potential for exploration of Au and Ag in the EKOB (Chen et al., 2020; Li
et al., 2021b; Zhao et al., 2021b).

3. Ore deposit geology, mineralization and alteration
3.1. Deposit geology

The Nageng silver deposit, which is located in the Eastern segment of
the Gouli orefield (Fig. 1c), has a total reserve of 5,070 metric tons (t) of
contained silver with an average grade of 325 g/t (Guo, 2020; Chen
et al., 2022b). Ore bodies are hosted by a sequence of metamorphic and
volcanic rocks, covered by Quaternary sediments (Fig. 2a). The meta-
morphic rocks belong to the Proterozoic Jinshuikou Group and comprise
biotite-amphibole-plagioclase gneisses and hornblende schists. Volcanic
rocks comprise the Middle Triassic Naocangjiangou Formation,
composed of andesite and basaltic andesite, and the Late Triassic Ela-
shan Formation, consisting of basaltic tuff, dacite porphyry, and rhyolite
porphyry. Additionally, the deposit is cross-cut by plutonic rocks that
comprise a porphyritic granite with a granodioritic outer shell. The
petrological characteristics, U-Pb ages, and cross-cutting relationships
among these rocks are presented in Table 1. Ore bodies in Nageng are
strictly fault-controlled and exhibit a steep dip of 70-85°, with EW-
trending ore bodies occurring in the Jinshuikou Group and NE and
NNW-trending ore bodies in the Elashan and Naocangjiangou Forma-
tions, respectively (Fig. 2a). The geometry of the ore bodies is commonly
sigmoidal, with lengths ranging from 80 to 1560 m and thicknesses
varying between 0.45 and 8.64 m (Fig. 2b; Xu et al., 2014; Guo, 2020).
This deposit exhibits a distinct metal zonation extending from deep-level
Pb-Zn mineralization to shallower Ag mineralization (Chen et al.,
2022b).
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Fig. 2. (a) Geological map of the Nageng silver deposit showing the locations of the main silver ore bodies, and the profile A-A’ (modified after Xu et al., 2020; Chen
et al., 2021a). Ages labeled on the map are zircon U-Pb ages and the related references are listed in Table 1. (b) Representative cross-section in of the Nageng silver

deposit (Modified after Chen et al., 2022b).
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Table 1
A summary of the various rock types in the Nageng Ag-Pb-Zn deposit.
Rock types Cross cutting Mineralogical Age Reference
relationship characteristics (Ma)
Monzogranite Cutting the Pt2 Pl: 35-40%, 252 Xu et al.
(€3] Jinshuikou G Kfs:25-35%, +1 (2020)
and cut by the Qz:25-30%,
ore body Bt:1-2%, and
others
Granodiorite Cut by ore body  Pl: 50-55%, 239
2) and cutting Qz:20-25%, Bt: +1
monzogranite 5-8%, Hb: 5-8%,
Kfs: 3-5% and
others
Basaltic Cutting by the Amp:10-15%, PI, 240 Chen et al.
andesite (3) ore body 35-40%, Px:<5% +2 (2021)
and others
Andesite (4) Cutting the Amp:5-10%, PI, 240
basaltic andesite 25-30%, Kfs:<5% +2
and others
Basaltic tuff Cutting by the Phenocryst: Pl, 221 Unpublished
5) ore body and 25-30%, Px: + 2 data
rhyolite 3-5%, Qtz: 2%.
Matrix: Pl,
45-50%, Px:
3-5%,
tephros:10%
Dacite Host ore body Pl: 25-35%, Hbl: 220 Chen et al.
porphyry (6)  and cutting the 10-15%, others +1 (2022b)
basaltic tuff
Rhyolite Host ore body Qz: 30-35%, Pl: 217 Guo et al.
porphyry (7)  and cutting the 25-35%, Kfs:5-10 +3 (2019)
dacite porphyry %, others

Amp = Amphibole, Kfs = K-feldspar, Pl = Plagioclase Px = Pyroxene; Q z =
Quartz, Hbl = Hornblende.

3.2. Hydrothermal alteration and paragenetic sequence

The Nageng silver deposit exhibits extensive hydrothermal alteration
that diminishes with increasing distance from the mineralized veins. The
dominant alteration minerals include quartz, sericite, and epidote,
which demonstrate zoning patterns (Fig. 3h and i). As the alteration
moves away from the ore body, the mineralization transitions from si-
licic to epidote and chlorite (Chen et al., 2019; Guo, 2020). Among
them, the silicic alteration is closely connected to the silver minerali-
zation and serves as a significant indicator for exploration efforts (Li and
Li, 2017; Xu et al., 2020).

Based on the mineral paragenetic sequence and cross-cutting re-
lationships (Figs. 3 and 4), three distinct stages of mineralization can be
recognized in chronological order and these are three stages of miner-
alization followed by one post-ore stage.

(1) Stage 1 is characterized by weak sulfide mineralization (py1) and
barren milky quartz (Fig. 3a, e), occurring as veinlets extending along
strike within cracks or disseminations in wall rocks; (2) The subsequent
stage 2 is characterized by the occurrence of abundant and massive
sulfides (chalcopyrite, sphalerite, galena, pyrite (py2), marcasite, arse-
nopyrite, and pyrrhotite, Fig. 3f), in which sphalerite commonly bears
chalcopyrite disease (Fig. 5d); (3) Stage 3 is marked by vein fault-fillings
of extensional fractures that cut across stage 1 and 2 veins (Fig. 3b, c).
The mineral assemblage in this stage is dominated by silver-bearing
sulfosalts, accompanied by a relatively little sulfides (sphalerite,
galena, pyrite (py3), marcasite, and pyrrhotite) and gangue minerals
(quartz, calcite, and rhodochrosite, Fig. 3d, g). Sulfosalt species include
freibergite, pyrargyrite, and stephanite, which commonly coexist with
sphalerite and galena, replacing early-stage sulfides (Fig. 6); (4) Stage 4
is represented by post-ore veins, containing mainly calcite, quartz, and
fluorite, and these are cross-cutting all previous stages (Fig. 4 a, b). The
mineral paragenetic sequence is presented in Fig. 7.
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3.3. Pyrite, sphalerite types and textures

Pyrite in the Nageng silver deposit has been grouped into three types
based on their paragenetic stages. Pyl is present in stage 1 and is
intergrown with barren quartz and rutile (Fig. 3e and 5a), which is
characterized by euhedral crystals with sizes ranging from 10 to 300 pm
(Fig. 5b). In some cases, visible sulfide inclusions occur along the rim
(Fig. 5¢). Py2 is commonly found in ores from stage 2 and appears in
intergrowth with arsenopyrite, galena, and sphalerite (Fig. 5d). Py2
exhibits a subhedral-xenomorphic texture with crystal sizes ranging
from 20 to 800 pm and has undergone metasomatism by conversion to
marcasite and pyrrhotite, leading to the development of metasomatic
relict textures (Fig. 5d) and locally undergone replacement by galena
and arsenopyrite (Fig. 5e, f). Py3 is commonly found in ores of stage 3
and occurs as euhedral crystals with a size range of 20-400 pm (Fig. 5g),
which are interspersed with early-formed marcasite (Fig. 5h, i).

The sphalerite occurrences within the Nageng deposit can be divided
into two distinct types, differentiated by their textures and paragenetic
stages. Sphalerite Type 1 (Spl), primarily found at the stage 2, in-
tergrowths with minerals including pyrite, marcasite, arsenopyrite, and
galena (Fig. 3b and f), and is characterized by xenomorphic crystals
ranging from 0.1 to 300 mm (Fig. 3b and 5b) and frequently containing
chalcopyrite inclusions. sphalerite Type 2 (sp2), associated to the
stage3, is intergrown with pyrite, calcite, and chalcopyrite, and is
distinguished by euhedral crystals sized from 0.1 to 50 mm (Fig. 3g). Itis
replaced by stannite and pyrargyrite.

4. Sampling and analytical methods

Samples were acquired from various drill holes, and the specifics of
each sample are condensed in Table 2. Petrographic examination was
conducted on polished thin sections of every sample to effectively
delineate the mineralogy, textures, and paragenesis.

4.1. Cathodoluminescence (CL) imaging

Prior to the analysis, the investigation of calcite internal textures by
CL imaging was performed at the Institute of Geosciences and Geogra-
phy, Martin Luther University Halle-Wittenberg, Halle (Saale), Ger-
many. It was performed under a Zeiss A1 microscope coupled with CITL
Cold Cathode Luminescence 8200 mk3. The high voltage ranges used in
this experiment ranged from 20 kV to 25 kV, and the current ranges were
from 200 pA to 250 pA.

4.2. The BSE and EPM analyzes

The EPMA was performed on a JEOL JXA-8230 electron microprobe
at the Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan,
China. The polished thin sections were carbon-coated before the anal-
ysis. Both the standards and samples were analyzed with a 5-pm spot
diameter at a 15-kV accelerating voltage and a 20-nA beam current. The
counting time was 20 s on peak and 10 s for the background on either
side of the peak. Standards used for calibration include natural pyrite
(for Fe and S), arsenopyrite (for As), chalcopyrite (for Cu), galena (for
Pb), sphalerite (for Zn), pentlandite (for Ni), antimony telluride (for Sb)
and native gold, silver and cobalt (for Au, Ag and Co, respectively).
Images were acquired in BSE mode with an accelerating voltage of 15 kV
and a primary beam current of 20nA.

4.3. LA-ICPMS u-pb dating of carbonate minerals

Calcite U-Pb dating was conducted using a Thermo Scientific qua-
traple iCap TQ inductively coupled plasma mass spectrometry (Q-ICP-
MS) coupled with an ASI Resolution LR 193 nm ArF excimer laser
ablation (LA) system at the Micro-Origin and Spectrum Laboratory
(Sichuan Chuangyuan Weipu Analytical Technology Co. Ltd.), and
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Fig. 3. Representative hand specimen photographs showing the cross-cutting relationship and mineral assemblages of different hydrothermal stages. (a) Stage 1
(milky barren quartz with pyrite) cut by stage 2. (b) Stage 2 massive pyrite, galena and sphalerite cut by stage 3. (c) and (d) The tensioned structure is filled with
galena, sphalerite, calcite, quartz, and rhodochrosite. (e) Sparsely disseminated pyrite with milky quartz. (f) Massive sulfides with quartz. (g) Disseminated structure.
(h) Phyllic zone. (i) Chloritization. (Apy = arsenopyrite; Gn = galena; Sph = sphalerite; Pyh = pyrrhotite; Py = pyrite; Ccp = chalcopyrite; Mrc = marcasite; Cal =
calcite; Flr = fluorite; Qz = quartz; Rds = rhodochrosite; Ser = sericite; Epi = epidote; Stn = stannite; Rt = Rutile; Pyg = Pyrargyrite; =Fb = Freibergite). Ab-

breviations of minerals as per (Warr, 2021).

following standard methods described elsewhere (Roberts et al., 2017;
Cheng et al., 2019; Shen et al., 2019; Luo et al., 2020; Nuriel et al.,
2021). The corresponding instrument operating conditions and experi-
mental parameters are summarized in Appendix A. 204ph was not
measured due to the relatively high 2°/Hg blank in the Ar-He carrier gas
as well as in the calcite samples. In this experiment, PTKD yielded a U-Pb
Tera-Wasserburg concordia lower intercept age of 154.0 + 2.5 Ma
(MSWD = 1.5), anchored using a 207p /206ph value of value of 0.85
(Kendrick et al., 2022). The LD-5 calcite standard yielded a U-Pb Tera-
Wasserburg concordia lower intercept age of 73.0 + 0.55 Ma (MSWD
= 1.5), also anchored using a 207pp,/206p value of 0.85.

4.4. Trace element analysis of pyrite

LA-ICP-MS analysis of pyrite trace element were conducted using an
Agilent 7700e ICP-MS spectrometer coupled with Coherent 193 nm
excimer laser, at the Wuhan Sample Solution Analytical Technology Co.,
Ltd., Wuhan, China. Detailed operating conditions for the laser ablation
system and the ICP-MS instrument and data reduction are the same as
description by (Zong et al., 2017). The ablated patches were 32 pym in
size. Measurements at each point included 20-30 s of instrument
background and 50 s of sample ablation. Trace element compositions of
sulfides were calibrated against various reference materials NIST 610
without using an internal standard (Liu et al., 2008). The sulfide refer-
ence material of MASS-1 (Wilson et al., 2002) (USGS) was used as the
unknown sample to verify the accuracy of the calibration method. The

Excel-based software IOLITE (Paton et al., 2011) was used for data
calculation.

4.5. In-situ sulfur isotopic analysis of pyrite and sphalerite

In-situ sulfur isotope analyses were performed using a Neptune Plus
MC-ICP-MS, equipped with a RESOlution SE 193 nm laser ablation
system at the Beijing Createch Testing Technology Co., Ltd, China. The
laser beam diameter was 50 pm with a laser repetition rate of 8 Hz and
the ablation time span was 27 s. Standard-sample bracketing (SSB) was
used to determine 5>*S values of samples throughout the MC-ICP-MS
analysis. The true sulfur isotopic ratios were calculated by correcting
for instrumental mass bias via linear interpolation between the biases
calculated from two neighboring standard analyses. Isotopic data were
reported in delta notation (%o) relative to Vienna-Canyon Diablo Troilite
(V-CDT). The analytical precision (16) was determined to be approxi-
mately + 0.1%o (Bendall et al., 2006; Mason et al., 2006).

5. Results
5.1. U-pb data of calcite

In total, 100 LA-ICP-MS spot analyses were performed on a post-ore
calcite sample. The 238U/20°pb ratios ranged from 0.03 to 21.70, and the
207pb,/206ph ratios ranged from 0.269 to 0.848 (Suppl Table. S1),
revealing a lower intercept age of 207 + 3 Ma with an initial
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Fig. 4. Representative images of Ag ore bodies and post-ore calcite veins. (a-c) Hand specimen images showing the Ag ore body cut by post-ore calcite veins. (d) Thin
section image of the same sample. Photomicrographs of a post-ore calcite vein under (e) plane-polarized light and (f) cathodoluminescence (CL) imaging. Photo-
micrographs of the location of LA-ICP-MS spot analyzes under (g) plane-polarized light and (h) CL imaging. (i) Tera-Wasserburg concordia diagram of LA-ICP-MS U-
Pb data of a late-stage calcite vein. Error ellipses represent 26. MSWD denotes the mean standard weighted deviation. The meaning of the mineral’s abbreviations was

list in the caption of the Fig. 3.

207pb,/206ph value of 0.851 and a mean square weighted deviation
(MSWD) of 1.9 in the Tera-Wasserburg diagram (Fig. 4i).

5.2. Chemical compositions of silver and silver-bearing minerals

EPM analyses were carried out at the Nageng silver deposit to
identify several Ag minerals, as well as galena and sphalerite. The results
of these analyses can be found in Supple Table S2.

Pyrargyrite (Ag3SbSs) is the most common Ag mineral in the Nageng
deposit. It has a consistent chemical composition of Ag (59.45-60.70 wt
%), Sb (20.66-21.80 wt%), and S (16.85-17.83 wt%), with low levels of
Zn, Fe, Cu, and Pb.

Freibergite ((Ag, Cu)io(Fe, Zn)a(Sb, As)4Si3) is the second most
common Ag mineral. It primarily consists of Ag (26.80-33.86 wt%), Sb
(20.65-25.13 wt%), and S (20.39-22.85 wt%). It has higher concen-
trations of Cu (13.80-18.28 wt%) and Fe (5.22-10.22 wt%) than other
silver-bearing minerals, and low levels of Zn and Pb.

Stephanite (AgsSbS4) is a rare mineral in the deposit. It has the
highest Ag (64.73-69.56 wt%), Sb (14.04-19.41 wt%), and S
(15.00-15.56 wt%) contents, with low levels of Zn, Fe, Cu, and Cd.

Galena (PbS) has low S content (13.52-13.90 wt%) and high Pb
content (84.30-86.43 wt%), with varying levels of Ag (0.01-0.92 wt%)
and Sb (0.02-0.81 wt%). The contents of Fe, Cu, Zn, Co, and Ni are low.
The Ag/PDb ratios for galena vary from 0.0001 to 0.0109, and there is a
linear correlation between the mole proportion of Ag, Sb, and Ag + Sb in
galena and that of Pb.

Sphalerite (ZnS) has high Zn content (47.78-53.72 wt%), high S
content (33.06-34.37 wt%), and Fe content (12.05-14.58%). The con-
tents of Pb, Cu, Sb, Ag, Au, As, Zn, Co, and Ni are mostly below the
detectable limits. The total content analysis indicated that sp2 had a
concentration of 96-97%. However, the EDS analysis showed a signifi-
cant peak of Mn element in sp2 that was not tested in the electron probe
analysis. As a result, it is plausible to assume that sp2 has a higher Mn
content compared to spl.

5.3. Pyrite trace element contents

In total, 55 LA-ICP-MS spot analyses were conducted on pyrite
samples, revealing concentrations of Mn, Co, Ni, Cu, Zn, As, Ag, Sn, Sb,
Pb, and Bi above the detection limits. Conversely, concentrations of Ca,
V, Cr, Ga, Mo, Cd, In, W, Pt, and Au were either close to or below the
detection limits (Supple Table S3). The resulting data are presented in
Figs. 8 and 9. Compared to the other generations of pyrite, pyl has
higher concentrations of arsenic (medium 701 ppm), Zn (medium 21.0
ppm), Cu (medium 8.1 ppm), Co (medium 3.6 ppm), Sn (medium 49.9
ppm) and Mn (medium 56.8 ppm). The Co/Ni value ranges from 0.3 to
6.1 (medium 1.4 ppm). Py2 contains Bi (medium 1.1 ppm) and Pb
(medium 80.5 ppm), while most of the Co contents are below the
detection limit. Py3 preserves the highest Ni content (medium 25.3
ppm), Sb (medium 30.0 ppm) and the Co/Ni value ranges from 0.01 to
0.04 (medium 0.02 ppm).

5.4. In-situ analyses of sulfur isotope compositions

In this study, we performed a total of 34 LA-ICP-MS spot analyzes to
determine the sulfur isotopic compositions of pyrite and sphalerite
samples from the Nageng silver deposit (pyl = 8, py2 = 11, py3 = 6, spl
= 7, and sp2 = 2). The resulting data are presented in Table 3 and
depicted in Fig. 10. Overall, the pyrite samples exhibit a relatively
uniform 63S value, ranging from —2.59 to + 2.05 %o with an average of
—0.74 %o (Fig. 10a). In addition, each type of pyrite displays a distinctive
534S signature. Pyl has a range of —1.34 %o to 2.05 %, py2 ranges from
—2.59 %o to 0.43 %o, and py3 ranges from —0.77 %o to 0.78 %o. In
contrast, sphalerite shows a wider range of sulfur isotopic compositions,
varying from —4.23 to —0.05 %o (Fig. 10b). The 53*S values of sp1 range
from —4.23 to —1.96 %o, and sp2 range from —0.48 to —0.05 %o.
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Fig. 5. Representative photographs showing the mineral assemblages, texture, and paragenesis of pyrite and sphalerite from different hydrothermal stages. (a) Pyrite
(py1) coexisting with quartz and rutile (stage 1). (b, ¢) Medium-grained pyrite with euhedral shape (py1) association with minor galena and sphalerite. (d) Py2 grains
coexist with abundant galena, sphalerite (spl) commonly bears chalcopyrite disease, marcasite, and arsenic pyrite (stage 2). (e, f) Subhedral-xenomorphic pyrite
(py2) replaced by galena and sphalerite. (g) Euhedral crystals of pyrite (py3) intergrown with galena, chalcopyrite, sphalerite (sp2), stannite, and pyrargyrite (stage
3). (h, i) Early-formed marcasite was interspersed by euhedral crystals pyrite (py3). The meaning of the mineral’s abbreviations was list in the caption of the Fig. 3.

6. Discussion
6.1. Mineralization age

The mineralization age of the Nageng silver deposit is challenging to
determine directly due to the absence of suitable geochronometers.
Consequently, the spatial relationship between ore bodies and the sur-
rounding wall rocks becomes crucial in establishing the timing of silver
mineralization. The Nageng silver deposit is situated within the Jin-
shuikou Group and the Elashan Formation (Fig. 2a). The Jinshuikou
Group (2.2-1.8 Ga) mainly comprises amphibolite- to granulite-facies
metamorphic paragneiss and schist (Guo, 2020; Xu et al., 2020). The
Elashan Formation in the Nageng district has various types of volcanic
rock (Table. 1). Among them, the youngest age is derived from a rhyo-
litic porphyry with a zircon U-Pb age of 217 &+ 3 Ma (Guo et al., 2019).
Field and microscopic observations indicate that ore bodies directly cut
across the rhyolites (Fig. 3a, b, and c), while the wall rocks underwent
widespread alteration due to interaction with the hydrothermal fluids
(Fig. 3h, i). Furthermore, as shown in Supple Figure S2, Pb isotopic
compositions of the Elashan Formation show a scattered distribution. In
contrast, sulfides from Nageng demonstrate a narrow range of Pb iso-
topic compositions compared to the Elashan Formation volcanic rocks.
This most likely suggests that the contribution of volcanic rocks in
respect to the silver mineralization is limited. Therefore, the timing of

the silver mineralization in the Nageng deposit postdates the volcanic
eruptions. The age (ca. 217 Ma) of the rhyolitic porphyry can thus define
the maximum age of the silver mineralization. Moreover, according to
field and macroscopic observations, the later stage calcite is identified
(Fig. 4 a, b), yielding a LA-ICP-MS U-Pb age (207 £+ 3 Ma) for calcite,
which provides the minimum age for the silver mineralization. To sum
up, the mineralization time of the Nageng deposit can be constrained
between ca. 217-207 Ma.

The temporal occurrence of the Nageng Ag deposit aligns with ages
recorded for other deposits within the EKOB, including the Saishentang
Skarn Cu-Mo-Sn deposit (molybdenite Re-Os: 223.4 + 1.5 Ma; Wang
et al., 2016), the Kendekeke Skarn Fe deposit (Sericite “CAr/3°Ar: 222.4
+ 2.5 Ma; Xiao et al., 2013), the Changshan and the Halongxiuma
porphyry Mo deposit (molybdenite Re-Os ages ranging between ca.
214-223 Ma; Feng et al., 2010; Lu et al., 2017). This correspondence
implies a significant regional stage of mineralization in the EKOB during
the Late Triassic.

6.2. Source of metals and sulfur

Based on field and micrographic analysis, the primary constituents of
the Nageng silver deposit were identified as sulfide minerals, and
together with the absence of sulfate minerals and hematite suggests
reducing conditions (Ohmoto, 1972; Borner et al., 2022). Additionally,



X.-M. Zhang et al.

Fig. 6. (a) Pyrargyrite in interstices between arsenopyrite, pyrrhotite, galena, and stannite. (b) Pyrargyrite dissemination in sphalerite. (c-d) Silver minerals
dissemination in pyrite. (e-h) Fine pyrargyrite and freibergite inclusions in sphalerite. (i-k) Intergrowth of calcite with silver minerals. The meaning of the mineral’s

abbreviations was list in the caption of the Fig. 3.
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Table 2
Locations and descriptions of samples used for this study.
Sample No. Drill No. Level (m) Stage Ore minerals Gangue minerals Analyses
Major Minor
7 ZK2304-2 561 m Stage 1 Py Apy, Sph, Gn Qz BSE, LA-ICP-MS
19 ZK1602-2 933 m Stage 1 Py Apy, Sph, Gn Qz BSE, LA-ICP-MS
16 ZK0705-8 900 m Stage 2 Sph, Gn, Apy Ccp, Po, Mrc Qz BSE, LA-ICP-MS
20 ZK1602-4 49 m Stage 2 Py, Apy Ccp, Po, Mrc Qz BSE, LA-ICP-MS
24 ZK0704-1 424 m Stage 2 Sph, Gn, Py Po, Mrc Qz BSE, EMP
32 ZK0707-5 649.5 m Stage 2 Sph, Gn, Py Mrc, Po Qz BSE
34 ZK0707-6 646 m Stage 2 Sph, Gn, Py Mrc Qz BSE,
39 ZK0707-10 590 m Stage 3 Py, Sph, Apy Gn, Ccp, Stn Qz, Cal BSE, EMP,
40 ZK0707-10 643 m Stage 3 Sph, Py, Apy Gn, Ccp, Mrc Qz, Cal BSE,
45 ZK0707-12 590 m Stage 3 Sph, Py, Gn Ccp, Mrc Qz, Cal BSE, LA-ICP-MS
43 ZK0707-11 627 m Stage 3 Sph, Py, Gn Ccp, Mre Qz, Cal, Rds BSE, EMP
46 ZK0707-12 590 m Stage 3 Sph, Py, Gn Cep, Mrc Qz, Cal, Rds BSE, LA-ICP-MS
ZST1 ZKXI1005 600 m Ore body Py Sph, Gn Qz, Cal Calcite U-Pb, CL
5
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Fig. 8. Box-and-whisker plots of trace element compositions of pyrite from the Nageng deposit.

the relationship between the sulfur isotopic compositions of the various
sulfides in Nageng is expressed as galena (avg. —3.07 %o0) < sphalerite
(avg. —1.59 %o) < pyrite (avg. —0.94 %o) (Fig. 10a; Chen et al., 2019; Xu
et al., 2020; Cheng, 2022), indicating that these sulfides attained sulfur
isotopic equilibrium during their formation (Ohmoto and Rye, 1979).
Generally, when sulfides precipitate in a hydrothermally reducing and
equilibrating mineralizing environment, the 5**S values of sulfides
values are roughly equal to the total 5°*S values of ore-forming fluids
(Ohmoto, 1972; Ohmoto and Rye, 1979).

The bulk pyrite 5%4S values (—4.00 to + 3.90 %o; Chen et al., 2019; Xu
et al., 2020) have a broader range than the in-situ analyses of pyrite
(-2.59 to + 2.05 %o). Notably, though the presence of inclusions can
introduce influences in both bulk and in-situ analyses, the latter
approach offers enhanced discrimination among discrete pyrite pop-
ulations and their associated 534S signatures (Wang et al., 2021a; Grema
etal., 2022; Martin et al., 2023). The in-situ sulfur isotopic compositions
of hydrothermal fluids from stage 1 to stage 3 exhibit relative homo-
geneity and align with the isotopic composition range of the magmatic
sources (0 to £ 5.0 %o; Ohmoto and Rye, 1979). Additionally, bulk 534
values in Nageng silver deposit (—4.0 to + 3.90 %o) are in the neigh-
borhood of sulfur isotopic compositions for sulfides of nearby magmatic-
hypothermal deposits with heterogeneous 5>*S values of —5 to + 5 %o
(Fig. 8 c; Fan et al., 2021; Liang et al., 2021; Wu et al., 2021; Li et al.,
2021b; Zhao et al., 2021b; Cong et al., 2023). Previous studies have
suggested that the late-stage mineralization system was influenced by
the input of meteoric water, as indicated by the C-H-O isotopes in the
coexisting quartz (Li and Li, 2017; Chen et al., 2019). However, despite
some isotopic variation between the early and late stages, the 53*S
values of the Py3 formed during stage 3 remained relatively constant

(Fig. 10b), suggesting limited interaction with meteoric water during the
silver mineralization stage. Additionally, the 2°6Pb/204Pb, 207Pb/2°4Pb,
and 2°8Pb/2*Pb ratios for the Nageng ore minerals are very similar to
those of magmatic-hydrothermal ore deposits in the EKOB (Supple
Fig. S2a, b), suggesting that the Nageng ores and these deposits shared a
common source for their metals, which is the result of the interoperation
of the mixing magmatism of the upper crust and mantle (Fan et al., 2021;
Liang et al., 2021).

6.3. Trace elements of pyrite provide clues to the metallogenetic processes

6.3.1. Trace element distribution in pyrite

Trace elements in pyrite predominantly exist as structurally bound
solid solutions (Huston et al., 1995; Reich et al., 2013) and micro- to
nano-sized mineral inclusions (Deditius et al., 2011; Kouhestani et al.,
2017; Sykora et al., 2018). Understanding the distribution of these trace
elements in pyrite is essential for the interpretation of the mineralization
processes (Elatikpo et al., 2022; Zhu et al., 2022). The LA-ICP-MS time-
resolved depth profiles of Co, Ni, and As are smooth and consistent with
Fe (Supple Fig. S1). This indicates that Ni and Co replace Fe, while As
replaces S through isomorphous substitution in the pyrite lattice. Lead
(Pb) has a larger ionic radius than Fe?* and therefore, it is unlikely to
enter the pyrite crystal lattice. It also has a faster precipitation rate than
pyrite (Shannon, 1976; Morse and Luther, 1999), leading to its common
occurrence as micro- or nano-inclusions in pyrite (Reich et al., 2013;
Keith et al., 2016). Additionally, it may also occur as a structurally
bound element or in nanometer-sized inclusions that are not always
detected by LA-ICP-MS, as shown by a flat Pb profile (Supplement
Fig. S1; Roman et al., 2019; Wang et al., 2021b). The concentrations of
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Fig. 9. Binary plots of trace elements in pyrite from different mineralization stages (a) Pb vs. Ag, (b) Cu vs. Ag, (c) Sb vs. Ag, (d) Sn vs. Ag, (e) Sb vs. Pb, (f) Bi vs. Pb,
(g) Sn vs. Pb, and (h) Co vs. Ni. Trace element concentrations listed in Supple Tab. S3. All measurements below minimum detection limits are discarded.

Mn (0.66 to 5536 ppm), Sn (0.07 to 2052 ppm), Cu (0.32 to 8891 ppm),
and Zn (0.42 to 553 ppm) in pyrite exhibit significant variability of these
elements. Furthermore, multiple spikes and chaotic denudation signals
in the LA-ICP-MS time-resolved depth profiles of all three types of pyrite
(Supple. Fig. S1) indicate that Mn-compounds, stannite, chalcopyrite,
and sphalerite occur as micro- to nano-mineral inclusions in pyrite.

Depth profiles of pyrite typically exhibit coupled peaks of Ag, Cu, Sb,
Sn, and Bi (Supple. Fig. S1), which are commonly accompanied by
positive correlations among these elements (Fig. 9A-h). This may
represent that Ag is hosted in galena by coupled ion substitution, such as
Ag™+ (Sb, Bi)*" < 2Pb%*, or (Ag, Sn, Cu) * + (Sb, Bi)**— 2Pb%*
(Renock and Becker, 2011; Gregory et al., 2015; Keith et al., 2020; Wang
et al., 2021b). In certain depth profiles, Ag, Cu, Sn, and Sb curves in the
signal diagrams may exceed and diverge from the lead curves (Supple.
Fig. S1). This divergence can indicate the potential existence of Ag-
bearing sulfosalt inclusions in pyrite, including pyrargyrite, frei-
bergite, and stephanite.

6.3.2. Evolution of the ore-forming fluids and conditions of silver ore
formation

Pyrite is a common mineral in various types of mineral deposits, and
its precipitation is influenced by factors such as temperature, pH, fO2,
and fS2, which contribute to variations in pyrite compositions and the
paragenetic sequence (Huston et al., 1995; Maslennikov et al., 2009;
Wang et al., 2019; Li et al., 2023a). In the Nageng silver deposit, distinct
pyrite textures, trace element compositions, and irregular in-situ 534s
values of sulfides indicate temporal variations in the fluids responsible

10

for ore formation.

Petrography and trace element data in pyl suggest that fluids in the
earliest mineralization stage of the Nageng silver deposit were enriched
in As, Cu, Pb, Zn, Ag, Sn, Sb, and Mn (Fig. 8). The Co/Ni ratio of > 1
suggest that py1 likely is hydrothermal pyrite (Fig. 9i; Clark et al., 2004;
Rudnick and Gao, 2014; Liang et al., 2021). Py1 exhibits relatively low
concentrations of Co (medium 3.6 ppm) and Ni (medium 5.1 ppm),
which are within the typical range for felsic magmatic rocks (Co <8
ppm, Ni <27 ppm; Rudnick and Gao, 2014). Moreover, the previously
published Pb isotopic compositions of sulfides in the Nageng silver de-
posit are close to that of granitic porphyry rocks, which are revealed by
data from a drill hole sunk at the Nageng silver deposit (Supple Fig. S2;
Chen et al., 2021a). Therefore, it is likely that py1 originated from felsic
magmatic-hydrothermal fluids enriched in an association of As-Cu-Pb-
Zn-Ag-Sn-Sb.

Py2 exhibits lower concentrations of trace elements and 5>*S values
compared to pyl. Previous studies have indicated that the substitution
of Co for Fe in pyrite is more likely to occur at higher temperatures
(Clark et al., 2004; Grant et al., 2018; Roman et al., 2019). The lower Co
content in py2, mostly below the detection limit, compared to pyl (with
a median value of 3.6 ppm), suggests a temperature decrease from stage
1 to stage 2. This observation aligns with micro-thermometric data ob-
tained from co-existing quartz, which also indicates a temperature
decrease from stage 1 (270-330 °C) to stage 2 (250-310 °C), within the
NaCl equivalent range of 4 to 7 wt% (Chen et al., 2019). A temperature
decrease can lead to sulfide precipitation, resulting in S isotope frac-
tionation with lighter isotopes being incorporated into subsequently
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Table 3
LA-MC-ICPMS in-situ sulfur isotopic compositions for different generations of
pyrite and sphalerite in the Nageng Ag-Pb-Zn deposit.

Sample. No Sulfide generation 5%*S (V-CDT) (%o)
19-Py-1 Pyl 2.05
19-Py-2 Pyl 0.22
19-Py-3 Pyl 1.05
7-Py-1 Pyl —0.64
7-Py-2 Pyl —0.04
7-Py-3 Pyl —0.44
7-Py-4 Pyl —0.89
7-Py-5 Pyl -1.34
20-Py-1 Py2 —0.54
20-Py-2 Py2 0.43
20-Py-3 Py2 ~0.92
16-Py-1 Py2 —1.64
16-py-2 Py2 —2.57
16-py-3 Py2 —2.59
32-Py-1 Py2 —1.98
32-Py-1 Py2 —2.42
32-Py-2 Py2 —2.44
32-Py-3 Py2 —2.03
32-Py-4 Py2 -1.71
45-Py-1 Py3 0.78
45-Py-2 Py3 0.45
45-Py-3 Py3 —0.38
40-Py-4 Py3 —0.47
40-Py-5 Py3 0.34
45-Py-6 Py3 —0.77
32-Sp-1 Spl -1.96
32-Sp-2 Spl —2.65
32-Sp-3 Spl —4.23
32-Sp-4 Spl —3.08
34-Sp-1 Spl —3.00
34-Sp-2 Spl —2.80
34-Sp-3 Spl —2.77
7-Sp-1 Spl -3.33
7-Sp-2 Spl -3.24
45-Sp-1 Sp2 —0.05
45-Sp-2 Sp2 —0.48

formed sulfides. This reduction in fS, in fluids can consequently lead to
lower 534S values in pyrite (Pokrovski et al., 2019). Elements consumed
during the formation of arsenopyrite, galena, and sphalerite, such as, Pb,
Zn, Cu, and Sb, can cause lower concentrations of these elements in py2
compared to pyl (Fig. 8). Furthermore, during the formation of galena
in stage 2, Ag, Sb, as well as Bi were homogeneously incorporated.
Based on thermodynamic calculations of freibergite (Sack, 2005), the
temperature range for the primary silver mineralization in stage 3 is
estimated to be 170-300 °C, with the majority of values falling between
180 and 220 °C (Fig. 11a). This suggests that stage 3 is formed under
relatively low-temperature conditions compared with stages 1 and 2.
This conclusion is further supported by the decrease in the average Fe
contents in sphalerite, which is positively correlated with mineralization
temperature (Keith et al., 2014; Han et al., 2022), from 13.25 wt% in
stage 2 (spl) to 12.13 wt% in stage 3 (sp2). In addition, the mineral
assemblages and temperature data (Fig. 12b), suggest that the Nageng
ore assemblage belongs to the intermediate-low sulfidation field. The
ore deposition in the Nageng veins began at moderate fS2 conditions (-6
to —8), within the stability fields of pyrite at approximately 300 °C for
the stagel, and slowly decreased to fields of pyrite and arsenopyrite at
approximately 280 °C for stage 2. The deposition then progressively
evolved to a lower fS2 state (-14 to —18), coeval with the deposition of
silver sulfosalts, such as freibergite and pyrargyrite, within the fields of
the freibergite-pyrargyrite-pyrrhotite assemblage at around 220 °C for
the Ag-sulfosalt formation. Additionally, the presence of stage 3 in a
fracture-filled vein (Fig. 7) indicates low pressure conditions during its
formation compared to stage 1 and 2. Previous study has established
that a decrease in temperature, pressure, and fS2 can lead to a decrease
in the 64S values of pyrite (Ohmoto and Rye, 1979). However, the in-
crease in 5°*S values of py2 to py3, and sp1 to sp2 (Fig. 10b) suggest that
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additional factors may have influenced the alteration of the S isotopic
composition of pyrite in stage 3.

The intergrowth of Ag sulfosalt and calcite (Fig. 6i-k) in stage 3
provides valuable evidence of a decrease in fOq (Zhai et al., 2018; Zhai
et al., 2020). Multiple lines of evidence support this decrease in fO,.
Firstly, py3 exhibits higher Ni contents (median 25 ppm) compared to
pyl and py2, as Ni is known to preferentially substitute for Fe in pyrite
under low fO5 conditions (Lehner et al., 2006; Savage et al., 2008).
Moreover, sp2 in stage 3 has high Mn contents compared with spl in
stage2, which is generally indicative of a relatively reduced environ-
ment (Kelley et al., 2004; Zhao et al., 2022). A decrease in fO5 of the ore-
forming fluids can result in 3*S enrichment in later-formed sulfides,
leading to slightly negative or positive 5>*S values of pyrite (Ward et al.,
2017; Yue et al., 2021; Li et al., 2023a; Shan et al., 2023).

Above of all, stage 3 is proposed to have formed in a low fO2 envi-
ronment compared with stages 1 and 2. The prevalence of silica and
sericite as the dominant hypothermal alteration minerals, coupled with
the lack of kaolinite and K-feldspar, implies formation under near-
neutral conditions (Li et al., 2019; Zhai et al., 2019). Under near-
neutral conditions it is plausible to interpret the transport of silver in
silver bisulfide-complexes (Seward, 1976; Gammons and Barnes, 1989;
Williams-Jones et al., 2014). As temperature, fS2, and fO2 decrease
dramatically in stage 3, the system transitions to a lower fS2 and fO2
state with near-neutral pH, resulting in the precipitation of silver sul-
fosalts along with calcite (Li et al., 2019; Zhai et al., 2019; Zhai et al.,
2020).

6.4. Implication for ore genesis

Based on the synthesis of geological, geochronological, mineralog-
ical, and geochemical data, a genetic model explaining the genesis of the
Nageng Ag deposit is depicted in Fig. 12. The in-situ sulfur isotope
analyzed in this study, along with prior research on sulfide Pb and co-
existing quartz C-H-O isotopic systematics, confirms the deep
magmatic metal and sulfur source of the Nageng deposit (Chen et al.,
2019; Xu et al., 2020). The Nageng deposit is proposed to have formed
during the Late Triassic period (ca. 217-207 Ma). This temporal
constraint corresponds to the post-collisional extensional setting in the
EKOB, induced by lithospheric delamination. This hypothesis is sup-
ported by various lines of evidence, including abundant extension-
related alkaline mafic dyke swarms, A-type granites, adakite-like gran-
ites, high Nb-Ta rhyolites, and bimodal volcanic rocks in the region (Xia
et al., 2014; Hu et al., 2016; Yin et al., 2017; Zhou et al., 2020; Li et al.,
2020b). Furthermore, there is a notable decreased in the crust thickness
of EKOB during this period (Wu et al., 2019; Zhang et al., 2023).

Under the extensional tectonic setting, metals and sulfur were
transported through magmatic-hydrothermal fluids. These substances
were deposited within pre-existing fault zones due to fluid cooling and
the decrease in pressure, coupled with decreases in fO2 and fS2. These
fault zones exhibit a northwest trend in the Elashan Formation and an
east-west trend in the Jinshuikou Group (Fig. 2a). As discussed above,
the deposition of minerals in the Nageng deposit was primarily
controlled by variations in the physicochemical conditions of the ore-
forming fluids. The migration of these fluids from deeper to shallower
parts resulted in a gradual cooling process. This cooling process led to
the formation of quartz + pyrite veins and stockworks during stage 1,
followed by the development of abundant and massive sulfides during
stage 2. Subsequent cooling, accompanied by pressure reduction and a
decrease in fO,, played a crucial role in the precipitation of Ag sulfosalts,
quartz, and calcite during stage 3. Consequently, the Nageng deposit
exhibits a distinct metal zonation, with predominant Pb-Zn minerali-
zation in deeper zones and prominent Ag mineralization in shallower
zones (Fig. 12¢; Chen et al., 2019; Chen et al., 2022b).

Therefore, the Nageng deposit can be classified as a typical
magmatic-hydrothermal vein-type Ag-Pb-Zn deposit, which is charac-
terized by the following features: (1) formation under an extensional
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Fig. 11. (a) Molar Ag/ (Ag + Cu) vs. Zn/ (Zn + Fe) plot for primary freibergite in the Nageng deposit. The isotherms were calculated from Sack (2005). These
isotherms terminate at low Zn/ (Zn + Fe) and high Ag/ (Ag + Cu) ratios because of saturation with respect to pyrrhotite (Po) (Balabin and Sack, 2000). (b) LogfS2 vs.
temperature diagram showing the relative sulfidation state and the evolutionary path of hydrothermal fluids in the Nageng deposit. Temperatures were estimated
from fluid inclusions (Chen et al., 2019) and sulfide studies, and logfS2 values from equilibrium mineral assemblages. Sulfidation state determinations and sulfidation

reactions are from Li et al. (2019).

tectonic setting, (2) derived from magmatic-hydrothermal fluids and
sources, (3) occur within faults, and characterized by vein or fracture-
filling mineralization, (4) moderate to low mineralization tempera-
tures ranging from 170 to 330 °C, with a salinity of 4 to 7 wt% NaCl
equivalent (Li and Li, 2017; Chen et al., 2019), and (5) mineral assem-
blages composed of diverse sulfides, Ag-bearing sulfosalts, as well as
quartz and calcite as the main gangue minerals. These features align the
Nageng Ag deposit with other well-known vein-type Ag-Pb-Zn deposits
found worldwide, including the Butte Main Stage veins in Montana
(USA) (Lund et al., 2018), Keno Hill district in Yukon (Canada) (Lynch
et al., 1990; Sack and Lichtner, 2009), and the Bianjiadayuan, Shuang-
jianzishan and Xiasai deposits in China (Li et al., 2019; Li et al., 2020a;
Zhai et al., 2018; Zhai et al., 2020).

7. Conclusions

(1) The Nageng deposit can be categorized as a typical magmatic-
hydrothermal vein-type Ag-Pb-Zn deposit. Noteworthy quanti-
ties of silver are found within minerals such as pyrargyrite, frei-
bergite, and stephanite.

(2) Based on post-ore calcite U-Pb dating, the formation of the
Nageng Ag deposit is estimated to have occurred between
approximately 217-207 Ma within a post-collisional setting of
the East Kunlun Orogenic Belt (EKOB).

(3) The in-situ sulfur isotopic compositions of pyrite and sphalerite at
Nageng silver deposit indicate that ore-forming materials were
derived from felsic magmas.
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Fig. 12. (a) A chronology of magmatic and mineralization events in the Nagengkangqie’er deposit. Data are listed in Table 1. The uncertainty for all data is 2c; (b) and
(c) cartoons illustrating the sequence of magmatic, volcanic, and mineralizing events from ~ 252 to 207 Ma in the Nagengkangqie’er ore district.

(4) In-situ trace elements and sulfur isotopic compositions of pyrite
indicate the formation of Ag-Pb-Zn veins were triggered by a
decrease in temperature, fS;, and fOq.
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