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Shagou is one of the largest Ag-Pb-Zn deposits with the highest grade of Ag (Ag 1754 t @284 g/t Ag, locally up to
20,000 g/t) in the Southern North China Craton. Four mineralization stages have been identified, with assem-
blages of: (I) quartz + siderite + pyrite, (II) quartz + dark-brown sphalerite + fine galena -+ silver minerals, (III)
quartz + ankerite + light-brown sphalerite + coarse galena -+ silver minerals, and (IV) quartz + calcite (IV).
Silver minerals were mainly deposited during stage III, in which polybasite and freibergite were the dominant
Ag-bearing ore minerals. He-Ar isotope compositions suggest that the ore-forming fluids of the Shagou deposit
were derived from a mix of crustal and mantle sources. In situ Pb isotope comparison with regional strata,
magmatic rocks, and sulfides from nearby ore deposits indicate that Pb and other metals (e.g., Ag and Zn) of the
Shagou deposit originated from both the Mesozoic granite, the surrounding Taihua Group and the Meso-
Neoproterozoic marine sediments. LA-ICP-MS analyses revealed that the Ag content of the dark-brown sphal-
erite was one order of magnitude higher than that of the light-brown sphalerite, suggesting that fluid cooling
coupled with decreases in logfO, and logfS, were the major factors that promoting extensive Ag deposition. Dark-
brown and light-brown sphalerites were enriched in In (up to 474 ppm), consistent with magmatic-related de-
posits. The newly obtained data in this study, combined with previous results, support a magmatic-hydrothermal
origin for the Shagou Ag-Pb-Zn deposit.

(Beaudoin and Sangster, 1992; Li et al., 2013; Kissin and Mango, 2014).
The Xiayu, Nannihu, and Fudian ore fields of the Southern North

1. Introduction

Vein-type silver-lead-zinc deposits have made important contribu-
tions of Ag and base metals; however, their genesis remains controver-
sial (Beaudoin and Sangster, 1992; Kissin and Mango, 2014). Fluid
inclusion, stable isotope, elemental geochemistry, and geochronological
data suggest that some Ag-Pb-Zn vein mineralization has a close tem-
poral, spatial, and genetic association with porphyry-type mineraliza-
tion (Sillitoe, 2010; Bonsall et al., 2011; Li et al., 2017; Zhai et al., 2018,
2020; Jin et al., 2019). However, some Ag-Pb-Zn vein deposits are
hosted within amphibolite-facies metamorphic rocks and are far from
porphyry intrusions, and their genesis remains poorly understood

China Craton (SNCC, Fig. 1) contain substantial Ag-Pb-Zn vein miner-
alization. This area is well-known for its mining history and has been the
subject of research into polymetallic vein-type mineralization (Peng,
1994; Mao et al., 2006; Cao et al., 2015; Li et al., 2016). The hydro-
thermal veins in the Nannihu and Fudian ore fields have close temporal,
spatial, and genetic associations with porphyry-type mineralization and
are well documented (Cao et al., 2015; Li et al., 2017; Jin et al., 2019).
Although extensive research has been conducted on such deposits in the
Xiayu ore field, resulting in large amounts of stable isotope, geochro-
nological, and fluid inclusion data (Sui et al., 2000; Chen et al., 2004;
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Fig. 1. A. Schematic map showing the tectonic units of China. B. Simplified geological map showing major mining districts in the Southern North China Craton

(modified from Hu and Lin, 1988; Zhang et al., 2001).

Mao et al., 2006; Gao et al., 2011; Han et al., 2013, 2014; Li et al., 2013,
Lietal., 2016), the mechanisms of ore formation and the ore genesis and
nature of the involved fluids are not fully constrained.

The Shagou deposit is located in the west of the Xiayu ore field
(Fig. 2) and contains more than 43 veins with a total resource of 6.77 Mt
of ore containing 1,754 t Ag @ 284 g/t, 0.38 Mt Pb @ 5.60 wt% and 0.19
Mt Zn @ 2.82 wt% (Smith et al., 2020), making it the largest and richest
silver deposit in the SNCC. Compared with similar deposits in this re-
gion, this deposit is particularly enriched in Ag, with grades of up to
20,000 g/t (Zheng et al., 2006; Stephenson et al., 2016). However, the
genesis of these Ag-Pb-Zn veins remains controversial. C-O-S-H-Sr
isotope data suggest that this deposit is linked to the metamorphic
devolatilization of Proterozoic marine sediments and researchers have
since classified it as an orogenic deposit (Han et al., 2013, Han et al.,
2014) or a crustal-extension Ag-Pb-Zn mineralization (Li et al., 2013). In
contrast, new geochronological and fluid inclusion data indicate that the
Ag-Pb-Zn veins were formed during the Early Cretaceous, coeval with
nearby magmatism-metallogenesis in the SNCC, as part of a magmatic-
hydrothermal system (Mao et al., 2006, 2010; Gao et al., 2011; Tian
et al., 2023).

We present comprehensive mineralogy, He-Ar-Pb isotope geochem-
istry, and trace element analyses of sphalerite to further constrain the
ore-forming material source, mechanism, and genesis of the Shagou
deposit.

2. Geological setting

The Xiayu ore field is located in the Xiong’ershan district of the SNCC
(Fig. 1; Li et al., 1993; Dong et al., 2011). The westward subduction of
the paleo-Pacific Plate during the Early Mesozoic triggered tectonic
reactivation or lithospheric destruction of the North China Craton (Zhu
et al.,, 2012). As a result, extensive magmatism-metallogenesis has
occurred in the SNCC (Mao et al., 2010), along with exhumation of
numerous metamorphic core complexes (Fig. 1; Shi et al., 2004) and the
development of intracontinental rift basins (Ren et al., 2002).

The SNCC is dominated by the Late Archean to Early

Paleoproterozoic basement of the Taihua Group and cover layers of
Paleoproterozoic Xiong’er Group volcanic rocks (Fig. 1B; Hu et al.,
1988; Zhang et al., 2003). The Taihua Group consists of medium- to
high-grade metamorphic amphibolite, TTG gneiss, argillaceous gneiss,
and fine-grained granite (Zhang et al., 1985); this group underwent 1.95
and 1.85 Ga amphibolite to granulite facies metamorphism (Li et al.,
2015 and references therein). The Xiong’er Group volcanic rocks are
dominated by andesite, and were erupted at 1.78, 1.76-1.75, and
1.65-1.45 Ga, with a major phase at 1.78 Ga (He et al., 2009; Zhao et al.,
2004, Zhao and Zhou, 2009; Wang et al., 2010, Wang et al., 2019). The
Xiong’er Group volcanic rocks are unconformably overlain by the
1.3-0.8 Ga Guandaokou, Luanchuan, and Taowan Groups (GLT Groups)
to the south (Hu et al., 1988).

The Xiong’ershan district is characterized by the Xiong’ershan
metamorphic core complex, with the Luoning detachment fault sepa-
rating the lower Taihua Group and upper Xiong’er Group from the
Mesozoic to Cenozoic terrestrial sedimentary rocks (Figs. 1-2; Shi et al.,
2004). The EW-trending Machaoying Fault has been interpreted as a
transcrustal structure based on geophysical data (Hu et al., 1988), and
reactivated in the Early Cretaceous (Zhang et al., 2006; Han et al.,
2009). Secondary higher-order faults are well distributed throughout
the Xiong’ershan district and adjacent areas, and control the distribution
of the Au-Ag-Pb-Zn-Mo deposits (Figs. 1 and 2). These structures were
dominated by an early compressional regime which transformed into a
late extensional fault (Mao et al., 2006; Gao et al., 2011).

Mesozoic granitoid intrusions are well distributed within the Xion-
g’ershan district and surrounding areas, and are characterized by the
Huashan complex, several ore-bearing porphyries, and explosive brec-
cias (Fig. 1). The Huashan granitoid complex is composed of Wuz-
hangshan, Haoping, and Jinshanmiao plutons. These three granitic
batholiths have SHRIMP zircon U-Pb ages of 156.8 + 1.2, 130.7 + 1.4,
and 130.7 + 1.4 Ma, respectively (Li, 2005). The breccia pipes are
mainly represented by Qiyugou Au-bearing breccia pipes (Wang et al.,
2001; Ren et al., 2002). In addition, a series of Mo-mineralized por-
phyries were emplaced between the Late Jurassic and Early Cretaceous
(Li, 2005; Mao et al., 2010). These Yanshanian granitoid intrusions and
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Fig. 2. Geological map showing distribution of ore veins for the Shagou Ag-Pb-Zn deposit in the Xiayu ore field (simplified from Mao et al., 2006; Stephenson et al.,

2016; Smith et al., 2020). For location of the map see Fig. 1.

related hypabyssal intrusions are associated with Mesozoic extensional
tectonics in the SNCC (Chen and Fu, 1992).

3. Deposit geology

The Xiayu ore field is endowed with numerous medium-to-large-
scale Ag-Pb-Zn deposits and is the major Ag-Pb-Zn vein mineralization
in the SNCC (Figs. 1-2). This ore field is located within the southern
margin of the Xiong’ershan metamorphic core complex and is domi-
nated by the Taihua and Xiong’er groups (Figs. 1 and 2; Shi et al., 2004).
Mesozoic and Cenozoic sedimentary rocks are locally present in the
mining area (Fig. 2).

High-angle NE- to NNE-striking extensional faults are widespread in
the Xiayu ore field and control the distribution of the Ag-Pb-Zn veins
(Fig. 2). Most of the faults dip to the northwest, with some dipping to the
southeast. Widely-distributed mafic-to-felsic magma has intruded the
Taihua Group in the mine field (Fig. 2). Zircon U-Pb ages reveal that
these mafic intrusions emplaced during the Paleoproterozoic (Han et al.,
2015). A few granite dikes occur in the southern and eastern areas of the
mine and have LA-ICP-MS zircon U-Pb ages of 1805 + 12 Ma and 1792
+ 14 Ma, respectively (Xu et al., 2021). Zhai’ao syenite granite dikes
occur in the south, and have a SHRIMP zircon U-Pb age of 217.7 + 3.6
Ma (Li et al., 2012). The Haopinggou porphyry is exposed in the north of

the Xiayu ore field and consists of megacrystic granite porphyry
(130-135 Ma; Ye, 2006; Guo et al., 2009; Mao et al., 2010; Liang et al.,
2015; Tian et al., 2023) and granite porphyry (125.9 + 0.7 Ma; Tian
et al., 2023). Geophysical data suggest that concealed granites exist to
the west and south of the mine (Fig. 2; Zhang and Zhu, 1996; Wang et al.,
1997; Cao et al., 2017).

The Shagou Ag-Pb-Zn deposit is located in the northwestern part of
the Xiayu Ore Field (Figs. 2 and 3). More than 43 hydrothermal alter-
ation veins have been identified, all hosted within amphibolite facies
metamorphic rocks of the Late Archean to Early Paleoproterozoic Tai-
hua Group (Fig. 2; Stephenson et al., 2016). The geometric and chemical
features of the major veins are summarized in Table 1. Most minerali-
zation veins have NNE to NE strikes and dips of 60-95 to the NNW, vary
in width from 0.7 to 10 m, and have been traced along strike for dis-
tances of 370 to 3,000 m. Vein S16 and S16E strike nearly N-S (Fig. 3).
These mineralization veins are characterized by extensional shear fea-
tures and have 2-8 ore orebodies which range from 25 to 215 m long,
and 0.34 to 1.66 m wide. This deposit has a total resource of 6.77 Mt of
ore containing >1754 t Ag with an average grade of 284 g/t, 0.38 Mt Pb
with an average grade of 5.60 wt% and 0.19 Mt Zn with an average
grade of 2.82 wt% (Smith et al., 2020).

Hydrothermal alteration is distributed symmetrically on the two
sides of each mineralized vein and is characterized by an assemblage of



J. Xu et al.

Ore Geology Reviews 163 (2023) 105765

S
J.Lsz|> S16W, S8
S 1.00m; 300g/t
3.76%:; 4.57%
STGET
S6 S S1 \ STE

0 100 200m S
[

S28

S2W2

Q
S 1T0O

0.80m; 524g/t

1.89%;2.95% 306.13m

ZK0S1801

LN s

6.57%;0.97%

S
2.20m /
AL L8208 ‘
/ §30 297.68
. m N
0.90m; 108g/t
300.09m ZK5305 0.51%: 0.01%
S3 KU DU/ I
403.98m
250.50m
ZK0226 7K 0206 / S18W

7K0228

ST6ET
492.73m7/ S 6/ /

7K

\5716W
339.30m

912

/

Sampling sites | s71/” | Ag—~Pb—Zn veins

length
drills

thickness; Ag
Pb; Zn

l F=3as

T

Fig. 3. Cross section along the No. 2 prospecting line of the Shagou deposit (after Stephenson et al., 2016; Smith et al., 2020).

Table 1
A Summary of the Geometrical Features and Metal Contents of Major Ag-Pb-Zn Veins in the Shagou Deposit.
Vein Strike Dip Vein Orebody Grade
no.
Length Depth Elevation Thickness Average Number  Length Thickness Ag(g/t) Pb(%) Zn(%)
(m) (m) (m) (m) thickness (m) (m) (m)

S2 265- 75- 1100 806 660- 0.30-2.07 0.51 7 35-59 0.51-1.13 212-988 1.67-20.05 1.82-4.9
315° 88° (—140)

S2wW 310° 80° 400 192 517-360 0.30-0.91 0.33 2 48-62 0.63-0.95 143-587 3.61-14.62 3.83-4.43

S4 300- 55- 700 602 516-(—50) 0.30-0.84 0.4 2 65-75 0.45-0.5 290-312 2.43-3.55 7.28-7.62
320° 85°

S6 280- 65- 1160 745 600- 0.30-1.07 0.37 3 25-85 0.34-0.5 116-352 1.49-5.31 1.46-5.78
305° 75° (—-100)

S7 112- 85° 3000 1032 998-(—30) 0.30-2.37 0.62 4 53-127 0.84-1.43 187-595 2.44-6.6 0.41-4.31
118°

S7-1 290- 67- 2337 859 745-(—88) 0.30-5.06 0.58 8 45-210 0.91-1.42 236-743 4.67-11.42 2.11-8.82
310° 85°

S8 295- 75- 3330 771 707-(—50) 0.30-2.01 0.54 4 53-75 0.85-1.41 36-422 4.26-7.76 2.16-6.84
305° 82°

S14 285- 73° 1300 758 625- 0.30-0.96 0.44 3 70-110 0.48-0.76 176-872 5.74-8.65 0.84-1.77
305° (—100)

S19 90- 70- 1800 621 700-100 0.38-6.99 1.25 5 40-100 0.44-1.02 180-430 5.55-7.77 0.19-3.95
312° 90°

S21 295- 70- 1300 642 770-150 0.30-1.01 0.46 5 40-70 0.76-1.66 348-609 6.55-10.70 0.59-5.97
310° 80°

S21w1 110- 70- 200 207 600-400 0.30-0.75 0.52 2 40-60 0.97-1.01 371-724 8.16-12.01 1.33-1.41
120° 80°

sericite, chlorite, quartz, and calcite with variable sulfides that occur
from the margin toward the center of most veins (Fig. 4A-E). In addition,
the host rocks have undergone quartz + sericite & chlorite hydrother-
mal alteration, and accompanied the development of pyrite (Fig. 4A-E).
Siderite is usually symbiotic with pyrite and quartz, and constituted an
early pyrite + quartz + siderite vein, which were variably eroded, cut,
or brecciated and then cemented by the main mineralized veins (Fig. 4A-
C). The main Ag-Pb-Zn mineralization is accompanied by extensive
quartz alteration zones with ankerite alteration, which range from cm-
wide to m-wide, particularly around the very high grade and massive

ores (up to 10 m) (Fig. 4A-K). A variety of sulfides were developed in this
main metallogenic stage. The dark brown sphalerite + fine-grained
galena + chalcopyrite veins cut through early quartz + pyrite veins
(Fig. 4A-C), or containing quartz + pyrite breccia (Fig. 4A-B), and are
cut or surrounded by light brown sphalerite + coarse galena veins
(Fig. 4G-H). Narrow quartz-calcite alteration bands (<10 cm width)
mainly cut the Ag-Pb-Zn mineralized veins (Fig. 4K-L).
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Fig. 4. Photographs of outcrop and hand samples showing textural relations within the Shagou deposit. A. Pb-Zn veins cut across the altered host rock and contain
fragments or breccias of pyrite. B. Massive Pb-Zn vein cutting and hosting fragments of the pyrite-sericite-quartz veins. C. Pyrite-sericite-quartz veins cutting altered
host rock, in turn cut by Pb-Zn vein, indicating that galena and sphalerite formed late in the paragenesis. D-E. Pb-Zn vein consisting of quartz, siderite, dark-brown
sphalerite, and fine galena. Sericite and quartz are well developed on both sides of the vein. F. Coarse-grained, dark-brown sphalerite intergrown with quartz. G.
Symmetrical zoning of a Pb-Zn vein consisting of outermost pyrite + dark-brown sphalerite + chalcopyrite + quartz, intermediate coarse galena + quartz. H. Banded
textured Pb-Zn ores containing dark-brown sphalerite and light-brown sphalerite. Quartz and siderite were replaced by dark-brown sphalerite, galena, and quartz,
indicating that siderite precipitated in the early stages. I. Well-defined mineral zoning consisting of outermost sericite-quartz, intermediate dark-brown sphalerite,
fine galena and quartz, and innermost light-brown sphalerite, coarse galena, and quartz. J. Massive coarse-grained light-brown sphalerite. K. Quartz vein with vuggy
structure cutting earlier sulfide assemblages. L. Calcite cutting earlier sulfide assemblages. Abbreviations: Ank = ankerite, AHR = altered host rock, Cal = calcite,
Ccp = chalcopyrite, Chl = chlorite, Gn = galena, Py = pyrite, Qz = quartz, Sd = siderite, Ser = sericite, Sp = sphalerite.

4. Sampling and analytical methods

More than 60 samples were systemically collected from different Ag-
Pb-Zn mineralization veins and mining levels of the Shagou deposit for
detailed mineralogical investigation and isotope analysis. The mineral
textures, compositions, He-Ar isotope compositions and trace elements
of sphalerite were analyzed at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences.
In situ Pb isotopes were analyzed at the State Key Laboratory of Conti-
nental Dynamics, Northwest University.

4.1. Ore mineral textures and compositions

Forty polished thin sections were examined using reflected and
transmitted lights. A JSM-7800F-type thermal field scanning electron
microscope coupled with an EDAX TEAM Apollo XL energy-dispersive X-
ray spectrometer (EDS) was used to semi-quantitatively identify the
compositions and image the textural relationships of the ores. After
carbon-coating the slices, elemental point scanning and backscattered
electron images were acquired at an acceleration voltage of ~10 kV and
a working distance of ~10 mm.

The compositions of the sulfides and sulfosalts were determined
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Fig. 5. Reflected-light (A-F) and back-scattered electron (G-L) images illustrating mineralogy and textures of the sulfide ores. A. Coarse-grained, euhedral pyrite was
fragmented and then cemented by sphalerite and galena. B. Pyrite contains abundant galena inclusions and was cemented by sphalerite and kustelite. C. Tetrahedrite,
galena, and chalcopyrite cut sphalerite. D. Irregular vein containing sphalerite, galena, chalcopyrite and argentiferous tetrahedrite. E. A silver-mineral veinlet
containing sphalerite, galena, chalcopyrite, and argentiferous tetrahedrite. F. Tetrahedrite intergrown with galena. G. Galena and coexisting argentiferous tetra-
hedrite replacing pyrite. H. Tetrahedrite and coexisting argentiferous tetrahedrite are interstitial between sphalerite and galena. Argentiferous tetrahedrite is brighter
than tetrahedrite because it contains more Ag. I. Sphalerite and tetrahedrite replacing chalcopyrite, all included in sphalerite. Argentiferous tetrahedrite and pol-
ybasite replacing galena, both included in galena. J. Polybasite, galena, and chalcopyrite cutting sphalerite. K. A silver-mineral vein consisting of argentiferous
tetrahedrite and argentite within the galena. L. Barite is intergrown with galena and sphalerite. Abbreviations: Ag-Ttr = argentiferous tetrahedrite, Arg = argentite,
Brt = Barite, Ccp = chalcopyrite, Gn = galena, Kut = kustelite, Py = pyrite, Pol = polybasite, Sp = sphalerite, Ttr = tetrahedrite.

using a JEOL 8530 Superprobe equipped with wavelength- and energy-
dispersive X-ray detectors and a backscatter electron detector; analyses
were conducted with an acceleration voltage of ~20 kV, beam current of
10 nA, and 1-pym beam diameter. Natural and synthetic mineral stan-
dards and native Ag were used for calibration and were reduced using
the ZAF correction method.

4.2. Isotopic geochemistry

Sphalerite and galena (~3 mm) were selected from the crushed ore
under a binocular microscope and analyzed for He and Ar isotopes using

a GV5400 mass spectrometer following the method of Hu et al. (2012).
The mineral grains (~1 g) were cleaned ultrasonically in alcohol, loaded
into a vacuo crusher, heated at ~150 °C under ultra-high vacuum for
>24 h to remove adhered atmospheric gases, and then subsequentially
crushed to extract the volatiles from fluid inclusions. The volatiles were
exposed to a titanium-sponge furnace at 800 °C for 20 min to remove
active gases (e.g., H20), and then flowed through two SAES Zr-Al getters
at 250 °C and room temperature, each for 10 min. The remaining gas
was exposed to activated charcoal and then cooled using liquid Ny
(~196 °C) for 40 min to separate argon. Air was repeatedly measured
and treated as a quality control to determine the mass spectrometer
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sensitivity and mass fractionation. The crush blanks of “He and *°Ar
were <2 x 10 1% cm® STP and <4 x 107 1% em® STP, respectively, which
were two orders of magnitude lower than those of the samples and air
standard.

In-situ Pb isotope analysis of galena was performed using a RESO-
lution M-50 laser ablation system (ASI, Australia) connected to a Nu
Plasma II MC-ICP-MS (Nu Instruments, Wrexham, UK), following the
method of Bao et al. (2017). Helium was used as the carrier gas at an
uptake rate of 280 mL/min with a 6 Hz repetition time and 6 J/cm?
energy density during the laser ablation process. The diameter of the
laser ablation beam was 9 um. Each analysis consisted of a background
measurement for 30 s, followed by 50 s of ablation for signal collection,
and an additional 40 s of wash time to reduce memory effects. 2°°TI,
2()"I—Ig-i-zo“Pb, 203, 202Hg, 206pp, 207pp, and 2°8Pb were collected using
L1, L2, L3, L4, Ax, H1, and H2 Faraday cups, respectively. Mass frac-
tionation was corrected by normalizing to 2°°T1/2%3T] = 2.3889 using an
exponential law. During the analysis, PSPT-2 served as the internal
standards, Gn01, and NIST SRM 610 glasses served as the external
standards.

4.3. LA-ICP-MS analysis

LA-ICP-MS analyses of sphalerite were conducted using a high-
performance RESOlution 193 nm ArF excimer Laser Ablation System
coupled to an Agilent 7700x Quadrupole ICP-MS with a beam diameter
of 26 um, repetition time of 6 Hz, and energy density of 6 J/cm?. Helium
was used as the carrier gas to transport the ablated aerosol and was
mixed with Ar in a cyclone coaxial mixer before entering the ICP-MS.
Each analysis consisted of a 30 s background measurement and 60 s of
ablation for signal collection. The following isotopes were monitored:
2Na, 343, 55Mn, 57Fe, 5%Co, SONi, 55Cu, 6Zn, 7'Ga, "2Ge, °As, 17Ag,
Mg, W5y, 118gy 121gp, 201Hg, 202Hg, 20571, and 2°8pb. During the
analysis, in-house sulfide standards GSD-1G, FeSb, and QC-MASS were
used to calculate the mass fractions and correct for instrument drift.
Data calculations were performed using the LADR software following
Longerich et al. (1996). The Zn content of sphalerite was analyzed using
EMPA and used as an assumed internal standard during data calculation.
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5. Results
5.1. Ore mineralogy and paragenesis

Four Ag-Pb-Zn mineralization stages were identified in the Shagou
deposit (Figs. 4-6): (I) early quartz + siderite + pyrite stage, (II) quartz
+ dark-brown sphalerite + ankerite, (III) quartz + galena + light-brown
sphalerite + silver minerals + ankerite, and (IV) late quartz + calcite
stage (Fig. 4).

Stage I mainly occurs at the margins of hydrothermal veins and is
characterized by a mineral assemblage of quartz + siderite + pyrite
accompanied by sericite and chlorite alteration (Fig. 4A-C). This
assemblage was crosscut by and included as fragments in later ore veins
(Fig. 4A-B). Stage I pyrite is disseminated and euhedral (Fig. 5A-B).

Stage Il occurs in the outer part of Ag-Pb-Zn mineralization veins and
is characterized by an ore mineral assemblage of galena + sphalerite +
pyrite + chalcopyrite + tetrahedrite with an alteration/gangue assem-
blage of quartz + ankerite (Fig. 4D-G). Galena is relatively fine-grained.
Sphalerite is dark brown, coarse grained, and generally contains abun-
dant inclusions of chalcopyrite (Fig. 4D-F, 5C). This is the main stage of
abundant sulfide deposition with minor Ag mineralization.

Stage III occurs in the central part of Ag-Pb-Zn mineralization veins
and is characterized by an ore mineral assemblage of galena + sphal-
erite + silver minerals and an alteration/gangue assemblage of quartz +
ankerite + barite (Fig. 4E-J). Galena is relatively coarse grained.
Sphalerite is light-brown and fine- to medium-grained (Fig. 4E-H). The
silver minerals in this stage were argentiferous tetrahedrite, polybasite,
argentite, and electrum (Fig. 5B-K). Minor amounts of native silver,
sulfanite, and pyrargyrite were also observed (Li et al., 2013). Minor
barite intergrew with the galena and sphalerite (Fig. 5L).

The late paragenetic stage IV includes alteration/gangue assem-
blages of quartz + calcite, which cut the earlier veins (Fig. 41-J).

The sulfide minerals in the Shagou deposit are dominated by sphal-
erite and galena with minor amounts of pyrite and chalcopyrite (Figs. 4
and 5). Arsenopyrite and gersdorffite were also observed (Li et al.,
2013). The pyrites contain trace amounts of Co, Ni, and As, whereas
chalcopyrite contains trace amounts of Zn and Co (Electronic Appendix
Table A1). Galena from stages II and III contained minor amounts of Cd
and trace amounts of Zn, Cu, and Fe; however, Ag was below the
detection limit (bdl) in both stages (Electronic Appendix Table Al).
Dark-brown sphalerite has Fe, Cu, and Cd contents ranging from 0.14 to
2.47, bdl to 2.64, and 0.20 to 0.40 wt%, respectively (Electronic Ap-
pendix Table A2). Light-brown sphalerite has Fe, Cu, and Cd contents
ranging from bdl to 1.07, bdl to 1.18, and 0.31 to 0.49 wt%, respectively.
The Ag content was below the detection limit for both types of sphalerite
(Electronic Appendix Table A2).

Argentiferous tetrahedrite and polybasite are the most abundant Ag-
bearing ore minerals in the deposit (Fig. 5C-K). They occur as irregular
veinlets or stringers in base metal sulfides (Fig. 5C-E), inclusions in
galena (Fig. 5F), or aggregate masses within galena (Fig. 5 G-I), showing
that these Ag-bearing minerals precipitated after the base metal sulfides.

The EPMA results reveal that tetrahedrite has Ag, Cu, Zn, Fe, Sb, As,
and S contents ranging from 6.94 to 7.72, 32.84 to 33.20, 6.76 to 6.83,
0.62 to 0.64, 26.25 to 26.31, 1.93 to 2.03, and 23.70 to 23.87 wt%,
respectively (Electronic Appendix Table Al). Argentiferous tetrahedrite
is relatively enriched in Ag than tetrahedrite, and contains Ag, Cu, Zn,
Fe, Sb, As, and S contents ranging from 8.89 to 19.83, 23.33 to 32.63,
5.79 to 7.80, 0.61 to 1.87, 20.58 to 27.45, 0.93 to 5.43, and 22.65 to
24.22 wt%, respectively (Electronic Appendix Table A1). Ag, Cu, Sb, As,
and S contents of polybasite range from 64.02 to 76.25, 2.21 to 9.79,
5.36 t0 9.90, 0.16 to 3.41, and 12.87 to 16.25 wt%, respectively. There
are also minor to trace amounts of Zn (up to 0.38 wt%) and Fe (up to
0.76 wt%) (Electronic Appendix Table A1).

Several kustelite grains can be observed at the edge of the pyrite
(Fig. 5B), containing Au and Ag ranging from 49.49 to 56.03, and 39.19
to 46.90 wt%, respectively (Electronic Appendix Table A1).
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Table 2
He and Ar isotopic compositions of the sulfides from the Shagou Deposit.
Sample  Mineral Weight  “He (ccSTP)  >He (ccSTP)  R(Ra)  “°Ar (ccSTP)  °Ar (ccSTP)  “°Ar/%°Ar  “°Ar*/*He  3He/*°Ar  “CAr/*°Ar  >He/*°Ar
350-3-1 Sphalerite 0.351 3.14E-06 1.57E-12 0.36 5.59E-07 9.21E-10 607.20 0.10 1.70E-03 607.20 3.40E + 03
300-5 Sphalerite 0.307 5.59E-06 2.44E-12 0.31 8.37E-07 7.79E-10 1073.42 0.11 3.13E-03 1073.42 7.18E + 03
300-2 Galena 0.312 1.76E-06 6.23E-13 0.25 3.10E-07 1.92E-10 1609.27 0.04 3.24E-03 1609.27 9.16E + 03
260-1 Sphalerite 0.276 1.50E-05 8.57E-12 0.41 1.67E-06 6.87E-10 2431.02 0.09 1.25E-02 2431.02 2.18E + 04
350-4 Galena 0.127 5.97E-07 6.14E-13 0.74 2.19E-07 2.23E-10 981.62 0.14 2.75E-03 981.62 2.67E + 03
490-3 Sphalerite 0.243 2.41E-06 8.82E-13 0.26 2.80E-07 6.37E-10 439.31 0.26 1.38E-03 439.31 3.78E + 03
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Fig. 7. He-Ar isotopic compositions of sulfide from the Shagou deposit.

5.2. He-Ar-Pb isotopic compositions

The *He and “°Ar of sphalerite range from 2.4 x 10 ®to 1.5 x 107>
cm® STP g1, and 2.8 x 1077 to 1.7 x 107% cm® STP g}, respectively
(Table 2). Those of galena vary from 6.0 x 107 to 1.8 x 10~% ¢cm® STP
g !, and 2.2 x 1077 to 3.1 x 1077 cm® STP g™}, respectively (Table 2).
The large range of “He and “°Ar content in sphalerite and galena is likely
related to the volume of fluid inclusions and the crushing efficiency.
®He/*He ratios of the ore fluids range from 0.26 to 0.41 Ra for sphalerite
and 0.25 to 0.74 Ra for galena. “°Ar/3Ar ratios vary from 439 to 2431
for sphalerite and from 982 to 1609 for galena (Table 2, Fig. 7).

The Pb isotope values of galena were similar and largely independent
of depth in the Shagou deposit. The 2°°Pb/2%4pb, 297Pb/2%4Pb, and
208pp, /204ph ratios range from 17.448 to 17.858, 15.479 to 15.530, and
38.380 to 38.612, with mean ratios of 17.666, 15.506, and 38.510,
respectively (Table 3). The 206p}, /204ph ratio exhibited a linear rela-
tionship with the 2°8Pb/2%pb (R? = 0.97; Fig. 8A) and 2°’Pb/2%Pb ra-
tios (R? = 0.93; Fig. 8B).

5.3. Trace elements in sphalerite

Trace element compositions of dark-brown sphalerite (44 spots) and
light-brown sphalerite (40 spots) were analyzed using LA-ICP-MS and
are listed in Table 4 (detailed data are listed in Electronic Appendix
Table A2). The LA-ICP-MS ablation profiles were generally smooth
without abnormal Na peaks, indicating that the elements were homo-
geneously distributed in the sphalerite and were not affected by fluid
inclusions (Fig. 9). The results showed that dark- and light-brown
sphalerites have different trace element compositions (Fig. 10).

Fe and Cu contents in dark-brown sphalerite (mean = 5035 and
3825 ppm, respectively) were higher than those in the light-brown va-
riety (mean = 688 and 594 ppm, respectively), whereas the Cd content
showed a similar distribution in dark-brown (mean = 2465 ppm) and
light-brown sphalerite (mean = 3062 ppm).

Ag concentrations generally decreased from stage II to stage III, with
an average of 145 ppm for dark-brown and 99.8 ppm for light-brown
sphalerite. In contrast, the average concentration of In increased from
dark-brown (average 62.0 ppm) to light-brown sphalerite (average 97.5
ppm). The Mn and Ni concentrations were mostly below the detection
limit in the light-brown sphalerite, but relatively enriched in the dark-
brown sphalerite, with an average of 11.3 and 0.882 ppm, respec-
tively. Co, As, Sb, and Pb contents remained similar from stage II to stage
111, ranging from 0.372 to 85.4 ppm, < bdl to 39.5 ppm, < bdl to 298
ppm, and < bdl to 323 ppm, respectively. Ga, Ge, and Sn contents vary
by more than two orders of magnitude (<bdl to 33.2 ppm, < bdl to 28.8
ppm, < bdl to 1114 ppm, respectively), and are relatively enriched in
dark-brown sphalerite, with mean values of 7.06 ppm, 3.06 ppm, and
186 ppm, respectively.

6. Discussion
6.1. Sources of ore-forming materials

He and Ar in ore-forming fluids are mainly sourced from air-
saturated water, mantle-derived volatiles, and the radiogenic decay of
U, Th, and K in crustal rocks (Turner et al., 1993; Stuart et al., 1995). He
has an extremely low abundance in the atmosphere and low solubility in
aqueous fluids (Stuart et al., 1995), thus mantle-derived He and radio-
genic He produced in the crust are two possible sources of He in hy-
drothermal fluids (Turner et al., 1993). The 3He/3CAr ratios of the
Shagou deposit (1.38-12.48 x 10’3) are more than 5 orders of magni-
tude higher than the value for air-saturated water (~5 x 10'8), and the
F*He values (16,157-13,1722) are also more than 5 orders of magnitude
higher than the value for the atmosphere (F*He = 1; Kendrick et al.,
2001), indicating negligible atmospheric He in the ore-forming fluids of
the Shagou deposit.

3He/*He values of mantle-derived fluids are higher than 0.05 Ra
(O’Nions and Oxburgh, 1983). The 3He/*He values of sphalerite and



Table 3
In Situ Lead Isotope Results of Galena from the Shagou Deposit.

Analysis spot 208pp,/204pty SE 207pp,/204ph SE 206pp, /204pp, SE 208pp, /206pt, SE 207pp,/206pp SE Pb Beam SE 204Hg/204ph SE

$¢300-6-1-C1-gnl 38.432 0.004 15.494 0.001 17.517 0.002 2.1940 0.0000 0.8846 0.0000 19.63 0.66 0.000 0.000
$g300-6-1-C1-gn2 38.434 0.004 15.495 0.002 17.519 0.002 2.1939 0.0001 0.8845 0.0000 16.57 0.59 0.000 0.000
$g300-6-1-C2-gn1 38.435 0.004 15.496 0.001 17.519 0.001 2.1940 0.0001 0.8845 0.0000 18.70 0.71 0.000 0.000
$¢300-6-1-C2-gn2 38.440 0.004 15.498 0.002 17.523 0.002 2.1938 0.0001 0.8844 0.0000 18.13 0.68 0.000 0.000
$g300-6-1-C2-gn3 38.442 0.005 15.498 0.002 17.524 0.002 2.1936 0.0001 0.8844 0.0000 17.92 0.72 0.000 0.000
$g350-5-C5-gn1 38.384 0.014 15.485 0.005 17.450 0.005 2.1997 0.0002 0.8874 0.0001 35.32 0.92 0.000 0.000
$¢350-5-C5-gn2 38.388 0.013 15.486 0.005 17.449 0.004 2.2000 0.0002 0.8875 0.0000 35.61 0.85 0.000 0.000
$¢350-5-C5-gn3 38.383 0.013 15.485 0.004 17.448 0.004 2.2000 0.0002 0.8875 0.0000 44.77 0.71 0.000 0.000
$¢350-5-C6-gn1l 38.393 0.013 15.486 0.005 17.455 0.004 2.1996 0.0002 0.8872 0.0000 46.86 0.91 0.000 0.000
$¢350-5-C6-gn2 38.380 0.012 15.481 0.004 17.449 0.004 2.1996 0.0002 0.8873 0.0000 49.55 0.70 0.000 0.000
18sg-10-C1-gn1l 38.509 0.010 15.501 0.003 17.615 0.003 2.1862 0.0001 0.8801 0.0000 27.09 0.68 0.000 0.000
18sg-10-C1-gn2 38.516 0.011 15.503 0.004 17.618 0.004 2.1863 0.0002 0.8801 0.0000 28.68 0.64 0.000 0.000
18sg-10-C1-gn3 38.518 0.011 15.505 0.004 17.618 0.004 2.1863 0.0002 0.8801 0.0000 27.14 0.80 0.000 0.000
18sg-10-C2-gn1 38.524 0.013 15.505 0.005 17.618 0.004 2.1865 0.0002 0.8801 0.0000 53.03 1.12 0.000 0.000
18sg-10-C2-gn2 38.497 0.012 15.496 0.004 17.610 0.004 2.1861 0.0002 0.8801 0.0000 56.89 1.43 0.000 0.000
5g400-C2-gn2 38.444 0.007 15.496 0.003 17.539 0.002 2.1920 0.0001 0.8835 0.0000 19.31 0.75 0.000 0.000
$g400-C3-gnl 38.487 0.016 15.502 0.006 17.642 0.007 2.1814 0.0001 0.8789 0.0000 2.01 0.07 0.000 0.000
$g400-C3-gn2 38.448 0.007 15.494 0.003 17.567 0.003 2.1887 0.0001 0.8821 0.0000 15.51 0.37 0.000 0.000
sg400-C1-gn1l 38.612 0.003 15.529 0.001 17.858 0.001 2.1622 0.0000 0.8696 0.0000 16.39 0.50 0.000 0.000
$g400-C1-gn2 38.597 0.005 15.523 0.002 17.854 0.002 2.1621 0.0001 0.8696 0.0000 16.62 0.46 0.000 0.000
$g400-C2-gn1 38.612 0.003 15.529 0.001 17.855 0.001 2.1626 0.0000 0.8697 0.0000 16.86 0.55 0.000 0.000
5g400-C2-gn2 38.600 0.003 15.525 0.001 17.851 0.001 2.1624 0.0000 0.8697 0.0000 18.42 0.55 0.000 0.000
$g400-C2-gn3 38.610 0.005 15.528 0.002 17.856 0.002 21623 0.0001 0.8697 0.0000 18.66 0.48 0.000 0.000
$¢530-5-C2-gn1 38.387 0.003 15.480 0.001 17.475 0.001 2.1965 0.0000 0.8858 0.0000 17.32 0.45 0.000 0.000
$g530-5-C2-gn2 38.384 0.003 15.479 0.001 17.475 0.001 2.1964 0.0000 0.8858 0.0000 16.71 0.45 0.000 0.000
$g530-5-C3-gn1 38.385 0.004 15.480 0.002 17.473 0.002 2.1967 0.0001 0.8859 0.0000 18.06 0.66 0.000 0.000
$g530-5-C3-gn2 38.409 0.004 15.487 0.001 17.481 0.001 2.1971 0.0001 0.8859 0.0000 19.86 0.62 0.000 0.000
$g530-5-C3-gn3 38.401 0.005 15.485 0.002 17.479 0.002 2.1970 0.0001 0.8860 0.0000 19.26 0.68 0.000 0.000
58260-C2-sp2 38.625 0.045 15.519 0.017 17.908 0.020 2.1577 0.0002 0.8665 0.0001 0.74 0.04 0.018 0.001
5g490-3-1-G2-gn1 38.523 0.003 15.504 0.001 17.727 0.001 21732 0.0001 0.8747 0.0000 14.41 0.39 0.000 0.000
$g490-3-1-C1-gn1 38.537 0.003 15.509 0.001 17.739 0.001 21725 0.0000 0.8744 0.0000 14.83 0.41 0.000 0.000
5g490-3-1-C1-gn2 38.529 0.004 15.506 0.001 17.737 0.001 21722 0.0000 0.8743 0.0000 14.90 0.34 0.000 0.000
5g490-3-1-C1-gn3 38.522 0.003 15.504 0.001 17.733 0.001 2.1723 0.0000 0.8743 0.0000 14.69 0.40 0.000 0.000
260-1-gn1 38.677 0.006 15.539 0.002 17.941 0.002 2.1556 0.0001 0.8661 0.0000 14.52 0.57 0.000 0.000
260-1-gn2 38.674 0.005 15.539 0.002 17.942 0.002 2.1554 0.0001 0.8661 0.0000 14.70 0.57 0.000 0.000
260-1-gn3 38.674 0.006 15.539 0.002 17.943 0.002 2.1553 0.0001 0.8661 0.0000 13.45 0.57 0.000 0.000
260-1-gn4 38.689 0.004 15.545 0.002 17.945 0.002 2.1558 0.0001 0.8662 0.0000 13.63 0.50 0.000 0.000
260-1-gn5 38.683 0.005 15.544 0.002 17.946 0.002 2.1554 0.0001 0.8662 0.0000 10.45 0.42 0.000 0.000
300-2-gn1 38.282 0.004 15.442 0.002 17.202 0.002 2.2254 0.0001 0.8977 0.0000 12.49 0.31 0.000 0.000
300-2-gn2 38.290 0.004 15.443 0.002 17.201 0.002 2.2258 0.0001 0.8978 0.0000 12.92 0.33 0.000 0.000
300-2-gn3 38.297 0.004 15.445 0.001 17.237 0.002 2.2216 0.0001 0.8960 0.0000 12.44 0.33 0.000 0.000
300-2-gn4 38.294 0.004 15.446 0.002 17.232 0.002 2.2221 0.0001 0.8963 0.0000 11.13 0.29 0.000 0.000
300-2-gn5 38.275 0.004 15.439 0.001 17.196 0.002 2.2256 0.0001 0.8978 0.0000 11.99 0.36 0.000 0.000
350-5-gn1l 38.572 0.005 15.517 0.002 17.807 0.002 2.1659 0.0001 0.8713 0.0000 12.19 0.42 0.000 0.000
350-5-gn2 38.581 0.005 15.520 0.002 17.812 0.002 2.1658 0.0001 0.8713 0.0000 12.82 0.40 0.000 0.000
350-5-gn3 38.600 0.004 15.530 0.002 17.823 0.002 2.1657 0.0001 0.8713 0.0000 12.23 0.42 0.000 0.000
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Fig. 8. Pb isotopic compositions of galena from the Shagou deposit.

galena from the Shagou deposit range from 0.25 to 0.74 Ra, with a mean
value of 0.42 Ra (Table 2; Fig. 7), which is significantly higher than
those of the crust (0.01 to 0.05Ra; O'Nions and Oxburgh, 1983), but
notably lower than those of the mantle (6 to 9 Ra; Graham, 2002;
Gautheron and Moreira, 2002), indicating a contribution from a mantle-
derived He flux. In addition, the *°Ar/3°Ar values of the Shagou deposit
range from 439 to 2431, with a mean value of 1252 (Table 2), which is
markedly higher than that of the atmosphere (298.6; Lee et al., 2006),
and lower than that of the mantle (10,000 to 40,000; Burnard et al.,
1999). 3He/*°Ar* ratios range from 2.4 to 9.8 x 10'6, lower than that of
mantle (~107%, Kennedy et al., 1991), and higher than that of the crust
(~10*8, Kennedy et al., 1991). These values suggest that the ore-
forming fluids of the Shagou deposit were derived from a mix of crus-
tal and mantle sources. This conclusion is also supported by previous
chronological studies. Xenotime U-Pb dating suggest the Ag-Pb-Zn
mineralization age of 123.3 + 1.7 Ma from the Shagou deposits,
which is consistent with the emplaced age of granite porphyry in Hao-
pinggou intrusion within the error range (125.9 + 0.7 Ma; Tian et al.,
2023).

To evaluate the source of the metals, we compared the Pb isotopic
compositions of the Shagou deposit with corresponding data from
contemporary granites (Li et al., 2018 and references therein), the Tai-
hua Group (Ni et al., 2012), and the GLT Groups (Qi, 2006), which all
have U, Th, and Pb contents and isotopes. The corresponding data were
corrected for the age of the Shagou deposit (~123 Ma, Tian et al., 2023).
Based on 2%Pb/2%*Pb vs. 297Pb/2%*Pb and 2°°Pb/2**Pb vs. 2°8pb/2**Pb
diagrams, the Pb isotope ratios for the Shagou ores plot between those of
contemporary granites and the GLT Groups (Fig. 8; Zartman and Doe,
1981), suggesting that the Pb and other metals (e.g., Ag and Zn) were
sourced from both rock types. Metals may have been partly leached from
the Taihua Group, which experienced intense hydrothermal alteration.

Based on the He-Ar-Pb isotope results of this study and previous
chronological results suggest that the Shagou deposit is closely related to
contemporaneous magmatism, and the deep magmatic fluid extracted
Pb and other metals (e.g., Ag and Zn) from the GLT groups during the
upward process, and when the ore-forming fluid enters NE- to NNE-
striking faults, the mineralizing elements are further extracted from
the surrounding Taihua group due to the water-rock reaction.

6.2. Mechanisms of Ag precipitation

Crosscutting relationships demonstrate that the base metals and Ag
mineralization mainly precipitated in stages II and III, in which sphal-
erite and freibergite are representative ore mineral assemblages,
respectively. Previous studies have demonstrated that sphalerite
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compositions provide a useful guide for revealing the physicochemical
environment of ore formation (Scott and Barnes, 1971; Frenzel et al.,
2016). The sphalerites in the Shagou deposit are mostly dark brown and
light brown in color, with an Fe content of up to 3.01 wt%, similar to
those formed under intermediate- to low-temperature conditions (Kelley
et al., 2004).

The average Ag concentration generally decreased from dark-brown
sphalerite (145 ppm) to light-brown sphalerite (99.8 ppm), suggesting
that Ag precipitated significantly from stage II to stage III and formed
silver minerals. The concentrations of In, Fe, Mn, Ga, and Ge in sphal-
erite are positively related to the formation temperature of the base
metal (Frenzel et al., 2016). The dark-brown sphalerites were enriched
In, Fe, Mn, Ga, and Ge relative to the light-brown type. Applying the
GGIMFis geothermometer to the base metal and silver mineralization
yields temperatures of 153 to 263 °C (mean ~ 207 °C) and 132 to 240 °C
(mean ~ 190 °C), respectively (Frenzel et al., 2016). These temperatures
are similar to the homogeneous temperature of fluid inclusions hosted in
the same mineral assemblages, which are from 157 to 267 °C (mean
~209 °C) for the base metal sulfide and from 160 to 210 °C (mean ~190
°C) for silver mineralization (Li et al., 2013). Therefore, ore deposition in
the Shagou deposit was initiated at a moderate temperature (~207 °C),
but progressively evolved to lower temperature conditions (~190 °C),
coeval with the precipitation of silver (Fig. 11).

The corresponding logfS, values of dark-brown and light-brown
sphalerites range from —14.5 to —8.3 (average of —11.5) and from
—15.6 to —9.5 (average of —12.3) (Scott and Barnes, 1971), indicating
that the Shagou deposit was formed in an intermediate-sulfidation hy-
drothermal system (Einaudi et al., 2005), and that S fugacity decreased
as the temperature reduced during Ag deposition (Fig. 12). The con-
strained logfO, values of dark-brown and light-brown sphalerites range
from —38.7 to —29.4 (average of —34.2) and from —40.5 to —31.2
(average of —35.4) (Scott and Barnes, 1971), suggesting that the hy-
drothermal system transformed to decreasing logfO, conditions from
base metal sulfide to silver mineralization.

Siderite and sericitic alterations in Stage I were widespread in the
Shagou veins, and calcite was deposited in the later stage, indicating
that the ore-forming fluids transformed from early acidic to late near-
neutral conditions (Stoffregen, 1987). Fluid inclusion studies have
demonstrated that early ore fluids are characterized by Cl™ (Gao et al.,
20105 Li et al., 2013; Han et al., 2014), indicating that silver and other
metals were transported as chloride species in early hydrothermal sys-
tems (Seward, 1976; Gammons and Barnes, 1989). As the hydrothermal
fluid ascended along NE- to NNE trending faults, reduction of sulfur and
oxygen fugacity reduced Cl~ solubility in the fluid, resulting in silver
and other metals being transported by bisulfide species (Stefansson and
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Table 4
Summary LA-ICP-MS results of sphalerite from the Shagou deposit.
Sample name Type 5SMn 57Fe 5Co 6ONi %5Cu "1Ga 72Ge 7SAs 107pg  1lgd  151p 118gn 121gh 2%8ph  TCt logfS, logfO,
530-4-sp-cl Light brown Min - 77.0 8.77 0.514 13.4 0.0486 0.821 0.342 57.1 3020 0.0400 0.184 2.23 26.0 - - -
Max 1.67 938 43.9 16.9 62.0 1.92 2.08 6.41 180 4050 3.04 6.75 43.9 80.1 132 —15.64 —40.46
Median - 305 22.9 4.45 31.0 0.614 1.33 3.22 104 3430 0.863 2.07 17.6 52.6 - - -
S.D. - 247 13.0 5.62 15.6 0.559 0.398 2.37 32.8 338 1.00 1.99 14.1 16.9 - - -
Count 1 10 10 2 10 10 10 4 10 10 9 7 10 10 1 1 1
530-4-sp-c2 Dark-brown Min 2.66 2650 1.20 0.609 578 1.95 0.602 0.420 108 1620 14.9 22.5 2.93 15.3 197 —-11.97 —34.95
Max 25.7 6580 17.4 2.16 6370 17.3 1.48 5.03 354 2700 161 204 65.7 323 248 —-9.12 —30.68
Median 9.55 4660 6.34 1.24 2750 9.80 0.970 2.25 195 2080 76.1 113 29.8 103 213 —-11.11 -33.67
S.D. 8.47 1120 4.52 0.590 1660 5.33 0.265 1.70 70.0 322 35.9 45.0 18.5 83.6 16 0.90 1.36
Count 10 10 10 3 10 10 8 10 10 10 10 10 10 10 7 7 7
450-3-sp-c2 Light brown Min 2.05 443 14.8 0.601 32.2 0.0389 0.558 0.451 45.0 2540 0.535 0.399 1.97 7.48 182 —12.60 —35.90
Max 26.4 6530 76.7 2.02 7760 3.66 1.65 5.87 202 2820 49.3 10.1 145 83.7 240 —9.46 —-31.18
Median 13.8 2090 42.2 1.11 2110 1.18 1.01 2.21 97.5 2700 17.1 4.16 37.8 32.9 213 —10.98 -33.46
S.D. 10.0 1890 20.4 0.592 2410 1.09 0.340 1.82 48.5 86.8 16.2 3.33 44.8 24.0 24 1.29 1.93
Count 3 8 8 4 8 8 8 7 8 8 8 8 8 8 3 3 3
300-5-sp-c1 Dark-brown Min - 465 27.8 - 13.4 0.0875 0.628 1.26 25.6 3000 0.0443 0.364 1.10 6.60 - - -
Max 2.20 1110 85.4 - 430 2.29 1.83 2.95 99.8 3140 0.469 1.21 29.8 36.7 153 —14.50 —38.74
Median - 720 46.0 - 140 1.08 1.11 2.10 55.4 3060 0.196 0.766 8.77 19.3 - - -
S.D. - 226 17.9 - 143 0.745 0.507 0.846 22.4 49.6 0.151 0.348 9.49 9.69 - - -
Count 1 7 7 0 7 5 6 2 7 7 6 3 7 7 1 1 1
490-7-sp-c2 Dark-brown Min 2.01 1840 9.23 - 1880 1.56 1.26 4.07 159 2580 54.7 46.5 40.3 31.1 175 —-13.13 —36.70
Max 50.6 5690 27.1 - 7170 33.2 28.8 39.5 404 2880 205 1110 209 212 177 —12.90 —36.35
Median 26.3 3760 16.8 - 4420 14.0 10.4 15.0 275 2730 118 565 94.9 94.9 176 —13.02 —36.52
S.D. 24.3 1560 6.51 2110 11.2 10.2 13.7 93.8 116 52.6 461 63.5 65.9 1 0.11 0.17
Count 2 5 5 5 5 5 5 5 5 5 5 5 5 2 2 2
350-5-sp-c6 Dark-brown Min 4.95 3420 4.49 13.6 0.741 0.548 2.13 10.1 2150 0.103 0.445 0.428 3.69 181 —-12.89 —36.33
Max 9.94 6420 29.6 - 6920 9.22 3.23 6.55 70.4 2830 12.2 44.6 20.0 15.6 212 —-11.26 -33.89
Median 7.16 4840 17.8 - 4420 4.84 1.64 4.34 37.7 2510 4.13 12.6 5.84 9.72 195 —-12.14 —-35.21
S.D. 2.08 840 8.45 - 1840 2.64 0.917 2.21 15.6 215 4.00 14.1 6.29 3.81 13 0.65 0.98
Count 9 9 9 0 9 9 - 2 9 9 9 9 9 9 6 6 6
570-5-sp-c1 Light brown Min - 633 43.1 - 67.1 - - 1.27 144 2600 47.0 0.323 12.8 45.4 - - -
Max 0.421 886 55.8 5.68 134 1.94 - 2.50 208 2970 73.6 8.69 34.2 2030 - - -
Median - 518 49.0 - 75.8 - - 1.71 153 2840 51.1 3.22 19.2 485 -
S.D. - 328 4.90 - 31.1 - - 0.760 39.6 109 15.3 2.77 11.7 696 - - -
Count 1 7 7 1 7 1 0 6 7 7 7 6 7 7 0 0
SG490-3-1-Sp-C3 Light brown Min 0.422 92.8 16.8 0.241 53.5 0.0273 0.410 0.464 69.9 2950 17.2 13.1 11.4 14.0
Max 0.423 414 54.8 0.383 358 0.283 0.603 7.10 194 3390 49.8 161 74.8 56.9 184 —12.48 —35.73
Median 0.423 199 42.1 0.323 176 0.103 0.510 3.95 135 3100 33.0 62.7 41.8 34.5 - - -
S.D. 0.000398 105 11.1 0.0596 100 0.0813 0.0792 2.45 45.9 136 10.6 51.2 22.2 16.3 - - -
Count 2 8 8 3 8 7 3 8 8 8 8 8 8 8 1 1 1
SG490-3-1-Sp-C4 Dark-brown Min 3.22 7410 0.372 0.799 937 4.45 0.796 10.5 118 1530 10.5 62.8 101 27.8 182 —13.01 —36.52
Max 26.2 17,600 5.88 1.82 18,500 12.1 4.75 38.9 511 2670 43.8 737 298 207 245 —-9.70 —31.56
Median 11.4 12,300 2.46 1.18 9410 8.47 2.24 21.8 289 2010 27.6 319 172 89.9 222 —10.90 -33.35
S.D. 8.34 3630 2.09 0.456 6410 2.63 1.39 9.51 117 417 11.2 210 67.0 58.8 22 1.16 1.75
Count 7 7 7 3 7 7 7 7 7 7 7 7 7 7 7 7 7
350-3-2-Sp-C1 Dark-brown Min 2.52 1270 6.03 0.292 93.8 0.0871 0.575 0.321 16.8 2610 68.2 4.24 0.148 1.26 222 —10.48 -32.72
Max 24.9 3470 34.1 0.592 214 2.45 0.584 0.745 49.1 2870 225 80.5 11.7 8.14 263 —-8.27 —29.40
Median 12.6 2260 17.6 0.421 169 0.993 0.580 0.544 32.5 2730 172 44.1 4.16 4.44 243 —-9.37 —31.06
S.D. 8.65 649 11.2 0.0926 43.3 0.798 0.00463 0.174 13.5 95.3 55.0 27.4 3.70 2.51 21 1.11 1.66
Count 6 6 6 6 6 6 2 3 6 6 6 6 6 6 2 2 2
350-3-2-Sp-C2 Light brown Min 0.277 120 66.1 0.301 167 0.0245 0.439 0.112 12.6 2970 239 1.66 0.178 0.133 - - -
Max 0.338 201 82.7 0.543 277 0.0667 0.580 0.551 32.3 3270 474 18.0 4.96 6.07 - - -
Median 0.307 151 73.3 0.457 239 0.0450 0.497 0.231 19.7 3080 399 6.45 1.48 1.63 - - -
S.D. 0.0304 27.1 5.09 0.0829 35.6 0.0164 0.0555 0.185 6.19 111 74.2 5.07 2.01 2.02 - - -
Count 2 7 7 7 7 4 5 4 7 7 7 7 4 6 0 0

Notesl: T was the GGIMFis geothermometer (Frenzel et al., 2016).
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Fig. 10. Box-and-whisker plots of trace element compositions of dark-brown sphalerite and light-brown sphalerite from the Shagou deposit.

Seward, 2003). As the ore fluid cooled, the hydrothermal system grad-
ually dropped in logfO, and logfS,, which decreased the bisulfide sol-
ubility in the fluid, causing precipitation of silver mineral precipitation
during the late stage. Thus, the reduction in temperature, logfO,, and
logfSy of the hydrothermal system were the key triggers for Ag
precipitation.

6.3. Ore genesis
The genesis of Ag-Pb-Zn deposits in the Xiayu ore field remains

controversial (Sui et al., 2000; Chen et al., 2004; Mao et al., 2006; Gao
et al.,, 2011; Han et al., 2013, 2014; Li et al., 2013, Li et al., 2016).

12

Geological characteristics, fluid inclusions, and C-O-S-Pb isotope fea-
tures indicate that the Shagou ore veins are comparable to Ag-Pb-Zn
veins hosted in clastic metasedimentary rocks (Beaudoin and Sangster,
1992; Han et al., 2013, 2014; Li et al., 2013), however, the newly ob-
tained He-Ar-Pb isotopic evidence suggests that the sources of the Ag-
Pb-Zn veins are closely related to contemporaneous magmatism,
which is significantly different from the veins in to the surrounding rock
(Beaudoin and Sangster, 1992). In addition, geochronological data and
high-temperature and high-salinity fluid characteristics support the idea
that the Shagou veins formed as part of magmatic-hydrothermal sys-
tems (Mao et al., 2006, 2010; Gao et al., 2011; Tian et al., 2023).
Several studies have demonstrated that the trace-element
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Fig. 11. Ag versus temperature diagram for dark-brown sphalerite and light-brown sphalerite from the Shagou deposit. Temperature was calculated using the
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Fig. 12. logfS; versus temperature diagram showing the relative sulfidation
state and the evolutionary path of hydrothermal fluids in the Shagou deposit.
logfS, and temperature were calculated using the formulas suggested by Scott
and Barnes (1971) and Frenzel et al. (2016) (GGIMFis), respectively. Sulfida-
tion state determinations are from Einaudi et al. (2005).

composition of sphalerite can be related to the origin of a deposit (Cook
et al., 2009; Ye et al., 2011; Frenzel et al., 2016; Bauer et al., 2019).
Indium (In) is relatively enriched in magmatic-related deposits, whereas
Ge and Cd are enriched in low-temperature hydrothermal systems. The
dark-brown sphalerite of stage II is characterized by high In and low Ge
concentrations from the Shagou deposit, consistent with sphalerite from
a magmatic-related deposit (Fig. 13A). The light-brown stage III sphal-
erite is relatively enriched in Ge and depleted in In, indicating its rela-
tion to fluid evolution (Fig. 13B). However, the high In/Ge ratios of the
light-brown sphalerite also support its magmatic affiliation (Fig. 13B).
Therefore, these results, together with the newly obtained He-Ar-Pb
isotopic data, suggest that the Shagou deposit is related to a
magmatic-hydrothermal fluid system.

Many magmatic-hydrothermal Ag-Pb-Zn veins are closely related to
porphyry Cu-Mo-Au deposits, i.e., veins in the Cordillera have a well-
developed metal and alteration zonation from the center toward the
margin (Fontboté and Bendezt, 2009; Bendezi and Fontboté, 2009;
Kissin and Mango, 2014). Pb-Zn-Ag veins commonly occur in shallow,
peripheral, and distal parts of a porphyry system, which provides a very

13

useful guide for the exploration of newly discovered Ag-Pb-Zn veins near
porphyry Cu-Mo-Au deposits and vice versa (Seedorff et al., 2005; Sil-
litoe, 2010; Wang et al., 2020, 2023; Deng et al., 2021; Hui et al., 2021).

Pb-Zn-Ag veins are widespread in the SNCC and have close temporal,
spatial, and genetic associations with porphyry Mo mineralization in the
Nannihu and Fudian ore fields (Cao et al., 2015; Liet al., 2017; Jin et al.,
2019). However, such a relationship is lacking for Ag-Pb-Zn veins in the
Xiayu ore field. The Xiayu ore field is characterized by Ag-Pb-Zn-Au-Cu-
Mo polymetallic mineralization (Fig. 2; Chen et al., 2004; Mao et al.,
2006; Deng et al., 2013; Li et al., 2016, 2017; Cao et al., 2017). These Ag-
Pb-Zn deposits show obvious magmatic-hydrothermal affiliation (Mao
etal., 2006; Gao et al., 2010, 2011; Li et al., 2016, this study). Monazite
and xenotime U-Pb dating suggest that the Ag-Pb-Zn-Au-(Cu) veins were
formed at 125.7 4 1.8 Ma to 123.3 & 1.7 Ma, which coincides with the
age of the Haopinggou granite porphyry (P2; 125.9 + 0.7 Ma; Tian et al.,
2023). In addition, molybdenite-rich veins were found in the deep part
of the Shagou deposit (Mao et al., 2006), and the copper content tended
to increase in the depth of the Tieluping deposit (Wang, 2010). There-
fore, we propose that unexposed porphyry Cu-Au-Mo deposits may exist
beneath and/or to the side of some Pb-Zn-Ag veins, and the Xiayu ore
field may be a potential exploration target for porphyry Cu-Au-Mo
deposits.

7. Conclusions

(1) The He-Ar-Pb isotopes indicate that the ore-forming fluids and
metals were mainly derived from a mixed source of Mesozoic granite,
the surrounding Taihua Group and the Meso-Neoproterozoic marine
sediments.

(2) Application of the sphalerite GGIMFis geothermometer yielded a
mineralization temperature of 175 to 310 °C (mean ~224 °C) and 143 to
240 °C (mean ~176 °C) for the base metal and silver mineralization,
respectively.

(3) The reduction in temperature, logfO,, and logfS; of the ore-
forming fluid were likely the key triggers for silver precipitation.

(4) The Shagou Ag-Pb-Zn veins are genetically related to a magmatic-
hydrothermal fluid system.
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