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A B S T R A C T   

The Kengdenongshe giant Au-Ag-Pb-Zn polymetallic deposit is located in the East Kunlun Orogen (EKO). It contains 
about 42.2 t of Au, 608.6 t of Ag and 1.05 Mt of Pb and Zn with an average grade of Au 2.31 g/t, Ag 19.29 g/t and 
Pb + Zn 3.49 wt% (Pb: 1.23 wt%, Zn: 2.26 wt%). The NWW-trending ore bodies are predominantly hosted in Late 
Permian to Triassic rhyolitic tuff, which formed during Late Permian back-arc extension to Triassic arc-continental 
collision. The ore bodies are subdivided into Pb-Zn rich ore bodies on the top with high grades of Pb and Zn and low 
grades of Au and Ag, and Au-Ag rich ore bodies below with high grades of Au and Ag and low grades of Pb and Zn. 
The Pb-Zn rich ore bodies occur as vein, stockwork, and in breccia, and comprise quartz, pyrite, galena, sphalerite, 
and small amounts of chalcopyrite. The Au-Ag rich ore bodies consist of auriferous barite-sulfide-oxide veins and 
contain barite, pyrite (early strawberry and oolitic pyrite and later eu- to subhedral pyrite), galena, sphalerite, 
chalcopyrite, tetrahedrite and covellite. Gold is present as electrum, kustelite and native gold and silver is present as 
polybasite, pearceite, kongsbergite, and as minor native silver in microfractures in sulfides. The hydrothermal 
alteration minerals include, from bottom to top, quartz + barite + calcite around the Au-Ag rich orebodies, quartz 
+ chlorite + epidote around the Pb-Zn rich orebodies, and quartz + K-feldspar within the tuff. Fluid inclusions from 
both the Pb-Zn rich and the Au-Ag rich orebodies consist of two phases (V–L-type) fluid inclusions of which the 
vapor phase has a size of 10–40 vol%. Fluid inclusions microthermometry reveal homogenization temperatures of 
fluid inclusions in Pb-Zn rich and Au-Ag rich ore bodies of 128–230 ◦C and 110–320 ◦C, with corresponding sa
linities of 0.7–9.9 and 0.2–18.3 wt% NaCl equivalent, respectively. H-O-S-Pb stable isotope and He-Ar noble gas 
isotope data indicate a mixed magmatic water-seawater source for both the Pb-Zn and Au-Ag rich ore bodies, and an 
additional meteoric water component for the Au-Ag rich ore bodies. The Pb-Zn and Au-Ag rich ore bodies share the 
same sulfur and lead sources, i.e. sulfur is derived from crustal magma and seawater/marine sulfate, and the lead 
originated from a mixed magmatic-ancient crustal sedimentary source. Collectively, the regional geology, miner
alogy, alteration, and geochemistry indicate that the Kengdenongshe Au-Ag-Pb-Zn polymetallic deposit can be 
characterized as a VMS-type (volcanic-associated massive sulfide) deposit. Formation of the ore-hosting rhyolite tuff 
and mineralization are associated with Late Permian to Triassic marine volcanic exhalation. Middle to Late Triassic 
basin closure and arc-continent collision modified the deposit and resulted in the location inversion of the Pb-Zn and 
Au-Ag rich orebodies.  
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1. Introduction 

The East Kunlun Orogen (EKO) records the evolutionary history of 
the Tethys Ocean during which it generated extensive metal ore deposits 
(Xiong et al., 2014; Zhang et al., 2005; Ma et al., 2015; Chen et al., 2016, 
2017; Zhao et al., 2018). The Kengdenongshe giant Au-Ag-Pb-Zn poly
metallic deposit is located in the east end of the EKO and contains large 
amounts of Pb-Zn and Au-Ag in the same space, which is representative 
and distinguished from the predominant Au only or Pb-Zn only deposits 
in the region. The orebodies in the Kengdenongshe are hosted in Late 
Permian to Triassic rhyolitic tuff comprising ca. 42.2 t of Au, 608.6 t of 
Ag and 1.05 Mt of Pb and Zn with average grade of Au 2.31 g/t, Ag 
19.29 g/t and Pb + Zn 3.49 wt% (Pb: 1.23 wt%, Zn: 2.26 wt%). The 
original stratigraphic relationships, structure, and mineral assemblage 
of the Kengdenongshe polymetallic deposit is obscured by later tectonic 
dislocation (Liu et al., 2018), and the generation and structural modi
fication processes of it are still unclear. 

Late Permian to Early Triassic back-arc extension is recently defined 
in the Kengdenongshe area (Zhao et al., 2019, 2020), which supports the 
Kengdenongshe deposit possibly to be Au-Ag related VMS (volcanic- 
associated massive sulfide) deposit, as the Au-Ag related VMS deposits 
are generally associated with an extensional setting, i.e. in rifted settings 
within arcs and back-arcs (Barrie and Hannington, 1999; Gibson et al., 
2000; McNicoll et al., 2008; Mercier-Langevin et al., 2011) and associ
ated with felsic volcanic rocks (Huston, 2000; Allen et al., 2002; 
Lafrance et al., 2005; Herrington et al., 2005; Chiaradia et al., 2008; 
Mills et al., 2016). Previous studies have proposed different origins of 
Au-Ag in Au-related VMS deposits. Mercier-Langevin et al (2007) sug
gested that the early to syn-volcanic introduction of Au-Ag and Pb-Zn in 
the LaRonde Penna gold-rich VMS from the Abitibi greenstone belt is 
supported by mine sequence stratigraphy, but later deformation and 
alteration may have been responsible for the introduction of Au in other 
world-class gold-rich VMS deposits. Previous studies have suggested 
that the accumulation of Pb-Zn and Au may not have occurred at the 
same time (Herzig and Hannington, 1995; Emsbo et al., 1999., Tomkins, 
2007), as Pb-Zn mostly migrated as chloride complexes and precipitated 
under conditions of increased sulfur concentration in fluids, while Au 
usually precipitated in an opposite scenario. The orebodies of the 
Kengdenongshe polymetallic deposit can be subdivided into Au-Ag rich 
and Pb-Zn rich orebodies. The Au-Ag rich orebodies usually coexist with 
barite and are located below the Pb-Zn rich orebodies. The genetic 
relationship of the Au-Ag rich orebodies and Pb-Zn rich orebodies is also 

unclear, i.e. the introduction of Au-Ag-Pb-Zn in this deposit needs to be 
further constrained. 

In this paper, we provide regional geological, fluid inclusions, and H- 
O-S-Pb-He-Ar isotope data to constrain the formation and modification 
of the Kengdenongshe polymetallic deposit and we determine the ge
netic relationship between the Au-Ag rich and the Pb-Zn rich orebodies 
in this deposit. 

2. Geological setting 

2.1. Geology of the East Kunlun Orogen 

The EKO, composing of the northern part of the Tibetan plateau, is 
separated from Qaidam Basin by the North Eastern Kunlun Suture Zone 
(NEKS) in the north and from the West Kunlun Orogen by the Altyn fault 
belt in the west. It is bounded to south by the Bayan Har terrane and 
adjacent to the Qinling orogenic belt to east (Fig. 1a; Xu and Li., 2006; 
Xu et al, 2015; Zhao et al., 2018). The EKO is subdivided into the 
Northern East Kunlun Terrane and the Southern East Kunlun Terrane, 
which are separated by the Central East Kunlun Suture Zone (CEKS) and 
Southern East Kunlun Suture Zone (SEKS) (Fig. 1b). These two famous 
regional sutures, the CEKS and SEKS, traversing the EKO, are considered 
to result from closures of the Proto-Tethys Ocean in the Middle Devonian 
and the Paleo-Tethys Ocean in the Middle Triassic, respectively (Ma 
et al., 2015., Zhao et al., 2018). The initial subduction of the Proto- 
Tethys Ocean in the EKO started in Late Cambrian and closed in Early 
Silurian (Yang et al., 1996; Liu et al., 2011; Zhang et al., 2014), 
accompanied by Middle to Late Ordovician back-arc extension (Gao 
et al., 2010). The initial subduction of the Paleo-Tethys Ocean was 
earlier than Early Permian and the back-arc extension occurred during 
the Late Permian to Early Triassic (Chen et al., 2004; Zhao et al., 2019). 
Final basin closure and continental collision occurred in the Middle 
Triassic (Chen et al., 2017; Chen, 2018). The oldest units in the EKO 
include the amphibolite-facies metamorphic rocks of the Paleoproter
ozoic Jinshuikou Group (Chen et al., 2006; Wang et al., 2007) and 
Mesoproterozoic to Neoproterozoic Xiaomiao Formation (Wang et al., 
2004; Jin et al., 2015; He et al., 2016). These rocks are overlain by the 
Ordovician Naij Tai Group (Chen et al., 2013) comprising low-grade 
meta-volcanic and meta-sedimentary rocks, and discontinuous Carbon
iferous to Neogene sedimentary and volcanic rocks (Chen et al., 2017, 
Fig. 1b). Ordovician-Devonian (470–390 Ma) and Permian-Triassic 
(260–220 Ma) calc-alkaline granodiorites, monzogranites, and 

Fig.1. Simplified geological map of: (a) the Qinghai-Tibetan Plateau showing the dominated terranes. (b) the Eastern Kunlun Orogen showing the location of study 
area. QB: Qaidama Basin. 
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syenogranites are widespread in the EKO (Mo et al., 2007; Chen, 2018). 

2.2. Geology of the Gouli orefield 

The Gouli study area is situated in the eastern part of the EKO 
(Fig. 1b). NWW-trending structures, including the CEKS, control the 
regional distribution of the sedimentary and magmatic rocks (Fig. 2). 
The NWW-trending structures, together with small-scale NNE-trending 
structures, control the directions of ore bodies in the Gouli ore field. 
Proterozoic medium to high grade metamorphic basement rocks occur 
across the entire area. The basement rocks are covered by Ordovician to 
Silurian meta-volcanic and meta-sedimentary rocks, Carboniferous 
sedimentary rocks, and Permian to Triassic sedimentary and volcanic 
rocks. These rocks are intruded by widely distributed Permian to Triassic 
arc granitoids, and Late Triassic syn-collision and post-collision granitic 
rocks (Chen et al., 2017), and locally occurring mafic rocks (Zhao et al., 
2019, 2020; Fig. 2). Previous studies on the Late Permian to Middle 
Triassic intrusions in this area suggested that the tectonic setting of the 
EKO evolved from Late Permian to Early Triassic back-arc basin through 
Early to Middle Triassic ongoing oceanic subduction to Middle Triassic 
continental collision (Chen et al., 2017; Chen, 2018; Zhao et al., 2020). 

Several large to middle-sized metal deposits have been discovered in 
the Gouli ore field, including the Guoluolongwa Au (>40 t Au), Annage 
Au (>8 t Au), Asiha Au (>6 t Au), Walega Au (>12 t Au), Delong Au (>5 
t Au), Nageng Ag (>2000 t Ag), and the Kengdenongshe polymetallic 
deposits (Fig. 2). The Kengdenongshe Au-Ag-Pb-Zn polymetallic deposit 
is the only one of its kind in the region. 

3. Geology, mineralization and alteration of the Kengdenongshe 
polymetallic deposit 

3.1. Geology of the Kengdenongshe polymetallic deposit 

The Kengdenongshe polymetallic deposit is located in the north of 
the CEKS (Fig. 2) and hosted in Late Permian to Triassic rhyolitic tuff. 

The tuff is grey to green in color and comprises subhedral quartz (25–30 
vol%), plagioclase (10–15 vol%), K-feldspar grains (5–10 vol%), and 
minor felsic fragments (40–45 vol%) with little barite, zircon, titanite, 
and Fe-Ti oxides. Quartz, plagioclase, and K-feldspar usually form sub
hedral and are<2 mm in length. Rhyolitic tuff in the near vicinity of the 
ore bodies contain sericite, chlorite, and carbonate, and increased con
tents of Fe oxides and barite. Previous studies demonstrate that the tuff 
was derived from the crustal reworking and related to the tectonic 
transition from Late Permian back-arc extension to Middle Triassic arc- 
continent collision (Zhao et al., 2020). 

In the south the rhyolitic tuff is in tectonic contact with limestone 
and marble from the Carboniferous Haoteluowa Formation, and in the 
north the rhyolitic tuff is in tectonic contact with schist and gneiss from 
the Paleoproterozoic Jinshuikou Group (Fig. 3). These tectonic contacts 
are defined by ~ 20 m wide W-NW trending reverse faults dipping 30- 
65◦ to the SW (Fig. 3). Gabbro (266 Ma) intruded in the north of the 
mining area (Fig. 2; Zhao et al., 2019) and locally occurring granite 
porphyry intruded in the gneiss and rhyolitic tuff at 257 and 211 Ma, 
respectively (Fig. 3; Zhao et al., 2020). The gabbro and granite por
phyries indicate the initiation of Late Permian back-arc extension in the 
Kengdenongshe area (Zhao et al., 2019, 2020). 

3.2. Mineralization and alteration 

Twenty-two NW-trending polymetallic ore bodies have been 
explored in the Kengdenongshe district and can be further subdivided 
into two types due to different metal grades, mineral assemblage and 
alteration. The type 1 ore bodies are Pb-Zn rich ore bodies. There are 
thirteen type 1 ore bodies with relatively high average grades of Pb 
(0.90 wt%) and Zn (2.77 wt%), and relatively low average grades of Au 
(0.20 g/t), and Ag (5.65 g/t). They often occur as lodes and bands within 
the tuff and the mineralized zones commonly dip 50◦-85◦ to the NNE-NE 
(Fig. 4). They extend for 80 to 560 m, are 1 to 32 m thick, and continue 
up to 850 m down plunge. The other nine ore bodies are dominated by 
Au and Ag and have relatively high average grades of Au (3.67 g/t) and 

Fig.2. Geological map of the Gouli field showing the location of Kengdenongshe polymetallic deposit, the ages of the gabbro in north of the Kengdenongshe is from 
Zhao et al. (2019). 
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Ag (52.78 g/t), and relatively low average grades of Pb (0.52%) and Zn 
(0.65%) (type 2: Au-Ag rich ore bodies), which usually occur near or at 
the tuff-carbonatite contact area (Fig. 4). They are controlled by NW- 
trending faults and usually have forms of lodes and lensoids with 
mineralized zones commonly trending 15◦–30◦ and dipping 65◦–85◦. 
Single veins of the Au-Ag rich ore bodies are 2 to 43 m thick, extend for 
40 to 800 m, and continue up to 800 m down plunge (Fig. 4). 

The Pb-Zn rich ore bodies mainly consist of quartz, pyrite, galena, 
sphalerite, and chalcopyrite (Fig. 5). Euhedral to subhedral pyrites are 
usually included by the sphalerite or galena (Fig. 5i, k), and sometimes 
display breccia structure (Fig. 5j). Small amounts of chalcopyrite grow 
within the sphalerite or in the fractures between the pyrite grains 
(Fig. 5h, j), and small calcite veins occasionally intersect in the Pb-Zn 
sulfides (Fig. 5l). The Pb-Zn orebodies have been deformed by later 

structural activity as evidenced by the fractured Lead-zinc mineralized 
tuffs in the fault zones (Fig. 5a). 

The Au-Ag rich orebodies contain barite, pyrite, galena, sphalerite, 
chalcopyrite, and minor amounts tetrahedrite and covellite (Fig. 6). The 
pyrites are subdivided into two types. The first pyrite type is strawberry 
or oolitic pyrite with a diameter of<0.1 mm (Py1, Fig. 6h, j-l). These 
pyrites typically show micro-fractures filled with chalcopyrite, tetrahe
drite, and barite (Fig. 6j). The second pyrite type is eu- to subhedral with 
a diameter up to 5 mm (Py2, Fig. 6j, i). Type 2 pyrite and other sulfides 
including galena, sphalerite and chalcopyrite usually occur around type 
1 pyrite (Fig. 6j), indicating that the formation of the eu- to subhedral 
type 2 pyrite and other sulfides is later than the strawberry or oolitic 
type 1 pyrite. Veins comprising type 2 pyrite contain tuff breccia 
(Fig. 6e), indicating that its formation is associated with the tectonic 
event that deformed the tuff and ore bodies. Gold is present as electrum, 
kustelite and native gold and silver is present as polybasite, pearceite, 
and minor native silver and kongsbergite in the microfractures of these 
sulfides (Guo et al., 2013; Li et al., 2016). 

Hydrothermal alteration minerals in the Kengdenongshe poly
metallic deposit include (from bottom to top) quartz + barite + calcite, 
quartz + chlorite + epidote, and quartz + K-feldspar (Figs. 7 and 8). The 
alteration zone around the Au-Ag rich orebodies comprises quartz +
barite + calcite and has a minimum width of several centimeters up to 
one meter (Figs. 7 and 8). Quartz + chlorite + epidote alteration (width 
of several tens of meters) is widespread around the Pb-Zn rich orebodies 
(Fig. 7). The alteration of quartz + K-feldspar occurs within the tuff 
outcrop and sometimes has a scale of several meters (Fig. 8). 

4. Analytical methods 

4.1. Fluid inclusion microthermometry 

Microthermometric measurements of fluid inclusions were per
formed at the State Key Laboratory of Geological Processes and Mineral 
Resources (GPMR), China University of Geosciences (CUG), using a 
Linkam THM600 heating-freezing stage attached to a Leica MD2500 
microscope. The estimated accuracy was ± 0.1 ◦C for the final melting 
temperature of ice and ± 2 ◦C for homogenization temperatures. Ho
mogenization always occurred into the liquid phase. Salinities of two- 
phases fluid inclusions expressed as wt.% NaCl equivalent were calcu
lated using the MacFlincor software (Brown and Hagemann, 1995). 

Fig. 3. Simplified geological map of the Kengdenongshe area showing the location of the ore bodies.  

Fig. 4. Combined profiles of the major prospecting lines in the Kengdenongshe 
polymetallic deposit, the locations of these prospecting lines are shown 
in Fig. 3. 
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4.2. H-O stable isotope analyses 

The H-O stable isotopic analyses were performed at the Beijing 
Research Institute of Uranium Geology (BRIUG) using a MAT-253 mass 
spectrometer. Quartz and barite samples for H-O isotopic analyses were 
hand-picked and separated using a magnetic separator. Oxygen was 
liberated from samples by reaction with BrF5 (Clayton and Mayeda, 
1963) and converted to CO2 on a platinum-coated carbon rod. Analyses 
of the hydrogen isotopic compositions of fluid inclusions were done on 
the same samples that were used for oxygen isotope analysis. Samples 
were first degassed of labile volatiles by heating under vacuum at 150 ◦C 
for 3 h. Water was released by heating the samples to approximately 
500 ◦C using an induction furnace and converted to hydrogen by passage 
over heated zinc powder at 410 ◦C. The δ18O and δD determinations 
were made on a MAT-253 stable isotope ratio mass spectrometer. The 
analytical precision was better than ± 0.2‰ for δ18Ο and ± 2‰ for δD. 

4.3. S-Pb stable isotope analyses 

The S-Pb stable isotope analyses were also performed at the BRIUG 
using a MAT-253 mass spectrometer. All minerals used for analyses were 
handpicked and checked under a binocular microscope to ensure purity 
of > 98%. Sulfur isotopic ratios were measured on a Delta V plus mass 
spectrometer, using the VCDT standard. The analytical error is lesser 

than ± 0.2‰. Lead isotope analyses were performed by using a thermal 
ionization mass spectrometry (ISOPROBE-T). The error of measured Pb 
isotopic ratio of the international standard NBS981 is around 0.1‰. 

4.4. He-Ar isotope analyses 

Pyrite samples for noble gas isotopic analysis were crushed and 
sieved to pass the 20–40 mesh fractions. Helium and argon isotope 
compositions were measured on an MI-1201IG inert gas mass spec
trometer at the Institute of Geology and Geophysics, Chinese Academic 
of Sciences. Noble gases were extracted from the mineral grains by 
crushing in a one-step or multi-step process in a vacuum crusher at 2000 
psi. The Ar in the noble gas mixtures was trapped in a cold finger with 
charcoal at the temperature of liquid nitrogen. Helium was trapped in a 
cold finger at about 13 K and released at 35 K. He and Ar were intro
duced separately into the mass spectrometer and analyzed in static 
mode. Line blanks were run before samples. He blanks were negligible 
(3He < 3 × 10− 17 cc STP); and Ar blanks were low (40Ar < 4 × 10− 11 cc 
STP), about 0.1% of the signal from samples. The data were corrected for 
system blank and further calibrated by air shot and Helium HESJ stan
dards (He Standard of Japan; Matsuda et al., 2002). The recommended 
value of the 3He/4He ratio of HESJ relative to the air value (R/Ra) is 
20.63 ± 0.10. 40Ar/36Ar ratios are accurate to ± 1% and 3He/4He ratios 
are within ± 5% over the range 10− 6-10− 8 cm3 STP 4He. 

Fig. 5. The field and microscopic photographs from the Pb-Zn rich ore bodies in the Kengdenongshe polymetallic deposit. Cal: calcite; Cp: chalcopyrite; Gn: galena; 
Sph: sphalerite; Py: pyrite. 
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5. Results 

5.1. Microthermometric measurements of fluid inclusion 

Aqueous isolated liquid–vapour fluid inclusions (vapour phase: 
10–40 vol%) in the quartz from Pb-Zn rich orebodies are < 10 um in size 
and show a rounded or negative crystal shapes (Fig. 9a, b). Liquid-vapor 
fluid inclusions (<10 um, volume of the vapour phase: 5–45 vol%) in 
quartz and barite from the Au-Ag rich ore bodies consist of two phases 
(V–L-type) (Fig. 9c, d) and show irregular and rounded shapes. 

The microthermometric characteristics of the fluid inclusions from 
different ore bodies described below and the associated data are sum
marized in Table 1 and Fig. 10. The temperatures of the final ice melting 
for the V–L-type fluid inclusions from the Pb-Zn rich and Au-Ag rich ore 
bodies range from − 1.0 to − 6.7 ◦C and − 0.2 to − 6.8 ◦C, and the 
corresponding salinities are 0.7–9.9 wt% NaCl equivalent and 0.2–18.3 
wt% NaCl equivalent, respectively. The homogenization temperatures 
for the fluid inclusions in Pb-Zn rich orebodies range between 128 and 
223 ◦C, peaking at 150–170 ◦C, and those in the Au-Ag rich orebodies 
range between 110 and 320 ◦C, peaking at 130 ◦C to 170 ◦C. 

Fig. 6. The field and microscopic photographs from the Au-Ag rich ore bodies in the Kengdenongshe polymetallic deposit. Cp: chalcopyrite; Gn: galena; Sph: 
sphalerite; Py: pyrite; Te: tetrahedrite; Cov: covellite. 

Fig. 7. Profile map of the L0 in Fig. 3 showing the alterations around Au-Ag and Pb-Zn rich ore bodies.  
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5.2. H–O isotopes 

Hydrogen and oxygen isotopic data are displayed in Table 2 and 
Fig. 11. Hydrogen and oxygen of fluid inclusions in quartz from Pb-Zn 
rich ore bodies have measured δD values of –91.6 to –93.0‰, δ18O 

values of 11.0 to 12.4‰ and calculated δ18OН2Ο values in equilibrium 
with quartz of 2.6 to 4.0‰. The measured δD and δ18O values for barite 
in Au-Ag rich ore bodies display ranges from –75.1 to –109.6‰ and 8.8 
to 17.4‰, respectively (Table 2). The calculated δ18OН2Ο values of the 
ore-forming fluids in equilibrium with barite range from 0.8 to 9.4‰. 

Fig. 8. The field and microscopic photographs for the hydrothermal alteration minerals. (a–c) from the Au-Ag rich orebodies, (d–g) from the Pb-Zn rich orebodies 
and (h–i) from the rhyolitic tuff outcrop. 

Fig. 9. Microscopic photographs for fluid inclusions from Pb-Zn rich orebodies (a-b) and Au-Ag rich orebodies (c-d). Q: quartz; Bar: barite.  
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5.3. S-Pb isotopes 

In the sulfides from the Pb-Zn rich ore bodies, the δ34S values for 
pyrite are from − 3.3 to 2.9‰, for galena are from 4.7‰ to 7.1‰ (Table 3 
and Fig. 12). As to the sulfides and barite from the Au-Ag rich ore bodies, 
the δ34S value for pyrite is − 3.5‰, and for barites is 28.3‰. 

The Pb isotope ratios for galena and pyrite are relatively homoge
neous with (206Pb/204Pb)i = 18.297–18.363, (207Pb/204Pb)i =

15.577–15.668 and (208Pb/204Pb)i = 38.193–38.490 from Pb-Zn rich 
ore bodies and (206Pb/204Pb)i = 18.300–18.389, (207Pb/204Pb)i =

15.584–15.570 and (208Pb/204Pb)i = 38.221–38.591 from Au-Ag rich 
ore bodies. These values are different from the Pb isotope compositions 
of the tuff with (206Pb/204Pb)i = 17.545–18.177, (207Pb/204Pb)i =

15.546–15.634 and (208Pb/204Pb)i = 37.993–38.975 (Table 4, Fig. 13). 

5.4. He–Ar isotope 

Noble gas (He and Ar) isotope compositions measured for pyrite are 
listed in Table 5 and illustrated in Fig. 14. The obtained 3He/4He ratios 
of fluid inclusions in the pyrite from Pb-Zn rich ore bodies and Au-Ag 
rich ore bodies are 0.02–0.06 Ra and 0.06–0.07 Ra, respectively. The 
40Ar/36Ar ratios are 297.0–1011.7 in the pyrite-hosted fluid inclusions 
from the Pb-Zn rich ore bodies and 318.2–347.5 in the pyrite-hosted 

Table 1 
Microthermometric fluid inclusion data for Pb-Zn and Au-Ag rich ore bodies in the Kengdenongshe polymetallic deposit.  

Sample No Ore bodies Type Host Number Vapor Th Salinity Reference 
mineral (vol. %) (◦C) (wt.% NaCl) 

B3302-2–4 Pb-Zn rich L.V Quartz 33 10–40 128–223 1.7–9.9 This paper 
ZK0009-19 Pb-Zn rich L.V Quartz 15 15–55 165–230 0.7–3.6 Jiang, 2014 
B3302-8–1 Au-Ag rich L.V Quartz 21 5–40 110–262 0.7–14.5 This paper 
B3302-5–2 Au-Ag rich L.V Barite 15 5–45 150–320 4.2–18.3 This paper 
ZK0007-07 Au-Ag rich L.V Barite 16 10–55 142–331 0.2–4.4 Jiang, 2014 
ZK0007-18 Au-Ag rich L.V Barite 15 10–40 126–330 0.2–11.0 Jiang, 2014 
ZK0007-19 Au-Ag rich L.V Barite 15 15–30 105–254 0.2–11.3 Jiang, 2014  

Fig. 10. (a) Homogenization temperature histograms and (b) Homogenization temperature versus salinity plots for fluid inclusions from different ore bodies.  

Table 2 
Hydrogen and oxygen isotopic compositions of the barite and quartz from Pb-Zn 
and Au-Ag rich ore bodies in the Kengdenongshe polymetallic deposit.  

Sample No Ore bodies Mineral δDH2O/‰ δOV-SMOW/‰ δOH2O/‰ 

B3302-4–4 Pb-Zn rich Quartz − 93.0  12.4  4.0 
B0008-2–3 Pb-Zn rich Quartz − 92.7  11.0  2.6 
B0808-26–4 Pb-Zn rich Quartz − 91.6  11.4  3.0 
B3501-1 Au-Ag rich Barite − 81.1  10.4  2.4 
B3302-8–1 Au-Ag rich Barite − 95.6  9.4  1.4 
B0806-29–1 Au-Ag rich Barite − 101.3  8.8  0.8 
B3302-5–2 Au-Ag rich Barite − 109.6  10.4  2.4 
B3302-5–3 Au-Ag rich Barite − 97.3  10.4  2.4 
B0303-6–1 Au-Ag rich Barite − 75.1  17.4  9.4 

The Calculation formulas for the δOH2O are from Clayton et al (1972) 

Fig. 11. The δD–δ18OH2O plots for mineralizing fluids from the Kengdenongshe 
polymetallic deposit. Part of the data is cited from He (2013) and Jiang (2014). 
The meteoric water line is from Chen and Wang. (2004). The ranges of primary 
magmatic and metamorphic water are from Misra (2000). 

Table 3 
Sulfur isotopic compositions of the barite and sulfides from Pb-Zn and Au-Ag 
rich ore bodies in the Kengdenongshe polymetallic deposit.  

Sample No Ore bodies Mineral δ34SV-CTD(‰) 

B0806-26–3 Pb-Zn rich Pyrite − 3.3 
B0812-1 Pb-Zn rich Pyrite 2.9 
B0809-1 Pb-Zn rich Pyrite − 3.0 
B0810-1 Pb-Zn rich Pyrite 1.5 
B0809-1 Pb-Zn rich Galena 4.9 
B0808-5–5 Pb-Zn rich Galena 4.7 
B0006-2–5 Pb-Zn rich Galena 6.7 
B0008-4–6 Pb-Zn rich Galena 7.1 
B3501-1 Au-Ag rich Barite 28.3 
B3501-1 Au-Ag rich Pyrite − 3.5  
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fluid inclusions from the Au-Ag rich ore bodies. 

6. Discussion 

6.1. Constraints on fluid source and fluid evolution 

The δD and δ18 OН2Ο values in both Pb-Zn-rich and Au-Ag-rich ore
bodies are lower than those in magmatic fluids and plot between the 
magmatic fluids and seawater/meteoric water (Fig. 11), which means 
the fluids may derive from the mixing of magmatic water and seawater/ 
meteoric water (Ouyang et al., 2014; Ke et al., 2017). The 3He/4He ra
tios of fluid inclusions extracted from pyrites in Pb-Zn rich ore bodies 
(0.01–0.07 Ra) exhibit similar values to those attributed to seawater 
(0.01–0.05 Ra, Fig. 14, Stuart et al., 1995; Ozima and Podosek, 2002), 
indicating that the main mixing source for the fluid in Pb-Zn rich ore
bodies should be seawater. The higher 3He/4He ratios from Au-Ag rich 
orebodies than those from Pb-Zn rich orebodies may suggest the extra 
contribution of meteoric water for Au-Ag rich orebodies, as meteoric 
water usually show higher 3He/4He ratios than seawater (Mamyrin and 
Tolstikhin, 1984). Although air-derived noble gas is likely to be pre
sented, its effect is minor in comparison to the large range 40Ar/36Ar 

ratios (Fig. 14), which should be attributed to the hydrothermal fluids 
associated with magmatism (Burnard et al., 1999; Tang et al., 2017). 

The homogenization temperatures (110–310 ◦C), δD values (–131 to 
–74) and δ18OН2Ο (0.8–9.4) values for fluid inclusions from Au-Ag rich 
orebodies are more variable than those from Pb-Zn rich orebodies, 
(homogenization temperatures: 128–223 ◦C; δD = –88.7 to –93.0; 
δ18OН2Ο = 0.4–3.0). This suggests different mixing sources and pro
cesses (Fig. 10a), which is also indicated by the distinct homogenization 
temperature vs. salinity trends (Fig. 10b). The simple mixing of a high 
temperature, high salinity magmatic fluid and a low temperature, low 
salinity meteoric water can result in the decrease of both homogeniza
tion temperatures and salinities, which is consistent with the fluid in
clusion data of the Au-Ag rich ore bodies (Fig. 10b). However, with 
regard to the Pb-Zn rich ore bodies, the homogenization temperatures 
remain stable while the salinity is variable. This could result from the 
mixing of cooler magmatic water and heated seawater. If heat conduc
tion between the hot magmatic fluid and cold seawater occurred before 
fluid mixing, the cooled magmatic water and heated seawater will have 
the same temperature but show different salinities. Subsequent mixing 
of the magmatic fluid and the seawater would result in a stable fluid 
temperature but variable salinities (Hou et al., 2001; Liu et al., 2018). 

6.2. Source of sulfur and metals 

The forms of sulfur in a hydrothermal system could be sulfide (S2-), 
sulfate (SO4

2-), sulfur dioxide (SO2) and hydrogen sulfide (H2S) 
depending on temperature, PH and oxygen fugacity. Ohmoto (1972) 
summarized the relationship between the chemical environment in hy
drothermal systems and the sulfur isotope composition of hydrothermal 
minerals as follows. (1) In higher oxygen fugacity at low pH conditions, 
the sulfur mainly presents in sulfates, and the δ34S values in barite are 
about equal to or slightly larger than total δ34S values in fluids (δ34S∑S). 
(2) In moderate oxygen fugacity and high pH conditions, sulfides and 
sulfates coexist and the δ34S∑S values are between the δ34S values in 
barite and sulfides. (3) At low oxygen fugacity conditions, barite is 
usually insoluble in water, and the possible mineral combinations are 
sulfides of pyrite + pyrrhotite + galena + sphalerite. The values of δ34S 
in these sulfides are equivalent to the δ34S∑S (Ohmoto, 1972; Ohmoto 
and Rye, 1979). 

The barites in the Au-Ag rich orebodies precipitated from a hydro
thermal fluid, which is evidenced by occurrence of primary inclusions in 
the barites (Fig. 9c). These barites coexist with sulfides, and the barite 
δ34S values are much higher than the δ34S sulphide values (δ34S = –4‰ 
to + 12‰, average value is + 6‰) (Fig. 12). This suggests that the barite 
and sulfides precipitated at a moderate oxygen fugacity and high pH 
conditions, and that the δ34S∑S values were between the values from 
barites (+28 to  + 30 ‰) and sulfides (–4 to  + 12 ‰). As discussed 
above, magmatic fluids with a crustal source play an important role in 
generating the Au-Ag rich orebodies. However, in a crust-derived 
magmatic fluid, the δ34S values are less likely to be higher than +
12‰ and show no wide range. Thus, the high δ34S values suggest the 
contamination with seawater sulfur (δ34S ≈+20‰) (e.g. Anderson et al., 
1998; Basuki et al., 2008; Dixon and Davidson, 1996), which is also 
supported by the contribution of seawater to ore-forming fluids. As for 
the Pb-Zn rich orebodies, the sulfides have similar δ34S values as the 
sulfides from the Au-Ag rich orebodies (Fig. 12), suggesting that the Pb- 
Zn rich orebodies may have the same sulfur source, i.e. a mixed magma- 
seawater source. 

The same lead source for the Pb-Zn rich orebodies and Au-Ag rich 
orebodies is indicated by the same linear variations of the lead isotopic 
compositions of the sulfides (Fig. 13a, b). The plots of the sulfides on 
206Pb/204Pb vs 207Pb/204Pb and 206Pb/204Pb vs 208Pb/204Pb diagrams 
only partially overlap with the Late Permian to Triassic magmatic rocks, 
suggesting that Triassic magmatism cannot be the only lead source. 
Possible contamination of old crustal sedimentary rocks is indicated by 
the partial overlap of the lead isotope ratios between the sulfide and 

Fig. 12. The sulfur isotope compositions of sulphides and barite from the 
Kengdenongshe polymetallic deposit. Part of the data is from Jiang (2014). 

Table 4 
Lead isotopic compositions of the sulfides, tuff and granite porphyry in the 
Kengdenongshe polymetallic deposit.  

Samples 
No 

Sulfide/rocks 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

B0810-1 Pyrite from Pb-Zn 
rich orebody  

18.357  15.657  38.458 

B0812-1 Pyrite from Pb-Zn 
rich orebody  

18.303  15.613  38.306 

B0809-1 Pyrite from Pb-Zn 
rich orebody  

18.363  15.668  38.490 

B0809-2 Galena from Pb-Zn 
rich orebody  

18.297  15.577  38.193 

B3309-1 Pyrite from Au-Ag 
rich orebody  

18.389  15.698  38.591 

B3309-2 Galena from Au-Ag 
rich orebody  

18.300  15.584  38.221 

B0806-0–1 Tuff  18.177  15.570  38.975 
B0806-4–1 Tuff  17.545  15.546  37.993 
B0806- 

29–3 
Tuff  17.747  15.592  38.367 

B0808-5–6 Tuff  17.588  15.551  38.047 
80303–11- 

1 
Tuff  17.613  15.634  38.302 

B0008-1–2 granite porphyry  17.569  15.588  38.107 
B0008-1–3 granite porphyry  17.581  15.579  38.108 
B0008-1–4 granite porphyry  18.052  15.590  38.738  
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regional basement (Fig. 13a, b). The Kengdenongshe polymetallic de
posit shows similar lead isotope compositions as the regional Elashan 
Pb-Zn and Weibao Pb-Zn-Cu ore deposit, (Fig. 13c, d). This indicates that 
the metals for the Kengdenongshe, Elashan, and Weibao deposits were 
derived from the same source, i.e. a magmatic and an old basement 
source (Fang et al., 2015; Zhou, 2015). 

6.3. Formation and modification of the Kengdenongshe Au-Ag-Pb-Zn 
deposit 

The regional geology, mineralogy, and geochemistry of the Keng
denongshe Au-Ag-Pb-Zn ore deposit (Table 6), suggest that it can be 
classified as a type VMS ore deposit. This is based on the following: (1) 

Silicious volcaniclastic rocks-hosted VMS deposits generated in back-arc 
basins are enriched in Au and Ag but relatively depleted of Cu (Barrie 
and Hannington, 1999; Franklin et al., 2005; Herrington et al., 2005). 
This applies to the Kengdenongshe polymetallic deposit, as both of the 
Pb-Zn rich and Au-Ag rich ore bodies in the Kengdenongshe are closely 
associated with the Late Permian to Triassic marine rhyolitic tuff (Wang, 
2017; Xia, 2017), which relates to the transition from back-arc extension 
to continental collision in the EKO (Zhao et al., 2020). (2) For the 
Kengdenongshe deposit, although the Au + Ag-barite zone underlies the 
Pb-Zn zone (Fig. 4), which is different from the typical VMS model in 
which that Au-Ag-barite zone overlies the Pb-Zn zone (Barrie and 
Hannington 1999), this discrepancy is the result from later tectonic 
displacement. In the Middle to Late Triassic, the EKO is characterized by 
NS compressive stress driven by the arc-continent collision (Yin and 
Zhang, 1997; Li, 2012), which causes deformation of regional strata (Li, 
2012). In the Kengdenongshe, the folds of Carboniferous carbonate 
rocks and Late Permian to Middle Triassic rhyolitic tuff is observed in 
filed investigation and the reverse of the ore-hosted rhyolitic tuff is 
further suggested by the ages of the tuff in different locations. Our drill 
core samples yield a concordant age of 240 Ma (Zhao et al., 2020), which 
is similar to the age given by Xia (2017) of 243 Ma, but younger than the 
age of 262 Ma from an outcrop sample (Wang, 2017). (3) The alteration 
assemblages in the Kengdenongshe polymetallic deposit, including 
quartz + chlorite + epidote, quartz + K-feldspar, and quartz + barite +
marble, are typical for VMS deposits (e.g., Mills et al., 2016; Patten et al., 
2016). (4) Magmatic water and seawater are the main fluid sources 
although small amounts of meteoric water participated in the formation 
of the Au-Ag rich orebodies. Sulphur and lead isotopic data suggest that 
the Pb-Zn rich and Au-Ag rich ore bodies share the same sulfur and metal 
sources, which relate to both magmatism and seawater. The magmatic 
and marine sources of ore-forming fluids and materials are according 

Fig. 13. Lead isotope compositions of the Kengdenongshe polymetallic deposit compared with related lithologies (a-b), and others Pb-Zn deposit in the EKO (c-d). 
Part of the data is from He (2013) and Jiang (2014). The lead isotope compositions of the basement are from Chen et al. (2011), the Weibo Pb-Zn ore are from Fang 
et al. (2015), the Elashan Pb-Zn ore are from Zhou (2015). 

Table 5 
Noble gas isotopic compositions of fluid inclusions hosted in pyrite from the Pb- 
Zn and Au-Ag rich ore bodies in the KDNS deposit.  

Sample 
No 

Mineral Ore 
bodies 

4He(10-7 

ccSTP/g) 

40Ar(10- 

7ccSTp/ 
g) 

3He/4He 
(Ra) 

40Ar/36Ar 

B0806- 
26–1 

Pyrite Pb-Zn 
rich  

30.741  4.095 0.03 ±
0.01 

297.0 ±
2.1 

B0806- 
26–3 

Pyrite Pb-Zn 
rich  

72.042  4.207 0.04 ±
0.01 

330.0 ±
2.4 

B0810- 
1 

Pyrite Pb-Zn 
rich  

101.392  3.824 0.02 ±
0.01 

420.7 ±
4.7 

B0812- 
1 

Pyrite Pb-Zn 
rich  

15.915  1.688 0.06 ±
0.01 

1011.7 ±
15.2 

B3302- 
5–2 

Pyrite Au-Ag 
rich  

15.630  5.139 0.07 ±
0.01 

318.2 ±
3.0 

B3302- 
8–1 

Pyrite Au-Ag 
rich  

17.827  1.858 0.06 ±
0.01 

347.5 ±
9.6  
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with the conditions of a VMS deposit (e.g. Dubé et al., 2007; Gill et al., 
2019). 

The pyrites in the Au-Ag rich ore bodies nearby the faults can be 
subdivided into earlier strawberry pyrite and later euhedral to subhedral 
pyrite. The earlier strawberry pyrite is consistent with a Late Permian to 
Early Triassic marine back arc setting in back-arc basin (Xia, 2017). The 
eu- to subhedral pyrite veins, which contain tuff breccia (Fig. 6e, f), 
suggest that late hydrothermal activity coincided with the deformation 
of the tuff and ore bodies. The meteoric water contribution to the for
mation of the Au-Ag rich ore bodies also supports later hydrothermal 
activity. However, the Au-Ag-barite orebodies have the same sulfur and 
metal sources as the Pb-Zn orebodies, which are all associated with the 
marine volcanic activity in a back-arc basin, suggesting that the Au-Ag 
and Pb-Zn mineralization are part of the same VMS-type mineraliza
tion event in a back-arc basin environment (Fig. 15a). later structural 
modification and hydrothermal activity mainly change the locations of 
the orebodies (Fig. 15b). 

In summary, during Late Permian to Early Triassic back-arc exten
sion in the EKO (Zhao et al., 2019, 2020), marine volcanic processes 
resulted in the formation of Late Permian to Triassic tuff. The magmatic 
water carried metallogenic materials that mixed with seawater and 
extracted crustal metals during ascent, and generated the VMS-type Au- 
Ag-Pb-Zn Kengdenongshe ore deposit (Fig. 15a). Middle to Late Triassic 
continental collision in the EKO caused displacement of the Au-Ag and 

Pb-Zn rich ore bodies (Fig. 15b). 

7. Conclusions  

(1) Ore bodies in the Kengdenongshe polymetallic deposit can be 
subdivided into Au-Ag rich orebodies and Pb-Zn rich orebodies. 
There are contributions of magmatic water and seawater to both 
type ore bodies and additional involvement of meteoric water in 
the Au-Ag rich ore bodies. The Au-Ag and Pb-Zn rich ore bodies 
share the same sulfur and lead sources. The sulfur has a crustal 
magmatic and a seawater sulfate source while the lead has a 
magmatic and an old crustal sedimentary source.  

(2) The Kengdenongshe polymetallic deposit can be categorised as a 
VMS-type. Deposit. Both the mineralization of Au-Ag and Pb-Zn 
and the formation of ore-hosted tuff occurred as a result of ma
rine volcanic processes in a Late Permian to Early Triassic back- 
arc extensional environment.  

(3) The structural activities driven by are-continent collision in 
Triassic caused the displacement of the location of Au-Ag and Pb- 
Zn rich ore bodies. 

Fig. 14. He-Ar isotope compositions of fluid inclusions in pyrite from the Kengdenongshe polymetallic deposit.  

Table 6 
The comparision between the Pb-Zn and Au-Ag rich orebodies.  

Orebodies type Pb-Zn rich orebodies Au-Ag rich orebodies 

Location Within the tuff (on the 
top of the Au-Ag rich 
orebodies) 

Within the tuff or in the faluts 
connected the tuff and 
carbonatite 

Mineral assemblage Q + Py + Gn + Sp + Cp Bar + Q + Py + Gn + Sp + Te +
Covauriferous, argentiferous 
minerals 

Alteration Quartz + chlorite +
epidote 

Quartz + barite + marble 

Metal grades (Pb, 
Zn wt.%; Au, Ag 
g/t) 

Pb, 0.90; Zn, 2.77; Au 
0.20; Ag, 5.65 

Au, 3.67; Ag, 52.78; Pb, 0.52; Zn 
0.65 

Fluid source Magmatic fluids +
seawater 

Magmatic fluids + seawater +
meteoric water 

Sulfur Source Mgmatic derivation +
seawater 

Mgmatic derivation + seawater 

Metals Source Mgmatism + old crustal 
basement 

Mgmatism + old crustal 
basement 

Generation Felsic clastic rocks hosted VMS type mineralization in back- 
arc basin 

The abbreviations, Q:quartz; Cp: chalcopyrite; Gn: galena; Sph: sphalerite; Py: 
pyrite; Te: tetrahedrite; Cov: covellite. 

Fig. 15. Cartoons show the generation and modification of the Kengdenongshe 
polymetallic deposit. Cp: chalcopyrite; Gn: galena; Sph: sphalerite; Py: pyrite; 
Bar: barite. 
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