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Abstract

The Huangtan (including Jinling) Au—Cu—Zn deposit is an auriferous volcanogenic massive sulfide (VMS) deposit discovered
in East Tianshan, Central Asian Orogenic Belt. The deposit is hosted in volcanic breccia and tuff of the Silurian Hongliuxia
Formation. The ore bodies consist of concordant massive sulfide lenses and discordant sulfide veins. Chalcopyrite Re—Os
dating constrained the age of mineralization in the Huangtan deposit at 432 Ma. Quartz and barite host abundant liquid-rich,
liquid-only and minor vapor-rich aqueous fluid inclusions. The fluid inclusions in barite from the exhalative—sedimentary
units mainly have homogenization temperatures at 140-260 °C, and calculated salinities of 3-9 wt% NaCl equiv.; Those
values are at 120-300 °C, and 1-9 wt% NaCl equiv. for varieties in quartz from the vein ores and alteration assemblages. Fluid
inclusions extract from pyrite have 3He/*He ratios of 0.929-1.374 Ra, “°Ar/>°Ar of 388-520, and *°Ar/*He of 0.355-0.836.
The quartz and barite yielded §'30 values of 7.4%o to 10.1%o and the 8Dy gyow Values of the fluid inclusions in the quartz
and barite range from — 69 to —42%o. The He—Ar and H-O isotopes imply that the ore-forming fluids were derived from
a magmatic source with the addition of deeply circulating seawater. The 6348\,_0)T values of pyrite and chalcopyrite range
from —2.0 to 1.5%o, and those of barite samples range from 24.1 to 24.8%o, which indicates that sulfur was derived from mag-
matic sulfur, and was subjected to fractionation between sulfide and sulfate. Linked to the ore geology, geochronology data,
isotope compositions and fluid inclusions obtained in this study with those of previously published adjacent VMS deposits
in the Kalatag area suggest that the Huangtan deposit and adjacent VMS deposits formed in the same metallogenic system.
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Introduction association with contemporaneous volcanism. They are one

of the most important sources of metals (Zn, Cu, Pb, Ag

Volcanogenic massive sulfide (VMS) deposits are strata-
bound accumulations of sulfide minerals that precipitated
at or near the seafloor in spatial, temporal and genetic
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and Au) in the world (Franklin et al. 2005). VMS depos-
its contain variable amounts of Au, and a large proportion
of deposits are characterized by relatively low Au grades
(<2 g/t). According to the grade of gold and/or gold-to-
base metal ratio or amounts of gold, the deposits are classi-
fied into auriferous, Au-rich and anomalous VMS deposits
(Mercier-Langevin et al. 2011). The Central Asian Orogenic
Belt (CAOB) is a large Phanerozoic accretionary orogen
situated between the Siberian Craton to the north and the
Tarim—North China Craton to the south (Han et al. 2006a;
Xiao et al. 2014, 2015; Deng et al. 2017; Yang et al. 2018b).
The Altay orogenic belt is located in the CAOB, which is a
well-known VMS polymetallic Cu metallogenic belt. There
are Au-rich VMS deposits, including Leninogorskoye,
Suvenir, and Zarechenskoye in the Kazakhstan and Russia
Altay Orogenic Belts (Daukeev et al. 2004; Franklin et al.
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2005; Yakubchuk et al. 2005; Mercier-Langevin et al. 2011;
Lobanov et al. 2014).

The East Tianshan Orogenic Belt is a component of the
CAOB in Xinjiang, NW China, which is bordered by the
Tarim Basin to the south and the Turpan—Hami Basin to the
north (Fig. 1; Sengor et al. 1993; Han and Zhao 2003; Wang
et al. 2006; Windley et al. 2007; Xiao et al. 2013). The East
Tianshan Orogenic Belt hosts many significant types of metal
deposits, such as porphyry Cu deposits (Han et al. 2006b;
Wang et al. 2018a), skarn W(—Mo) deposits (Deng et al.
2017; Li et al. 2020), and magmatic Cu—Ni sulfide deposits
(Qin et al. 2011; Mao et al. 2015a). Only a few VMS-type
deposits have been reported in the East Tianshan Orogenic
Belt including Xiaorequanzi and Honghai—-Huangtupo VMS
Cu—Zn deposits (Deng et al. 2016; Mao et al. 2020). To date,
no Au-rich/auriferous VMS deposits have been detected in
the East Tianshan Orogenic Belt. The Kalatag area belongs

to the Dananhu arc belt located in the northern part of the
East Tianshan Orogenic Belt. The Kalatag area hosts many
metal deposits, including the Hongshi (Cheng et al. 2019),
Meiling (Yu et al. 2019, 2020), Honghai—Huangtupo (Yang
et al. 2018a; Cheng et al. 2020a), Yudai (Chen et al. 2017;
Sun et al. 2018), Yueyawan and Xierqu deposits (Mao et al.
2018; Chen et al. 2020; Sun et al. 2019). The Huangtan
(including Jinling) Au—Cu-Zn deposit is a newly discov-
ered deposit in the Kalatag area (Liang 2018; Deng et al.
2018a). The Huangtan deposit is located approximately 2 km
southeast of the Honghai—Huangtupo deposit. Liang (2018)
reported the mineralization features and wall rock alteration
of the Huangtan Au—Cu—Zn deposit and suggested that the
deposit is best classified as a volcanic hydrothermal type
with moderate-to-low-temperature deposits. Based on the
analysis of the geological features of the deposit, Deng et al.
(2018a) considered the Huangtan deposit to be a typical
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Fig.1 A Sketch map showing the location of Northern Xinjiang
(modified after Sengor et al. 1993; Xiao et al. 2004). B Sketch map
showing the distribution of tectonic units in Northern Xinjiang (mod-
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remobilized VMS deposit that was overprinted by subse-
quent hydrothermal treatment. He (2019) considered that
the mineralization process of the Huangtan deposit can be
divided into a VMS period and a hydrothermal period. The
Re—Os isochron ages of the VMS period, and hydrothermal
period are 436.2 +7.5, and 436.3 7.6 Ma, respectively. Sun
et al. (2020) argued that the Huangtan igneous rocks were
generated by the northward subduction of the North Tian-
shan oceanic plate beneath the Dananhu—Harlik island arc
during the Early Paleozoic. Although several studies on the
Huangtan deposit have been carried out, numerous topics
require further work, including the origin and evolution of
the ore-forming fluids, metallogenic time and metallogen-
esis. Moreover, whether this deposit in Xinjiang is an aurif-
erous VMS deposit remains unclear.

In this contribution, we analyzed the Re—Os isochron age,
fluid inclusions, H-O isotopes, He—Ar isotopes, and S iso-
topes of the deposit to clarify the origin and evolution of the
ore-forming fluids for the Huangtan Au—Cu—Zn deposit and
to discuss its metallogenesis. This information will provide
new insights for fundamental research and exploration in the
East Tianshan Orogenic Belt.

Geological setting

The East Tianshan Orogenic Belt consists of three tectonic
units from south to north, namely, the Central Tianshan mas-
sif, Jueluotage belt and Bogeda—Harlik belt, which are sepa-
rated by the Aqikekuduke and Kalamaili faults (Qin et al.
2011). The Jueluotage belt can be further divided into the
Dananhu-Tousuquan island arc belt, Kanggur—-Huangshan
ductile shear zone and Aqishan—Yamansu island arc belt by
the Yamansu and Kangguer faults (Wang et al. 2006; Xiao
et al. 2015). The Huangtan deposit is located in the Dan-
anhu-Tousuquan island arc belt. The Dananhu-Tousuquan
island arc belt is an intraoceanic arc (Wang and Zhang 2016;
Xiao et al. 2017; Wang et al. 2018b; Mao et al. 2019) that
is mainly composed of Ordovician to Carboniferous vol-
canic-sedimentary rocks (BGMRXUAR 1993). The Kang-
gur—Huangshan ductile shear zone consists of Carboniferous
sedimentary and volcanic rocks (Li et al. 2003; Chen et al.
2019). The Yamansu island arc belt is composed mainly of
Carboniferous basalt and andesite (Hou et al. 2006; Luo
et al. 2016).

The Kalatag area is located in the central part of the
Dananhu—Tousuquan island arc belt, which exposes mainly
Paleozoic lithologies that include the Ordovician—Silurian
Daliugou, Silurian Hongliuxia and Kalatag, Devonian Dan-
anhu, Carboniferous Qishan, and Permian Arbasay forma-
tions (Fig. 2). Early Paleozoic volcanic rocks developed
in the eastern part of the Kalatag area, and can be subdi-
vided, from bottom to top, into three units. The Daliugou

Formation (Unit 1) is dominated by basalt, basaltic andesite
and andesite, which host the volcano-hydrothermal vein
Cu deposit (Hongshi); The Hongliuxia Formation (Unit 2)
consists of tuffaceous sediments, volcanic breccia, and tuff
breccia, which host the VMS deposits (such as the Hong-
hai—Huangtupo and Huangtan deposits, Deng et al. 2018a;
Yang et al. 2018a; Cheng et al. 2020a). The Kalatag Forma-
tion (Unit 3) is mainly composed of tuff and dacite (Deng
et al. 2020). The published geochronological data for these
three units span a wide range from 416 Ma to > 446 Ma
(Mao et al. 2010; Yu 2014; Deng et al. 2018b, c; Li et al
2016; Long et al 2017; Xu 2017; Chai et al 2019; Mao et al.
2019; Cheng et al. 2020a). The Devonian Dananhu Forma-
tion, which unconformably overlies the Early Silurian strata,
is dominated by tuff, tuffaceous sandstone and limestone
intercalated with andesite. The Carboniferous Qishan and
Permian Arbasay formations unconformably overlie the
previously mentioned rocks and are dominated by mafic-to-
felsic volcanic rocks. The faults are developed in the Kalatag
area, including the NWW-trending Kalatag Fault and the
EW-trending Kabei Fault. The distribution of volcanism and
mineralization in the Kalatag area are controlled by NNW-,
NWW-, and NE-trending faults, which are interpreted as
a subsidiary fault system of the Kalatag Fault (Deng et al.
2016).

Magmatic intrusions are widespread in the Kalatag area.
The (quartz) diorite porphyry exposed in the Yudai, Xierqu,
and Dongerqu ore districts intruded during two episodes:
453-437 Ma and 400-380 Ma (Li et al. 2006; Long et al.
2016; Mao et al. 2018; Sun et al. 2018). The Kalatag pluton
in the southeastern part of the Kalatag area is composed of
tonalite, diorite, granodiorite, granite, and monzogranite,
which have zircon U-Pb ages of 426-440 Ma (Mao 2014;
Zheng et al. 2018; Cheng et al. 2020b). Carboniferous mag-
matism produced quartz porphyry in the Meiling ore district
which yields a zircon U-Pb age of 300 Ma (Mao 2014; Yu
et al. 2019). The Permian mafic—ultramafic intrusions are
composed of troctolite, olivine gabbro, hornblende gabbro,
and gabbro in the Yueyawan ore district, which has a zircon
U-Pb age of 282 Ma (Sun et al. 2019).

Deposit geology
Stratigraphy and intrusive rock

The Huangtan Au—Cu-Zn deposit adjoins the Hong-
hai—Huangtupo Cu-Zn deposit to the northwest. The
exposed strata include the Early Paleozoic volcanic rocks
and are divided into three units (Fig. 3). Unit 1 (Daliugou
Formation), in the southern part of the deposit, is composed
of tuff, andesite, basalt, and breccia-bearing andesite. Unit
2 (Hongliuxia Formation), in the central and midwestern
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Fig.2 Sketch map of the geology and the distribution of ore deposits in the Kalatag area (modified after Deng et al. 2016)

parts of the ore district, mainly consists of dacite, rhyolite,
volcanic breccia, and tuff. It primarily hosts the minerali-
zation of the Huangtan Au—Cu—Zn deposit, with volcanic
breccia and tuff as the surrounding rocks. Unit 3 (Kalatag
Formation), in the northeastern part of the ore district, is
mainly composed of andesite, dacite, volcanic breccia, and
dacitic tuff.

Diorite and granodiorite dikes are exposed in the western
and southwestern parts of the ore district and intrude the
Early Paleozoic strata.

Orebody

In total, 34 ore bodies (not exposed at the surface) are
observed in the Huangtan Au—Cu-Zn deposit, including 8
Au ore bodies, 7 Cu ore bodies, 10 Zn ore bodies, 2 Au—Cu
ore bodies, 4 Cu—Zn ore bodies, and 3 Au—Cu—Zn ore bod-
ies. The sizes of the orebodies vary; the strike lengths of
the orebodies are 50—400 m; and the thicknesses of the ore-
body are 0.82-40.81 m. The AuCul orebody and CuZn2
orebody are principal orebodies. The AuCul orebody has
average grades of 4.07 g/t Au and 0.78% Cu, and the CuZn2
orebody has average grades of 2.10% Zn and 0.47% Cu.
The orebodies are divided into western and eastern sections
by the 5150 prospecting line. The orebodies of the western

@ Springer

section generally dip 196° at angles of 62—72°. The orebod-
ies of the eastern section generally dip 12—14° at angles of
10—41° (Fig. 4; XXMCL 2019). These orebodies consist of
two parts: concordant massive sulfide lenses and discordant
vein-type sulfide mineralization. The concordant massive
sulfide lens consists of exhalative—sedimentary units with
layered and layered-like shapes (Fig. SA-F, I). Vein-type
sulfide mineralization and altered wall rock are located
mainly in footwall strata that are commonly referred to as
stockwork units (Fig. SA-C, G, H, J, L, M). The orebodies
detected thus far are dominated by vein-type sulfide miner-
alization, followed by stratiform mineralization.

The ore structures of massive sulfide lenses include dense
massive, banded, and ribbon structures. The ore structures
of vein-type sulfide mineralization include disseminated,
stockwork, and veinlet structures. The main textures of the
ores are euhedral to subhedral granular, anhedral granular,
interstitial, poikilitic, exsolution and metasomatic. Metal-
lic minerals include pyrite, chalcopyrite, sphalerite, galena,
tennantite, tetrahedrite, and telluride (Fig. 6A—I). Gold in
the Huangtan deposit is present in three main mineralogi-
cal forms: (1) native gold (Fig. 6D, E), (2) auriferous tel-
lurides (Fig. 6E, H, I), and (3) “invisible” gold. Native gold
is present as fine grains in pyrite, chalcopyrite, and quartz.
Auriferous tellurides form fine grains in pyrite, quartz,
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Fig.3 Geological sketch map of the Huangtan Au—Cu—Zn deposit (modified after XXMCL 2019)

and chalcopyrite or fill fractures, cleavages or boundaries.
“Invisible” gold is present in common pyrite, chalcopyrite,
and tennantite. Nonmetallic minerals are quartz, sericite,
chlorite, barite, and calcite.

The Huangtan Au-Cu-Zn deposit developed a series
of hydrothermal alterations that are mainly distributed in
and around the stockwork zones (Fig. 7A, B, F). Silicifi-
cation, pyritization, and sericitization are the most impor-
tant wall rock alterations. Pyrophyllitization is distributed
in the cracks of the rock in the Huangtan deposit; and is
related to structural activity after mineralization (Fig. 7C,

E). Propylitization is widely distributed in the Kalatag area
(Fig. 7D), such as the Huangtan, Meiling (Yu 2014), Hong-
shi (Deng et al. 2014), and Honghai—Huangtupo ore districts
(Huang et al. 2016).

Based on the mineral assemblages and cross-cutting
relationships of the ore veins, the Huangtan Au—Cu—Zn
deposit can be divided into three periods: exhalative—sed-
imentary, structure—hydrothermal and supergene peri-
ods (Fig. 8). The majority of mineralization occurred
during the exhalative—sedimentary period, including strati-
form mineralization of the exhalative—sedimentary units
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and vein mineralization of the stockwork unit. Some of
the sulfide in the orebody was compressed, deformed and
broken, and no mineralization of industrial value devel-
oped during the structure-hydrothermal period. Limonite,
malachite, covellite, sulfur, jarosite, and kaolinite formed
during the supergene period (Fig. 7G, H, I).

Sampling and analytical methods
Sample description

Ore samples were collected from drill holes in the
Huangtan Au—Cu—Zn deposit (vein mineralization, strati-
form mineralization and altered wall rock: vein miner-
alization includes pyrite—chalcopyrite—sphalerite—tellu-
ride—gold—quartz veins in the stockwork unit; stratiform
mineralization includes pyrite—chalcopyrite—sphaler-
ite—galena—barite in the exhalative—sedimentary units;
altered wall rock shows sericite—quartz—pyrite alteration
in the stockwork unit). The vein, massive ore and altered
wall rock represent the products of the main metallogenic
period. The details are described in Table 1.

@ Springer

Analytical methods
Chalcopyrite Re-Os dating

Pure chalcopyrite grains were selected under a binocu-
lar microscope after the samples were crushed to 80-100
mesh. Chalcopyrite Re-Os isotope compositions were ana-
lyzed using a TJA X-series inductively coupled plasma
mass spectrometer (ICP-MS) at the Re—Os laboratory of
the National Research Center of Geoanalysis, Chinese
Academy of Geological Sciences, Beijing. The detailed
procedures of Re—Os chemical separation and ICP-MS
measurement followed those described by Qu and Du
(2003), Qu et al. (2009), Li et al. (2010) and Zhou et al.
(2012). The measured masses for Re were 185 and 187,
a mass of 190 was used to monitor Os. The measured
masses for Os were 186, 187, 188, 189, 190 and 192; a
mass 185 of was used to monitor Re. The average blanks
for the total procedure were ~ 40 pg for Re, ~0.1 pg for Os
and ~ 0.2 pg for '870s. The reference material GBW04435
(JDC) was utilized to test the analytical reliability. The
Re-Os isochron was calculated using the isoplot program
(Ludwig 2003).
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Fig. 5 Photographs of representative ore samples from the Huangtan
Au—Cu—Zn deposit. A Massive pyrite ores and disseminated pyrite
ore; B Massive pyrite—chalcopyrite ores and pyrite—chalcopyrite vein;
C Massive pyrite—chalcopyrite—sphalerite ores and pyrite—chalcopy-
rite vein; D Massive pyrite ores; E Massive pyrite—chalcopyrite ores;

Fluid inclusion analyses

Petrography and microthermometry of barite- and quartz-
hosted fluid inclusion petrography and microthermometry
were performed at the Fluid Inclusion Laboratory of Hefei
University of Technology and China University of Geosci-
ence, Beijing. Fluid inclusion types and assemblages were
investigated by observation and identification under ZEISS
Axioskop 40A and Nikon LV100 microscopes. Microther-
mometric data were gathered on a Linkam THMSG 600 pro-
grammable heating—freezing stage (— 196 °C to + 600 °C).

o
NS

Altered wall rock

F Massive pyrite—chalcopyrite—sphalerite ores; G Pyrite—chalcopyrite
vein and silicification; H Pyrite—chalcopyrite vein; I Massive pyrite—
barite ores; J-L Pyrite—chalcopyrite—quartz vein; M Altered wall
rock. Py pyrite, Ccp chalcopyrite, Sp sphalerite, Brt barite, Qtz quartz

The estimated accuracies are +0.1 °C for temperatures lower
than 30 °C, +1 °C for the interval of 31-300 °C, and+2 °C
for the interval of 300-600 °C.

Stable isotope analyses

The H-O, He—Ar and S isotope composition analyses were
carried out at the MNR Key Laboratory of Metallogeny and
Mineral Assessment, Institute of Mineral Resources, CAGS,

Beijing.
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Fig.6 Photographs showing ore texture, structure and mineral assem-
blage of the Huangtan Au—Cu—Zn deposit: A massive ores of the con-
tain sphalerite, galena, chalcopyrite and pyrite; B massive ores of the
contain chalcopyrite, pyrite, sphalerite and bornite; C massive ores
of the contain pyrite; D pyrite—chalcopyrite—gold vein of the con-
tain chalcopyrite, pyrite, gold, tetrahedrite and gold have paragenetic
relation with tetrahedrite; E pyrite—chalcopyrite—gold vein of the

The hydrogen and oxygen isotope compositions of quartz
were determined using a FinniganMAT253 mass spectrom-
eter. Oxygen was extracted from quartz by the BrF5 method
(Clayton and Mayeda 1963), and the hydrogen isotope
compositions of fluid inclusions were analyzed using the
Zn reduction method (Coleman et al. 1982). The values of
5'80 and 8D are reported relative to the Vienna standard
mean ocean water (V-SMOW), and the analytic precisions
are +0.2%o for 8'%0 and + 2% for 8D.

The He and Ar isotopes of the pyrite samples were meas-
ured with a Helix SFT instrument. The sensitivity of the Helix
SFT for He was > 2x 10~ amps/Torr at 800 uA, and the sen-
sitivity for was Ar> 1 x 107> amps/Torr at 200 pA. The resolu-
tion of Faraday is > 400, and the resolution of the multiplier
is superior to 700, which could completely separate the *He

@ Springer

contain chalcopyrite, pyrite, gold, calaverite, sphalerite, clausthalite,
quartz and gold included in chalcopyrite; F pyrite vein of the contain
pyrite, quartz; G pyrite—sphalerite vein of the contain pyrite, sphaler-
ite, quartz; H, I pyrite—chalcopyrite vein of the contain chalcopyrite,
pyrite, sylvanite, quartz; Py pyrite, Ccp chalcopyrite, Sp sphalerite,
Gn galena, Cav Calaverite, Bn bornite, Syl sylvanite, G/ gold, Td tet-
rahedrite, Cla clausthalite, Otz quartz

and “He, HD+H3 and *He. The He and Ar analytical results
are based on the atmosphere as a standard, with 3He/*He of
1.4x 1075, and “°Ar/*®Ar of 295.5. The detailed crushing and
analytical procedures followed those described in Mao et al.
(2002) and Xie et al. (2016).

The sulfur isotope compositions were determined using
the SO, method of Robinson and Kusakabe (1975). For the
sulfides, each sample was reacted with Cu,O powder to directly
produce SO,. Sulfate minerals were purified to pure BaSO, by
the carbonate—zinc oxide semi—melt method, and then SO, was
prepared by the V,05 oxide and Cu,O method. The SO, gas
was gathered and purified to analyse the sulfur isotope compo-
sitions using a Finnigan MAT253 mass spectrometer. The §*4S
values are reported relative to Vienna Canon Diablo Troilite
(V-CDT) sulfide and the analytical precision is +0.2%o.
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Fig.7 Representative photos the main alteration types from the
Huangtan Au—Cu-Zn deposit: A pyritization, silicification in altered
wall rock; B pyrite in tuff; C calcite veins in hanging wall; D pro-
pylitization in hanging wall; E pyrophyllitization distributed in the

Analytical results
Chalcopyrite Re-0Os dating

The results of eight analyses of chalcopyrite from the
Huangtan Au—Cu-Zn deposit are listed in Table 2. The
tested chalcopyrite has 0.138 to 9.621 ppb Re and 0.437
to 44.868 ppt '#70s. Chalcopyrite samples contain com-
mon Os concentrations ranging from 0.389 to 15.363
ppt and '®’Re/'®80s ratios between 122.5 and 14,618.6.
The '"¥"Re/'%80s vs. 1370s/!%80s isochron ages were cal-
culated using the isoplot program (Ludwig 2003). Eight
samples define an '¥"Re/'%80s vs. 370s/!%80s isochron
age of 432 +29 Ma (mean square weighted deviation,
MSWD =28) with an initial '*’Os/'%*Os ratio of 0.9 +2.4
(Fig. 9). Four out of eight samples yield an isochron age
of 430 + 15 Ma (MSWD = 0.53), with initial '%70s/'®0s
ratios of 0.55 +0.94.

il (AT

fem em

cracks of the rock; F pyritization, silicification, sericitization in
altered wall rock; G the jarosite distributed in the cracks of the rock;
H the sulfur is distributed on the surface; I the limonite is distributed
on the surface. Py pyrite, Otz quartz, Ser sericite

Fluid inclusions

Twenty-seven samples from the exhalative—sedimentary
units and stockwork unit were measured, although primary
inclusions were analyzed here, as defined by the textural
criteria of Roedder (1984). The microthermometric data
are summarized in Table 3. Primary inclusions are gen-
erally distributed along growth zones, in isolation or in
random clusters within intragranular crystals (Roedder
1984). The fluid inclusions in quartz and barite from the
Huangtan Au—Cu—Zn deposit are predominantly liquid-
rich two-phase inclusions (L-type) (Fig. 10C, D, E, G, H,
I), pure liquid inclusions (P-type) (Fig. 10A, B), and rare
vapor-rich two-phase inclusions (V-type) (Fig. 10F). The
lengths of these inclusions are generally 1-12 pm, and the
inclusions have ellipsoidal, irregular, linear, and negative
crystal shapes. The liquid-rich inclusions contain vapor
bubbles ranging from 3 to 50 vol%, and the vapor-rich
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Table 1 List of samples collected for the study from the Huangtan Au—Cu—Zn deposit

Sample number Drillhole depth (m) Rock types Mineral assemblage Mineral Fluid inclusion
Re-Os He-Ar H-O S
ZK1201-19-5 Drillhole 1201, 336  Altered wall rock Qtz+ Py + Ser Qtz
7ZK1201-19-6 Drillhole 1201, 340  Altered wall rock Qtz+ Py + Ser Qtz
ZK1401-19-3 Drillhole 1401, 259  Altered wall rock Qtz+ Py + Ser Qtz
7K2-5205-B1  Drillhole 5205, 323  Stratiform mineralization Brt+Py Brt  Brt Brt
7K5102-19-13  Drillhole 5102, 223  Vein mineralization Py+Ccp+Qtz Qtz
7ZK5102-19-4  Drillhole 5102, 214  Altered wall rock Qtz+Py + Ser Qtz
ZK5105-19-2  Drillhole 5105,137  Vein mineralization Py+Ccp+Qtz Qtz
ZK5105-19-4  Drillhole 5105, 158 Vein mineralization Py+Ccp+Qtz Qtz
7ZK5105-19-9  Dirillhole 5105, 174  Vein mineralization Py+Ccp+Qtz Qtz
ZK5106-19-5 Drillhole 5106,76 ~ Vein mineralization Py+Ccp+Qtz Qtz
7ZK5154-18-10  Drillhole 5154, 163  Vein mineralization Py+Ccp+Te+Qtz Ccep Qtz
7ZK5154-18-11  Dirillhole 5154, 188  Vein mineralization Py+Ccp+Qtz+Sp Ccp Qtz
ZK5154-18-12  Drillhole 5154, 203  Vein mineralization Py+Ccp+Qtz Py Py Qtz
ZK5154-18-13  Drillhole 5154, 206 Vein mineralization Py+Ccp+Qtz Py
ZK5154-18-14  Drillhole 5154, 203  Vein mineralization Py+Ccp+Qtz Py Qtz
7ZK5154-18-15 Drillhole 5154, 215 Vein mineralization Py+Ccp+Qtz Qtz Py Qtz
7ZK5154-18-16  Drillhole 5154, 226  Stratiform mineralization Py+Ccp+Qtz+ Sp Py Py
7ZK5154-18-17 Drillhole 5154, 102 Vein mineralization Py+Ccp+Qtz Qtz
ZK5154-18-2 Drillhole 5154, 157 Vein mineralization Py+Ccp+Te+Qtz Py,Ccp
ZK5154-18-3 Drillhole 5154, 153  Vein mineralization Py+Ccp+Te+Qtz Ccep Py,Ccp
ZK5154-18-4  Drillhole 5154, 155 Vein mineralization Py+Ccp+Te+Qtz Ccep Py,Ccp
ZK5154-18-5  Drillhole 5154, 156  Vein mineralization Py+Ccp+Te+Qtz+Sp Ccp Py,Ccp
7ZK5154-18-6  Drillhole 5154, 155 Vein mineralization Py+Ccp+Te+Qtz Ccep Qtz Py,Ccp Qtz
ZK5154-18-7 Drillhole 5154, 163  Vein mineralization Py+Ccp+Te+Qtz Qtz
ZK5154-18-8 Drillhole 5154, 173  Vein mineralization Py+Ccp+Te+Qtz Ccep Py Py,Ccp
ZK5154-18-9  Drillhole 5154, 155 Vein mineralization Py+Ccp+Te+Qtz Cep Qtz Qtz
7K5203-18-6 Drillhole 5203, 301  Stratiform mineralization Brt+Py Brt  Brt Brt
7K5203-18-7 Drillhole 5203, 300  Stratiform mineralization Brt+Py Brt  Brt Brt
TG17-10 Drillhole 5302 Altered wall rock Qtz+Py + Ser Py
TG17-11 Drillhole 5302 Altered wall rock Qtz+Py + Ser Py,Ccp
TG17-2 Drillhole 5302 Altered wall rock Qtz+Py + Ser Py Qtz
TG17-3 Drillhole 5302 Altered wall rock Qtz+Py + Ser Qtz Py Qtz
TG17-4 Drillhole 5302 Altered wall rock Qtz+Py + Ser Qtz Py Qtz
TG17-5 Drillhole 5302 Altered wall rock Qtz+Py + Ser Py
TG17-6 Drillhole 5302 Altered wall rock Qtz+Py + Ser Py
TG17-7 Drillhole 5302 Altered wall rock Qtz+ Py + Ser Qtz Py Qtz
TG17-8 Drillhole 5302 Altered wall rock Qtz+ Py + Ser Qtz Py Qtz
TG17-9 Drillhole 5302 Altered wall rock Qtz+Py + Ser Qtz Py Qtz

Ccp chalcopyrite, Py pyrite, Qtz quartz, Sp sphalerite, Ser sericite, Brt barite, Te telluride

two-phase inclusions contain vapor bubbles ranging from
50 to 80 vol%.

The fluid inclusions in quartz from the altered wall rock
samples are predominantly L-type, P-type, and rare V-type
fluid inclusions. The L-type fluid inclusions homogenize to
liquid at 120-352 °C, and their ice-melting temperatures
vary from —7.1 to— 1.4 °C, which correspond to calculated
salinities of 2.4-10.6 wt% NaCl equiv (Bodnar 1993), and
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densities ranging from 0.68 to 0.97 g/cm®. The V-type fluid

inclusions homogenize to vapor at 273-318 °C.

The fluid inclusions in quartz from vein mineralization
are predominantly L-type, P-type, and rare V-type fluid
inclusions. The L-type fluid inclusions homogenize to
liquid at 116-340 °C, and their ice-melting temperatures
vary from —9.6 to — 0.6 °C, which correspond to calcu-
lated salinities of 1.1-13.5 wt% NaCl equiv., and densities
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Fig.8 Mineral paragenesis for the Huangtan Au—Cu—Zn deposit
Table 2 Re-Os isotopic data for chalcopyrite from the Huangtan Au—Cu—Zn deposit
Sample no. Remarks Weight Re(ppb) Common Os (ppt)  '¥7Os (ppt) 187Re/'380s 18705/'380s
ZK5154-18-3 Vein mineralization  0.30034  0.138+0.001 5.485+0.08 0.437+0.004 122.5+1.9 0.62+0.01
ZK5154-18-4 Vein mineralization  0.30016  0.504 +0.004 2.377+0.05 3.449+0.08 931.1+22.8 9.28+0.18
ZK5154-18-5 Vein mineralization  0.30026  0.333+0.003 2.264+0.05 1.233+0.01 710.2+15.1 4.21+0.08
ZK5154-18-6 Vein mineralization  0.65028  1.254 +0.009 0.414+0.01 5.692+0.04 14,618.6+203.9 105.75+1.18
ZK5154-18-8 Vein mineralization ~ 0.65011  9.621+0.071  15.363+0.12 44.868 +£0.34 3025+31 22.44+0.05
ZK5154-18-9 Vein mineralization  0.65035  1.847+0.014 1.601+0.01 8.455+0.06 5572.4+60.2 40.60+0.18
7ZK5154-18-10  Vein mineralization  0.65088  0.257 +0.002 0.389+0.003 1.175+0.01 3193.2+35.2 23.09+0.1
ZK5154-18-11  Vein mineralization  0.65034  1.706 £0.013 2.258 +0.06 9.213+0.09 3648 +109.9 31.5+£0.76
ranging from 0.72 to 1.01 g/cm’. The V-type fluid inclu-  H and O stable isotopes

sions homogenize to vapor at 336-338 °C.

L-type inclusions developed in sphalerite from exha-
lative—sedimentary units. Since the temperature meas-
urement conditions were not met, no microthermometry
measurements were performed. The fluid inclusions in
barite from the exhalative—sedimentary units are pre-
dominantly L-type, P-type, and rare V-type fluid inclu-
sions. The L-type fluid inclusions homogenize to liquid
at 123-369 °C, and their ice-melting temperatures vary
from — 5.3 to—2.2 °C, thus corresponding to calculated
salinities of 3.7-8.3 wt% NaCl equiv., and densities rang-
ing from 0.62 to 0.83 g/cm®. The V-type fluid inclusions
homogenize to vapor at 341 °C, and their ice-melting tem-
perature is —4.5 °C, corresponding to calculated salinity
of 7.2 wt% NacCl equiv.

The analytical results of eleven H and O stable isotope anal-
yses of quartz and barite from the Huangtan Au—Cu—Zn
deposit are presented in Table 4. The §'8Dy gyow Vvalues of
fluids in quartz from the altered wall rock range from — 69
to —42%o with a mean of — 54%o. The §'30y gyow Values of
quartz from the altered wall rock range from 8.0 to 10.1%o,
with a mean of 9.1%o. Using the quartz—water fractiona-
tion equation 1000lna=3.38x 10° T-*—3.40 (Clayton et al.
1972) and the average homogenization temperature of fluid
inclusions in quartz in the same sample, the calculated
8804, values of the fluids are —7.24 to — 1.07%o.

The 88Dy gyow values of fluids in quartz from vein
mineralization range from — 69 to — 58%o0 with a mean
of — 62%o. The 8'"%0y_g\ow values of quartz from vein
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Growth zones

Fig. 10 Photomicrographs of fluid inclusions from the Huangtan Au—Cu—Zn deposit: A, B pure liquid inclusion in quart; C liquid inclusion in

barite. D, E, G, H pure liquid and liquid inclusion in quartz; F vapor-rich inclusions in barite; I liquid inclusion in sphalerite

Table 4 Oxygen and hydrogen
isotopes of quartz and barite
from the Huangtan Au—Cu—Zn
deposit

Sulfur isotope analysis

The sulfur isotope compositions in pyrite and barite from
the Huangtan Au—Cu—Zn deposit are shown in Table 6. The
83Sy.cpr values of pyrite from the altered wall rock range

No Sample Remarks Mineral &' 6180314 (%0)  8'5D Th (°C)

Oy_smow v-smow (

(%0) %o0)
1 TGI17-3 Altered wall rock Quartz 9.1 -5.37 —-54 162
2 TGl17-4 Altered wall rock Quartz  10.1 —-7.24 —-69 131
3 TGI17-7 Altered wall rock Quartz 9.0 —-1.42 —42 221
4  TGI17-8 Altered wall rock Quartz 9.3 —-1.07 —48 222
5 TGI17-9 Altered wall rock Quartz 8.0 -5.25 -55 177
6  ZK5154-18-6  Vein mineralization Quartz 8.6 -3.85 —-69 189
7  ZKS5154-18-9  Vein mineralization Quartz 9.3 -7.14 -58 140
8  ZKS5154-18-15 Vein mineralization Quartz 8.6 —-0.01 -59 257
9  ZK5203-18-6  Stratiform mineralization Barite 7.6 1.08 -52 194
10 ZK5203-18-7  Stratiform mineralization Barite 7.8 6.81 —66 330
11 ZK2-5205-B1  Stratiform mineralization Barite 7.4 0.16 —-60 182

from —2.0 to 1.5%o, and the 8**Sy, ¢y value of chalcopyrite
is 0.2%o. The 8**Sy.cpy values of pyrite from vein minerali-

zation range from —0.4 to 0.9%o, and the 8**Sy, ¢y values
of chalcopyrite range from — 1.0 to —0.1%o. The §**Sy._cpr
values of barite from the exhalative—sedimentary units range
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Table 5 Helium and argon
isotopic compositions of fluid
inclusions in pyrite from the
Huangtan Au—Cu—Zn deposit

ZK5154-18-8 ZK5154-18-12 ZK5154-18-16

Samples Vein mineralization Vein mineralization Stratiform mineralization

“He x 10~3(cm’STP/g) 6.93 4.39 12.78

3He x 10~"3(cm? STP/g) 133.43 57.02 219.29

3 He/*He(x 1077) 19.24+2.97 13+1.62 17.16+2.21
He/*He(R/Ra) 1.374+0.21 0.929+0.12 1.226+0.16
HeM(%) 20.90 14.02 18.61
YArx 1078(cm’STP/g) 8.02 3.67 4.54

YA Ar 459.2+1.39 388+1.14 502+2.74
YOAr/*He 1.157 0.836 0.355

A" (%) 35.65 23.83 41.13
YOAr"/*He 0412 0.199 0.146

F*He 2405 2813 8570

HeM is the mantle cause helium isotopes; “°Ar* is the radioactive “°Ar isotopes; R is *He/*He ratio
of the sample; Calculations using parameter is internationally recognized as the earth's atmos-
phere:  *He/*°Ar=0.00056328, Ra=’He/*He=14x10",  “Ar/°Ar=2955. *Ar=[1-[295.5/
(“ArAPAn]] x 100(%). HeM(%)=100x (R —R)/(R,,—R,), where Rm=6.5 and Rc=0.02 represent the
He/*He ratios of the fluids in the mantle and crust

Table 6 Sy ¢y values of sulfide and barite samples from the Huangtan Au-Cu—Zn deposit

No. Sample no. Remarks Mineral 8**Sy cpr (%0) No  Sample no Remarks Mineral 8*Sy.cpr (%o)
1 7ZK5203-18-6  Stratiform miner-  Barite 24.7 17 ZKS5154-18-5-1 Vein mineraliza- Pyrite -0.5
alization tion
2 7ZK5203-18-7  Stratiform miner-  Barite 24.8 18 ZK5154-18-6-1 Vein mineraliza- Pyrite 0.3
alization tion
3 7ZK2-5205-B1  Stratiform miner-  Barite 24.1 19  ZK5154-18-8-1 Vein mineraliza- Pyrite -04
alization tion
4  TG17-3 Altered wall rock ~ Pyrite 0.6 20 ZK5154-18-13  Vein mineraliza- Pyrite 0.9
tion
5 TG17-4 Altered wall rock  Pyrite 0.4 21 ZK5154-18-14  Vein mineraliza- Pyrite 0.5
tion
6 TGI17-7 Altered wall rock  Pyrite 0.2 22 ZK5154-18-15 Vein mineraliza- Pyrite 0.5
tion
7 TG17-8 Altered wall rock  Pyrite 0.3 23 ZK5154-18-12  Vein mineraliza- Pyrite 0.8
tion
8 TG17-9 Altered wall rock  Pyrite 1.0 24 ZK5154-18-16  Stratiform miner-  Pyrite 0.4
alization
9 TGI17-2 Altered wall rock ~ Pyrite  —1.2 25 ZK5154-18-2  Vein mineraliza- Chalcopyrite —0.8
tion
10 TGI17-5 Altered wall rock  Pyrite 0.8 26 ZK5154-18-3  Vein mineraliza- Chalcopyrite —0.7
tion
11 TG17-6 Altered wall rock  Pyrite 1.0 27 ZK5154-18-4  Vein mineraliza- Chalcopyrite —0.8
tion
12 TG17-10 Altered wall rock  Pyrite  —2.0 28 ZK5154-18-5  Vein mineraliza- Chalcopyrite —0.9
tion
13 TGI17-11-1 Altered wall rock  Pyrite 1.5 29 ZK5154-18-6  Vein mineraliza- Chalcopyrite —0.1
tion
14 ZK5154-18-2-1 Vein mineraliza- Pyrite —0.3 30 ZK5154-18-8  Vein mineraliza- Chalcopyrite —1.0
tion tion
15 ZK5154-18-3-1 Vein mineraliza- Pyrite 0.2 31 TG17-11-2 Altered wall rock  Chalcopyrite 0.2
tion
16 ZK5154-18-4-1 Vein mineraliza- Pyrite —0.3
tion
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from 24.1 to 24.7%o, and the §**Sy._cpr value of pyrite is
0.4%o.

Discussion
Time of mineralization

The volcanic rocks of the Ordovician—Silurian Daliugou
(Unit 1), Silurian Hongliuxia (Unit 2) and Kalatag (Unit
3) formations formed at >446 to 416 Ma (Table 7). Among
these, the U-Pb ages of tuff, sedimentary tuff, andesitic tuff
and dacitic tuff in Unit 2 are 423.3 +2.9 Ma, 440.4+2.9 Ma,
442.0+ 1.1 Ma, and 438 + 5 Ma, respectively (Xu 2017; Chai
et al. 2019; Cheng et al. 2020a; Sun et al. 2020), indicating
that tuffs were formed in the Early Silurian (423-442 Ma).
The Huangtan deposit has the characteristics of VMS-type
mineralization, in which the layered orebody of the Huang-
tan deposit is strata bounded by Unit 2, and the ore-forming

age of the layered orebody is roughly the same as that of
volcanic rocks (the host-rocks of the orebodies include tuff
and volcanic breccia). Therefore, the approximate Huangtan
mineralization age should be Early Silurian.

The Re—Os radiogenic system in chalcopyrite can be
utilized as a high-precision geochronometer, and this dat-
ing method has the advantage of an isotopic closure tem-
perature of > 500 °C (Nozaki et al. 2010), meaning that the
results are not easily disturbed by subsequent metamorphism
or deformation. Therefore, chalcopyrite is likely to record
the timing of primary crystallization. The Re—Os ratios
of chalcopyrite are different from those of molybdenite.
Molybdenite contains little Os, so the data are not easy to
extrapolate, and the obtained MSWD values are often very
small. Chalcopyrite and pyrite contain normal amounts of
Os and a normal initial '¥70s/'%8Os ratio. Therefore, the
Re-Os isochron ages of chalcopyrite and pyrite are rela-
tively variable. However, small variations in the initial Os
of the samples do not prevent the reliable calculation of a

Table 7 Summary of geochronological data for ore deposits and volcanic rocks from the Kalatag district

Deposits Type Dating samples Mineral Dating methods Age (Ma) References
Honghai VMS  Massive ore Chalcopyrite Re-Os isochron 4342+3.9 Deng et al. (2016)
Phyllic alteration zone Sericite Ar—Ar plateau 438.8+3.0  Deng et al. (2018b)
Ar—Ar isochron 443+11 Deng et al. (2018b)
Massive ore Pyrite Re-Os isochron 436.1+2.3 Mao et al. (2019)
Huangtupo VMS  Massive ore Pyrite, chalcopy- Rb-Sr isochron 4322+3.1  Yangetal. (2018a)
rite, sphalerite
Massive ore Pyrite Re-Os isochron 425+38 Yang et al. (2018a)
Massive ore Chalcopyrite Re-Os isochron 429.5+10  Cheng et al. (2020a)
Huangtan VMS  Vein ore Chalcopyrite Re-Os isochron 432429  This study
Vein ore Pyrite Re-Os isochron 4379+6.6  Sun et al. (2020)
Hongshi Vein Quartz vein ore Chalcopyrite Re-Os isochron 431.8+2.7 Dengetal. (2016)
Phyllic alteration zone Sericite Ar—Ar plateau 441.5+3.2 Dengetal. (2018b)
Ar—Ar isochron 445.8+5.6  Denget al. (2018b)
Phyllic alteration zone Sericite Ar—Ar plateau 446.4+4.6  Dengetal. (2018b)
Ar—Ar isochron 448.8+7.3  Deng et al. (2018b)
Volcanic rocks Dacite Zircon LA-ICP-MS U-Pb 438.4+4.9 Lietal. (2016)
Andesite Zircon LA-ICP-MS U-Pb 434.8+3.8 Lietal. (2016)
Dacite Zircon LA-ICP-MS U-Pb 440.1+1.2  Chai et al. (2019)
Andesite Zircon LA-ICP-MS U-Pb 439.7+0.95 Chai et al. (2019)
Andesitic tuff Zircon LA-ICP-MS U-Pb 442.0+1.1  Chaietal. (2019)
Felsic volcanic rocks Zircon SIMS U-Pb 416.3+5.9 Maoetal. (2010)
Sericitized rocks Sericite K-Ar age 424 +7 Mao et al. (2010)
Basaltic andesite Zircon LA-ICP-MS U-Pb 427+2.1  Yu(2014)
Dacite Zircon SIMS U-Pb 441.4+2.6 Xu (2017)
Sedimentary tuff Zircon SIMS U-Pb 440.4+2.9 Xu (2017)
Rhyrolitic volcanic Breccia lava  Zircon SHRIMP U-Pb 439.9+4.8 Longetal. (2017)
Rhyolite Zircon SHRIMP U-Pb 439+7 Long et al. (2017)
Tuff Zircon LA-ICP-MS U-Pb 4233+2.9  Cheng et al. (2020a)
Dacitic tuff Zircon LA-ICP-MS U-Pb 438+5 Sun et al. (2020)
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Re—Os isochron age (Stein and Hannah 2014). The Re-Os
geochronology of chalcopyrite has been applied in differ-
ent types of hydrothermal systems (Han et al. 2007, 2010;
Lawley et al. 2013; Ye et al. 2013; Zhu and Sun 2013; Ying
et al. 2014; Deng et al. 2016). The vein mineralization age
of the Huangtan Au—Cu-Zn deposit can be obtained by
directly dating the primary ore chalcopyrite. We obtained
a %"Re/'80s vs. 1870s/'%80s isochron age for 8 chalco-
pyrite samples of 432 +29 Ma (MSWD =28). Due to the
large uncertainty of this isochron, after reprocessing the
data, we obtained an isochron age for 4 chalcopyrite sam-
ples of 430 + 15 Ma (MSWD =0.53). Two sample sets have
a similar age, but the latter has a smaller uncertainty. This
result may be due to different samples containing different
initial Os values. Thus, the Re—Os isochron age of 432 Ma
is interpreted to represent the age of vein mineralization of
the Huangtan Au—Cu—Zn deposit. The veins occasionally
crosscut the layered orebody, indicating that the formation
time of the vein orebody is later than that of the layered
orebody. The chalcopyrite isochron age of 432 Ma is con-
sistent with that of the pyrite isochron Re—Os age (438 Ma)
and zircon U-Pb age (438 Ma; Sun et al. 2020) of the tuff
in the Huangtan deposit. Therefore, the age of the miner-
alization of the Huangtan deposit should be approximately
Early Silurian. Mantle rock has '870s/'®0s ratios similar
to those of chondrites (0.127-0.129; Walker and Morgan
1989; Meisel et al. 1996), while the crust has abnormally
high 18705/1380s ratios (3.63; Palmer and Turekian 1986).
Therefore, the initial '¥70s/'%80s ratios are a good tracer
for distinguishing mantle-derived and crust-derived rocks.
This analysis shows that the initial '¥70s/!%30s ratio of the
four chalcopyrite Re—Os isotope systems is 0.55 +0.94 in
the Huangtan deposit, which is significantly higher than the
mantle '370s/'%80s ratio of 0.129 and lower than the crust
1870s/!880s ratio of 3.63. The ore-forming fluids originated
from the mantle, and crust-derived materials were added.
Plate subduction may be a way of adding crustal materials
(Sun et al. 2020).

Nature of the ore-forming fluids and sources
Nature of the ore-forming fluids

Fluid inclusions in the Huangtan Au—Cu—Zn deposit are
dominated by L-type, P-type, and rare V-type fluid inclu-
sions, suggesting that the ore-forming fluids belonged
to a salt—-water system. The characteristics of the fluid
inclusions are similar to those of most VMS depos-
its (Ulrich et al. 2002; Zaw et al. 2003). The majority
of the homogenization temperatures of fluid inclusions
in quartz from altered wall rock and of vein minerali-
zation are mainly 120-340 °C, with a peak at approxi-
mately 230 °C (Fig. 11A), and 120-300 °C, with a peak at
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approximately 130 °C (Fig. 11C), respectively. The major-
ity of salinities for fluid inclusions in altered wall rock and
vein mineralization mainly range from 2 to 7 wt% NaCl
equiv. (Fig. 11B) and 1 to 9 wt% NaCl equiv., respectively
(Fig. 11D). The salinities of fluids in quartz from vein
mineralization are similar to those of fluids from altered
wall rock.

The temperature and salinity ranges of the fluid inclu-
sions in the stockwork unit of the Huangtan deposit are
similar to those of fluid inclusions in the stockwork unit
of other VMS deposits, such as the Honghai-Huangtupo
(108-400 °C and 2.4-13.7 wt% NaCl equiv.; Yang et al.
2018a; Mao et al. 2019; Cheng et al. 2020a), Ashele
(117-514 °C and 0.7-12.3 wt% NaCl equiv.; Yang
et al. 2018b), Sarsuk (130-390 °C and 3.0-10.0 wt%
NaCl equiv.; Yang 2017), Xiaotieshan (174452 °C and
0.7-10.7 wt% NaCl equiv.; Liang et al. 2016), Hellyer
(165-322 °C and 3.0-15.0 wt% NaCl equiv.; Zaw et al.
1996) and M.t Morgan (172-276 °C and 0.2-15.3 wt%
NaCl equiv.; Eadington et al. 1974; Ulrich et al. 2002)
VMS deposits.

The majority of homogenization temperatures of fluid
inclusions in barite from barite-bearing pyrite ore range
between 140 and 260 °C, and the salinities range from 3
to 9 wt% NaCl equiv (Fig. 11E, F). Data for the measured
inclusions are few and the results are for reference only.
In the Huangtan deposit, the temperatures of fluid inclu-
sions in barite-bearing pyrite ore are higher than those
in vein mineralization. A comparison of the tempera-
tures and salinities of fluid inclusions from the exhala-
tive—sedimentary units of other VMS deposits, such as
the Ashele (122-537 °C and 1.6-10.5 wt% NaCl equiv.;
Yang et al. 2018b), Honghai—Huangtupo (99-377 °C and
9.3-18.2 wt% NaCl equiv.; Mao et al. 2014; Yang et al.
2018a; Mao et al. 2019; Cheng et al. 2020a), Xiaotieshan
(149-388 °C and 2.2-14.6 wt% NaCl equiv.; Liang et al.
2016), and Mt. Morgan (200-246 °C and 0.7-8.3 wt%
NaCl equiv.; Eadington et al. 1974; Ulrich et al. 2002)
VMS deposits, show that they have similar temperature
and salinity ranges. Microthermometry data are plotted
to generate a diagram of homogenization temperature vs.
salinity, which illustrates the similarities between this
deposit and other Au-rich VMS-type deposits (Fig. 12).
The salinities are mostly in the range of 2-6 wt%, and
the homogenization temperatures of fluid inclusions range
from < 100 to~360 °C in VMS-type deposits (Bodnar
et al. 2014). The results imply that their temperature range
values are wide and do not concentrate in a narrow range,
while the salinity values are usually concentrated in a nar-
row range. The fluids have a wide range of temperatures,
which may be caused by the intermittent and/or continuous
ascent of magmatic hydrothermal fluids and their mixing
with seawater.
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Fig. 11 Histograms of homogenization temperatures and salinities of fluid inclusions

Sources of the ore-forming fluids

The isotopic compositions of H and O are commonly
employed to trace the source of ore-forming fluids. The
0Dy _gmow Values of quartz-hosted and barite-hosted fluid
inclusions from the Huangtan Au—Cu—Zn deposit range
from —69 to —42%o and mainly overlap with those of pri-
mary magmatic fluids (8Dy_gpow =—50%o to —85%o; Taylor
1974). The range of SlgOﬂuid values is relatively large, with
the majority of the SISOﬂuid values ranging from —7.24 to
6.81%o0. These values fall between those of primary mag-
matic waters (8'%0p,,4=5.5%o to 10.0%0; Taylor 1974) and
meteoric water, and some values fall in the range of mag-
matic waters, suggesting that the addition of meteoric water
to ore-forming fluids changes the §'*0y,; value. Compared
to the Honghai—-Huangtupo (8Dy_gyow =-109 to —48%eo
and 80y,0=-3.2 to 4.0%0; Yang et al. 2018a; Mao et al.
2019), Sarsuk (8Dy._gpow =—140 to =92%o and 80y, =—4.5

to 0.9%o0; Yang 2017), and Xiaotieshan (8Dy_gyow=-153
to —88%o and §'0y4,,y=—1.1 to 4.6%o; Liang et al. 2016)
deposits, the Huangtan deposit has a higher 8Dy, g\ow Value
and a wider range of 8'®0p,;4 values. In the 8Dy, gyow VS-
8'804,q diagram (Fig. 13), the data illustrate the similarities
between 8Dy gpow and 8'%0y,;, values of the Huangtan and
other VMS deposits in adjacent regions (e.g., the Ashele,
Honghai—Huangtupo, Sarsuk, and Xiaotieshan deposits) and
elsewhere in the world (e.g., Rio Tinto and Horne deposits).
All sample points plot within the region between meteoric
water and primary magma water. The Huangtan Au—Cu—Zn
deposit formed at or near the seafloor, and the effects of
meteoric water can be neglected. The data may represent
deeply circulating seawater. The H-O isotope data imply that
the ore-forming fluids were a mixture of magmatic fluids and
deeply circulating seawater.

The marked differences in the isotopic composition of the
noble gases can be employed as tracers for crust and mantle
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contributions to the ore-forming fluids (Sano and Wakita
1985). In general, inclusion-trapped He and Ar isotopes
have three potential sources: air-saturated water (ASW),
with *He/*He ratios of 1.4x 107® (1 Ra) and a “°Ar/*°Ar
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(2002) and Eadington et al. (1974), data of Xiaotieshan after Liang
et al. (2016), data of Sarsuk after Yang. (2017), data of Honghai—
Huangtupo after Mao et al. (2014), Yang et al. (2018a) and Mao et al.
(2019)

ratio of 295.5; mantle-derived fluids, with 3He/*He ratios
of 6-9 Ra and “°Ar/*®Ar>40,000; and crust-derived fluids,
with *He/*He ratios of 0.01-0.05 Ra and **’Ar/**Ar>45,000.
Mantle-derived Ar and crust-derived Ar are dominated by
radiogenic “°Ar (*°Ar*), showing that “°Ar/*®Ar ratios are
extremely high in mantle-derived and crust-derived fluids
(Turner et al. 1993; Stuart et al. 1995; Hu 1997; Burnard
et al. 1999).

Pyrite in the Huangtan Au—Cu—Zn deposit was collected
from underground workings; therefore, the effect of cosmo-
genic He can be excluded (Simmons et al. 1987; Stuart et al.
1995). In the analysis, the atmospheric He contribution can
be estimated by F*He (Kendrick et al. 2001), which is the
ratio of *He/*°Ar in the sample relative to “He/**Ar in the
atmosphere (0.165). If the sample contains 100% atmos-
pheric He, then F*He = 1. The F*He values (2405-8570) of
the Huangtan pyrite samples are far greater than 1, indicat-
ing that atmospheric helium had no influence.

The *He/*He ratios of fluid inclusions in pyrite from vein
mineralization are 0.929 and 1.374 (R/Ra), and the ratio of
fluid inclusions in pyrite from massive chalcopyrite—pyrite
ore is 1.226 (R/Ra), which are both 20-130 times higher
than those of the crust (0.01-0.05 R/Ra; Stuart et al. 1995)
but 6-9 times lower than those of the mantle (6-9 R/Ra).
The low He solubility in ASW hardly influences the He iso-
tope compositions of most mantle or crustal fluids (Marty
et al. 1989; Stuart et al. 1994). In the *He vs. “He diagram,
the He isotope composition data points are distributed
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between the mantle and crustal He domains (Fig. 14A).
The percentage of mantle-derived He in hydrothermal fluid
can be calculated according to the crust—-mantle dual model
(Kendrick et al. 2001). The calculation results for the per-
centage of mantle-derived He from the Huangtan Au—Cu—Zn
deposit vary from 14.02 to 20.9% (mean 17.84%). These
values are higher than those of the Honghai—-Huangtupo
deposit (1.71-10.97%; Chai et al. 2017). Consequently, the
He isotope results show that the ore fluids in the Huangtan
Au—Cu—Zn deposit were dominated by crust-derived fluids
and some mantle-derived fluids.

The *°Ar/*0Ar ratios of ore-forming fluids in the Huangtan
Au—Cu—Zn deposit range from 388 to 502, which are higher
than those of ASW Ar (*°Ar/**Ar=295.5). The ratio values
indicate the existence of radiogenic *’Ar originating from
the mantle or crust. The proportion of radiogenic *°Ar can be
estimated (Kendrick et al. 2001). The calculated “°Ar* con-
centration ranges from 23.8 to 41.1%. The *“’Ar/*He ratios of
ore-forming fluids are 0.836—1.157, namely, the O0Ar+/*He
ratios of vein mineralization range from 0.146 to 0.412, and
the “°Ar*/*He ratio of massive ore is 0.146. These values are
near the crustal production *’Ar*/*He ratio of 0.2 and lower
than the mantle *’Ar*/*He ratio of 0.69 (Stuart et al. 1995),
indicating that the ore fluids were mainly derived from the
crust and partially derived from the mantle.

On the R/Ra vs. **Ar/*Ar diagrams (Fig. 14B), the data
points plot near the ASW Ar data, suggesting that ASW
Ar entered the ore-forming fluids. The “’Ar/*®Ar ratios are
similar to those of the Huangtupo, Ashele, Dao Bao Hill,
and Wetar VMS deposits and the Trans-Atlantic Geotraverse
(TAG) of the Mid-Atlantic Ridge. The fluids of these
deposits are considered a mixture of mantle fluid and sea-
water. The He—Ar isotope characteristics of the Huangtan
Au—Cu—Zn deposit suggest that the ore-forming fluids were
a mixture of mantle fluids with seawater containing crustal
He and atmospheric Ar.

Sources of sulfur

Studies have shown that three main sources of sulfur are com-
mon in VMS deposits (Hoefs 2009; Shanks 2001; Brueckner
et al. 2016): (1) seawater sulfate reduced by thermochemical
processes (85°*S~4 to 33%o), (2) direct sulfur contributions
from magmatic fluids and/or leaching from igneous footwall
rocks (8**S & —5 to 5%, averaging 0%o), and (3) bacterial
reduction of seawater sulfate (5°*S ~ — 50 to 20%o). The mean
83Sy.cpr values of pyrite and chalcopyrite from the altered
wall rock are 0.3%0 and 0.2%o, respectively; the values of
pyrite and chalcopyrite from vein mineralization are 0.2%o
and — 0.7%o, respectively; and the value of pyrite of mas-
sive ore is 0.4%o in the Huangtan deposit. The values of the
altered wall rock, vein mineralization and massive ore are
similar and have a narrow range, implying that they have a
homogeneous sulfur source (Fig. 15; Ohmoto and Rye 1979).
However, the 8°*S, «pr values themselves do not require a
detectable input of bacteriogenic sulfide or reduction of sea-
water sulfate that exhibits a wide range of values, because
they are narrow in range (—2.0 to 1.5%0) and consistent with
the mantle sulfur value (0 + 3%o; Hoefs 2009). This result is
similar to those for VMS Cu—Zn deposits in the Kalatag area
and VMS deposits in other areas (Fig. 16A).

Under thermodynamic equilibrium conditions, the rela-
tive order of **S enrichment is sulfate species >> sulfide
minerals. Three analyzed barite samples yield 8°*Sy, cpr
values of 24.1-24.8%o. The 8**Sy cpy values of barite dif-
fer from those of sulfides by ~24%. This difference is close
to the isotopic fractionation between aqueous sulfur and
sulfide at temperatures of 250-400 °C (19-25%; Ohmoto
et al. 1983; Solomon et al. 1988; Huston 1999). We believe
that the formation of barite is mainly related to the dispro-
portionation of SO, inherited from the magmatic source:
380, +3H,0=S"+2H"+2HSO,”, HSO, =H" +S0,>,
BaSO,=Ba’" +S0,%". The 8*S cpy values of the barite
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in the Huangtan deposit are similar to those of barite in the
Honghai—Huangtupo deposit (Fig. 16B, Yang et al. 2018a).
It is reasonable to conclude that they have similar sulfur
sources. The sulfur isotopes of sulfide from the Huangtan
deposit could indicate magmatic sulfur as a major source of
sulfur, which is consistent with those of a typical VMS-type
deposit (Franklin et al. 2005).

Au-Cu-Zn metallogenesis

According to the grade and content of Au and gold-to-base
metal ratios, the deposit can be divided into three catego-
ries: anomalous (> 31 metric tons of Au), auriferous (Au
grade > 3.46 g/t and/or gold-to-base metal ratio> 1) and Au-
rich (Au grade > 3.46 g/t and/or gold-to-base metal ratio> 1
and > 31 metric tons of Au) VMS deposits (Mercier-Lan-
gevin et al. 2011). The AuCul orebody and CuZn2 orebody
are the principal orebodies in the Huangtan deposit. The
Au average grade of the AuCul orebody is 4.07 g/t, and
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the gold-to-base metal ratio is 5.21. The CuZn2 orebody
includes ores of Cu and Zn, accompanied by Au. The aver-
age Au grade of the CuZn2 orebody is 0.7 g/t and the gold-
to-base metal ratio is 0.3; therefore, the AuCul orebody is an
auriferous orebody. Au in the Honghai—Huangtupo deposit
is concentrated in massive ore bodies, along with the associ-
ated elements (Mao et al. 2016). The average Au grade of the
Honghai—Huangtupo deposit is 0.6 g/t, and the gold-to-base
metal ratio is < 1 (Deng et al. 2018b). The Honghai—Huang-
tupo deposit is not considered as an auriferous VMS deposit.
In the Huangtan deposit, gold occurs mainly in the vein
orebody of the stockwork unit, and a small amount of gold
occurs in the massive orebody of the exhalative—sedimentary
units. The vein orebody is unconformably in contact with
the layered orebody, and ore veins occasionally crosscut the
layered orebody. We conclude that the Huangtan deposit is
an auriferous syngenetic VMS deposit.

VMS deposits can form in a variety of tectonic set-
tings, including nascent arc, rifted arc, back-arc, seafloor
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spreading centers and rifted continental margin environ-
ments (Franklin et al. 2005). The subduction of the oce-
anic plate during the Late Ordovician—Silurian formed the
Dananhu island arc associated with magmatic events (Xiao
et al. 2004; Chai et al. 2019; Mao et al. 2019). During
this period, VMS deposits formed in the Kalatag area,
such as the Honghai—-Huangtupo VMS Cu-Zn deposit
(isochron age of 432-439 Ma; Deng et al. 2016; Yang
et al. 2018a; Mao et al. 2019; Cheng et al. 2020a) and
the Hongshi volcano-hydrothermal vein-type Cu deposit
(Re—Os isochron ages of 432 Ma; Deng et al. 2016).
The ages of these deposits are similar to the age of the
Huangtan deposit. The Huangtan deposit adjoins the
Honghai—-Huangtupo and Hongshi deposits and all three
deposits have similar geological backgrounds of min-
eralization, and metal associations (Yang et al. 2018a;
Chai et al. 2019; Mao et al. 2019; He 2019; Cheng et al.
2020a; Sun et al. 2020). Therefore, these deposits may
be affected by volcanic activity in the same period, and
thus formed in the same metallogenic system. The VMS
mineralization is controlled by volcanic slopes, depres-
sions and recharge channels, and volcanic hydrothermal
Cu deposits are controlled by volcanic faults and fissures
(Deng et al. 2016; Chai et al. 2019; Cheng et al. 2020b).
Faults may also allow seawater to penetrate volcanic rock
and mix with magmatically generated metalliferous fluid.
The metallogenic materials are mainly derived from deep
magmas and transported as sulfide complexes in the ore-
forming fluids at low temperatures (Barnes 1979). Gold
transport as Au(HS)™ occurs at relatively low temperatures
(<300 °C) (Huston and Large 1989). Under the conditions

600! | | 1 1
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marine sulphate in different geological times (B) (modified after Seal
et al 2000), data of Buchans, Mt. Windsor after Huston (1999) and
the references therein, data of Honghai after Mao et al. (2015b), data
of Huangtupo after Yang et al. (2018a), data of Ashele after Yang
et al. (2018b)

of Au (HS)™ transport, the most effective method of depos-
iting gold is to decrease the activity of reduced sulfur. The
activity of reduced sulfur may be decreased by precipita-
tion of metal sulfides, dilution or boiling (Seward 1984).
When magmatic fluids mix with seawater, they cause
metal precipitation and dilution in ore-forming fluids
(Huston and Large 1989). Barite in the massive ore formed
as reduced hydrothermal fluid carrying Ba mixed with sea-
water containing sulfate. Tellurium is likely to be of mag-
matic origin and Au may also migrate as Au(HTe,)” com-
plexes (Patten et al. 2015; Seward 1973). A comparison
of the fluid inclusion characteristics of the Huangtan
deposit and the Honghai—Huangtupo deposit shows that
the Huangtan deposit lacks daughter-mineral-bearing mul-
tiphase inclusions (S-type), and inclusions with H,0-CO,
liquid phase inclusions (C-type) (Mao et al. 2014; Yang
et al. 2018a; Mao et al. 2019; Cheng et al. 2020a). Fluid
boiling results in a marked loss of volatiles, such as N,
and CO, (Hedenquist et al. 1998; Simmons et al. 2005).
The V- and L-types coexist and have similar homogeni-
zation temperatures, indicating local fluid immiscibility
or boiling in the stockwork unit of the Honghai—Huang-
tupo deposit; however, immiscibility or boiling does not
occur in the exhalative—sedimentary units in the Hong-
hai—Huangtupo deposit (Cheng et al. 2020a). According to
recent fluid inclusions research on the Huangtan deposit,
few V-type fluid inclusions exist in the Huangtan deposit.
A few V- and L-type fluid inclusions coexist; however,
their homogenization temperatures vary greatly, indicating
that local fluid is not immiscible or boils in the Huang-
tan deposit. The fluid inclusions of the massive orebodies
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Fig. 17 Schematic diagram illustrating the tectonic setting and possible genetic model of the Huangtan deposit. The tectonic setting is modified

after Mao et al. (2019)

and stockwork orebodies in the Honghai—Huangtupo VMS
Cu—Zn deposit yield homogenization temperatures with
peak values of 265 °C, and 350 °C, respectively (Cheng
et al. 2020a). The peak temperature of the fluid inclu-
sions is 130 °C in the vein mineralization of the Huangtan
deposit, which is less than that of the Honghai—Huang-
tupo deposit. Except for the Huangtan deposit containing
native gold and auriferous tellurides, the Huangtan deposit
and the Honghai—Huangtupo deposit have similar mineral
associations. In addition, the formation of tellurides is sen-
sitive to the temperature of the mineralization system, and
as the temperature of the ore-forming system continues to
decrease, the tellurium fugacity required for the formation
of telluride also continues to decrease (Afifi et al. 1988;
Brueckner et al. 2016). We conclude that gold precipita-
tion may have been more closely related to decreasing
temperature caused by the mixing of magmatic fluid and
seawater.

The ore-forming mechanism is schematically shown
in Fig. 17. The ore-forming fluids migrated upwards
along a volcanic conduit driven by the magmatic hydro-
thermal system during a volcanic hiatus. Changes in the
physico-chemical conditions (decreasing temperature and
pressure) of the ore-forming fluids when vented within
the seafloor resulted in the precipitation of sulfides and
gold, forming layered ore bodies within depressions on
the seafloor and veinlet, and stockwork mineralization in
the stockwork unit. Volcanic breccia buried the layered
orebodies during the later volcanism.

@ Springer

Conclusions

(1) The Huangtan Au—Cu—Zn deposit is an auriferous VMS
deposit that is hosted in the volcanic breccia and tuff
of the Hongliuxia Formation. The orebodies are com-
posed of layered, layered-like orebodies and stockwork
orebodies.

(2) The '¥Re/"™*80s vs. '870s/!%80s isochron age of 432 Ma
obtained from chalcopyrite represents the ore-forming
age of the Huangtan Au—Cu—Zn deposit. The Huang-
tan, and Honghai—Huangtupo deposits in the Kalatag
area are products of the same metallogenic system.

(3) The ore-forming fluids of the Huangtan deposit
belonged to a simple H,O-NaCl system. The He and
Ar isotope compositions and H-O isotopes imply that
the ore-forming fluids were a mixture of magmatic flu-
ids and deeply circulating seawater. The sulfur isotopes
suggest that magmatic sulfur was the main source of
sulfur in the ore-forming fluids.

(4) Decreases in the temperature and pressure of ore-form-
ing fluids played important roles in the ore-forming
processes of the Huangtan Au—Cu—Zn deposit.
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