Ore Geology Reviews 138 (2021) 104408

Contents lists available at ScienceDirect

Ore Geology Reviews

ELSEVIER journal homepage: www.elsevier.com/locate/oregeorev

t.)

Check for

Genesis and fluid evolution of the Huangtan Au-Cu deposit in the Kalatag &
district, Eastern Tianshan, NW China: Constraints from geology,
geochronology, fluid inclusions, and H-O-S-Pb isotope geochemistry

Bingke Sun?, Banxiao Ruan "™, Xinbiao Lv*", Zhihui Dai ¢, Chen Mao?

& Faculty of Earth Resources, China University of Geosciences, Wuhan 430074, China
® Institute of Geological Survey, China University of Geosciences, Wuhan 430074, China
¢ State Key Laboratory of Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China

ARTICLE INFO ABSTRACT

Keywords: The newly discovered Huangtan Au-Cu deposit is located in the central Dananhu - Tousuquan arc of Eastern
Hu{‘ﬂg'taﬂ déPOSit Tianshan, southern Central Asian Orogenic Belt (CAOB). It is the first Au-dominated volcanogenic massive
Fluid inclusions sulfide (VMS) polymetallic deposit in the Eastern Tianshan. Veinlet-disseminated and massive orebodies are

Stable isotopes

Ar-Ar geochronology

VMS-type Au-Cu mineralization
Eastern Tianshan

hosted within Early Silurian pyritic phyllic tuff and volcanic breccia and controlled by a secondary fracture zone
of the Kalatag fault with extensive hydrothermal alteration. Four primary alteration/mineralization stages have
been recognized as follows: (1) Early ore stage (S1), forming mainly ore-barren fine quartz veins with minor
gold-bearing sulfides; (2) main ore stage (S2), forming mainly thick quartz veins with abundant coarse-grained
subhedral pyrite (52-1), and plentiful chalcopyrite, sphalerite, barite and Au-bearing sulfide veins (S2-2); (3) late
ore stage (S3), which is characterized by plenty of barren quartz—calcite veins with few sulfides; and (4) su-
pergene stage (S4), accompanied by abundant oxide mineralization, including malachite, jarosite and other
supergene minerals. From S1 to S3, microthermometric data of fluid inclusions show homogenization temper-
atures of 263-379 °C (mean = 308 °C), 188-292 °C (mean = 240 °C), and 118-198 °C (mean = 158 °C),
respectively, and salinities of 5.3-14.2 (mean = 10.8) wt.% NaCl equiv., 2.8-10.7 (mean = 7.6) wt.% NaCl
equiv., and 0.3-14.1 (mean = 2.6) wt.% NaCl equiv., respectively. The ore-forming fluids are characterized by
middle-low temperature, low salinity, relatively reduced condition, and an Hy0-NaCl + CO, + CH4 system.

The 8%S values (—5.25%0 to 0.50%0) and Pb isotopic ratios (2°Pb/2%*Pb = 17.868-19.495, 27Pb/?%pb —
15.446-15.575, and 28Pb/2%Pb = 37.350-38.491) suggest that the ore-forming materials came predominantly
from a deep-seated magma source with a minor contribution of lower continental crust. The §'80y20 and 8Dy.
smow Vvalues of fluid inclusions in each metallogenic stage range from —6.1 to 5.6%0 and —66.8 to —53.9%o,
respectively, suggesting the dominant role of magmatic water mixed with convectively circulating heated
seawater during fluid evolution. Fluid cooling dilution, local boiling, and fluid mixing were considered as the
main mechanisms of metal precipitation. The “’Ar-3°Ar plateau age of hydrothermal muscovite from the late ore
stage (S3) is 414.4 + 0.4 Ma, which represents the upper limit age of shallow hydrothermal alteration and Au-Cu
mineralization. It is also consistent with the Early Silurian polymetallic metallogenic event in the Kalatag district.
The auriferous Huangtan and adjacent Cu-Zn-rich Huangtupo VMS deposits show obvious ore-forming element
differences, and constitute a unique VMS metallogenic system in the Eastern Tianshan Orogenic Belt (ETOB),
which provides an important research object and new insight for ore prospecting in the peripheral Gobi Desert
area.

1. Introduction volcanic-hosted massive sulfide (VHMS), are important sources of Cu,
Zn, Pb, Au, and Ag in a metal-dependent global economy (Poulsen and
Volcanogenic massive sulfide (VMS) deposits, also known as Hannington, 1996; Huston, 2000; Franklin et al., 2005; Dubé et al.,
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2007; Mercier-Langevin et al., 2011; Hokka, 2020). Generally, VMS
deposits occur in a variety of tectonic settings but are typically related to
precipitation of metals from hydrothermal fluids circulating in volca-
nically active submarine environments (Ohmoto et al., 1983). These
hydrothermal fluids are composed of a variable mixture of magmatic-
hydrothermal fluids and evolved seawater that has reacted with un-
derlying rocks, with most systems dominated by evolved seawater
(Franklin et al., 1981). Characterizing sources of metallogenic materials
and fluids is the key to understanding metallogenic evolution in hy-
drothermal systems. Fluid inclusions trapped in hydrothermal minerals
record much information of the primary ore-forming fluids during the
geological history and can provide crucial samples to reestablish the
physicochemical conditions of paleomineralization of ancient hydro-
thermal deposits (Franklin et al., 2005). As we all know, the active
seafloor geothermal systems can provide important clues to the origins
of polymetallic hydrothermal ore deposits. However, the ancient VMS
deposits are more important targets for mineral exploration, and the
study of their metallogenic mechanism can help us understand the in-
terrelationships between metal endowment and the hydrothermal
altered, accretionary, preservational, weathered, and depositional sys-
tems. This is conducive to the further development of mineral resources
(Hannington et al., 2005; de Ronde et al., 2011; Pilote et al., 2020).
Situated at the northern part of the ETOB, the Kalatag district forms
part of the E-W trending Dananhu-Tousuquan island belt, which extends
along the southern margin of the Turpan-Hami basin (Fig. 1). Based on
an extensive field investigation and precise geochronological data,
Zhang et al., (2008) proposed that the polymetallic mineralization in the
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ETOB can be divided into four stages: (1) a subduction-related island arc
stage during 360-320 Ma, represented by the Tuwu-Yandong porphyry
Cu deposits (Liu et al., 2003); (2) a collisional-accretionary stage
(300-280 Ma), exemplified by Kanggur gold deposit (Zhang et al.,
2003); (3) a post-collisional-extension stage (280-270 Ma) with
mafic-ultramafic Cu-Ni deposits, such as the Huangshandong deposit
(Mao et al., 2015a; Mao et al., 2015b); and (4) an intracontinental
extensional stage (240-220 Ma), typically represented by the giant
Donggebi Mo deposit (Wu et al., 2014). However, increasing
Ordovician-Silurian arc magmatism and mineralization have been re-
ported in the northern part of ETOB in the recent decade, indicating the
Early Paleozoic is an important episode for Cu-polymetallic minerali-
zation (Mao et al., 2015a; Mao et al., 2015b; Xiao et al., 2015; Wang and
Zhang, 2016; Sun et al., 2020).

The newly discovered Huangtan Au-Cu deposit is the first gold-
dominated polymetallic deposit in the Kalatag district, and it provides
a new studying object for the Early Paleozoic Cu-polymetallic mineral-
ization in ETOB (Fig. 2). It has a currently cumulative estimated
resource of Au (5 t@ > 1g/t), Cu (10Kt@0.3%), and Zn (100Kt@1.5%)
(Deng et al., 2020), and only minimal basic geological research has been
undertaken. Liang (2018) conducted a preliminary ore deposit geology
and genesis study and considered the deposit as a subvolcanic hydro-
thermal Au-Cu polymetallic deposit controlled by tectonics. However,
He (2019) and Sun et al. (2020) considered that it was another VMS-type
deposit associated with the adjacent Huangtupo VMS deposit (Fig. 2).
The unique spatiotemporal relationships between the two deposits
provide an excellent opportunity to investigate the Early Paleozoic VMS
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mineralization system in the ETOB. Thus far, the ore-forming fluids,
metallogenic materials, and metallogenic processes of the Huangtan
deposit remain unclear. In this study, we conducted a comprehensive
investigation of the geological and mineralization characteristics, fluid
inclusions (petrography, Laser Raman, and microthermometry), S-Pb-H-
O isotopes geochemistry, and mineralization epoch (muscovite Ar-Ar) to
constrain the origin and evolution of the hydrothermal system. Finally, a
comprehensive metallogenic model was proposed to explain the Early
Paleozoic VMS mineralization in the Kalatag district after comparison
with the adjacent Huangtupo VMS deposit. This dataset would provide
new insights on the prospectivity for VMS Cu-polymetallic mineraliza-
tion in southern CAOB.

2. Geological setting

The CAOB, which sandwiched between the European and Siberian
cratons in the north and the Tarim and North China cratons in the south
(Fig. 1a; Sengor et al., 1993; Windley et al., 2007; Pirajno, 2013; Xiao
et al., 2013; Xiao et al., 2015), is formed by multiple subduction-
accretion of island arcs, oceanic plateau, seamounts, ophiolites and
microcontinents that occurred from the Late Proterozoic to the Mesozoic
(Goldfarb et al., 2001, 2014; Li et al., 2013).

The ETOB has been considered as a part of the southern margin of the
CAOB and is located between the Junggar basin in the north and the
Tarim basin in the south (Fig. 1b; Goldfarb et al., 2001, 2014; Zhang
et al.,, 2017). Multistage intensive magmatic-hydrothermal-tectonic
events had led to the formation of many giant hydrothermal and
magmatic deposits. It can be divided into three major tectonic zones: the
Central Tianshan Terrane, the Jueluotage belt, and the Bogda-Harlik
belt from the south to the north with different rock assemblages and
distinctive mineralization (Fig. 1c; Pirajno et al., 2011).

The Jueluotage Belt is characterized by middle Paleozoic volcanic
and sedimentary strata. This belt can be further subdivided into three
tectonic subunits by the E-trending regional-scale Aqikuduke, Kanggur,
Yamansu, and Dacaotan faults, including the Aqishan-Yamansu island
arc belt, the Kanggur-Huangshan ductile shear zone, and the Dananhu-
Tousuquan island arc belt from south to north (Fig. 1c; Huang et al.,
2013; Wang and Zhang, 2018). The Dananhu-Tousuquan island arc belt
is located in the north of the ETOB, between the Turpan-Hami Basin and
the late Carboniferous Kanggur suture zone (Xiao et al., 2004). This belt

has been considered as an Ordovician to Carboniferous island arc
accompanied by a set of marine calc-alkaline mafic-felsic lavas, tuffs,
volcaniclastics, and flysch sediments, which were generally subjected to
weak metamorphism of low greenschist facies from Ordovician to Early
Silurian (Xiao et al., 2004; Mao et al., 2015a). A series of economically
significant Paleozoic Cu-Zn-Au-Ni deposits developed in this belt, such
as the Silurian Kalatag Cu deposits, the Carboniferous Tuwu-Yandong
porphyry Cu deposits, and the Permian Huangshan - Huangshandong
Cu-Ni deposits (Shen et al., 2014).

The Kalatag district consists of a NW-trending Paleozoic anticline in
the north part of the Dananhu-Tousuquan island arc belt (Mao et al.,
2019). The EW-trending Kabei fault and the NWW-trending Kalatag
fault represent the northern and southern boundaries, respectively. The
strata in this region predominantly comprise of Paleozoic mafic to felsic
volcanic, volcaniclastic, and sedimentary rocks intruded by Ordovician
to Permian granitic intrusions, which belong to the Daliugou (O-S),
Hongliuxia (S) formations (Fig. 2). In addition, these rocks are uncon-
formably overlain and surrounded by volcanic-sedimentary rocks that
belong to the Dananhu (D), Qishan (C), and Arbasay (P) formations
outwards from the Kalatag anticlinal hinge (Fig. 2). The Ordovician-
Silurian Daliugou Formation (Og4), which is the most important ore-
bearing stratum, contains three sequences from bottom to top: Unit 1
is composed of deep marine basalts, basaltic andesites, andesites, and
volcaniclastic rocks; Unit 2 is dominated by strongly altered tuff, tuff-
aceous breccia, and pyroclastic dacite, with minor siliceous rocks and
rhyolite intercalation, and Unit 3 consists chiefly of breccia, rhyolites
and dacitic lava with minor interbedded tuffs (Fig. 2; Mao et al., 2019;
Deng et al., 2020). Seven Cu—polymetallic deposits, including VMS-type
Cu-Zn(Au) deposit (e.g., Huangtupo, Huangtan); hydrothermal vein-
type Cu(Au) deposits (e.g., Hongshi, Meiling, Hongshan); porphyry-
type Cu deposit (e.g., Yudai); skarn-type Fe-Cu deposit (e.g., Xierqu)
and Ni-Cu sulfide deposits (e.g., Yueyawan), were discovered either in
the Early Paleozoic or the early Late Paleozoic rocks in the northwestern
part of the Kalatag district (Sun et al., 2019a; Deng et al., 2020).

3. Ore deposit geology
The Huangtan deposit is located on the southern edge of the Kalatag

district (Fig. 2). The main lithostratigraphic units of this deposit are the
Daliugou Formation, which is composed of the lower intermediate-acid



B. Sun et al.

volcaniclastic rock interlayered with basaltic andesite and andesite
(Unit 1) and the upper intermediate-acid volcanic rocks intercalated
with tuff (Unit 2-3). The quartz diorite crops out in the southwest part of
the ore district and concordantly intruded into the Daliugou Formation.
The later pyritic phyllic rhyolite porphyry occurs as dyke and is locally
distributed in the central and northeastern part of the Huangtan area
(Fig. 3).

Polymetallic mineralization occurred mainly within the central part
of the alteration zone of beresitization near the contact zone of the tuff
and lower breccia (Fig. 4a, b). The Au-Cu polymetallic ore bodies are
primarily distributed in the altered fracture zone controlled by the NW-,
EW- and NNE-trending faults and all buried below 30 m from the sur-
face. They are mainly characterized by gold-bearing sulfide-quartz
veins. The Cu-Zn orebodies of the Huangtan are mainly stratiform and
lenticular in the slope zone at the periphery of the volcanic structure.
Surrounding rock alteration is characterized by beresitization, with
relatively weak alteration in the upper tuff of the orebody (Fig. 5a, c). As
the second-order tectonic-alteration belt of the Kalatag fault, the NW-
trending faults are the most important ore-controlling and ore-hosting
structures (Fig. 3). The geophysical anomalies are marked by low
resistance and high polarization, which are similar to the neighboring
Huangtupo VMS deposit, indicating that it experienced early Paleozoic
submarine volcanic exhalative hydrothermal-sedimentary mineraliza-
tion (Deng et al., 2018). Thus far, several orebodies (3 Au, 1 Zn, 1
Au-Cu-Zn, and 1 Zn orebodies) have been found around the Huangtan
deposit (Liang, 2018). The main gold orebodies controlled by strongly
pyritic phyllic wall rocks are of veins and branches with the average
grade 2.81 g/t and have a length and thickness of 125 m and 1.67-17.97
m, respectively. The major Au-Cu-Zn ore body (Fig. 5¢) associated with
the Au ore body has an average length of 230 m, a thickness of
3.28-20.55 m, and with an ore grade of Cu > 0.75 wt%, Zn > 0.85 wt%,
Au > 1.15 g/t, and Ag > 20.65 g/t. The metallogenic elements such as
copper, gold and silver showed strong correlation (Fig. 4b). High-grade
gold ores are mainly hosted by non-laminated, fracture altered
quartz-pyrite veins, which interspersed with early laminated ore bodies,
indicating possible superimposed mineralization (Fig. 5b). The geology,
occurrence of the orebody, and alteration suggest that the mineraliza-
tion is dependent on the subvolcanic magmatism-hydrothermal activity
(Liang, 2018).

The principal ore minerals are pyrite, chalcopyrite, and sphalerite
(Fig. 5d-j), with minor galena, bornite, tetrahedrite (Fig. 5m-n), and
gold-bearing minerals, including calaverite, petzite, native gold, elec-
trum, and so on (Fig. 5k, 0). Gangue minerals mainly comprise quartz,
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barite, calcite, sericite, muscovite, chlorite, and K-feldspar (Fig. 5g and
Fig. 6d-i). The ores mostly have sparse-dense disseminated (Fig. 5d),
massive structures (Fig. 5e), stratiform-like (Fig. 5f), and veined
(Fig. 5h). The paragenetic relationship between different minerals
mainly consists of metasomatic relict (Fig. 5j, o), eutectic (Fig. 5m-n),
and inclusion textures (Fig. 5k). The tuff and pyroclastic rocks were
widely metasomatized by hydrothermal fluids with formation of a lot of
disseminated and veined pyrite and chalcopyrite (Fig. 5d, h, n). Cu-Zn
orebodies are mainly massive, stratiform-like and disseminated in tuff
with minor galena and tetrahedrite (Fig. 5a-f, m-n). The Au unevenly
enrich in the massive and veined orebodies, and coexist with pyrite or
chalcopyrite (Fig. 5k, o).

Wall rock alteration in Huangtan is pervasive and is dominated by
silicification (Fig. 6a-f), epidotization (Fig. 5a), sericitization (Fig. 6d),
chloritization (Fig. 6e), muscovitization (Fig. 6f), carbonatization
(Fig. 6g, h) and phyllic alteration (Fig. 6a-d). As the foremost alteration
type, silicification and pyritic phyllic alteration mainly occurs within the
orebodies and is characterized by abundant quartz associated with ser-
icite, pyrite, muscovite and elemental sulfur (Fig. 6a-c). They are
spatially and temporally associated with high-grade gold mineraliza-
tion. Epidotization sericitization and chloritization mainly occurs
outside of the pyritic phyllic alteration zone and are closely associated
with the tuff surrounding orebodies. Late carbonatization is widespread
with in the surrounding volcanic rocks as irregular veinlets. Besides,
there are also many other altered minerals in and around the hydro-
thermal channel, such as alunite, smectite, K-feldspar, zeolite, limonite,
and so on (Fig. 6a—c, i).

The field geology, mineral assemblages, paragenetic sequence, and
ore fabrics relationships at Huangtan record a sequence of fluid-flow
events. The mineralogy and associated wall-rock alterations are briefly
summarized in Fig. 7, with a framework of four main paragenetic stages
(S1-S4): diagenetic preore or hydrothermal early ore-stage (S1); hy-
drothermal main ore-stage (S2) associated with sub-stages S2-1 and S2-
2; late ore-stage (S3); and supergene ore-stage (S4). The S1 is the earliest
paragenetic stage occurred in the hydrothermal channel and is charac-
terized by the formation of mineral assemblages consisting of pyrite,
sphalerite with minor galena, bornite, tetrahedrite, calaverite, and
electrum. Pyrite occurs as aggregates or subhedral-euhedral individual
grains with round sphalerite, chalcopyrite and quartz occurred inside
pyrite or along its margin as multiphase inclusions. Gold-bearing min-
erals usually occur as small polyphase inclusions in pyrite grains
(Fig. 5k). S2-1 (prophase of the main ore-stage), represented by massive
or irregular lodes of pyrite + quartz associated with the pervasive pyritic
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phyllic alteration (Fig. Se, 1); S2-2 (late of the main ore-stage) is the main
metallogenic stage of Cu, Zn, and Au, represented by irregular to banded
pyrite + chalcopyrite + sphalerite + electrum =+ quartz + barite veins
cutting the propylitic alteration assemblage (Fig. 5f~h, m-o0). The nat-
ural gold and electrum at this stage are mainly associated with chalco-
pyrite and distributed on the margins of pyrite particles (Fig. 50); S3
(late-ore stage) is dominated by recrystallized veined quartz with minor
sulfide minerals, and some calcite & hematite veins with clear low
temperature altered mineral assemblage (Fig. 5i and Fig. 6g-h); S4
(supergene ore-stage) is characterized by oxide mineralization in
shallow orebodies, including abundant limonite, malachite, jarosite and
other supergene minerals (Fig. 6a-c, i).

4. Sampling and analytical methods
4.1. Muscovite “°Ar/>°Ar geochronology

One sample of muscovite for *°Ar/3?Ar dating was collected from the
pyritic phyllic alteration zone of late ore S3 within the drill hole ZK5101
(38.4 m) (Fig. 4b). Muscovite grains were cleaned by ultrasonic treat-
ment in distilled water. Single-step laser fusion “°Ar/*°Ar data for in-
dividual muscovite grains were collected at the Columbia University
Lamont-Doherty Earth Science Observatory (LDEO). Mica samples and
monitoring samples were irradiated in the Cd-lined, in core facility
(CLICIT) at the Oregon State reactor. The normalization of neutron flux
was based on an analysis of the 523 Ma McClure Mountain hornblende
sample (Renne et al.,, 1998). CO laser fusion was performed in the
laboratory, and the VG5400 inert gas mass spectrometer was used to
process single-particle samples for single-step laser melting *°Ar/3°Ar
determination. Sufficient sample particles and their one-step fusion
were used to determine the *“°Ar/°Ar age generation. Details of the
procedures for irradiation and analysis, and values used to correct for
interfering nuclear reactions are similar to those given by Renne et al.,
(1998).

4.2. Fluid inclusion analytical methods

Fifteen samples for fluid inclusion analysis were collected from the
main orebodies and typical drilled cores (ZK5101, ZK5102, ZK5353 and
ZK5352), including four quartz and one barite samples representing S1,
three quartz and one barite samples for S2, and three quartz and two
calcite samples for S3 (Fig. 9). The microthermometric study was carried
out at the laboratory for fluid inclusions, China University of Geo-
sciences (Wuhan), using a Linkam GP600 heating-freezing system
mounted on an Olympus-BX51 infrared microscope with a temperature
range of —196 °C to +600 °C. The estimated precision of the measure-
ments is +0.1 °C for temperatures lower than 31.5 °C, +1 °C for the
interval of 31.5-400 °C, and +2 °C for temperatures higher than 400 °C,
respectively. Fluid salinities of the NaCl-H3O system were calculated
utilizing the final melting temperatures of ice (Bodnar, 1993). All
microthermometry results of fluid inclusions are obtained by conducting
experiments on fluid inclusion assemblages based on detailed petro-
graphic observations. The micrographs were taken by a monitor
QIMAGING MP5.0 cooled RTV under plane polarized light and U-V
light.

Representative samples for composition analysis were analyzed
using a LABRAM RM-1000 Raman microspectrometer at the analytical
laboratory of China University of Geosciences (Wuhan) according to the
method of Burke (2001). The spectral range falls between 50 and 4000
cm™! for the analysis of CO, Ny, CHy, and H»0 in the vapor and liquid
phase.

4.3. Isotope analytical methods

Nine quartz samples from various types of quartz—sulfide veins in
drill hole ZK5101 and ZK5352 were selected for hydrogen and oxygen
isotope analyses, including four quartz samples from S1, three quartz
samples from S2, and two quartz samples from S3 (Fig. 9a, c). In the
selection of samples for testing, secondary quartz was avoided as far as
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Fig. 5. Photographs and photomicrographs showing ore fabrics and mineral assemblages of the Huangtan Au-Cu deposit. a: Massive pyrite + chalcopyrite ores in the
drill hole; b: Veined pyrite + quartz ores; c: Massive pyrite + chalcopyrite + sphaletite ores; d: Altered pyroclastic with disseminated pyrite in S1; e: Dense massive
structure pyrite ore; f: Banded-stratoid structure of chalcopyrite + pyrite + galena ore in S2; g: Barite vein in S2 crosscut disseminated pyrite, chalcopyrite and quartz
in S1; h: Stockwork chalcopyrite in S2 crosscut altered tuff; i: Veined and banded quarta + pyrite + calcite in S2-3; j: Subhedral pyrite and chalcopyrite replaced by
sphalerite; k: Electrum-calaverite-chalcocite-sphalerite inclusions in pyrite particles; 1: Dense quartz and pyrite in massive ores; m: Pyrite replaced by galena,
chalcopyrite and quartz; n: Muscovite-polymetallic vein, including sphalerite, galena, chalcopyrite, tetrahedrite and pyrite; o: Pyrite particles replaced by chalco-
pyrite, electrum and quartz. Abbreviations: Q, quartz; Ep, epidote; Brt, barite; Ms, muscovite; Ccp, chalcopyrite; Py, pyrite; Gn, galena; Td, tetrahedrite; Cav, cal-
averite; Cc, chalcocite; Elt, electrum.

possible. The number of secondary fluid inclusions in the selected test were prepared by careful handpicking under a binocular microscope to
samples is very limited, and its influence on the experimental results is achieve a purity of 99%, which was followed by cleaning in doubly
not considered here. All the quartz samples, with sizes of 40-60 mesh, distilled water. Hydrogen and oxygen isotopes were analyzed on a
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Fig. 6. Photographs and photomicrographs of alteration features from the Huangtan deposit. a: Cu-Zn mineralization and beresitization; b: Near-ore breccia and
altered rocks at the hydrothermal channel site; c: Pyritic and potassic zone with argillic mineral assemblages, such as alunite + smectite; d: Phyllic alteration in felsic
volcanic rocks, comprising sericite, quartz, and pyrite; e: Silicification and chloritization in wall rock; f: Quartz and muscovite in sulfide vein; g-h: Calcite vein
crosscut quartz, sericite and chlorite alteration in S3; i: Jarosite, limonite and quartz at the bottom of overlain layers (Oblique light). Abbreviations: Q, quartz; Py,
pyrite; Cal, calcite; Chl, chlorite; Ser, sericite; Ms, muscovite; Jrs, Jarosite; Hem, limonite; Mal, malachite.

Finnigan-MAT 253 stable isotope ratio mass spectrometer. Using the
fractionation formula stated by Clayton et al. (1972), the oxygen isotope
ratios of water in balance with the minerals are determined. For the
same samples, the hydrogen isotopic compositions of the fluid inclusions
were analyzed. The results were normalized with Vienna gyow stan-
dards and the precisions were better than +2%. and +0.2%o. for 8D and
5180, respectively.

Some typical sulfide and sulfate samples from the main Cu-Au ore-
body and gangues were chosen for analysis of sulfur and lead isotopes.
Besides, six relevant igneous rock samples were also selected for lead
isotope analysis. Sulfur isotopic ratios were calculated using the VCDT
norm on a Delta-V plus mass spectrometer. Analytical precision and
accuracy are higher than +0.2%o.. The lead isotope analyses were per-
formed by using a thermal ionization mass spectrometry and the isotopic
ratios of the measured Pb of the international standard NBS981 are
around 0.1.

All monomineralic S-Pb-H-O analyses were carried out at the
Analytical Laboratory of the Beijing Research Institute of Uranium Ge-
ology (BRIUG). Lead isotope analyses of whole-rock samples were car-
ried out on a Neptune Plus MC-ICP-MS (Thermo Fisher Scientific,
Dreieich, Germany) at the Wuhan Sample Solution Analytical Technol-
ogy Co., Ltd, Hubei, China, using analytical procedures of Baker et al.
(2004). In situ sulfur isotope analyses were conducted using the
Resolution-S155 excimer ArF Laser ablation system at the State Key
Laboratory of Geological Processes and Mineral Resources (GPMR),
China University of Geosciences (Wuhan). Specific analytical conditions
and procedures used are given in Zhu et al. (2016).

5. Analytical results
5.1. Muscovite “°Ar/*°Ar geochronology

The Ar-Ar age spectra of the analyzed hydrothermal muscovite are
presented in Fig. 8, and the corresponding results of the Ar-Ar data are
summarized in Table 1. A muscovite sample (TC4401-1) from the late
ore stage (S3) coexisting with pyritic phyllic alteration was collected for
dating (Fig. 6a). It was incrementally heated with eleven steps from
400 °C to 1400 °C and yielded a “°Ar-3°Ar plateau age of 414.4 = 0.4 Ma,
which represents 34% of the cumulative 3°Ar released during analysis
(Fig. 8a). This age accounts for only three of the eleven steps, but it can
still extract useful mineralization information. The age spectrum shows
excess argon (*°Ar) or partial loss of minor amounts of radiogenic argon
component in the first five steps (Dalrymple and Lanphere, 1969; Vas-
concelos, 1999). Besides, this sample also yielded an isochron age of
414.4 £+ 6.2 Ma, with an intercept corresponding to the atmosphere on
the “°Ar/3°Ar axis (i.e., 4OAr/30Ar = 257; Fig. 8b).

5.2. Microthermometry and salinity

5.2.1. Petrography of fluid inclusions (FIs)

Abundant FIs trapped in the quartz-bearing veins, barite and calcite
from different mineralization stages were observed (Fig. 10), and only
primary FIs were analyzed here, according to the textural criteria of
Roedder (1984). Representative samples of each stage were chosen for
temperature measurement of FIs, including 10 quartz samples, 2 barite
samples and 2 calcite samples (Table 2). These undeformed and not
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~ Stage

Main ore S2

Supergene

Early ore S1

Mineral S2-1

Late ore S3

S2-2 ore S4

Pyrite
Chalcopyrite

Sphalerite

Calaverite

Electrum

Native gold

Galena

Bornite

Tennatite

Barite

Quartz

Sericite

Calcite

Hematite

Muscovite

Chlorite

Smectite

Malachite

Epidote

Alunite

Jarosite

Chalcocite

Fig. 7. Paragenetic sequence of ore and gangue minerals for the Huangtan Au-Cu deposit.

recrystallized samples are derived from different mineralization stages,
including primary and pseudosecondary FIs (Fig. 9a-d). Secondary fluid
inclusion data has been eliminated. On the basis of their phase propor-
tion at 25 °C (room temperature), and phase transitions during heating
and cooling, four types of FIs were revealed: (1) Liquid-rich (L-type)
two-phase Fls are the most common type from the different paragenetic
stages. They have rounded, or irregular shapes (Fig. 10a-d, h-1) and
range from 5 to 15 pm in size (Table 2). The vapor bubbles are relatively
small, ranging from 5 to 50 vol% of the fluid inclusion volume
(Fig. 10a-d, h-1). (2) Liquid-rich, solid-bearing (S-type) three-phase
inclusions have opaque or transparent daughter minerals (Fig. 10a, f-
g), and were generally trapped during the early and main ore stages. (3)
Vapor-rich (V-type) two-phase FIs are detected in S1 to S2 quartz veins
and have 50 to 95 vol% vapor bubbles (Fig. 10e). They are ellipsoidal,
irregular, and fusiform in shape and appear gray-colorless and trans-
parent with the same dimensions as L-type FIs. (4) Mono-phase liquid
(M-type) FIs generally appear as one phase (H20) at room temperature
(Fig. 10j). Besides, the gas phase of a few early Fls (S1-S2) shows varying
shades of gray, but no three-phase FIs containing liquid phase CO, are

found.

5.2.2. Microthermometry results

The microthermometric data and calculated parameters for FIs are
summarized in Table 2 and graphically illustrated in Fig. 11 and
Fig. 13a, which show the linkage between mineral assemblages, met-
allogenic stages and physico-chemical conditions. FIs in S1 are domi-
nated by L- and V-types with minor S-type. The L-type FIs homogenized
to liquid at 263-379 °C (average = 308 °C, n = 90), with densities
ranging from 0.76 to 0.86 g/cm> (Fig. 11a). Their ice-melting temper-
atures are between —10.2 °C and —3.3 °C, corresponding to salinities of
5.3 to 14.2 wt% NaCl equiv (Fig. 11b). The V-type fluid inclusion as-
semblages homogenize to vapor at temperatures of 305 °C to 348 °C
(average = 324 °C, n = 18), with densities ranging from 0.67 to 0.78 g/
cm®. They have ice-melting temperatures of —9.2 °C to —5.9 °C, corre-
sponding to salinities of 9.0-13.1 wt% NaCl equiv. The S-type FIs
contain some transparent or opaque daughter minerals that do not
disappear in the heating process, and thus unable to enumerate the
homogenization temperatures uniform temperatures and salinities.
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The S2 quartz veins are mainly comprised of L- and V-types FIs. The
L-type FIs homogenized to liquid at temperatures of 188-292 °C
(average = 240 °C, n = 54; Fig. 11c, Table 2). Their final melting tem-
peratures of ice range from —7.2 °C to —1.6 °C, with calculated salinities
of 2.8-10.7 wt% NaCl equiv and estimated to be 0.83-0.94 g/cm®
(Fig. 13a, Table 2). The V-type FIs yield ice-melting temperatures range
from —6.9 to —3.4 °C, corresponding to salinities of 5.5-10.4 wt% NaCl
equiv. Their homogenization temperatures range from 247 °C to 275 °C
(average = 258 °C, n = 11; Fig. 11c, d), with densities of 0.81-0.87 g/
cm® (Fig. 13a). A small amount of sulfide-bearing FIs (cubic crystal;
Fig. 10f) found at this stage were also failed to measure the

Fig. 9. Photographs showing Cu-Au ore fab-
rics and vein cutting relationships of the
Huangtan deposit. a: Disseminated pyrite-
bearing quartz veins (S1) hosted in the tuff at
footwall of ore bodies cutted by pyrite +
chalcopyrite + quartz vein of S2; b: Veined
sphalerite + chalcopyrite + barite (S2-2) cut-
ting S2-1 massive pyrite + chalcopyrite; c: S3
veined clean quartz cutting S2 disseminated
pyrite + gray quartz in the dacitic tuff; d: S3
calcite veinlet in the alterated dacite on the
hanging wall. Abbreviations: Q, quartz; Brt,
barite; Cal, calcite; Ccp, chalcopyrite; Py, py-
rite; Sp, sphalerite.

homogenization temperature.

The S3 quartz and calcite veins mainly contain L- and M- type FIs,
and the L-type homogenized to the aqueous liquid phase at temperatures
between 118 °C and 198 °C (average = 158 °C, n = 73), with densities
ranging from 0.90 to 1.02 g/cm®. The final ice-melting temperatures
vary from —10.2 °C to —0.2 °C with calculated salinities of 0.3 to 14.1 wt
% NaCl equiv (Fig. 11e, f, and Fig. 13a).

5.3. Laser Raman spectroscopy

Representative FIs from different stages were chosen for laser Raman
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Table 1

40Ar/39Ar stepwise heating data of sericite from the Huangtan deposit.
T(°C) Ca/K Cl/K 4" Ar/3°Ar (F) 36Ar/3%Ar %*OAr* %3°Ar in step Mol *°Ar Cum.% *Ar Age (Ma) +26
400 0.04458 0.0284 143.65593 1.88273 20.4 7.7 0.1948 7.7 429.82793 9.80898
500 0.06667 —0.00344 144.21996 0.021365 95.8 6.7 0.1678 14.4 431.3314 0.91802
600 0.02598 —0.00261 143.86788 0.012994 97.4 7.1 0.1789 21.5 430.39306 0.87343
700 0.00744 —0.00226 141.74223 0.006947 98.6 9.2 0.2309 30.7 424.71759 0.82116
800 0.00654 —0.00179 139.84923 0.005522 98.8 11.8 0.2976 42.5 419.64847 0.87795
900 0.00701 —0.00178 137.98653 0.004912 98.9 11.3 0.2854 53.8 414.64669 0.78872
1000 0.00647 —0.00182 137.43726 0.005673 98.8 11.5 0.2899 65.3 413.16918 0.75155
1100 0.00305 —0.00093 138.27584 0.005659 98.8 10.4 0.2616 75.7 415.42447 0.76769
1200 0.00577 —0.00385 138.62344 0.005315 98.9 7.2 0.1811 82.9 416.3585 0.87958
1300 0.00406 —0.00336 139.83314 0.006004 98.7 10 0.251 92.8 419.60531 0.80039
1400 0.00619 —0.00136 139.41117 0.007486 98.4 7.2 0.1804 100 418.47341 0.84598

Fig. 10. Photomicrographs of different types of fluid inclusions (Fls) in different minerals. a-b: primary and pseudosecondary FIs in quartz from S1; c: pseudose-
condary FIs in barite from S2; d: primary FIs in quartz from S3; e: the V-type FIs in the S1 quartz; f: the L-type and metal daughter mineral-bearing FIs (S-type) from
S1-2 quartz; g: the sulfate (S04%2) daughter mineral-bearing multiphase FIs (S-type) from S1 quartz; h: the L-type FIs in the S2 barite; i: the pseudosecondary L-type
FIs in the S2 quartz; j: the pseudosecondary L- and M-type FIs in the S3 quartz; k: the L-type FIs in the S3 quartz; 1: the L-type FIs in the S3 calcite. Abbreviations: S,
solid; V, vapor; L, liquid phases; M, Mono-phase; Q, quartz; Brt, barite; Cal, calcite.

spectroscopy to restrict their compositions, and parts of the spectra are composed of Hy0, CH4 and CO» (Fig. 12d-e). Besides, within S1 to S2,
shown in Fig. 12 Laser Raman analyses of individual FIs indicate that the the number of FIs detected with CO5 signal is very limited. The gas
vapor phases present at L- and V-type inclusions in S1 are H,0 and CO» components in the FIs from S3 primarily include HO, with minor CH4
with minor amounts of CH4 and Nj (Fig. 12a—c). The gas phases in the (Fig. 12f).

FIs from the quartz—polymetallic sulfide veinlets (S2) are mainly

10
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Table 2
Microthermometric data of fluid inclusions of the Huangtan deposit.
Sample Stage Host mineral FI Types Homogenization state Size/pm Tm(ice)/ °C (N) Th/ °C (N) Salinity(wt.% NaCl eq)
HT-22 S1 Quartz L+V Liquid or Vapor 5-12 —10.2 to —4.5(13) 305-348(20) 7.2-14.2
HT3-27 Barite L+V Liquid or Vapor 6-15 —8.2 to —3.3(10) 308-379(21) 5.3-11.9
HT-21 Quartz L Liquid 5-10 —8.5 to —4.6(8) 263-312(26) 7.3-12.3
HT-18 Quartz L+V Liquid 5-12 —6.9 to —3.4(4) 287-345(29) 5.6-10.4
HT-17 Quartz L Liquid 5-15 —7.5to —5.2(7) 281-325(12) 8.1-11.1
HT2-24 S2 Barite L+V Liquid or Vapor 8-16 —7.2 to —3.7(10) 235-292(20) 6.0-10.7
HT-15 Quartz L Liquid 5-10 —6.5 to —2.6(6) 188-252(14) 4.3-9.9
HT-10 Quartz L+V Liquid or Vapor 5-13 —6.9 to —3.4(11) 204-285(18) 5.6-10.4
HT-5 Quartz L Liquid 8-12 —4.2 to —1.6(7) 192-245(13) 2.8-6.7
HT-2 S3 Quartz L Liquid 5-10 —10.2 to —2.3(10) 135-198(18) 3.9-14.1
HT-4 Quartz L Liquid 6-12 —5.2to —1.9(8) 155-182(15) 3.2-8.1
HT2-9 Quartz L Liquid 5-12 —5.6 to —1.4(5) 148-187(12) 2.4-8.7
HT4-6 Calcite L Liquid 6-10 —3.7 to —0.4(9) 118-165(15) 0.7-6.0
HT2-15 Calcite L Liquid 5-15 ~3.2t0 —0.2(11) 132-178(13) 0.4-5.3
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Fig. 11. Histograms of homogenization temperature (a, ¢ and e) and salinities (b, d and f) for all types of inclusions in different ore stages of Huangtan deposit.
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Fig. 12. Representative Raman spectra of FIs in the Huangtan deposit. a: CH4, CO5 and H,0 spectra of vapor in V-type FIs of S1 quartz; b-c: CH4 and H,O spectra of
vapor in L-type FIs in S1 quartz; d-e: CH4, CO2 and H,O spectra of vapor in L-type FIs in S2 quartz; f: CH4 and H;O spectra of vapor in L-type FIs in S3 quartz.

5.4. Oxygen and hydrogen isotopes

The H-O isotopic compositions are listed in Table 3 and shown in
Fig. 13b. The calculated 5'8%0m20 values of water in equilibrium with
quartz are based on the fractional equilibrium formulae of Clayton et al.
(1972), with the average Th ( °C) of FIs in quartz from every stage. Test
results show that calculated §'80y0 values from S1 to S3 of ore-fluids
range from —6.1 to 5.6%o, and overlap those of the Cu-polymetallic
deposits in the Kalatag ore field (—5.8 to 5.9%o; Deng et al., 2020).
The measured 8D values of the quartz samples for S1, S2, and S3 are
—66.8 to —60.2%0, —58.4 to —55.4%0 and —56.1 to —53.9%o, respec-
tively (Fig. 13b; Table 3).

5.5. Sulfur and lead isotopes

The sulfur and lead isotopic data of the different minerals are sum-
marized in Tables 4 and 5, and are plotted in Figs. 14 and 15, respec-
tively. Sulfide and sulfate minerals including pyrite, chalcopyrite,
sphalerite, and barite were selected for sulfur isotope analysis. The range
of 8%*S values for all the sulfides is relatively restricted (Fig. 14a).

12

Monomineralic and in-situ sulfur isotope test results show that the pyrite
5*S values range between —3.16 and +0.50%o, with an average of
—0.98%0 (n = 26). The °*S values of chalcopyrite samples range from
—5.25%o0 to —1.41%o, with an average of —2.73%o (n = 5) The 534S values
for sphalerite range between —3.11 and —2.01%., typically averaging
—2.62%0 (n = 4; Fig. 14a, b). The 5°*S values of barite samples range
from 29.60%o to 30.80%o, with an average of 30.07%. (n = 3; Fig. 14a, b).
These 5°*S values exhibited a trend of 53451;3,me > 634SSphalerite >
534Schalcopyrite, which is consistent with sulfur isotopic equilibrium
conditions. The §2*S values of barite are highly positive, indicating that
it mainly comes from seawater, which is consistent with the Early
Paleozoic seawater evaporative salt-sulfur isotope given by Claypool
et al. (1980). Moreover, all of these minerals are comparable to the 534
values for most typical VMS deposits (Fig. 14b).

The Pb isotopic compositions of five pyrite samples show that
206p},/204p}, ratios ranging from 17.868 to 18.456, 2°7Pb/2%*Pb from
15.448 to 15.499, and 2°pb/2%*Pb from 37.350 to 37.619 (Table 5).
Two chalcopyrite samples have 2°Pb,/2°*Pb ratios of 17.878 to 17.886,
207p, /294pp ratios of 15.446 to 15.460, and 208pt, /204p} ratios of 37.351
to 37.397. Six igneous rock samples from the Kalatag district have Pb
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Table 3

Hydrogen and oxygen isotopic data of fluids from the Huangtan deposit.
Sample  Mineral stage  §'°0y. 8Dy. 8'%0m0(%e) T

smow(%o) smow(%o) (9]

HT-22 Quartz S1 10.6 —62.5 5.6 360
HT-21 Quartz S1 9.6 —66.8 4.0 340
HT-18 Quartz S1 10.3 —60.2 3.9 314
HT-17 Quartz S1 9.2 —61.2 1.7 285
HT-15 Quartz S2 9.5 —56.4 -0.2 235
HT-10 Quartz S2 7.7 —58.4 —-2.4 228
HT-5 Quartz S2 8.9 —55.4 -2.5 205
HT-4 Quartz S3 7.2 —-53.9 -5.5 185
HT-2 Quartz S3 7.0 —56.1 —6.1 180

isotope ratios of 2°°Pb/2%*Pb = 18.205 to 19.495, 2°7Pb,/2%pb = 15.536
to 15.575, and 2°Pb/2%*Pb = 38.043 to 38.491. As shown in Fig. 15, all
of these Pb isotopic data at Huangtan show analogous compositions.

6. Discussion
6.1. Timing of Au-Cu mineralization

Four distinct episodes of mineralization and magmatism have been
identified in the Kalatag district: 450-430 Ma, 390-380 Ma, 320-300

Ma, 280 Ma, and a series of age data confirm that the Late Ordovician-
Silurian is the most important mineralization period in the Kalatag area
(Fig. 8c; Deng et al., 2020; Sun et al., 2020). For example, Mao et al.
(2019) and Deng et al. (2016a) reported a reliable Re-Os isochron age of
Huangtupo and Hongshi deposits, which is 436.1 + 2.3 Ma and 429.8 +
5.9 Ma, respectively. Reliable zircon and Ar-Ar ages also confirm that
important Cu-Zn-Au mineralization occurred during this period (Deng
et al., 2016b). The mineralization age of Huangtan is constrained by the
age of the dacitic tuff at the bottom of the orebody (437.9 + 6.6 Ma) and
the Re-Os ages of auriferous pyrite (437.9 + 6.6 Ma; Sun et al., 2020).
Deposits formed contemporaneously with the Huangtan deposit are
mainly of VMS type (Huangtupo) and hydrothermal vein-type (Hon-
gshi), while the Huangtan and Huangtupo deposit have similar deposit
characteristics and close spatio-temporal relationship, showing the
characteristics of VMS deposit. Our muscovite sample has a *CAr-3°Ar
plateau age of 414.4 + 0.4 Ma, with a corresponding isochron age of
414 + 6.2 Ma. This “°Ar-3°Ar plateau age is taken as the age of mica-
cization proximal to the late quartz-sulfide ores and represents the upper
age limit of shallow hydrothermal alteration and Au-Cu mineralization,
which is consistent with the age of Huangtan mineralization (437.9 +
6.6 Ma; Sun et al., 2020). Moreover, the first three stages of this age
spectrum are coincidentally consistent with the main metallogenic
epoch of the Huangtan deposit and may record corresponding thermal
metallogenic events. In addition, geological evidence shows that the

Table 4
Sulfur isotopic composition of sulfides and sulfates from the Huangtan deposit.
No. Sample Mineral 8%4Sy.cor(%o) Remarks No. Sample Mineral 8%4Sy.cpr(%o) Remarks
1 5101-7B-3 Pyrite —2.58 in-situ 20 5101-7B-6 Sphalerite -3.05 in-situ
2 5101-7B-5 Pyrite -2.19 21 5101-7B-4 Sphalerite —-2.30
3 5101-7B-9 Pyrite -3.16 22 5101-7B-7 Chalcopyrite —5.25
4 5101-7B-10 Pyrite —0.56 23 5101-7T-3 Chalcopyrite -1.41
5 5101-7B-11 Pyrite —0.81 24 5101-10-1 Chalcopyrite -1.94
6 5101-7B-12 Pyrite -0.21 25 5101-13-4 Chalcopyrite —-2.74
7 5101-7B-13 Pyrite —0.59 26 5101-13-5 Chalcopyrite -2.31
8 5101-7T-1 Pyrite —0.60 27 ZK2-5352-20B Barite 29.80
9 5101-7T-2 Pyrite -0.57 28 ZK2-5352-20B Barite 29.60
10 5101-7T-4 Pyrite —0.65 29 ZK2-5352-20B Barite 30.80
11 5101-7T-5 Pyrite —0.67 30 5101-4 Pyrite -1.9 monomineral
12 5101-13-1 Pyrite —0.81 31 5101-6 Pyrite -1.4
13 5101-13-2 Pyrite -0.70 32 5101-10 Pyrite —-2.2
14 5101-13-3 Pyrite —1.02 33 5101-11 Pyrite -0.5
15 5101-10-2 Pyrite -1.14 34 5101-11(2) Pyrite —0.1
16 5101-10-3 Pyrite —0.48 35 5101-12 Pyrite -1.4
17 5101-14-1 Pyrite 0.50 36 5101-13 Pyrite -0.5
18 5101-7B-1 Sphalerite —-2.01 37 5101-21 Pyrite —0.1
19 5101-7B-2 Sphalerite -3.11 38 5101-22 Pyrite -1.2

13
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Table 5
Lead isotope compositions of sulfides and rocks from the Huangtan deposit.
No. Sample Mineral or rock 208pt, /204pp, Std err 207pp, /204pp Std err 206pt, /204pp, Std err
1 5101-6 Pyrite 37.619 0.005 15.499 0.002 18.456 0.003
2 5101-10 Pyrite 37.350 0.004 15.448 0.002 17.868 0.002
3 5101-11 Pyrite 37.376 0.003 15.457 0.002 17.877 0.002
4 5101-11(2) Chalcopyrite 37.397 0.005 15.460 0.002 17.886 0.002
5 5101-12 Pyrite 37.456 0.004 15.465 0.002 17.909 0.002
6 5101-13 Chalcopyrite 37.351 0.003 15.446 0.001 17.878 0.001
7 5101-21 Pyrite 37.539 0.008 15.492 0.003 17.921 0.003
8 TC4300-9 Quartz diorite 38.491 0.002 15.567 0.001 19.495 0.001
9 TC4400-11 Quartz diorite 38.267 0.002 15.552 0.001 19.231 0.001
10 4301-3 Quartz diorite 38.271 0.002 15.548 0.001 19.220 0.001
11 4401-2 Basalt 38.043 0.001 15.536 0.000 18.332 0.000
12 TC4400-8 Andesite 38.243 0.001 15.554 0.001 18.205 0.001
13 TC4400-1 Dacitic tuff 38.466 0.001 15.575 0.001 19.375 0.001
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Huangtan deposit and peripheral altered pyroclastic

rocks have simul-

taneously experienced regional compression deformation and frag-
mentation. This *“°Ar-3°Ar plateau age may also represent the age of
regional tectonic activity. Similar tectonic deformation events have been

observed in the adjacent Huangtupo deposit (Mao et

al., 2019).

6.2. The nature of the ore-forming fluids

14

FIs of the Huangtan Au-Cu deposit are dominated by liquid-rich (L-
type) two-phase inclusions, suggesting a relatively simple salt-water
system and similar to most VMS deposits, which are characterized by
low salinity and limited CO2-dominant inclusions (Luders et al., 2001;
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Zaw et al., 2003). Petrographic observations and statistics show that
there is a certain pattern of variation in fluid inclusion types and peak
homogeneous temperatures from deep to shallow (Fig. 16). Primary FIs
in the hydrothermal channel vein-disseminated ores have higher ho-
mogenization temperatures (230 to 380 °C, peak 310 °C) than those of
FIs in the shallow exhalative-sedimentary layered-massive ores (170 to
300 °C, peak 240 °C). The petrographic and microthermometric studies
of primary FlIs hosted in quartz and barite from S1 to S3 display a gradual
decrease of temperature, i.e., the homogenization temperatures range
from 379 °C to 118 °C (Table 2, Fig. 11 and Fig. 13a). Fluid salinity
shows a similar decreasing trend, i.e., from 14.2 to 0.3 wt% NaCl equiv,
indicating fluid mixing or dilution. The homogenization temperature
and salinity ranges are consistent with most Au-rich and auriferous
VMS-type deposits (Mercier-Langevin et al., 2011).

The peak temperature interval of FIs in the S1 ranges from 300 °C to
310 °C, showing the characteristic of a medium temperature fluid, i.e.,
typical features of intermediate-density, VMS-type FIs (Luders et al.,
2001). Widespread chlorite formation around the orebodies evidences a
rapid temperature decrease at this stage, with temperatures of 255 +
50 °C (Zang and Fyfe, 1995). Halite-bearing inclusion was rarely iden-
tified in the S1 hydrothermal quartz, except for several sulfate-bearing
inclusion (Fig. 10g). Pyrite-bearing S-type FIs have been frequently
observed, which means that local high-salinity and high ore-bearing
fluid activity in initial ore-forming fluids during the early ore stage
(Fig. 10f). Some low-salinity L- and V-types FIs coexist and have similar
homogenization temperatures (Table 2; Fig. 10e), suggesting the exis-
tence of local fluid immiscible or boiling (Hedenquist et al., 1998;
Simmons et al., 2005). Fluid immiscibility results in an obvious loss of
volatiles such as Ny, CH4, and CO9, but no liquid CO, -bearing three-
phase inclusions were found throughout the evolution process (Heden-
quist et al., 1998; Simmons et al., 2005). FIs of the same type with
opposing homogenization characteristics (to liquid and vapor) at similar
temperatures provide further evidence for local fluid boiling. For
example, co-existing L-, and V-type FIs are homogenized to liquid and
vapor at temperatures of 305-319 °C, which indicates boiling (Cheng
et al., 2020). This situation will promote the occurrence of water-rock
reaction and aggravate hydrothermal alteration.

The decreasing temperatures and salinities of fluids, and abundance
of barite during S2 could reflect an incursion of an external fluid (Fig. 5g,
Fig. 10h and Fig. 11). We speculate that the mixing of ancient seawater
and magmatic water in the main metallogenic stage (S2) may be a
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crucial factor of mineral precipitation. The FIs found in the quartz and
calcite from S3 are characterized by low homogenization temperatures
(118-198 °C) and low salinities (0.3-14.1 wt% NaCl equiv), which
represent the waning and coolest stage of this hydrothermal evolution
system and the end of mineralization (Fig. 11e, f). Mixing with seawater
results in increased hydrothermal fluid density and local salinity
(Fig. 13a). Ore-forming fluids at this stage belongs to a typical H;O-NaCl
system.

In addition, laser Raman analyses indicate that the CO5, CH4 and Ny
contents from S1 to S3 tend to decrease gradually. The ore fluid evolved
can be described from an early HoO-NaCl + CO, 4+ CH4 system to a late
NaCl-H0 system with mineralizing fluid diluted and reduced. We
conclude that mineral (Cu-Zn-Au sulfides) precipitation from ore fluids
is mainly due to P-T and pH change as the hydrothermal fluids upwelling
and mix with cold, ambient seawater.

6.3. Source of ore-forming fluids and materials

6.3.1. Sources of the ore-forming fluids

The quartz samples from the S1 quartz veins show relatively high
8'%0m20 (1.7 to 5.6%0) and 8Dy.smow (-60.2 to —66.8%0) values,
consistent with those reported in other VMS metallogenic deposits (e.g.,
Huangtupo deposit; Cheng et al., 2020; Huston, 1999), indicating a
magmatic fluid dominated signature (Fig. 13b; Sheppard and Gustafson,
1976; Taylor et al., 1974; Taylor and Sheppard, 1986). The samples from
the S2 and S3 show relatively lower 61801.120 (—6.1 to —0.2%o) and &Dy.
smow (—58.4 to —53.9%o) values than those from S1 veins. All samples
are plotted out of the primary magmatic water box region and extended
towards the meteoric water line and SMOW zone, indicating that large
amounts of seawater were involved in mineralization (Fig. 13b). The
mixing of seawater may be a major factor for the lower values of 5020
than magmatic fluid. This process happened predominantly in the
higher permeability areas near the seafloor where discrete circulation
cells are formed and seawater recharge is enhanced (Hannington et al.,
2005). Besides, studies have shown that elemental sulfur and acid can be
produced by oxidation and hydrolysis reactions when sulfur gases mix
with seawater (e.g., Giggenbach, 1996; de Ronde, 2005). Some
advanced argillic mineral assemblages of silica polymorphs + native
sulfur + alunite + pyrite + kaolinite were found at Huangtan, especially
at the channel site (Fig. 6b), which further evidence for the presence of
magma fluid mixed with seawater (de Ronde, 2005). These features
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Table 6

Geological characteristics of Huangtan and Huangtupo deposits in the Kalatag district, Eastern Tianshan.

Gangue Reference

Ore mineral

Major

Mineragenetic Occurrence of

epoch

Ore-controlling Intrusion

structure

Host rocks

Reserve@ ore

Metals
grade

Type

Longitude,
latitude

Deposits

mineral

alteration

orebody

Quartz + Deng et al.,

Pyrite +

Silicification,

Au: 5 t@>1g/t; Ordovician-Silurian NW-trending  Quartz diorite, Early Silurian Stratoid Cu-Zn
Cu:10Kt@0.3%; volcanic rocks (O4) faults Rhyolite

In:

Au-Cu-Zn

VMS

91°56’ 05" E,

Huangtan

2020; Sun

chalcopyrite + sericite +

pyritization,

(4370 + 6Ma) orebody and

42°34'08"N

et al., 2020

barite +

sphalerite +

galena

lenticular Au sericitization,
phyllic

orebody

porphyry

carbonate

100Kt@1.5%

alteration,
carbonate

Cu:300Kt@1.49%;
Zn:280Kt@3.51%;
Au:7.1 t@0.6 g/t;
Ag:281 t@26 g/t;

Cu-Zn-(Au-Ag-

Ga-Cd)

VMS

91°55'40" E,

Huangtupo

42°36’ 39"N

—(Honghai)

Ga:278 t@12.9 g/t;
Cd:372 t@17.3 g/t

Quartz + Deng et al.,
2016a,b

Pyrite +

Phyllic

orebody and vein alteration,

Quartz diorite, Early Silurian Massive Cu-Zn

granite, and
granite

Ordovician-Silurian NW-trending

volcanic

chalcopyrite + sericite +

(434 + 4Ma)

faults and

barite +

sphalerite +

chloritization, galena +

epidotization,
albitization,
carbonate

type Cu orebody pyritization,

contact zone

sedimentary rocks

(M)

chlorite +
tetrahedrite + carbonate +

pyrrhotite

porphyry

between the

felsic lava and

tuff

plagioclase
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were similar to other contemporaneous deposits in this area (i.e., those
deposits showed 8Dy.gyow values from —136 to —36%o and 6180Hzo
values from —5.8 to 5.9%o; Fig. 13b; Deng et al., 2020). This could mean
that the Huangtan deposit formed near a magmatic-hydrothermal
channel and ore-forming fluids were derived mainly from magmatic
fluids mixed with deep-circulation seawater.

6.3.2. Sources of sulfur and metals

In general, the sulfur enrichment with 543 values ranging from —5
to +5%o0 in VMS deposits is commonly interpreted to have a magmatic
sulfur origin (Franklin et al., 2005). The 534S values of sulfides in the
Huangtan Au-Cu deposit have a limited range from —5.25 to 0.50%o
(average = —1.44%o, n = 35), and are similar to but slightly more
negative than those of sulfides from the majority of magmatic-
hydrothermal deposits (—3 to +1%o; Hoefs, 2009). These 5%4s data
tend to shift toward more negative values with progressive precipitation
of sulfide minerals. The lack of large volumes of terrigenous sediment at
Kalatag district suggests that negative 5°*S values are not due to the
biogenic reduction of seawater sulfur, although local bacterial activity
in the hydrothermal plume may have had a limited effect on a seawater
sulfate source. We believe the negative 5>4S values are mainly related to
the disproportionation of SO3 and may be inherited from the magmatic
source by the following reaction: 3505 + 3H20 = SO 4+ 2H* + 2HSO4,
450, + 4H,0 = H,S + 3H' + 3HSO4~ or 2H,S + SO — 2H,0 + 3S°
(Gamo et al., 1997; Hannington et al., 2005; de Ronde, 2005; de Ronde
etal., 2011). This means that acid and sulfate can be largely generated in
volcanoes discharging high concentrations of magmatic volatiles
(Massoth et al., 2003). The presence of sulphate minerals in FIs and
alteration ranges also confirms the occurrence of this process (Fig. 6b, i
and Fig. 9g).

Besides, the Pb isotope ratios of the seven sulfide samples were
similar and showed well comparability with the values of associated
igneous rocks (Fig. 15a, b). The majority of Pb isotopic compositions of
the Huangtan sulfides plot in the field between the upper mantel and
crust, reflecting mixed mantle and upper crustal sources (Table 4;
Fig. 15). The Early Paleozoic magmatism may have contributed most of
the lead and ore-forming metals (Sun et al., 2020). This result coincides
well with the deficiency of Cu and Zn metallogenic elements in altered
footwall volcanic rocks. Moreover, Sr-Nd isotope analyses of volcanic
rocks in the Huangtan deposit have relatively homogeneous Nd isotopic
compositions of exg(t) = 5.3 to 7.2 and are in close agreement with the
isotopic data of corresponding sulfides (Sun et al., 2020). The magmatic
fluids, therefore, may contribute significant amounts of sulfur and
potentially appreciable metallic components. Some fluid-inclusion evi-
dence indicates that magmatic vapors can carry exceptionally high
metal contents (Williams-Jones and Heinrich, 2005), thus raising the
possibility that a short-term, limited-volume, magmatic flux could be
very important in providing metals to the system. We also found FIs
containing metallic mineral crystals in the quartz of the early and main-
stage (S1-2; Fig. 10a, f), which indirectly proves this point.

To summarize, the initial, hottest ore-forming fluids were predomi-
nantly derived from Early Paleozoic magmas and underwent a varying
degree of mixing with seawater. The ore-forming materials were mainly
derived from the upper mantle with a minor contribution of crust.

6.4. Ore genesis of the Huangtan deposit

It is well documented that the Cu-Au mineralization of the Kalatag
orefield is closely associated with the Early Silurian intra-ocean arc
rifting environment during the northward subduction of the oceanic
lithosphere (Chai et al., 2019; Sun et al., 2020). Several ancient calderas
(Yudai, Hongshan, Meiling, Hongshi, and Honghai) developed at this
period, accompanied by a series of NW- and NNW-striking faults (Mao
et al., 2019). These structures constitute important ore-controlling and
ore-hosting structures in the Kalatag district. For example, some
outward-dipping faults around the calderas are identified as critical
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transport pathways for seawater and geothermal fluids. The known
Huangtupo, Hongshi, Meiling, and other deposits are obviously
controlled by these structures (Fig. 2). As a newly discovered deposit,
the Huangtan deposit shows similar geological and geochemical features
to the adjacent Huangtupo VMS Cu-Zn deposit (Sun et al., 2020; Deng
et al., 2020). They have the same metallogenic tectonic setting, similar
metallogenic epoch and assemblage of elements, minerals and rocks
(Table 6; Mao et al., 2019; Sun et al., 2020). After comprehensive
consideration, the possibility that Huangtan deposit belongs to other
types of deposits is excluded. The comparison of geological character-
istics of the two deposits is summarized in Table 6 and graphically
illustrated in Fig. 16. Similar origins of their ore-forming materials and
fluids are also illustrated by the S-Pb-H-O isotopic compositions
(Fig. 13b, Fig. 14, and Fig. 15). One obvious difference is that the
Huangtupo deposit is rich in copper and zinc, while the Huangtan de-
posit is relatively rich in gold and copper. Moreover, the main ore stage
of Huangtupo has hydrostatic pressure of 13-17 MPa and depth of >
1000 m (Gao, 2013), while that of the Huangtan deposit (S3) has a lower
metallogenic pressure (<10 MPa) and shallower depth (<1000 m). In
general, VMS deposits are clustered, and some VMS deposits associated
with caldera-forming faults usually have similar ore-forming element
differences with Huangtupo-Huangtan deposits (Stix et al., 2003; Martin
etal., 2021). The VMS deposits rich in Zn and Cu usually occurred in the
deeper water environment at the core of a subsidence structure, while
the VMS deposits rich in Au-Cu may be formed in the shallow water
environment along the margin of the subsidence structure (Kerr and
Gibson, 1993). This situation can be explained as that the ore-forming
fluid emanating from faults at structurally higher levels are subjected
to greater boiling at shallower water depths, which is conducive to gold
precipitation and enrichment (Stix et al., 2003). Similar instances
developed in the Noranda, Canada, and is consistent with the VMS
metallogenic system of Huangtan-Huangtupo (Kerr and Gibson, 1993;
Gibson and Watkinson, 1990). In addition, black smoke vents in modern
seafloor hydrothermal systems develop only in the high-temperature
portion of the system with extinct sulfide accumulations preserved
distally. At the margin of the sulfide mound, white chimneys usually
form and release lower-temperature fluids, which is more Au-rich than
black chimneys (Webber et al. 2017; Martin et al., 2021). Such a hy-
drothermal system may also have occurred in the Early Paleozoic
Kalatag district. The Huangtan deposit may be a distal adjunct of the
Huangtupo submarine hydrothermal system, and there may be potential
undiscovered similar deposits in the Kalatag district.

In our opinion, the subvolcanic intrusions in the field are considered
to be a heat source to drive the hydrothermal convective system and a
potential direct source of some metals. Under immiscibility, magmatic
fluids overflowed and carried metallogenic material invaded the frac-
tures in the Daliugou Formation. Gold in the bottom surrounding rock
was initially mobilized during high-temperature (>350 °C) fluid-rock
interaction, that form a source region for some metals (Mao et al.
2019). The negative pH and positive Al anomalies in hydrothermal
plumes are considered to reflect volcanic degassing of CO and SO
(Gamo et al., 1997; Hannington et al., 2005). Widespread muscovite and
potash feldspar in Cu-polymetallic veins provide direct evidence of
venting of volcanic-derived sulfur gases (Fig. 5n). The ore-forming fluid
heated by deep magma chambers rises along the caldera faults at
decreasing temperature and pressure, leading to local boiling and pro-
ducing an ore-forming HyO-NaCl + CO; + CH4 hydrothermal fluid
system (Stix et al., 2003). In addition, the peripheral parts of the fluid
system further interacted with the surrounding rocks, accompanied by
leaching and enrichment of metallogenic metals, such as Cu, Zn, Au, and
Fe, in the stratum. Cold ambient seawater flowed downward through
peripheral faults, and mixed with magmatic fluids within the transi-
tional zone, which facilitates the precipitation of secondary pyrite that
incorporates trace metals. Some veined and disseminated mineralization
occurred mainly at, or within close proximity to the spreading axis at
this stage (<250 °C). In the shallow low-temperature alteration zone, an
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increase in seawater entrainment further cools and dilutes the hydro-
thermal system, which is shown by the assemblage smectite + chlorite
+ barite + pyrite and/or hematite 4+ goethite + zeolites (Fig. 6a, b).
These changes forced the pH increase and the oxygen fugacity change,
consequently reducing the stability of metallic particles (Franklin et al.,
2005; Voute et al., 2019) and leading to precipitation of major sulfides in
the feeder zone near a caldera. The ore-forming mechanism model is
schematically shown in Fig. 16. This genetic model we proposed to ac-
count for the spatial distribution of the VMS-type Cu-Au-Zn minerali-
zation can be used for prospecting. The peripheral and distal area
around Huangtan-Huangtupo mineralization has potential for more
VMS deposits. Regionally, the Early Paleozoic caldera structure should
be further identified for exploration of VMS Cu-polymetallic deposits.

7. Conclusions

1. The muscovite sample found at the late ore stage (S3) coexisting with
pyritic phyllic alteration has a **Ar-2Ar plateau age of 414.4 + 0.4
Ma, which represents the upper age limit of shallow hydrothermal
alteration and Au-Cu mineralization.

2. Sulfur and lead isotope composition of sulfides imply that the ore-
forming materials were mainly derived from the upper mantle with
a minor contribution of crust in the Huangtan deposit. Micro-
thermometry, 5'80u20 and 8Dy.gonw values for the FIs constrain that
the ore-forming fluids are characterized by low-medium tempera-
tures and low salinities, consisting of magmatic fluids that mixed
with seawater fluids. The FIs define an HyO-NaCl & CO5 + CHjy-
bearing hydrothermal evolutionary system.

3. The presence of COy-bearing FIs coexisting with liquid- and vapor-
rich inclusions in the S1 quartz veins suggests that fluid phase sep-
aration occurred at the early mineralization. The precipitation of
sulfide and gold was mainly controlled by the rapid temperature
drop and pH rise due to the mixing of magmatic fluid with seawater.
Fluid mixing and local boiling can promote hydrothermal alteration
and mineralization.

4. The Huangtan deposit may be a distal product of the adjacent
Huangtupo VMS deposit. These two VMS deposits constitute a
unique VMS metallogenic system, which provides an important
research object for ore prospecting in the peripheral Gobi Desert
area.
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