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deposits in the Tethys Himalayan
metallogenic belt: Evidence from
He—Ar and S isotopes of stibnite

Yang Li*?, Chenghui Wang?*, Yubin Li**, Yan Sun?, Mima Puchi®,
Xudong Zhang?®, Gesang Lamu® and Zong Yang’

!College of Earth Sciences, Chengdu University of Technology, Chengdu, Sichuan, China, 2Institute of Mineral
Resources, Chinese Academy of Geological Sciences, Beijing, China, *College of Engineering, Tibet
University, Lhasa, Tibet, China, “Regional Geological Survey Team, Tibet Bureau of Geological Exploration
and Development, Lhasa, Tibet, China, °No.5 Geological Brigade, Tibet Bureau of Geological Exploration and
Development, Golmud, Qinghai, China, °®No.6 Geological Brigade, Tibet Bureau of Geological Exploration
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Introduction: The Abunabu antimony mining area is located between the
Indus—Yarlung Tsangpo suture and the southern Tibetan detachment system. Ore
deposits in the mining area provide an excellent opportunity to understand the
nature and genesis of antimony mineralisation in the Tethys Himalayan metallogenic
belt.

Methods: In this study, we analysed the He—Ar and S isotopic compositions of
stibnite-hosted fluid inclusions as a basis for investigating the sources of ore-forming
fluids in the Abunabu mining area and the Tethys Himalayan metallogenic belt.

Results: The analysed stibnites have “He contents of 0.016 x 1077-1.584 x 10~/ cm?
STP/g, “°Ar contents of 1.37 x 107-2.94 x 1077 cm?® STP/g, “°Ar/*®Ar ratios of
303.8-320.7, and *He/*He (Ra) ratios of 0.021-0.351. These isotopic features
indicate that the ore-forming fluids were primarily metamorphic fluids of crustal
origin, with small amounts of magmatic-derived materials and modified air-saturated
water with low “°Ar*/*He ratios. The §**S values of stibnite vary within a narrow range
of —4.9%. to —3.5%., with a mean value of —4.31%., indicating a deep magmatic origin.

Discussion: On the basis of these results and a compilation of data for sulphide
deposits in the metallogenic belt, we infer that compositional variations in the He and
Ar isotopes of the ore-forming fluids of each antimony deposit in the Tethys
Himalayan metallogenic belt are independent of each other. This suggests that
antimony deposits in the belt had similar ore-forming fluid sources and mixing
processes and that differences in the metallogenic tectonic setting within the belt
emerged only in the later stages of deposit evolution. Our new results and compiled
data also show that antimony—gold deposits and lead—zinc—antimony polymetallic
deposits in the Tethys Himalayan metallogenic belt differ in their sulphur isotopic
compositions and that multiple sulphur sources were involved in each of these types
of deposit.

KEYWORDS

source of ore-forming fluid, metallogenic phase, Tethys Himalaya, Abunabu antimony
mining area, He-Ar-S isotopes

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2022.1033124/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1033124/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1033124/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1033124/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.1033124&domain=pdf&date_stamp=2023-01-06
mailto:wangchenghui@mail.cgs.gov.cn
mailto:wangchenghui@mail.cgs.gov.cn
mailto:liyb73@163.com
mailto:liyb73@163.com
https://doi.org/10.3389/feart.2022.1033124
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.1033124

Li et al.

1 Introduction

The Tethys
metallogenic belt is located in southern Tibet and consists of

Himalayan lead-zinc-antimony polymetallic
various types of Cenozoic polymetallic deposit, such as antimony,
antimony-gold, gold, lead-zinc, and lead-zinc-antimony deposits.
Major deposits include the Chegiongzhuobu antimony, Abunabu
antimony, Mazhala antimony-gold, Chapula gold, Jisong lead-zinc,
and Zhaxikang lead-zinc-antimony polymetallic deposits (Yang et al.,
2006; 2009; Zheng et al., 2014; Sun et al.,, 2016; Sun et al., 2018; Zhai
et al.,, 2018; Cao et al., 2019; Wang et al., 2020; Zhang et al., 2021).
Although no copper or molybdenum deposits have been discovered in
this metallogenic belt, rare-metal (such as tungsten, tin, beryllium, and
rubidium) ore deposits have been discovered (Li et al., 2017; Liang
etal., 2018; Cao et al.,, 2021). The Tethys Himalayan metallogenic belt
has attracted broad scientific interest, and numerous studies have
focused on the ore-forming geological features, ore-controlling
factors, metallogenic material sources, metallogenic epochs, and
ore-forming processes of antimony-(gold) and lead-zinc deposits
(Nie et al., 2005; Hou et al., 2006; Yang et al., 2006; Qi et al., 2008;
Zheng et al., 2012; Zhai et al., 2014; Duan et al., 2016; Wang et al., 2017;
Xie et al., 2017; Liang et al., 2018; Sun et al., 2018). Some previous
studies have established the properties and sources of ore-forming
fluids in the antimony deposits (Meng et al., 2008; Yang et al., 2009;
Zhu et al., 2012; Xie et al.,, 2017). Investigation of ore-forming fluids is
crucial to the study of hydrothermal ore deposits because these fluids
can be used to determine the type of ore deposit, establish the genesis
of ore deposits, and guide exploration (Guo et al,, 2011). Previous
studies have investigated ore deposits in the
Longzi-Cuona-Cuomei-Jiangzi in the Tethys
Himalayan metallogenic belt (Wen et al., 2006; Yang et al., 2006;
Zhu et al., 2012; Xie et al., 2017; Wang, 2019a; Wang, 2019b; Liang,
2019; Wang et al., 2021). However, the genesis of the antimony, gold,

area eastern

antimony-gold, and lead-zinc-antimony polymetallic deposits in the
central and western parts of this metallogenic belt remains poorly
understood and continues to be debated (Nie et al., 2005; Yang et al.,
2006; Yang et al., 2009; Kali et al., 2010; Hou and Zhang, 2015; Xie
et al,, 2017). One of the major topics of debate is the classification of
the genetic type of the antimony-gold deposits in the belt, with
2016),
exhalation sedimentation-hydrothermal reformation (Zheng et al.,

proposals including hydrothermal-vein (Duan et al,

2014), epithermal cryogenic hydrothermal (Qi et al, 2008) and
orogenic (Zhai et al., 2014; Zhai et al., 2018) types.

The Abunabu antimony mining area is located in the western
Tethys Himalayan metallogenic belt, approximately 164 km southeast
of Shiquanhe Town, Gar County, in the Ali area of Tibet Autonomous
Region. Earlier exploration campaigns have revealed that this is a
large-scale antimony mining area, with a resource of more than
100,000 t at 4.93% antimony (Fang et al., 2006; Chen et al., 2011).
Hence, studying the genesis of the ore deposits in the Abunabu mining
area is of significance for revealing the nature and evolution of
antimony mineralisation in the Tethys Himalayan metallogenic
belt. In this paper, we report the results of detailed field geological
and microscope mineralogical investigations and He-Ar-S isotopic
geochemical analyses of the Hamuqu and Quzhen antimony deposits
in the Abunabu mining area. In addition, we conduct a comparison
with the He-Ar-S isotopic compositions of typical antimony deposits
in the Tethys Himalayan metallogenic belt to clarify the sources of ore-
forming fluids and metals.
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2 Regional geological setting

The Himalaya-Tibetan orogen is a tectonic assemblage of five
W-E-trending terranes: (from north to south), the Songpan-Ganzi,
North Qiangtang, South Qiangtang, Lhasa, and Himalayan terranes.
The Himalayan terrane is separated from the Lhasa Block by the
Indus-Yarlung Tsangpo suture (IYTS) and from the Indian plate by
the Main Frontal Thrust (Figure 1A; e.g; Yin and Harrison, 20005
Zhang et al., 2004; 2007; Zhang, Zhang, et al., 2012; Cao et al., 2018;
Dai et al, 2020; Pan et al.,, 2022; Ma et al.,, 2022). The Himalayan
terrane is divided (from north to south) into the Tethys Himalayan
sequence (THS), the Greater Himalayan Crystalline Complex
(GHC), the Lesser Himalayan sequence (LHS), and the sub-
Himalayan sequence (SHS), which are separated by the southern
Tibet detachment system (STDS), the Main Central Thrust fault
(MCT), and the Main Boundary Thrust fault (MBT), respectively
(Burchfiel et al., 1992; Yin, 2006; Martin, 2017). Phanerozoic strata
exposed in the THS have been deposited on the Indian passive
continental margin (Cao et al., 2018; Cao et al., 2020) and comprise
mainly Palaeozoic to Palaecogene, low-grade-metamorphic, siliceous
clastic and carbonate rocks (Myrow et al., 2019). A series of north
Himalayan gneiss domes are developed in the centre of the THS
(Cao et al,, 2021). Previous studies have suggested that the Neo-
Tethyan Ocean opened before the Late Triassic (ca. 230 Ma; Cao
etal., 2018) and that oceanic crust began to subduct north-eastward
beneath the Lhasa terrane during the Triassic (Wang et al., 2016;
Cao et al,, 2018; Cao et al., 2020). Rift-related basalts and turbidites
of the Langjiexue Group are exposed in the Himalayan region (Cao
et al., 2018; 2021; Huang et al., 2018). During the Late Jurassic to
Early Cretaceous, the Cuomei igneous province formed, and the
Indian plate started to drift northwards from the Australian plate
(Zhu et al, 2009; Olierook et al, 2019).
Jurassic-Cretaceous, numerous marine clastic and carbonate

During the

rocks were deposited in the passive continental margin of India.
These strata are important host rocks of Pb-Zn-Ag-Sb-Au deposits
in the Himalayan region (Yang et al., 2009). Neo-Tethyan oceanic
crust was completely subducted beneath the Lhasa plate, and
intercontinental collision occurred between the Indian and Lhasa
plates during the Cenozoic (55 + 5 Ma; Hu et al., 2016; Searle, 2019),
followed by the subduction of the Indian continental crust (Cao
et al., 2021).

In detail, the Himalayan terrane is divided into four major tectonic
units (Cao et al,, 2018; Figure 1B), which (from north to south) are as
follows: (1) The THS, consisting of lower Palaeozoic to Eocene clastic
and carbonate rocks deposited on the northern Indian passive margin;
(2) the GHC, composed of a Proterozoic to Palaecozoic upper-
amphibolite- to granulite-facies metasedimentary sequence (Kohn,
2014); (3)
amphibolite-facies metasedimentary sequence (Richards et al., 2005;
Kohn, 2014); and (4) the SHS (Neogene Siwalik Formation),
comprising Miocene-Pliocene foreland basin deposits. These four

the LHS, including a Proterozoic greenschist-to

tectonic domains are separated by five boundary systems; i.e., the
IYTS, STDS, MCT, MBT, and MFT (Figure 1B; Guillot et al., 2008;
Cao et al., 2018). Within the Himalayan terrane, two sub-parallel belts
of Cenozoic leucogranites have been identified: the Tethys Himalayan
leucogranite belt (also termed the north Himalayan granite) to the
north and the High Himalayan leucogranite belt to the south
(Figure 1B; Wu et al, 2015; Cao et al., 2022). Intrusions with
evident silicification, sericitisation, and carbonatisation have a close
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FIGURE 1

Tectonic map of the Himalaya—Tibetan Plateau region: (A) geotectonic sketch of southeastern Asia (Yin and Harrison, 2000; Cao et al., 2018); (B)
simplified geological map of Himalaya, showing the major antimony polymetallic deposit (modified after Cao et al., 2018; Guillot et al.,, 2008; Zhang et al.,

2019; Dai et al., 2020).

spatial relationship with antimony, antimony-gold, and gold deposits
(Nie et al., 2005).

In terms of tectonic location, the Abunabu mining area is located
in the southern margin of the Yarlung Tsangpo suture belt and the
western section of the Tethys Himalayan metallogenic belt. The area
contains mainly Silurian-Triassic, Palaeogene, and Quaternary
strata (Figure 2). The main ore-bearing horizon is the Triassic
Qiongguo Group (T,,Q), which is a set of lower-greenschist-
facies metamorphic rock series with strong deformation. The
primary lithology consists of slate, meta-sandstone (meta-
conglomerate), and limestone, with mostly deep-sea turbidite
deposits (Zhang et al., 2005).

The Late (Kymlg) is a
tectonic-lithostratigraphic unit that is sporadically distributed as
fragments and blocks. The exposed Nizha mélange (K,nmlg) and
Boku mélange (K,bmlg) are material components of the ophiolite and

Cretaceous  mélange

meélange in the centre of the NW syncline in the western section of the
Yarlung Tsangpo suture zone and together are also known as the

Frontiers in Earth Science 03

85°

northern tectonic mélange of the Brahmaputra junction. Magmatic
rocks are distributed in the mining and surrounding areas and include
Late Cretaceous Banguori lherzolite (K,bgo), porphyritic quartz
monzodiorite (K,m70), and belugite (K,6v). Medium-fine-grained
(Eyzxny) and medium-coarse-grained (E,czny) monzogranites
represent the products of plate subduction—collision events during
the Mesozoic—-Cenozoic evolution of the Tethyan tectonic regime
(Zhang et al., 2005).

3 Ore deposit geology

The Hamuqu and Quzhen deposits (from old to new) are
preserved in the Lower-Middle Triassic Qiongguo Group (T;.,Q),
the Palaeogene Liuqu Group (E, ,Lg), and Quaternary strata (Figures
3A,B). Of these, the Quzhen deposit is hosted in Early Cretaceous
ultramafic rocks (K;X) and Late Cretaceous gabbros (K,v) (Fang et al.,
2006; Chen et al., 2011).
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FIGURE 2

Regional geological map of Abunabu antimony ore concentration area (Zhang et al., 2005).

3.1 Hamuqu ore deposit siliceous slate. The No. I orebody is strictly controlled by the structure
(faults) and is generally distributed along the NNE direction, with a
steep dip angle of 65°-80° (Figure 4A). The No. II orebody is located to
the northeast of the No. I orebody and is controlled by a NNE-
trending pre-mineralisation fault; the wall-rock is Lower-Middle

Triassic Qiongguo Group slate (Figure 3A). This orebody generally

Two orebodies have been discovered in the Hamuqu antimony
deposit. The mineralised alteration zone is formed in the
Lower-Middle Triassic Qiongguo Group (T;,Q), which is a low-
metamorphic-grade rock series composed of sericite slate and sericite

Frontiers in Earth Science 04 frontiersin.org
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FIGURE 3

Geological maps of Hamuqu (A) and Quzhen (B) antimony deposits (Fang et al., 2006; Chen et al,, 2011).

strikes NNE and is inclined WNW, with a dip angle of approximately
70°. The antimony orebodies of the Hamuqu deposit are mostly
veined, bead-like, and lenticular. The ore minerals are primarily
stibnite, with minor pyrite and arsenopyrite, whereas the gangue
minerals are mainly quartz and sericite. The ore structure is
dominated by columnar, columnar mosaic, and fragmentation and
crush structures, appearing mostly in the form of crystal clusters,
veinlet dissemination, agglomerates, and sparse dissemination
(Figures 4C-F). Wall-rock alteration is dominated by silicification
and sericitisation, with minor pyritisation. Stibnite mineralisation is
closely related to silicification and sericitisation, with sericitisation
occurring later than silicification (Fang et al., 2006).

3.2 Quzhen ore deposit

A total of 17 antimony orebodies have been found in the Quzhen
deposit. Antimony orebodies I-II are developed primarily near Late
Cretaceous altered gabbro (K,v) plutons (Figure 4B), extending
southwards to slate sandstone of the Lower-Middle Triassic
Qiongguo Group (T;,Q). III-XV and
Sb1-Sb2 occur in slate sandstone of the Lower-Middle Triassic

Antimony orebodies

Qiongguo Group (T;,Q) (Figure 3B). The antimony orebodies are
mostly layered, veined and lenticular. The ore minerals are
predominately stibnite, with minor pyrite, arsenopyrite, and
valentinite; the gangue minerals are mainly quartz, muscovite,
sericite, and chlorite. Stibnite crystals are primarily euhedral and
subhedral, and some display fragmentation and metasomatic
textures. Stibnite commonly occurs as granular aggregates with
long columnar, radial, veinlet-disseminated, sparsely disseminated,
crystal-cluster, and dense lumpy structures. Wall-rock alteration types
carbonatisation, sericitisation, and

are mainly silicification,

Frontiers in Earth Science 05

pyritisation (Figures 4G-J). Silicification has generated numerous
quartz veins and is closely related to mineralisation, as stibnite
occurs mainly in zones of strong silicification (commonly
containing quartz veins; Chen et al., 2011).

3.3 Stages of mineralisation in the abunabu
deposits

Three stages of mineralisation can be identified in the deposits in
the Abunabu mining area: (1) sedimentary metamorphic stage, (2)
hydrothermal stage, and (3) supergene stage (Figure 5).
the
sericite-silica-, and sericite-silt-altered slates underwent regional

During sedimentary metamorphic stage,  sericite-,
dynamic metamorphism after undergoing regional N-S faulting
and the formation of tectonic breccia. Sericite, muscovite, chlorite,
and fine-grained quartz were generated by metamorphism of slate,
without stibnite.

The hydrothermal stage was affected by regional extensional
structures; early fault structures were reactivated, and numerous
N-S-trending fault structures were formed. Deep ore-forming
hydrothermal fluid ascended into shallow parts along fault
structures and migrated into fault zones and the surrounding
rocks. Multi-stage hydrothermal activity resulted in the alteration
and mineralisation of slate, tectonic breccia, and magmatic rocks.
Three different types of quartz formed during this stage and are
spatially associated with large amounts of stibnite and
quartz-sulphides and minor pyrite, arsenopyrite, and calcite.

Finally, in the supergene stage, after the hydrothermal stage and
strong weathering, valentinite formed in orebodies at the surface.
Simultaneously, some native sulphur formed as a result of hot spring

activity.
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Field, hand specimens and microscopic photos of the Hamqu and Quzhen antimony de-posits (A): field photo of Hamuqu | orebody; (B) field photo of
Quzhen | orebody, the orebody is in contact with the fault zone and the late Cretaceous altered gabbro (K2v); (C—F): hand specimens and microscopic
photographs of dark gray sericite silty slate in the Hamuqu deposit; (G-J): hand specimens and microscopic photographs of greyish-green phyllitization
sericeous slate in the Quzhen deposit; Qtz: quartz; Ser: sericite; Ms: muscovite; Fsp: feldspar; Stb: stibnite).

3.4 Controls on metallogenesis

Regional geological data and detailed field observations show that
the strata most closely spatially associated with antimony
mineralisation in the Abunabu deposits are the Middle-Upper
Devonian Qumenxiala Formation (D, ;q) and the Lower-Middle
Triassic Qiongguo Group (T;,Q). Intrusive rocks exposed in the
Quzhen deposit, which is located in the northern part of the mining
area, are mostly Early Cretaceous ultramafic rocks (K;X) and Late
Cretaceous gabbros (K,v). The mineralisation in this area is closely
spatially related to the distribution and type of sedimentary strata,
structures, and magmatic rocks, as follows (Chen et al., 2011).

1) Sedimentary strata. Strata including those of the Qumenxiala
Formation (D, 3¢q) and the Qiongguo Group (T;,Q) are found
in the mining area. The orebodies are hosted mainly in certain rock
types, including crystalline limestone, sericite slate, and meta-
sandstone. The spatial distributions of the orebodies are thus
associated with the distributions of particular stratigraphic units.

2) Structure. Well-developed fault structures occur in the mining
area, such as NW-SE-trending and near-N-S-trending faults,
which control the directional distribution of the orebodies.

Frontiers in Earth Science

3) Magmatic rocks. In the Quzhen deposit, some of the main
metallogenic sites are found in the inner and outer contact
zones between Early Cretaceous ultramafic rocks (K,X) and Late
Cretaceous gabbro (K,v) and the Qiongguo Group (T;,Q)
strata (Figure 3B). In general, magmatic rocks are expected
to provide large amounts of gas, hydrothermal fluids, metals,
and thermal energy for mineralisation and play a key role in the
activation, and enrichment

migration, of metallogenic

elements.

4 Genetic mechanism of the ore deposits
4.1 Samples and analytical method

In this study, nine samples from fresh stibnite ores obtained from
the Hamuqu and Quzhen deposits in the Abunabu antimony mining
area were analysed for He, Ar, and S isotopes. Sample lithologies and
sampling locations are given in Table 1. To characterize the
mineralogy, textures, and mineral paragenesis of these samples,
polished blocks and thin sections were examined by reflected and
transmitted light microscopy.
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FIGURE 5

The metallogenic phase division and mineral paragenetic sequence of the Abunabu antimony deposits (Fang et al.,, 2006; Chen et al., 2011).

The He and Ar isotopic compositions of stibnite fluid

inclusions were analysed at the Key Laboratory of
Mineralisation and Resource Evaluation, Ministry of Natural
Resources, Institute of Mineral Resources, Chinese Academy of
Geological Sciences, Beijing, China, using a Helix SFT noble gas
mass spectrometer. The setup consists of crushing, purification,
and mass spectrometry systems. Analyses were performed under
high-vacuum conditions, namely, n x 10~° mbar for the crushing
and purification system, and n x 107'°mbar for the mass
spectrometer system. A Nier-type ion source was used in the
mass spectrometer, and the sensitivity was better than 2 x 107
amps/Torr for He under a trap current of 800 pA and better than
1 x 107 amps/Torr for Ar under a trap current of 200 uA. The
static rise rate of *°Ar was less than 1 x 107'? cm® SPT/min, and the
background value of **Ar was less than 5 x 107'*cm® SPT. A
Faraday cup resolution of >400 and an ion counter resolution
of >700 allowed complete separation of the *He and “He, HD + Hs,
and *He peaks. The procedure involved the following steps for each
sample: (1) A high-purity 40-60 mesh sample was washed and
dried. An amount of 0.5-1.0 g of the sample was placed in a
stainless-steel crucible; the crucible was sealed, heated for de-
gassing, and vacuumed. (2) The sample was crushed, inclusion
gases were purified in multiple stages, and pure He and Ar were

separated. (3) Testing of isotope composition of He and Ar was
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performed. (4) Isotope ratio results were corrected using test
results of the air standard of the day and the air standard value.
The standard value of *He/*He in air is 1.4 x 107°, and the standard
values of **Ar/*°Ar and *°Ar/**Ar are 295.5 and 5.35, respectively.
(5) The “He and *°Ar contents (cm® SPT/g) of the samples were
evaluated using 0.1 ml standard gas “He (52.3 x 10°* cm® SPT/g)
and *°Ar (4.472 x 107 cm® SPT/g); the isotopic signal intensity of
the standard gas and the sample and the mass of the crushed and
sieved (below 100 mesh) sample were used to calibrate the sample
“He and *°Ar contents (Li, et al., 2015).

Sulphur isotope analysis was conducted at the Isotope Laboratory
of the Institute of Mineral Resources, Chinese Academy of
Geological Sciences, using a MAT-251 mass spectrometer for
analysis with Vienna Canyon Diablo Troilite (VCDT) as the
standard. The specific procedure was as follows. First, single
mineral specimens of stibnite were manually selected under a
binocular microscope, with a purity of >95%. Subsequently, the
selected specimens were ground to less than 200 mesh in an agate
bowl, and a specific proportion of CuO was added. The mixture
was mixed well and put in a container, which was placed into a
muffle furnace. The reaction was performed at 1000°C for 15 min
in a vacuum, during which sulphur in the minerals was oxidised to
SO,, which was collected and analysed for isotope composition.
The analytical accuracy was + 0.2%o (Brian et al., 2002).
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TABLE 1 Location and brief descriptions of the samples used for He-Ar-S isotopes analysis.

Mining Sample
area no.

Sample
locations

Analytical
mineral

Lithology

Paragenetic association of
minerals

Petrographic
description

Near the F; fault in Stibnite

the No. I orebody

Hamuqu HMQ-1-24

HMQ-I-25 Stibnite

HMQ-I-28 Stibnite

Dark grey sericite
silty slate

Quartz-stibnite-sericite—feldspar The rock has a silty texture,
lepidoblastic texture and plate
structure. Mainly quartz and
sericite, with a small amount of
feldspar and muscovite. The
quartz is mostly of a variable
grain shape and has the
characteristics of tensile
orientation distribution as a
whole. Sericites are arranged in
parallel and oriented
microscales. A small amount
of mica, mixed in sheets with
sericite, is the main result of
sericite alteration. The feldspar
is scattered in the rocks in a
plate shape, and clays occur
commonly

Quartz-stibnite-sericite—feldspar- muscovite

Quartz-stibnite-sericite-feldspar-muscovite

Quzhen QZ-Y-7 The No. III orebody Stibnite

QZ-Y-23 Stibnite

Greyish-green
phyllitisation
sericeous slate

Quartz-stibnite-sericite—feldspar-muscovite ~ The rock is light grey-green,
with a dense, massive structure
and a lepidoblastic texture.
The main mineral
compositions are sericite and
quartz, among which sericite is
scaly and fibrous, with the
directional or semi-directional
arrangement. It is a shallow
metamorphic product of
argillaceous rock

Quartz-stibnite-sericite-feldspar-muscovite

QZ-Y-13 The contact of No. II
ore body with faults

and gabbro

Stibnite
QZ-Y-15 Stibnite
QZ-Y-16 Stibnite

QZ-Y-17 Stibnite

5 Results

The analytical results for He—Ar-S isotopes of stibnite from the
Hamuqu and Quzhen deposits in the Abunabu mining area are listed
in Table 2 and Supplementary Table S3. Stibnite is the most important
ore mineral in the study area and the main sulphide mineral, meaning
that its fluid inclusions should be the best record of the original
information of the ore-forming fluids of the metallogenic period. The
“He contents of stibnite in the Hamuqu antimony deposit are 1.057 x
107-1.584 x 107 cm® STP/g, and the *“’Ar contents are 1.37 X
107-248 x 107 cm’ STP/g. In addition, *°Ar/*°Ar ratios vary
widely between 303.8 and 320.7. Furthermore, *He/*He (Ra) ratios
range from 0.021 to 0.031. In stibnite from the Quzhen antimony
deposit, the He signals of samples QZ-Y-13, QZ-Y-15, QZ-Y-16, and
QZ-Y-17 samples were weak, and *He contents vary widely from
0.016 x 107 to 0.772 x 1077 cm® STP/g. The “’Ar contents are 1.40 x
107-2.94 x 10”7 cm’ STP/g, and *°Ar/*°Ar ratios lie between 295.6 and
302.2. The *He/*He (Ra) ratios have larger values of 0.025-0.351
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Dark grey sericite
silty slate

Quartz-stibnite-sericite—feldspar The rock has a silty texture,
lepidoblastic texture and plate
structure. Mainly quartz and
sericite, with a small amount of
feldspar. The quartz is mostly
of a variable grain shape and
has the characteristics of
tensile orientation distribution
as a whole. Sericites are
arranged in parallel and
oriented microscales. The
feldspar is scattered in the
rocks in a plate shape, and
clays occur commonly

Quartz-stibnite-sericite—feldspar

Quartz-stibnite-sericite—feldspar

Quartz-stibnite-sericite—feldspar

(Table 2). As shown in Figure 6, there is a good correlation between the
He and Ar isotopic compositions of the analysed fluid inclusions.

The &S values of stibnite from the Hamuqu deposit in the
Abunabu antimony mining area range from —4.9%o to —4.4%,
with a mean of —4.7%o, whereas the §*S values of antimonite in
the Quzhen deposit lie between —4.9%o and —3.5%o, with a mean
of —4.1%o (Supplementary Table S3). The variation in sulphur isotope
composition of the nine stibnite samples is narrow, indicating that the
Hamuqu and Quzhen deposits shared a common or similar source of
sulphur.

6 Discussion
6.1 Source of the ore-forming fluids

Isotopes of He and Ar have been widely used to determine the
origin of ore-forming fluids (Hu et al., 1999; Ballentine and Burnard,
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TABLE 2 He and Ar isotopic compositions of fluid inclusions of typical antimony polymetallic deposits in the Tethys Himalaya metallogenic belt.

Location

Mazhala

Shalagang

Zhaxikang

Sample Mineral “He  *°Ar >He/**Ar  3He/  *°Ar*  °He/ “OAr/  ©Art  “He/*°Ar Mantle derived A/ R/ References
number “He “He 3Ar He% “He Ra
(107cm3STP/qg) (Ra) (%)
09MZL-2-12 stibnite | 48 712 | 2206161 0.790 2042 0.056 4143 | 28675 | 2793034 16876337  0.562 0.043 0.040 | Zhai et al. (2018)
09MZL-1-5 stibnite | 99.3 635 | 40947.547 0549 5957 0.039 4770.1 93805 | 74593.847 450718.110 | 0.296 0.060 0.028
09MZL-1-7 stibnite 1333 1052 6055692  0.604 6591 | 0.043 7913 | 62656 = 10026644 | 60583.949 = 0.357 0.049 0.031
09MZL-1-8a stibnite | 69.7 233 2007206 | 0.193 0345 | 0014 346.8 14792 10374232 | 62684.180 - 0.005 0.010
09MZL-1-15 stibnite | 42 421 1775450 0464 0968  0.033 3837 | 22987 | 3827.886 23129220  0.203 0.023 0.024
2010121 stibnite | 63.1 352 | 2337.142 0434 0.060  0.031 300.6 1697 | 5388597 32559496  0.169 0.001 0.022
2010129 quartz | 786 751 | 15674091 @ 0.557 66.847 | 0.040 2689.1 89.011 | 28144242 170055845 | 0305 0.085 0.028
09MZL-1-9 pyrite | 233 485 2858.856 0469 37.195 | 0.034 12677 | 76690 = 6090.188 = 36798.717 = 0.209 0.160 0.024
09MZL-1-14 pyrite 364 192 687393 0.780 6993 | 0.056 464.8 36.424 881183 5324371  0.551 0192 0.040
09MZL-2-2 pyrite 247 1337 790.181 1224 2063 0.087 349.4 15426 645488 3900232 | 1.041 0.084 0.062
MZL-1 pyrite 702 303 | 20593390 1960 1.056 | 0.140 4535 34840 | 10506832 63485388 | 1852 0.015 0100 | Zhang, (2012)
MZL-3 pyrite | 118.4 879 | 5825172 1.400 0381 0.100 308.9 4338 4160.837 25141011 1235 0.003 0.071
MZL-2 pyrite | 300 958 | 19791.733 1540 2682 | 0110 4104 | 27997 | 12851775 @ 77654227 1389 0.009 0.079
09SL-1-7 stibnite | 526 1201 = 1468.884  0.685 39.645  0.049 489.6 | 39.645 | 2144293 12956454  0.446 0.091 0.035  Zhai et al. (2018)
09SL-1-8 stibnite | 49.6 851 | 1207.858 | 0422 39792 | 0.030 490.8 39792 | 2860597 = 17284574 0157 0.068 0.022
09SL-1-10 stibnite | 225 616 = 1378259 0813 36356 | 0.058 4643 36356 | 1695901 = 10247.136 0587 0.100 0.041
09SL-7-2 stibnite | 1345 919 1040.167 | 1608 33130 | 0.115 4419 33.130 646742 3907.804 | 1464 0226 0.082
09SL-8-2 stibnite | 1142 1109 3066.859  0.664 34158 | 0.047 4488 34158 | 4621547 | 27924757 | 0423 0.033 0.034
09SL-8-5 stibnite | 89.4 9.4 1598598 | 0.334 41299 | 0.024 5034 | 41299 4787.655 | 28928431 @ 0.059 0.043 0.017
09SL-8-7 stibnite | 146 169 2349.028 0504 45227 0.036 5395 | 45227 | 4660769 28161748 0247 0.052 0.026
2010098 stibnite | 18.9 622 758743 0.569 32719 | 0.041 4392 32719 | 1334547 8063726 0318 0.108 0.029
2010105 stibnite | 1073 | 4.12 531831  0.599 13292 0.043 340.8 13292 887.569 5362954 | 0352 0.051 0.031
ZXKPD7-8e sphalerite | 39 246 | 100347476 0.63 2388 | 0.045 10047.0 | 97.059 | 159281.707 | 962427.235 | 0.386 0.061 0.032 Zhang, et al.
ZXKPD7-8f siderite | 558 | 15 1906987 | 1.106 5437 0.079 4635 36246 | 1724220 | 10418248 0910 0.097 0.056 o
ZXKPD6-1c quartz 149 297 176811 | 2408 23704 0.172 1463.6 79.810 73.426 443664 2346 15.908 0123
ZXKPD6-2¢ quartz 189 277 239472 2366 22182 0.169 14834 | 80.080 101214 611565 | 2.299 11.737 0121

(Continued on following page)
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TABLE 2 (Continued) He and Ar isotopic compositions of fluid inclusions of typical antimony polymetallic deposits in the Tethys Himalaya metallogenic belt.

Location Sample Mineral  “He  “°Ar 3He/**Ar  *He/  “Ar*  >He/ “OAr/  ©Ar*  “He/*°Ar F4He Mantle derived OAr*/ R/ References

number “He “He 35Ar He% “He Ra
(10~7cm3STP/q) (Ra) (%)

ZXKPD5-6d stibnite 02 349 - 0574 - 0041 - - - - 0324 - 0.029
ZXKPD5-6e quartz 009 326 1543 | 0.672 21015 0.048 8315 64.462 2.296 13.870 | 0432 233.495 0.034
ZXKPD5-8¢ quartz 152 | 18 14798.538 | 18270 12455 | 1305 959.2 69.193 809.991 4894206  19.830 0.819 0.932

ZXK-1 pyrite 31.2 405 1340.814 | 0.560 0.199  0.040 310.8 4923 2394311  14467.137 0309 0.006 0029 Zhang, (2012)
ZXK-2 pyrite 1257 | 174 1168750  0.560 - 0.040 288.9 - 2087.053  12610.595  0.309 - 0.029
ZXK-3 pyrite 21 268 | 1394087  0.560 0.187  0.040 317.7 6988 2489440 15041935  0.309 0.009 0.029

Abunabu HMQ-1-24 stibnite 1584 | 248 60.212 | 0.310 0.070 = 0.022 304.1 2.828 194232 1173.605 0031 0.044 0.016 This study

HMQ-1-25 stibnite 1057 1.88 75155 0.440 0051 | 0.031 303.8 2732 170.807  1032.065  0.170 0.049 0.022
HMQ-1-28 stibnite 1058 137 74299 0.300 0.108 | 0.021 3207 7.858 247.665 1496463 = 0015 0.102 0015
QZ-Y-5-7 stibnite 0723 175 43698 0350 0039 0.025 3022 2217 124.852 754391 0.077 0.054 0018
QZ-Y-23 stibnite 0772 14 61.555  0.370 0029  0.026 3017 2,055 166.366 | 1005233 0.093 0.037 0.019
QZ-Y-13 stibnite 0053 1.7 13277 1430 0013 0.102 297.8 0.772 9.284 56.099 1265 0.248 0.073
QZ-Y-15 stibnite 0025 266 8835  3.180 0.001  0.227 295.6 0.034 2778 16787 | 3.194 0.036 0.162
QZ-Y-16 stibnite 0017 294 7215 4190 0023 0.299 297.8 0.772 1.722 10405 | 4306 1.336 0214
QZ-Y-17 stibnite 0016 2.54 9208 4910 0019 | 0.351 2977 0.739 1.875 11331 | 5.108 1173 0251

STP indicates the standard temperature and pressure state.

“°Ar* represents the relative content of radiogenic.

“Ar in the ore-forming fluids; n(**Ar*)= n(**Ar)sample-295.5X1(°Ar)sample; the F;He value represents the amount of.

“He in the fluids relative to air; F;He=[n("He)/n(**Ar)]sampie/ [n(*He)/n(*°Ar)] air» [n(*He)/n(**Ar)] 5;;=0.1655.

“Heyfande represents the proportion of mantle source He, n(*He) ange =100%x{[n(*He)/n(*He)]sampie-[n(*He)/n(*He)] crustarl/ { (nCHe)/n(*He) I ppande- [nCHe)/n(*He)  crustar}s [nCHe)/n(*He)]ptanue=6.5Ra, [n(*He)/n(*He)] crusta=0.02Ra, Ra=[n(*He)/n("He)] ;=1.4x10"°
(Stuart et al., 1995; Anderson, 2000).
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FIGURE 6

Diagram of fluid inclusions of 3He/36Ar-40Ar/36Ar in stibnite in the

Abunabu antimony area.
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2002). The gases He and Ar are present in minerals in three main
forms: (1) in fluid inclusions that are captured by minerals; (2)
radioactive “He and “°Ar resulting from the decay of U, Th, and K
in the mineral lattice; and (3) He and Ar from the atmosphere
adsorbed onto mineral surfaces (Burnard et al,, 1999). However,
He and Ar in sulphides of hydrothermal deposits are found
predominantly in mineral fluid inclusions (Turner and Stuart,
1992; Stuart et al., 1995). Owing to the low contents of U, Th, K,
and other lithophile elements in fluid inclusions in the sulphide
minerals of non-uranium deposits (with Th being almost insoluble
in hydrothermal fluids), and because fluid inclusions in sulphide
minerals are surrounded after closure, the presence of radiogenic
He and Ar formed by the decay of U, Th, and K was considered
negligible in the present study (Turner and Wang, 1992; Qiu, 1996;
Burnard and Polya, 2004; Hu et al., 2004; 2012; Ding et al., 2014).
The content of He in the atmosphere is minimal and insufficient to
substantially affect the content and isotopic composition of He in
crustal fluids (Marty et al., 1989; Stuart et al., 1994; Hu et al., 2009). If a
sample contains atmospheric He, then F*He should be equal to 1
(Kendrick et al., 2001; Mao and Li, 2004). As presented in Table 2, the
F*He values of stibnite in the Abunabu antimony ore area range
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FIGURE 7

(A) plot of “He versus *He (basemap after Mamyrin and Tolstikhin, 1984); (B) plot of “°Ar/*®Ar versus R/Ra (basemap after Burnard et al., 1999); (C) plot of
“OAr/**Ar vs *He/*He(Ra) (crustal and mantle He from Andrews, 1985; Stuart et al., 1994); (D) plot of “°Ar*/*He vs *He/*He(Ra) (crustal and mantle He and He, Ar
isotope production rations from Andrews, 1985; Stuart et al.,, 1994).
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Sulphur isotopic composition of typical antimony polymetallic deposits in the Tethys Himalaya metallogenic belt [comparison of the S isotope
composition derived from the mantle, and evaporates (Heyl et al., 1974; Zou et al,, 2017; 2019; Cao et al,, 2019)].

between 10.40 and 1,496.46, all greater than 1, suggesting no
atmospheric He. Isotope data for He and Ar in this study were
obtained from inclusions in stibnite, which should represent the
initial values of the primary fluid inclusions. Owing to the unique
nature of noble gases, no significant isotopic fractionation occurs
whether the fluid
mineralisation or obtained by crushing in a vacuum (Hu et al,
1999). Hu et al. (1999) studied the He-Ar isotopic geochemistry of
ore-forming fluids of the Ailaoshan gold deposits and found that when

inclusion samples are collected during

fluid inclusions in chalcopyrite, galena, stibnite, and other minerals are
diffused in large quantities to lose He, no obvious fractionation is
observed in the He isotopes, meaning that the measured *He/*He and
*°Ar/**Ar ratios represent the initial values of the ore-forming fluids
when the fluid inclusions were captured.

Noble gases have distinct He and Ar isotopic compositions in
the atmosphere and crustal and mantle rocks. Thus, these gases are
widely used to trace the source of ore-forming fluids. Isotopes of He
and Ar in hydrothermal fluids are derived largely from the
following sources (Burnard et al., 1999; Ballentine and Burnard,
2002), (1) The atmosphere or atmospheric saturated water (e.g.,
meteoric, sea, or sedimentary water). The atmosphere has a stable
He-Ar isotopic composition, with *He/*He = 1.399 x 10~° and *°Ar/
*Ar = 295.5. Atmospheric saturated water is in equilibrium with
the atmosphere under certain temperature and pressure conditions
and has a similar isotopic composition to that of the atmosphere.
Because the He content in air is low and its solubility in aqueous
solution is the lowest of the noble gases, the He content in saturated
atmospheric water is low (He/Ar = 1 x 107* Simmons et al., 1987;
Burnard et al., 1999). Due to the relatively high content of Ar in the
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atmosphere, the closure temperature of Ar in rocks is far higher
than that of He (McDougall et al, 1988). Therefore, shallow
but has
characteristics consistent with the isotopic composition of

groundwater contains almost no radioactive Ar
atmospheric Ar. The radioactive-origin “He generated by the
decay of U and Th in aquifer rocks diffuses into groundwater or
geothermal fluids, the *He/*He ratio of geological fluids derived
from atmospheric water or seawater is lower than its atmospheric
value, and the *He content of geological fluids is higher than that of
atmospheric saturated water. Therefore, shallow groundwater or
near-surface cryogenic fluids have lower *He/*He ratios than those
in the atmosphere and *°Ar/*°Ar ratios that are similar to
atmospheric values, indicating the characteristics of modified
air-saturated water (Ballentine and Burnard, 2002). (2) Mantle-
derived fluids. The *He/*He ratio of fluids from the continental
lithospheric mantle is in the range of six to eight Ra (where Ra is the
atmospheric value), whereas that of oceanic lithospheric mantle
fluids is in the range of six to nine Ra (Gautheron and Moreira,
2002). Mantle-derived Ar is mainly **Ar* of radioactive origin, and
the “°Ar/**Ar ratio varies considerably and is usually greater than
40,000 (Porcelli et al., 1992; Patterson et al., 1994; Reid and
Graham, 1996). Because of the very large difference in the *He/
4He ratio between crust and mantle, even if there is a small amount
of mantle He mixed in crustal fluids, this component can be easily
identified using He isotopes (Simmons et al., 1987; Stuart et al.,
1995; Hu et al., 1999). (3) Crustal fluids. Owing to the high content
of large-ion lithophile elements in crustal rocks, the radioactive and
nucleogenic He and Ar produced by these elements are
characterised by a*’Ar/*°Ar ratio of >295.5 and a *He/*He ratio
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of 0.01-0.05 Ra (Andrews and Lee, 1979; Stuart et al., 1995), such
that metamorphic or magmatic fluids of crustal origin show similar
He and Ar isotopic compositions to those of crustal rocks.

Data for a total of 41 analysed samples from four antimony
deposits (Abunabu, Mazhala, Shalagang, and Zhaxikang) in the
Tethys Himalayan metallogenic belt were compiled from this study
and previous studies (Table 2). For these 41 analysed samples, the
*He/*He values of stibnite, pyrite, sphalerite, siderite, and quartz
ranged from 0.014 to 1.305 Ra, with a mean of 0.105 Ra. Of these
samples, the values for two stibnite samples (QZ-Y-7 and QZ-Y-23)
from the Abunabu deposits fall within the crustal *He/*He value
range (0.01-0.05 Ra), whereas the remaining stibnite samples from
the Quzhen deposit all display high *He/*He values that are
characteristic of the crust and lower *He/*He values in the
mantle range (six to nine Ra) (Stuart et al, 1995). The former values
indicate that the He isotopes in the ore-forming fluids are of crustal origin;
the latter values suggest that the He isotopes in the ore-forming fluids are a
mixture of mantle and crustal origins. In an He isotopic composition
distribution map (Figure 7A), the data points all fall in the transition zone
between mantle-derived and crust-derived He, but they tend more
towards the crust than the mantle. These data give estimated
proportions of mantle-derived fluids in the stibnite samples from the
Hamuqu and Quzhen deposits of 0.015%-0.169% (with a mean of
0.065%) and 0.077%-5.108% (with a mean of 2.341%), respectively.
from the  Zhaxikang
lead-zinc-antimony polymetallic deposit shows a proportion of

Regionally, —one  quartz  sample
mantle-derived fluids of 19.830%, whereas the proportion of mantle-
derived fluids in samples from other deposits is less than 3% (Zhang et al.,
2010). These results indicate that mantle-derived fluids made an overall
minimal contribution to mineralisation and instead suggest a
predominant crustal origin for the ore-forming fluids of antimony
deposits in the Tethys Himalayan metallogenic belt. The involvement
of mantle-derived fluids may be due to the water-rock reaction between
the ore-forming fluid and the intermediate-basic magmatic rocks in the
region, which activated part of the ore-forming materials such as Sb and
Au. (Deng, 2020; Sun et al., 2020).

The *°Ar/**Ar ratios of the analysed fluid inclusions in stibnite
from the Abunabu mining area range from 295.6 to 320.7, with a
mean of 302.4, which is slightly higher than the characteristic value
of "Ar/**Ar in saturated atmospheric water (295.5) but
substantially lower than that in the mantle (*°Ar/**Ar > 40,000).
Using least squares regression (**Ar/**Ar = 294.94 + 1,893,048.09 x
*He/*°Ar) to fit the stibnite sample data in Figure 6, when *He/
¢Ar = 5 x 107 (the *He/*°Ar value of rainwater), “°Ar/*°Ar =
295.03, which is within error of the isotopic composition of
atmospheric argon (*°Ar/**Ar = 295.5). Moreover, this result is
consistent with a considerably small amount of excess argon, which
implies that the ore-forming fluids of the antimony deposits in the
Abunabu mining area constitute a crustal end-member with the
input of atmospheric precipitation (Hu et al.,, 1999; Chen et al,,
2016).

A projection of the He and Ar isotopic compositions measured in
this study onto a R/Ra-*Ar/**Ar diagram (Figure 7B) shows that the
compositions are distributed in the crustal fluid field or between
crustal and mantle fluids (and closer to crustal fluids).
Furthermore, the *°Ar/*°Ar isotope ratios of all samples from the
Abunabu mining area are greater than the atmospheric “°Ar/**Ar
isotope ratio, implying the presence of crust-derived radiogenic Ar
(**Ar*/%) in the fluids. Calculations show that the proportion of
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radiogenic Ar in Abunabu mining area is in the range of 0.772%-
7.858%, which indicates that only a low content of radiogenic Ar
(**Ar*/%) originated from the crust. Due to the different degrees of
greenschist facies metamorphism of the host strata, the source of ore-
forming fluid is also the result of the joint action of the modified air-
saturated water and metamorphic fluid (Zhai et al,, 2018; Li H et al,,
2022). In comparison, Figure 7C shows that a few samples lie close to
the atmospheric saturated water field, suggesting that in addition to
crustal fluids, mantle-derived fluids and a small amount of
atmospheric precipitation were involved in the mineralisation.
Therefore, the antimony deposits in the Tethys Himalayan
metallogenic belt display the characteristics of mixed mineralisation
involving modified air-saturated water rich in atmospheric argon,
fluids
radioactively derived Ar.

The lithospheric mantle has *°Ar*/*He = 0.5 and *He/*He = six to
nine Ra, and crustal rocks have values of “*Ar*/*He = 0.2 and *He/*He <
0.1 Ra (Andrews, 1985). *’Ar*/*He values in the Hamuqu and Quzhen
deposits are 0.0443-0.1018 and 0.0360-1.3357, respectively. Excluding the
two samples whose values are higher than the mantle average in the
Quzhen deposit (1.336 and 1.173), the rest fall substantially below the
crustal mean. On a**Ar*/*He-"He/*He map (Figure 7D), most sample data
for antimony deposits in the Tethys Himalayan metallogenic belt plot in

crustal containing He, and crustal fluids containing

the crustal source area. Furthermore, “’Ar*/*He ratios lie between the
average end-member of the crustal rock yield and the end-member of the
crustal derived rock yield while being far lower than the end-member of
the crustal rock yield. Previous studies have also found that in the
antimony deposits of the Tethys Himalayan metallogenic belt (such as
the Shalagang Sb deposit and Mazhala Sb-Au deposit), as well as the
involvement of metamorphic fluids of crustal origin, there was addition of
modified air-saturated water with low *’Ar*/*He (Zhang, 2012; Zhai et al.,
2018; Li et al., 2021; Liu et al,, 2021). It is consistent with the results of
hydrogen and oxygen isotope analysis, the ore-forming fluid is mainly
composed of meteoric water and the addition of metamorphic fluid (Zhai
et al, 2014).

Sphalerite, siderite, and pyrite from the Zhaxikang deposit have
similar *He/*He and *°Ar/*°Ar values, which represent the
characteristics of fluids during the early metallogenic stage. In
an R/Ra-*’Ar/*°Ar diagram, sphalerite, pyrite, and siderite all lie in
the range of crustal fluids (Figure 7B). The He-Ar isotopic
characteristics of quartz fluid inclusions in stibnite vein ores
differ from those of the early zinc-lead ore-forming fluids,
indicating the influence of mantle-derived fluids. Therefore, the
ore-forming fluids of the early lead-zinc ore in the Zhaxikang
deposit are composed mainly of crust-derived fluids, whereas the
ore-forming fluids of the late stibnite are composed predominantly
of mantle-derived fluids, which also suggests that the early ore-
forming fluids of this deposit may have been seafloor hot brine
(Zhang, 2016). Moreover, all data points for the particular same
deposit are distributed parallel to the Y-coordinate axis
(Figure 7C), implying that the variation in He isotopes in the
ore-forming fluids was largely unaffected by Ar. Therefore, in the
Tethys Himalayan metallogenic belt, the compositional variations
in He and Ar isotopes in the ore-forming fluids of each antimony
deposit are independent of each other. This result suggests that
antimony deposits in the belt had similar fluid sources and mixing
processes and that differences in the metallogenic tectonic setting
within the belt emerged only in the later stages of evolution of the
deposit.
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6.2 Source of the ore-forming materials

Sulphur is an important metal transportation agent for ore-
forming hydrothermal fluids and can therefore be used to infer the
source of ore-forming materials (Li et al., 2020a; Li et al., 2021). The
heavy S isotope, **S, tends to fractionate to sulphate relative to
sulphide; however, under reducing environments, sulphide is the
predominant S phase, meaning that **S values can approximately
represent the bulk S isotopic composition (Ohmoto, 1972; Seal, 20065
Li et al., 2020b).

No sulphate minerals are found in the Hamuqu and Quzhen
deposits of the Abunabu mining area, suggesting a reducing
environment of formation, and the main sulphur-bearing mineral
assemblages are sulphides such as stibnite, arsenopyrite, and pyrite.
Therefore, the S isotopic compositions of the stibnite samples analysed
in the present study are considered to represent the bulk S isotopic
composition of the Abunabu mining area. The mean §*S value of
stibnite in the Hamuqu and Quzhen deposits is —4.7%o, within the
range of 8”*S values of antimonite in the Quzhen deposit of —4.9%o
to —3.5%o (mean value of —4.1%o) and slightly lower than typical
magmatic sulphur §**S values (=3%o to +3%o; Chaussidon et al., 1989).
The source of sulphur may have been mainly deep magmatic sulphur
(Yang et al., 2009; Li et al., 2018; 2019; Cao et al., 2019; Li C L et al,,
2022), with the slightly lower values reflecting the possible addition of
small amounts of minerogenetic materials from the Qiongguo Group
(T,.,Q). Numerous intermediate-mafic dikes occur in the Abunabu
mining area, and the Late Cretaceous gabbro body (K,v) is the ore-
bearing protolith of the No. I antimony orebody of the Quzhen deposit
(Figure 3B), the mineralisation of which evidently occurred later than
dikes. the
intermediate-mafic dikes display alteration, suggesting that sulphur

the intrusion of the intermediate-mafic Moreover,

was not directly released by magma but may have been leached from
the dikes
hydrothermal fluids and rocks.

intermediate-mafic during interaction  between
A compilation of S isotope data (Supplementary Table 3) for
in the Tethys
metallogenic belt is presented in Figure 8. The S isotopic
compositions of the  antimony-(gold)  deposits

lead-zinc-antimony polymetallic deposits in this metallogenic

sulphides from typical deposits Himalayan

and

belt allow the deposits to be divided into two categories
(Figure 8). The first category includes antimony-(gold) deposits
such as the Abunabu, Shalagang, Laqiong, Lamuyouta, and
Chegiongzhuobu deposits. The range of sulphide &°*S for this
category is relatively narrow, from —4.9%o to —4.1%o, apart from
two anomalously high 8°*S values for pyrite and sphalerite from the
Shalagang deposit of 9.9%0 and 10.3%o, respectively, which are in
marked contrast to the 8°*S values of sulphides from various deposits
in the western Tethys Himalayan metallogenic belt, and are not
discussed here. The 8**S values of sulphides in these deposits are
similar to those of skarn-type (=3.9%o to —0.9%o) and porphyry-type
(=1.7%o to +2.1%o) deposits in Tibet (Zhou et al., 2017), suggesting
that deep magma was the main source of sulphur for all of these
deposits (Cao et al., 2019; Deng et al.,, 2019; Li B. L et al., 2022). In
addition, the §°*S values of antimony and gold deposits in the Tethys
Himalayan metallogenic belt are similar to those in the Gangdese
porphyry copper belt in Tibet (-6.3%o to +1.8%o; Qu and Li, 2002),
implying that the metallogenesis of antimony-(gold) in this
metallogenic belt might be genetically related to large-scale
leucogranite magmatism in southern Tibet (Zhou et al., 2017).
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The second category is represented by

lead-zinc-antimony polymetallic deposits such as Zhaxikang and

of deposits

Keyue, where sulphide 5%S values vary from four%o to 13%o, close to
the 'S values (4.9%0-11.5%0) of the Ridang Formation; i.., the main
ore-bearing horizon in the study area (Zheng et al., 2003; Zhang, 2012).
These deposits may contain sulphur that was derived from rocks
deposited in a marine environment, and such sulphur was likely
strongly involved in the mineralisation of Zhaxikang, Keyue, and other
lead-zinc-antimony polymetallic deposits (Zhou et al., 2017; Sun et al,,
2018). In summary, the two categories of deposits in the Tethys
Himalayan metallogenic belt classified in terms of their sulphide §*S
values had multiple sources of sulphur (Deng et al., 2019; Li et al., 2020b).

Although antimony-(gold) deposits and lead-zinc-antimony
polymetallic deposits in the Tethys Himalayan metallogenic belt
may have had the same sources of metal elements (deep
metamorphic crystalline basement and leucogranite), the sources of
sulphur of the associated ore-forming fluids differed considerably
between these two types of deposit. Fluids of the former deposits were
derived primarily from the magmatic system, whereas those of the
latter deposits were derived predominantly from the surrounding
black sedimentary rock series. In terms of the compositions of
metallogenic  elements, those deposits with ~magma-derived
sulphur—including Abunabu—are dominated by antimony or
antimony-gold mineralisation, whereas the element combination
involved in sedimentary metallisation is mostly lead-zinc
mineralisation, with antimony produced principally as associated
ore. Therefore, sulphur isotopic compositions can be used to
identify deposit types and give prospecting guidance for ore types
in the Tethys Himalayan metallogenic belt (Du et al.,, 2011; Li et al,,

2021).

6.3 Genesis of mineral deposits in the Tethys
Himalayan metallogenic belt

Antimony deposits in southern Tibet have undergone three
major stages of mineralisation (Fan et al., 2012; Li et al., 2014; Deng
et al., 2019): the source bed formation stage, the preliminary
mineral enrichment stage, and the superimposed mineral
enrichment stage. The formation stage of the initial source beds
occurred during the Late Triassic to Early Cretaceous, coinciding
with the formation and development stage of the Neo-Tethys
Ocean. In addition to rifting, the thick turbidite sedimentary
structure that formed during this period laid the material
foundation for mineralisation in southern Tibet. This structure
included basalt-dominated magmatic rocks and hydrothermal
sedimentary rocks. During the preliminary enrichment stage of
minerals by dynamic hydrothermal metamorphism during the Late
Cretaceous-Oligocene, the Indian plate subducted northwards
beneath Asia, and the Tibetan Tethys Ocean gradually narrowed
and closed, the crust thickened, and intra-continental orogenesis
formed folds and thrust-nappe structures, resulting in regional
low-temperature dynamic metamorphism. Subsequently, owing to
the detachment of lithospheric mantle, mantle heat flow ascended,
accompanied by granite emplacement and regional heat flow
metamorphism, resulting in the extraction of H,O, CO,, Cl, S,
Sb, As, Au, and other elements from the ore bearing formation-
tectonic, thereby forming ore-bearing fluids. Under the influence of
a temperature and pressure gradient, these fluids migrated and

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1033124

Li et al.

precipitated minerals in the low-pressure dilatant zone, resulting in
(Li H 2022). the
superimposed enrichment mineralisation

mineral enrichment et al, During
tectonic-magmatic
stage, which occurred after the Miocene, the Indian plate
continued to subduct northwards, resulting in lateral extrusion
and NE-SW-directed tensile stress. A series of near-N-S-trending
high-angle normal faults were formed together with the
emplacement of deep mafic magma, and some of these faults
continued to develop to form horst-graben structures and
faulted basins. This group of fault zones and horst-graben
structures connected the magmatic-hydrothermal system with
the groundwater hydrothermal system, providing favourable
space for the migration and enrichment of ore-bearing
hydrothermal solution, forming epithermal antimony-(gold) ore
and ‘hot spring type’ antimony ore (Hou et al., 2006; Zhou et al.,
2014; Liang, 2019).

Groves et al. (1998) considered that the temperature required for
metamorphic fluids to activate Sb elements from surrounding rocks is
the temperature corresponding to amphibolite-facies metamorphism.
This temperature condition is much higher than that of the
metamorphic grade of the rocks surrounding the Abunabu mining
area, indicating that regional ore-forming fluids were derived
predominantly from magmatic water. However, considering that
most of the antimony-gold polymetallic deposits in the Tethys
Himalayan metallogenic belt are distributed around metamorphic
the fluids

mineralisation cannot be ignored (Yang et al, 2009). Zheng et al.

domes, possible influence of metamorphic on
(2022) proposed that the Sb in antimony deposits of the Tethys

Himalayan metallogenic belt was sourced from subvolcanic

magmatism  which involves rich volatiles formed from
decompression and fusion of hypomagma and is responsible for
the development of exhalative sedimentation-reworked, magmatic
hydrothermal and hot spring deposits.

Although no metamorphic dome has been found near the
Abunabu mining area, He-Ar isotope compositions indicate that
metamorphic fluids of crustal origin were involved in the
mineralisation process. We consider that the temperature of
metamorphic fluids in the process of NE-directed tectonic
migration decreased with increasing migration distance and was
not sufficiently high to activate Sb, Au, and other ore-forming
the

magmatic-hydrothermal

elements in surrounding rock. Therefore,

fluids
responsible for the activation of Sb, Au, and other ore-forming

are inferred to have been
elements. The mixing of magmatic fluids and metamorphic fluids
involved in the migration of metallogenic materials is dependent on
physical and chemical conditions, such as fluid composition,
temperature, pressure, and pH. These conditions, together with
of precipitation, provided
conditions for subsequent mineralisation in the Abunabu mining
area (Yang et al., 2009; Deng, 2020).

The low &S values of stibnite from the Abunabu mining area

mixing atmospheric favourable

indicate that the ore-forming fluids involved in the mineralisation of
the Hamuqu and Quzhen antimony deposits were a mixture of
magmatic and metamorphic fluids. Moreover, the proportion of
mantle-derived He in the analysed stibnite is less than 3%,
implying that although mantle-derived materials were involved in
the mineralisation, the degree of influence was much smaller than that
of the dominant crustal source, from which the ore-forming fluids
were mainly derived. Mafic magmatic rocks such as gabbro and
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ultramafic rocks are widely exposed in the regional strata, and the
small amount of mantle-derived material in stibnite from the
Abunabu mining area may be related to the magma that formed
these rocks.

In summary, our analysis of ore-forming fluids and material sources
leads us to conclude that the initial ore-forming fluids of the Hamuqu
and Quzhen antimony deposits were a mixture of deep magmatic fluids
and metamorphic-hydrothermal fluids derived from crust-mantle
differentiation. When the magmatic fluids carrying metallogenic
materials in the deep crust flowed and ascended into the low-grade-
metamorphic sedimentary rocks of the Qiongguo Group (T;,Q) along
a regional shear zone, large volumes of metamorphic fluids and
extracted metallogenic materials from these sedimentary rocks were
added to the magmatic fluids. Finally, the ore minerals were precipitated
from these ore-forming fluids along tensional and torsional fracture
zones (Liu et al., 2018; Li. L et al., 2022).

7 Conclusion

1) The Hamuqu and Quzhen deposits in the Abunabu mining area of
the Tethys Himalayan metallogenic belt host antimony
mineralisation that formed over three stages; the
sedimentary metamorphic, hydrothermal, and supergene stages.

ie.,

The He-Ar isotopic characteristics of fluid inclusions in stibnite
indicate that the ore-forming fluids of the Hamuqu and Quzhen
deposits were predominantly metamorphic fluids of crustal origin
and included small proportions of magmatic-derived materials and
modified air-saturated water with low *°Ar*/*He ratios. Isotope
compositional data for sulphides show that antimony deposits in
the Tethys Himalayan metallogenic belt had similar fluid sources
and mixing processes but that later evolutionary processes differed
between the deposits as a result of variations in the metallogenic
tectonic environment within the belt.

3) The §*S values of stibnite are consistent with magmatic sulphur,
suggesting that the sulphur was derived mainly from a deep
magmatic source. Analysis of compiled data for sulphide
deposits in the Tethys Himalayan metallogenic belt reveals that
antimony-(gold) and lead-zinc-antimony polymetallic deposits in
the belt differ in their sulphur isotopic compositions and that
multiple isotopic sulphur sources were involved in each of these
types of deposit in the metallogenic belt.

Crustal fluids were the main contributors to the ore-forming fluids
responsible for the metallogenesis of antimony deposits in the
Abunabu mining area.
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