
Ore Geology Reviews 74 (2016) 196–210

Contents lists available at ScienceDirect

Ore Geology Reviews

j ourna l homepage: www.e lsev ie r .com/ locate /oregeorev
Fluid inclusion geochemistry and Ar–Ar geochronology of the Cenozoic
Bangbu orogenic gold deposit, southern Tibet, China
Xiaoming Sun a,b,c,d,⁎, Huixiao Wei a, Wei Zhai b,c,⁎⁎, Guiyong Shi b,c,d, Yeheng Liang b,c,d, Ruwei Mo a,
Moxiang Han a,b, Jianzhou Yi e, Xiangguo Zhang e

a School of Earth Science and Geological Engineering, Sun Yat-sen University, Guangzhou 510275, China
b School of Marine Sciences, Sun Yat-sen University, Guangzhou 510006, China
c Guangdong Provincial Key Laboratory of Marine Resources and Coastal Engineering, Guangzhou 510006, China
d South China Sea Bio-Resource Exploitation and Utilization Collaborative Innovation Center, Guangzhou 510006, China
e Geological Survey of Tibet Bureau of Geology and Mineral Exploration and Development, Lhasa 851400, China
⁎ Correspondence to: X. Sun, School of Earth Science a
Yat-sen University, Guangzhou 510275, China.
⁎⁎ Corresponding author.

http://dx.doi.org/10.1016/j.oregeorev.2015.11.021
0169-1368/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 3 August 2013
Received in revised form 13 November 2015
Accepted 15 November 2015
Available online 30 November 2015
Located along the southern part of the Yarlung Zangbo suture zone in southern Tibet, Bangbu is one of the largest
gold deposits in Tibet. Auriferous sulfide-bearing quartz veins are controlled by second- or third-order brittle
fractures associated with the regional Qusong–Cuogu–Zhemulang brittle-ductile shear zone. Fluid inclusion
studies show that the auriferous quartz contains aqueous inclusions, two-phase and three-phase CO2-bearing in-
clusions, and pure gaseous hydrocarbon inclusions. The CO2-bearing inclusions have salinities of 2.2–9.5%NaCleq,
and homogenization temperatures (Th) of 167–336 °C. The δD, δ18O, and δ13C compositions of the Bangbu
ore-forming fluids are −105.5 to −44.4‰, 4.7 to 9.0‰ and −5.1 to −2.2‰, respectively, indicating that the
ore-forming fluid is mainly of metamorphic origin, with also a mantle-derived contribution. The 3He/4He ratio
of the ore-forming fluids is 0.174 to 1.010 Ra, and

40Ar/36Ar ranges from 311.9 to 1724.9. Calculations indicate
that the percentage of mantle-derived He in fluid inclusions from Bangbu is 2.7–16.7%. These geochemical
features are similar to those ofmost orogenic gold deposits. Dating by 40Ar/39Ar of hydrothermal sericite collected
from auriferous quartz veins at Bangbu yielded a plateau age of 44.8± 1.0 Ma, with normal and inverse isochro-
nal ages of 43.6 ± 3.2 Ma and 44 ± 3 Ma, respectively. This indicates that the gold mineralization was contem-
poraneous with the main collisional stage between India and Eurasia along the Yarlung Zangbo suture, which
resulted in the development of near-vertical lithospheric shear zones. A deep metamorphic fluid was channeled
upward along the shear zone, mixing with a mantle fluid. The mixed fluids migrated into the brittle structures
along the shear zone and precipitated gold, sulfides, and quartz because of declining temperature and pressure
or fluid immiscibility. The Bangbu is a large-scale Cenozoic syn-collisional orogenic gold deposit
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1. Introduction

Since Groves et al. (1998) and Goldfarb et al. (2001) formerly pro-
posed the model of “orogenic type gold deposit”, numerous papers on
the geological and geochemical features and genesis of the orogenic
gold deposits in various metamorphic terranes around the world have
been published (Goldfarb et al., 2001, 2004, 2005; Groves et al., 1998,
2003; Bierlein et al., 2004). Some researchers, such as Groves et al.
(1998) and Kerrich et al. (2000), argued that the orogenic gold deposits
aremainly present in accretionary orogens, whereas collisional orogens,
such as the Alpine–Himalayan orogen, are not as favorable for
nd Geological Engineering, Sun
preservation of orogenic gold deposits. In recent years, however, some
large orogenic gold deposits have been discovered in the Qinghai–Tibet
Plateau and in the collisional Ailaoshan gold belt in Yunnan Province (Sun
et al., 2006, 2007a, 2007b, 2009; Xiong et al., 2007a, 2007b; Shi et al., 2012),
the Longmenshan–Jinpingshan gold belt in western Sichuan Province (Luo
and Yu, 2001; Wang et al., 2001; Yan et al., 2002; Li et al., 2005), the
Xiaoqinling–Xiongershan gold province in the Qinling orogen (Chen et al.,
1998, 2008; Zhou et al., 2014, 2015), the Tanjianshan deposit in the eastern
Kunlun orogen, the Sawayaerdun deposit in the southwestern Tianshan
(Chen et al., 2012a, 2012b), and the Erqis gold belt in the southern Altay
(Chen et al., 2001). In addition, orogenic gold and gold–antimony deposits,
such as Mayum, Zhemulang, and Mazhala, were discovered in southern
Tibet along the Yarlung Zangbo suture zone. Geological and geochemical fea-
tures suggest that the deposits are typical Cenozoic orogenic gold deposits
formed during the early stage of India–Eurasia continental collision (Jiang
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Fig. 1. Tectonic setting of Bangbu gold deposit (after Pan et al., 2009).
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et al., 2008, 2009; Duoji andWen, 2009; Zhai et al., 2014). Hence, the genesis
and exploration potentials of orogenic-type gold deposits are now a very im-
portant issue to discuss.

Recently, a large gold deposit hosted in Late Triassic metamorphic
rocks, Bangbu, was discovered in Jiacha County of southern Tibet. It is
one of the largest lode gold deposits in Tibet and is located to the east
part of the Yarlung Zangbo terrane suture zone. Preliminarily investiga-
tions have focused on the local geology and a tentative genetic model
(Lu, 2005; Lv et al., 2005; Geological Survey of Tibet Bureau of
Geology and Mineral Exploration and Development, 2006; Sun et al.,
2010; Wei et al., 2010), and stressed that Bangbu may be an epithermal
gold deposit. However, a systematic study of geochemical features and
geochronology, critical for understanding the genesis, was lacking. In
this study, microthermometric, Laser Raman, and stable isotope
Fig. 2.Regional geologicalmap of Bangbu gold deposit (modified after Geological Survey of Tibe
II— Yarlung Zangbo tectonic suture zone; III — Himalayan block; III1 — Qusong–Dengmu slab;
analyses of fluid inclusions, and Ar–Ar dating of hydrothermal sericite
were performed on auriferous sulfide-bearing quartz veins from the
Bangbu gold deposit. Our results suggest that it is a typical Cenozoic oro-
genic gold deposit formed during continental syn-collision.

2. Geological setting and geology of the Bangbu gold deposit

2.1. Regional geological setting

Tectonically, the Bangbu gold deposit is located on the southern side
of the eastern Yarlung Zangbo suture zone in southern Tibet (Fig. 1),
whichmarks the boundary between once widely separated continental
masses of Eurasia and India (Allégre et al., 1984). The suture alsomarks
the site where the Indus–Yarlung Zangbo Tethyan Ocean lithosphere
t Bureau of Geology andMineral Exploration and Development, 2006). I—Gangdese block;
III2— Qiongduojiang crystalline slab; III3 — Zongxu–Kala slab.



Fig. 3. Geological sketch map of Bangbu gold deposit (modified after Geological Survey of Tibet Bureau of Geology and Mineral Exploration and Development, 2006).
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was consumed at a subduction zone dipping northward beneath the
Lhasa terrane (Zhu et al., 2013). Investigations along the suture during
the past decades have recognized several rock packages that represent
Table 1
Major features of main ore bodies in Bangbu gold deposit.

Number of ore
body

General strike
(°)

Length
(m)

Occurrence
Average gra
(10−6)Direction of dip

(°)
Dipping angle
(°)

I 10 N80 4.50
II-1 208 274 290–310 38 3.78
II-2 49–346 340 210–330 34–39 3.71
III 339 593 218–255 26–45 9.39
IV 30 108 110–120 29–32 3.27
V 50 66 340 15 1.35
VI 325 471 240–256 31–46 9.36
VII 33 222 310–322 42–52 3.67
VII 52 143 310–345 30–32 2.12
IX 66 373 320–340 30–33 5.54
X 49 138 300–350 27–52 7.90

After Geological Survey of Tibet Bureau of Geology and Mineral Exploration and Development
fragments of ophiolites, generated in intra-oceanic island arc settings,
together with their associated volcanic arc and subduction complexes
(Aitchison et al., 2011; Zhu et al., 2013).
de
Ore types

Native gold–limonite–pyrite brecciated quartz vein type

Native gold–limonite–pyrite brecciated quartz vein type, Altered tectonite type
Native gold–limonite–pyrite brecciated quartz vein type

Native gold–limonite–pyrite brecciated quartz vein type, Altered tectonite type

Native gold–limonite–pyrite quartz vein type

Native gold–limonite–pyrite brecciated quartz vein altered tectonite type

, 2006.



Fig. 4. Section sketch map of orebody III in Bangbu gold deposit (modified after Geological Survey of Tibet Bureau of Geology and Mineral Exploration and Development, 2006).
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2.2. Geology of the Bangbu gold deposit

The Bangbu gold deposit is located near the center of the large-scale
Qusong–Cuogu–Zhemulang brittle-ductile shear zone (Fig. 2). The
shear zone is an E–W-striking sinistral fault, with a length of N40 km
and a width of N1 km. Mafic dikes were emplaced along the shear, sug-
gesting it is probably a very deep fault. Most of the orebodies in the
Bangbu gold deposit are controlled by the NNW- and NE-striking
second- to third-order brittle structures of the main shear zone
(Fig. 3) (Geological Survey of Tibet Bureau of Geology and Mineral
Exploration and Development, 2006; Lv et al., 2005).

The lithologies surrounding the gold deposit are mainly those of the
Late Triassic Langjiexue Group, which includes marine argillites and
greywackes that aremostlymetamorphosed to lower greenschist facies.
From oldest to youngest, the Langjiexue Group consists of the Jiedexiu,
Jiangxiong, and Songre Formations. The Jiedexiu Formation is a carbona-
ceous and sericitic phyllite intercalated with feldspar–quartz siltstone.
The Jiangxiong Formation consists of pyrite-bearing carbonaceous and
sericitic phyllite intercalated with felsic sandstone and siltstone. The
Songre Formation is composed mainly of carbonaceous and sericitic
phyllite intercalated with felsic greywacke. The Bangbu gold deposit
occurs predominantly in rocks of the Songre Formation. Most of the
host rockswere strongly deformed and folded.Magmatic activity is lim-
ited in the deposit area,with only several small felsic andmafic dikes in-
truded along the faults in the region. The mafic dikes are distributed
along the Qusong–Cuogu–Zhemulang brittle-ductile shear zone, are
E–W-striking, and locally occur in swarms. The mafic dikes are typically
tens of centimeters to tens of meters wide and tens to hundreds of
meters long, and are locally regionally metamorphosed to chlorite–
epidote–albite schists. The Au content in the mafic dikes can reach
as high as 44 ppb, with an average content of 8 ppb Au, which is
much higher than the regional background values of 1.5 ppb Au.
Thus the dikes might have provided heat and ore-forming materials
for the Bangbu gold deposit (Geological Survey of Tibet Bureau of
Geology and Mineral Exploration and Development, 2006), although
their age is still unknown.

TheBangbu depositwasdiscovered in 2003 by theGeological Survey
of Tibet's Bureau of Geology andMineral Exploration and Development
duringmineral prospecting. The Survey performed regional exploration
in 2005 and detailed investigations in the area of the deposit in 2008. An
ore processing plant was established in 2009. The reserves and average
grade of the Bangbu deposit are N40 tonnes Au and 7 g/t Au, respective-
ly. The mineralized area is 1600-m-long and 1500-m-wide, and out-
crops between 4396 m and 4925 m elevation. The gold deposit
consists of eight orebodies and three mineralized occurrences, which
are distributed along NNW-striking (II-1, II-2, III, VI) and NE-striking
faults (I, IV, V, VII, VIII, IX, X) (Fig. 3). Their major features are presented
in Table 1. The orebodies and occurrences are composedmainly of aurif-
erous sulfide-bearing quartz veins, as well as mineralized and altered
wallrock.

Orebody III is the largest and is located in the center of the Bangbu
gold deposit (Fig. 3). The auriferous veins in orebody III strike 218–
255° and dip 26–45° to the southwest (Fig. 4). The orebody is 593 m
in length and 25–158 m in width (Fig. 5), with an average grade of
9.39 g/t Au and a reserve of 16.06 tonnes.

Most of the ore at Bangbu is present as limonite-, pyrite-, and galena-
bearing auriferous quartz veins (Fig. 6), with additional ore in pyrite-,
galena-, sphalerite-, and chalcopyrite-bearing altered wallrocks. Gold
occurs within quartz grains, adjacent to sulfide grains, and in fractures
or as inclusions within the sulfides (Fig. 7). The diameter of the native
gold grains is mainly 0.1–0.4 mm. The major gangue minerals include
quartz, sericite, epidote, and carbonate. The major alteration associated



Fig. 5.Outcrops of auriferous sulfide quartz veins in Bangbu gold deposit. The upper photo
is orebody III, the lower photo is orebody I. T3S3-2: Songre Formations of Late Triassic
Langjiexue Group.
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with the gold mineralization includes sulfidization, carbonatization, si-
licification, and sericitization.

3. Samples and analytical methods

Most of the samples used in this study were collected from orebody
III, as well as from barren quartz veins adjacent to the mineralized area.
The pyrite, quartz, and hydrothermal sericite selected for analyses were
handpicked and examined carefully under the microscope.

The determination of inclusion paragenesis was according to the
classification of primary, pseudosecondary, and secondary as outlined
by Roedder (1984). The fluid inclusions in gold-bearing quartz and
sphalerite are mainly primary and pseudosecondary, distributed as
clusters, randomly, or in trails.

Fluid inclusion microthermometric measurements were performed
using a Linkam THMSG600 heating/freezing stage in the School of
Earth Sciences and Geological Engineering, Sun Yat-Sen University,
Guangzhou. The analytical precision is 0.1 °C. Calibration was made
using synthetic CO2 fluid inclusions, pure-water inclusions, and potassi-
um bichromate. The salinities and densities of inclusions were calculat-
ed using FLINCOR (Brown, 1989).

In-situ Laser Raman analyses for single fluid inclusions were carried
out on a RENISHAW RM2000 Raman microspectrometer using
514.4 nm incident radiation produced by an argon laser in the Modern
Analytical Center at Sun Yat-sen University and at the Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences. Analyses were per-
formed at room temperature and a power of 5mW. The detection limits
are about 1 mol% for CO2 and N2.
Stable isotope analyseswere performed in the Stable Isotope Labora-
tory of the Beijing Geological Research Institute of Nuclear Industry. The
δD and δ13C compositions of fluid inclusions in quartz were determined
by thermal decrepitation to extract the fluid and carbonaceousmaterial
in fluid inclusions from ~5 g of sample consisting of mineral fragments
that are 0.5 to 1.0 mm in diameter. The extracted water was reduced
with carbon to generate H2 and carbonaceous material was oxidized
to CO2 using Cu2O at 650 °C for isotope analysis. For oxygen isotope
analysis of the quartz, the samples were prepared by BrF5 digestion
(Clayton and Mayeda, 1963). The H, O, and C isotopic compositions
were determined by using a MAT 251EMmass spectrometer. The stan-
dard is StandardMean OceanWater (SMOW) standard for H and O, and
Pee Dee Belemnite (PDB) for C isotopic analysis. The analytical precision
was 2‰ for δD, and 0.2‰ for δ18O and δ13C. The δ18O values of the hy-
drothermal quartzwere calculated from fluid inclusion homogenization
temperatures and the quartz–water oxygen isotope fractionation data
of Clayton et al. (1972).

Noble gas isotopic analyses were performed at the National Key
Laboratory of Gas Geochemistry, Lanzhou Institute of Geology, Chinese
Academy of Sciences, using aMicromass MM5400 gasmass spectrome-
ter. Analytical conditionswere: It4=800Ma, It40=200 μa, 9.000 kV. All
weighed samples of pyrite for analysis were packed into aluminum foil
and shifted to a crucible for gas extraction under high vacuum condi-
tions. When a pressure lower than 1 × 10−5 Pa was attained, the sam-
ples were heated at 130 °C for at least ten hours to eliminate
secondary fluid inclusions and trace gases occurring along cleavage or
in fractures. Then, the samples were fused at high temperatures of as
much as 1000 °C, and the released gases were purified through the acti-
vated charcoal traps at the liquid nitrogen temperature to separate He
from Ar. The minimum heat blanks for the MM5400 mass spectrum
are: 4He = 5.0 × 10−12 cm3 STP/g; 40Ar = 9.0 × 10−10 cm3 STP/g. The
standard for normalizing the analytical results is air in Lanzhou
(AIRLZ2003); analytical precision for the noble gases isotopic measure-
ments is better than 10% (Ye et al., 2001).

The Ar–Ar dating was carried out in the State Key Laboratory of
Lithospheric Evolution, Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing, using the step-heating 40Ar/39Ar meth-
od. Samples of about 3 mg, together with multiple monitor samples
of the 28.34 ± 0.28 Ma neutron fluence monitor mineral sanidine
(85G003), were irradiated in a vacuum within a cadmium-coated
quartz vial for 45.8 h in position H8 of the facility of Beijing Atomic
Energy Research Institute reactor. Six to eight replicate analyses of
the monitors from each position in the vials were conducted to con-
strain the vertical neutron fluence gradient to within ±0.7%. This ad-
ditional uncertainty was propagated into the plateau and inverse
isochron ages. Interfering nucleogenic reactions were checked for
every irradiation by using CaF and K2SO4. Correction factors applied
in this study are: (36Ar/37Ar)Ca = 2.609 × 10−4 ± 1.418 × 10−5,
(39Ar/37Ar)Ca = 7.236 × 10−4 ± 2.814 × 10−5, (40Ar/39Ar) K =
2.648 × 10−2 ± 2.254 × 10−4, λ= 5.543 × 10−10a−1. Mass discrim-
ination was monitored using an on-line air pipette from which mul-
tiple measurements are made before and after each incremental-
heating experiment. The mean mass discrimination over this period
is 1.00831 ± 0.00017 per amu and the uncertainty of this value is
propagated into all age calculations. Isotopic measurements were
made on a mass spectrometer MM5400 with a Faraday cup and an
electron multiplier. The latter was used as the collector during this
study. The detailed analytical methodology was described by Wang
et al. (2006) and Chen et al. (2006).

4. Geochemistry of the ore-forming fluid

Microscope observations indicated numerous primary and
pseudosecondary fluid inclusions in auriferous quartz and sphalerite
from Bangbu, which were mostly 5–20 μm in diameter, and locally
50–60 μm. Most of the pseudosecondary inclusions were distributed



Fig. 6. Hand specimens of auriferous sulfide quartz veins and major host rocks in the Bangbu gold deposit. A—Auriferous sulfide quartz vein of orebody III, collected from gallery No.4;
B—auriferous sulfide quartz vein (Sample No.2010069); C— auriferous sulfide quartz vein (Sample No.2010063); D—native gold in the auriferous quartz vein; E—hydrothermal sericite
in auriferous quartz vein (Sample No.BB220); F—Upper Triassic carbonaceous sericite phyllite (Sample No.BB033); G—carbonaceous sericite mylonite hosting orebody III (Sample
No.BB021); H—alterated diabase collected from adjacent area of Bangbu gold district (Sample No.BB031).
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in single quartz grains in a parallel and linear arrangement (Fig. 8A),
and their microthermometric data are nearly the same as primary
inclusions.

4.1. Types of fluid inclusions

Observations under the microscope, combined with micro-
thermometric measurements and Laser Raman analyses, show
that auriferous quartz veins contain three different types of fluid
inclusions:

1. Liquid aqueous inclusions (type I), which are pure transparent liquid
inclusions (Fig. 8B). There were no obvious changes in gas/liquid
ratios during heating and cooling. Laser Raman analyses show that
the major composition of type I fluid inclusions is H2O (Fig. 9A, D).

2. CO2-bearing inclusions (type II), which are the most important fluid
inclusions in the Bangbu deposit. They can be subdivided into two-
phase (type IIa) (Fig. 8B, C, B, E) and three-phase (type IIb) (Fig. 8B,
C) inclusions. The CO2 content in type IIa is low and can only recog-
nized by Laser Raman analysis, which shows that the non-aqueous
gas phase in type IIa also includes minor N2 and CH4, with the liquid
phase composed of H2Owith onlyminor CO2 (Fig. 9B, E). The type IIb
is commonly three-phase at room temperature, consisting of LH2O,
LCO2 and VCO2, from outside to inside in the fluid inclusions. The
LH2O is in different shades and generally transparent, whereas
the LCO2 is usually dark-colored,withinwhich the VCO2 occurs as con-
stantly moving bubbles. The high and narrow peaks at 1285 cm−1

and 1388 cm−1 in the Laser Raman spectra of gaseous phases in
type IIb (Fig. 9E) suggest that the CO2 content in this type of fluid in-
clusion is quite high.

3. Pure gaseous hydrocarbon inclusions (type III), which are dark and
single-phase inclusions at room temperature (Fig. 8D). No obvious
changes were observed during heating and cooling. Laser Raman
analyses indicate that type III fluid inclusions are composed of CH4,
C2H6, C3H8, and C6H6 (Fig. 9C, F).

Observations under the microscope also recognized necking-down
of fluid inclusions (Fig. 8D), suggesting that some of the host quartz
and sphalerite grains were locally deformed. In addition, coexistence
of different types of fluid inclusions with very variable liquid/vapor
ratios was recognized in the Bangbu samples, indicating fluid unmixing
might have played an important role during gold mineralization
(Roedder, 1984).

4.2. Microthermometry

In this study, the CO2-bearing type II fluid inclusions were studied
with a heating/cooling stage, and the results shown that the type IIa in-
clusions are in the H2O–NaCl system, with ice melting temperatures of
−2.4 to −6.2 °C and homogenization temperatures of 167–336 °C.



Fig. 7. Photomicrographs of native gold in auriferous sulfides quartz ores in Bangbu gold deposit. A—Native gold occurred between pyrite and sphalerite and emulsion texture of chalco-
pyrite in sphalerite; B—native gold and galena occurred in pyrites; C—native gold and pyrite fulfilled in fractures of sphalerite; D—native gold occurred between pyrite and sphalerite and
emulsion texture of chalcopyrite in sphalerite; E—native gold occurred between pyrite and quartz; F—native gold occurred between pyrite, sphalerite and quartz; G—native gold occurred
between pyrite and sphalerite and emulsion texture of chalcopyrite in sphalerite; H—native gold occurred between pyrite and quartz. Qtz: quartz; Au: native gold; Py: pyrite; Cp: chal-
copyrite; Sph: sphalerite; Ga: galena.
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The corresponding salinity is calculated as 3.9–9.5% NaCleq. The type IIb
inclusions are in the CO2–H2O–NaCl system. Clathrate compounds were
formed during cooling of the type IIb inclusions, and the melting tem-
perature of the clathrates is 8.1–9.7 °C, and the partial homogenization
temperature of CO2 is 21.0–31.0 °C. Salinities calculated from the clath-
rate meltings are 2.2–3.7% NaCleq. The homogenization temperatures of
type IIb inclusions are 264–307 °C.

The fluid inclusions in Bangbu, although with a broad range in fluid
inclusion homogenization temperatures, have a distinct mode of 210–
250 °C and an average of 235 °C (Fig. 10A). Salinities have a mode of
6.0–7.0 wt.% NaCleq and an average of 6.25 wt.% NaCleq (Fig. 10B), with
density values of 0.63–0.96 g/cm3, with a peak of 0.85–0.95 g/cm3,
and an average of 0.87 g/cm3 (Fig. 10C). These data suggest that the
ore-forming fluids at Bangbu are characterized by high CO2, medium
to low salinity, and moderate temperatures, which are similar to those
of typical orogenic type gold deposits (Goldfarb et al., 2004; Groves
et al., 1998.

4.3. Stable isotopes

TheH–O–C isotope compositions of the ore-formingfluids at Bangbu
are presented in Table 2. The results show that δD, δ18O, and δ13C of the
fluids are−105.5 to−44.4‰, 4.7 to 9.0‰, and−5.1 to−2.2‰, respec-
tively. For comparison, a barren quartz vein (sample No.BB032) was



Fig. 8. Photomicrographs of fluid inclusions in quartz from the Bangbu gold deposit. A—Pseudosecondary fluid inclusions (sample BB003); B—coexistence of type I and II fluid inclusions
with different liquid/vapor ratios (sample BB003); C—type IIa and IIb fluid inclusions (sample BB224); D—type III fluid inclusions (sample BB102); E—necking-downfluid inclusions (sam-
ple BB101); F—coexistence of three types fluid inclusions with different liquid/vapor ratios (sample BB104).
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also analyzed, and its δD, δ18O, and δ13C are−38.2‰, 6.1‰, and+5.1‰,
respectively (Table 2).

4.4. Noble gas isotopes

TheHe–Ar isotope compositions offluid inclusions in pyrite from the
Bangbu auriferous veins and unmineralized host rock (sample
No.BB017) were measured (Table 3). In the pyrite from the veins, 4He
values are(26.6–137.5) × 10−8 cm3, averaging 62.9 × 10−8 cm3; 40Ar
values are (8.01–237.0) × 10−8 cm3, averaging 59.5 × 10−8 cm3; R/Ra
ratios are 0.174–1.010 (R is 3He/4He of sample, Ra is 3He/4He of air,
and the value is 1.4 × 10−6),averaging 0.58; and 40Ar/36Ar ratios are
311.9–1724.9, averaging 811.7. In contrast, the pyrite collected from
unmineralized host rocks yielded a quite different noble gas isotopic
composition, with 4He of 901.0 × 10−8 cm3, 40Ar of 20.9 × 10−8 cm3,
R/Ra of 0.01137, and 40Ar/36Ar of 1709.7. In particular, the 4He is much
higher than that of the auriferous pyrites, whereas the R/Ra is much
lower (Table 3).

5. Discussion

5.1. Source of ore-forming fluids

5.1.1. Stable isotope evidence
On a δD vs. δ18O diagram (Fig. 11), most of the Bangbu samples plot

within the fields of metamorphic and primarymagmatic water, and are
very close to the field of typical orogenic gold deposits (Goldfarb et al.,
2004), and far from the meteoric water line, indicating that the ore-
forming fluids are predominantly of metamorphic origin, with a
small proportion of mantle-derived primary magmatic fluids.
Carbon in hydrothermal fluids originates mainly from reservoirs
that include the mantle with a δ13C composition of −5.0 ‰ ±
2.0‰, sedimentary carbonate with an average δ13C value of 0 ‰,
and organic carbon with a δ13C value typically of about −25 ‰
(Zheng and Chen, 2000). The δ13C composition of CO2 at Bangbu
(−2.2 to −5.1‰) is similar to mantle-derived carbon, but He iso-
topes for fluid inclusions indicate that only small amounts of man-
tle He were present in the ore-forming fluid (see discussion
below). Given that the proportion of mantle He and carbon in the
ore fluid is the same, most of the carbon in ore fluid may have orig-
inated from orogenic and sedimentary carbon sources, which were
devolatilized during regional metamorphism. The δ13C values at
Bangbu also lie in the range of granulite facies lower crust
(−10‰ to −1‰, Moecher et al., 1994), implying that part of the
CO2 in the Bangbu may have come from the lower crust, which
was probably a thickened juvenile mafic one developed during
the collisional transpressional and extensional regime in southern
Tibet (Hou et al., 2009, 2011).

5.1.2. Noble gas isotopic compositions
In recent years, He and Ar isotopic systematics have been used

as source indicators for ore-forming fluids (Simmons et al., 1987;



Fig. 9. Laser Raman analysis of fluid inclusions in sphalerite (A, B, C) and quartz (D, E, F) from Bangbu gold deposit. A. Laser Raman analyses indicate that the composition gaseous phases
and liquid phases of type I fluid inclusions is H2O (Sample 2,010,070); B. Laser Raman analyses indicate that type II fluid inclusions are composed of gas-phase CO2 and H2O (Sample
2,010,065); C. Laser Raman analyses indicate that the gaseous phases and liquid phases in type III fluid inclusions are CmHn (include CH4, C2H6, C3H8 and C6H6) (Sample 2010070). D.
Laser Raman analyses indicate that the composition of type I fluid inclusions is H2O (Sample BB027). E. Laser Raman analyses indicate that the gaseous phases in type IIa fluid inclusions
are composed predominantly of CO2 and H2O with a little N2 and CH4, and the liquid phases are composed of H2O with a little CO2 (Sample BB019). F. Laser Raman analyses indicate that
type III fluid inclusions are composed of gas-phase CmHn (include CH4, C2H6, C3H8 and C6H6) (Sample BB027).
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Stuart et al., 1995; Hu et al., 1997; Sun et al., 1999, 2004, 2006,
2009; Burnard et al., 1999; Zhao et al., 2002; Winckler et al.,
2001; Zeng et al., 2001; Mao et al., 2002, 2003; Ballentine et al.,
2002; Xue et al., 2003). The major reasons for this include the fact
that noble gas compositions are unaffected during water–rock inter-
action and the He–Ar isotopic compositions of various source reser-
voirs are quite different.

Noble gas isotopic compositions of fluid inclusions may be used as
indicators of fluid sources (Burnard et al., 1999). Air-saturated water
(ASW), including meteoric water and sea water, has 3He/4He and
40Ar/36Ar values of 1 Ra and 295.5 respectively. Mantle or deep-crustal
magmatic water typically has 3He/4He and 40Ar/36Ar values that are 6–
9 Ra and N40,000. Crustal fluids are characterized by 3He/4He and
40Ar/36Ar values of 0.01–0.05 Ra and N295.5.

Previous studies proved that noble gases such as He and Ar
trapped in fluid inclusions in pyrites do not leak because of the
lack of cleavage (Hu et al., 1997). Thus the He and Ar isotopic
compositions may reflect He–Ar isotopic systematics of the ore-
forming fluids for the Bangbu gold deposit.
Data for pyrite separates from the Bangbu veins are mainly scattered
between ASW, mantle-derived (M), and crustal fluids (C) on Fig. 12.
The fact that the Bangbu gold deposit is associated with a deep crustal
shear zone, and the ore-forming fluid is predominantly a CO2-bearing
metamorphicfluid, is consistentwith the noble gas data suggestingmain-
ly crustal and mantle-derived fluids, with negligible ASW. Most of the
Bangbu samples are scattered between crustal He and mantle-derived
He on Fig. 13, also suggesting mantle-derived water might have been
added to the ore-forming fluids at Bangbu.

The R/Ra of pyrite from unmineralized host rocks is very low
(Table 2). It plots in the crustal fluid field on Figs. 12 and 13, indi-
cating that this type of pyrite does not contain any mantle contri-
bution. It is notable that all samples of this pyrite have a high
content of 4He(901 × 10−8 cm3 STP/g), suggesting that the pyrite
might have been precipitated from metamorphic fluids, which are
rich in 4He and were probably generated during regional metamor-
phism of the country rocks.

On the assumption that the ore-forming fluids in Bangbu are com-
posed mainly of crustal and mantle-derived waters, the percentage of



Fig. 10. Histograms of homogenization temperature (Th) (A), salinity (B) and
density(C) of CO2 bearing inclusions in quartz from the Bangbu gold deposit.
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mantle-derived He may be estimated based on the following formula
(Xu et al., 1996):

Mantle−derived−He %ð Þ ¼
3He=4He
� �

Sample−
3He=4He
� �

Crust
3He=4Heð ÞMantle− 3He=4Heð ÞCrust

� 100

The two end-member 3He/4He values for crustal and mantle fluids,
0.01 Ra and 6 Ra, are used in the calculation. The estimated percentage
ofmantle-derivedHe in auriferous pyrite is 2.7–16.7%,whereas noman-
tle contribution is present in pyrite from unmineralized host rocks
(Table 3), suggesting that the mantle component was specifically in-
volved in the gold mineralization process. Previous study of deposits
in the Ailaoshan gold belt in Yunnan Province also demonstrated that
mantle-crust interaction and addition of mantle-derived fluids played
a key role during gold mineralization (Sun et al., 2006, 2009).

5.2. Age of the Bangbu mineralization

Dating by 40Ar/39Ar techniques was performed on hydrothermal
sericite collected from auriferous quartz veins in the Bangbu deposit.
Results yielded a plateau age of 44.8± 1.0Ma, aswell as normal and in-
verse isochronal ages of 43.6 ± 3.2 Ma and 44 ± 3 Ma, respectively
(Table 4 and Fig. 14). Because these ages are identical to each other,
we interpret them to represent a ca. 44 Ma age of gold mineralization.
This is the first reported accurate dating of gold mineralization in this
area, and is close to the reported ages (44–59 Ma) of the Maymu gold
deposit (Wen et al., 2004; Jiang et al., 2008).

Hou et al. (2006) proposed that the collisional orogen in the Qing-
hai–Tibet Plateau experienced at least three major orogenic stages.
These included syn-collisional orogeny (65–41 Ma), late-collisional
transform events (40–26 Ma), and post-collisional extension (25 Ma
to the present). Therefore, gold mineralization at Bangbu occurred
near the end of the main collisional stage of orogeny.

5.3. Mineralization model

Groves et al. (1998) summarized a series of geological features that
define orogenic gold deposits (Table 5). Duoji and Wen (2009), Zhai
et al. (2014) and Jiang et al. (2008, 2009) proposed that the Mayum,
Zhemulang, Mazhala, and Shalagang Au, Au–Sb, and Sb deposits in
southern Tibet belong to the orogenic gold class of deposits (Table 5).
The major geological and geochemical features of Bangbu are also
quite similar to those of typical orogenic deposits and Mayum
(Table 5). Therefore we suggest that the Bangbu deposit is also a
large-scale orogenic type gold deposit formed during main collisional
stage between the India and Eurasia plates.

Some researchers proposed that collisional orogenic belts, such as
Alpine–Himalayan orogen, are detrimental to the preservation of oro-
genic gold deposits (Groves et al., 1998; Kerrich et al., 2000). This is be-
cause they thought that the relatively small scale and shallow vertical
fracture systems and the subsequent poor structural interconnectivity
of these in the collisional orogens would be not conducive to migration
of ore-forming fluids. However, recent studies suggest that orogenic
gold deposits are mainly controlled by three factors: (1) abundant an-
desitic rocks, which have systematically higher Au contents than other
rock types; (2) large scale metamorphism from greenschist facies to
amphibolite facies within a short period, which releases S2− rich fluids;
and (3) fracturing under a compressive/transpressive tectonic regime
(Sun et al., 2013). All three conditions are typically present in collisional
orogenic belts. For example, earthquakes (Weatherley and Henley,
2013), as well as other changes in a tectonic regime (Sun et al., 2007a,
2007b), may provide favorable conditions for orogenic gold deposit for-
mation in collisional orogenic belts. In addition, detailed field investiga-
tion and geochemical studies of orogenic gold deposits in the Qinling
orogen by Chen et al. (2008) and Zhou et al. (2014, 2015) suggest that
those gold deposits were formed in the tectonic transition from com-
pression to extension during the Jurassic–Early Cretaceous continental
collision between the North China and Yangtze cratons, and their gene-
sis can be explained by the so-called “CMF model” (Chen et al., 2004,
2008, 2014; Pirajno, 2009, 2013).



Table 2
δD-δ18O-δ13C isotopic compositions of fluid inclusions in auriferous quartz veins from Bangbu gold deposit.

Sample number Sampling location Sample name δD (‰, SMOW) δ18OQ (‰, SMOW)a δ13CCO2 (‰,PDB) Th (°C)b δ18OW (‰, SMOW)c

BB003 III orebody, No.2 adit Auriferous quartz vein −64.9 15.0 / 236.1 5.4
BB004 −44.4 18.2 −3.8 235.4 8.5
BB010 −59.4 15.9 / 239.6 6.4
BB013 III orebody, No.4 adit −49.7 15.6 −2.2 235.4 5.9
BB014 III orebody, second face of No.4 adit Auriferous quartz sulfide vein −76.0 15.3 / 250.3 6.4
BB019 III orebody, first face of No.4 adit Auriferous quartz vein −61.8 17.7 −5.1 227.9 7.6
BB020 III orebody, third face of No.4 adit Auriferous quartz sulfide vein −61.0 16.0 −3.7 235.4 6.3
BB025 III orebody, first face of No.6 adit Auriferous pyrite quartz vein −85.2 18.7 / 235.4 9.0
BB027 III orebody, second face of No.6 adit

Auriferous quartz vein
−75.8 15.9 / 229.0 5.9

BB029 III orebody, portal of No.6 adit −105.3 14.4 / 235.4 4.7

BB032
Unmineralized Upper Triassic
metamorphic rocks

Barren quartz vein −38.2 15.4 −5.1 242.0 6.1

a δ18O(‰) of quartz.
b Th represents homogenization temperature of fluid inclusions.
c δ18O(‰) of fluids calculated based on themeasured δ18O of quartz, homogenization temperature offluid inclusions, and equilibrium oxygen isotope fractionation between quartz and

water, ΔQ-H2O = 3.38 × 106/T2-3.4 (Clayton et al., 1972).

Table 3
Helium and argon isotope compositions of fluid inclusions in pyrites from Bangbu gold deposit.

Sample number BB012 BB014 BB015 BB016 BB020 BB025 BB101 BB118 BB017

Sampling location
Portal of No.4
adit

Second face of No.4 adit Third face of No.4 adit
First face of
Bo.6 adit

Sixth ort of
No.2 adit

First ort of
No.6 adit

Second face of
No.4 adit

Description of sample
Pyrite-bearing
quartz vein

Galena-pyrite-bearing
quartz vein

Sulfide
quartz
vein

Pyrite-bearing
fine-grained
quartz vein

Galena-pyrite-bearing
quartz vein

Pyrite-bearing quartz vein
Pyrite-bearing
carbonaceous
sericite phyllite

4He (10−8 cm3 STP/g) 77.4 (52) 47.6 (33) 26.6 (18) 137.5 (93) 43.0 (30) 56.6 (39) 60.1 (41) 54.0 (37) 901.0 (60)

40Ar (10−8cm3 STP/g) 19.4 (13) 30.5 (21)
12.98
(90)

51.0 (35) 8.01 (54) 93.8 (63) 237.0 (16) 23.6 (16) 20.9 (14)

3He/4He (Ra) 0.385 (11) 1.010 (51)
0.669
(26)

0.174 (12) 0.484 (35) 0.509 (25) 0.802 (28) 0.630 (21) 0.01137 (83)

38Ar/36Ar 0.162 (17) 0.132 (12)
0.172
(12)

0.174 (16) 0.189 (19) 0.167 (21)
0.1818
(39)

0.163 (12) 0.196 (18)

40Ar/36Ar 606.9 (446) 747.9 (163)
1724.9
(1749)

388.3 (126) 689.7 (810)
353.4
(257)

311.9 (66)
1670.3
(277)

1709.7 (1161)

40Ar/4He 0.25 0.64 0.49 0.37 0.19 1.66 3.94 0.44 0.02
Ratio of
mantle-derived
He (‰)

6.3 16.7 11.0 2.7 7.9 8.3 13.2 10.4 0.0

40Ar⁎ (‰) 51.3 60.5 82.9 23.9 57.2 16.4 5.3 82.3 82.7
40Ar⁎/4He 0.1286 0.3876 0.4044 0.0886 0.1065 0.2715 0.2073 0.3597 0.0192

The data in the bracket of analytical results are 1σ errors of the last digits.

Fig. 11. Plot of δD versus δ18O for ore forming fluids from Bangbu gold deposit. Magmatic,
metamorphic, and organic (e.g., devolatilization of organic matter in sediments) after
Sheppard (1986); Field for typical orogenic gold deposits after Goldfarb et al. (2004);
Field for Nevada Carlindeposits after Field and Fifarek (1985); Field forDaping golddepos-
it in Ailaoshan gold belt after Sun et al. (2009); Values for geothermal brine in Tibet after
Zheng et al. (1982); Values formeteoricwater in Lhasa after Zheng et al. (1983); Values for
Mayum gold deposit after Wen et al. (2006) and Duoji and Wen (2009); Values for anti-
mony and gold deposits in South Tibet after Yang et al. (2006).

Fig. 12. 40Ar/36Ar vs. R/Ra of the fluid inclusions in pyrites collected from the Bangbu gold
deposit (modified after Burnard et al., 1999). Filled squares represent pyrite from quartz
veins in Bangbu gold deposit; Filled circles represent pyrite from country rocks of Bangbu
gold deposit.
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Fig. 13. 4He–3He diagram of the pyrites collected from Bangbu gold deposit (modified
after Mamyrin and Tolstikhin, 1984). Filled circles represent pyrite from quartz veins in
Bangbu gold deposit; filled squares represent pyrite from country rocks of Bangbu gold
deposit.

Fig. 14. Apparent 40Ar/39Ar age spectrum (A), normal isochron (B) and inverse isochron
(C) of hydrothermal sericites (Sample BB217) from auriferous quartz vein of Bangbu gold
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We found that extensive vertical crust–mantle interaction might
have played an important role in the gold mineralization, and thus the
ore-forming fluids could contain more mantle-derived components
than is typical of many orogenic type gold deposits in the large Cenozoic
gold of southwestern China. These deposits occur in a collisional orogenic
belt, such as those of the Ailsoahan gold belts along the easternmargin of
Qinghai–Tibet Plateau (Sun et al., 2009). Stable and noble gas isotopic
analyses described above also demonstrate that a significantmantle com-
ponent was added to ore-forming fluids at the Bangbu deposit.

During collision between the India and Eurasia plates, large-scale ver-
tical lithospheric shear zones, such as the Qusong–Cuogu–Zhemulang
brittle-ductile shear zone and its secondary brittle structures, which
host most of the auriferous quartz veins at the Bangbu gold deposit,
were formed. The shear zone is a large-scale deep crustal fault, and thus
its activity and the subsequent crust–mantle interaction may have trig-
gered the release of large amounts of ore-forming fluids from the de-
formed and metamorphosed host rocks, the lower crust, and even the
upper mantle. At ca. 44 Ma, the middle and lower crust in the Bangbu
area suffered high-temperature and high-pressure metamorphism be-
cause of ductile deformation and heating by upper mantle magmas. The
ore-forming fluids, enriched in CO2, 3He and probably Au(HS)2−, and gen-
erated by the regional metamorphism and upper mantle magmatic
heating, were transported to themiddle and upper crust along the ductile
shear zone. There they finally precipitated auriferous sulfide–quartz veins
in brittle structures because of declining temperature, pressure, and sub-
sequent unmixing. A sketch metallogenic model of the Bangbu gold de-
posit is presented in Fig. 15.
Table 4
40Ar/39Ar stepwise heating data and apparent ages of muscovite from auriferous quartz vein of Bangbu gold deposit.

T (°C) (40Ar/39Ar)m (36Ar/39Ar)m (37Ar/39Ar)m (38Ar/39Ar)m 40Ar (%) 40Ar⁎/39Ar 39Ar (×10−14 mol) Fraction of 39Ar released (%) Age (Ma) ±1σ (Ma)

700 1205.9960 3.9427 0.0000 0.7660 3.39 40.9234 0.02 0.31 314 270
800 74.6863 0.2353 0.8456 0.0570 6.97 5.2083 0.47 7.29 43.2 3.3
900 10.8584 0.0221 0.1365 0.0169 39.94 4.3376 2.58 45.75 36.02 0.67
960 5.8047 0.0014 0.0000 0.0128 92.81 5.3874 2.08 76.78 44.63 0.51
1020 6.4860 0.0032 0.0000 0.0125 85.45 5.5426 0.52 84.60 45.9 1.5
1080 6.4347 0.0027 0.0000 0.0121 87.59 5.6361 0.16 87.06 46.7 3.6
1160 5.8793 0.0029 0.1002 0.0129 85.29 5.0151 0.72 97.82 41.58 0.86
1240 12.1370 0.0206 0.0000 0.0153 49.80 6.0447 0.11 99.54 50.0 5.0
1400 80.2161 0.2382 4.0034 0.0731 12.59 10.1280 0.03 100.00 83 18

deposit.



Table 5
Comparisons of major geological characteristics of Bangbu, Mayum and typical orogenic gold deposits.

Geological features Bangbu gold deposit Mayum gold depositb Typical orogenic gold deposita

Host rocks
Upper Triassic Carbonaceous sercite phyllite and
metasandstone

Neoproterozoic–Cambrian schists Metamorphic rocks

Tectonic
background

Located to the south of the east section of the Yarlung Zangbo
suture zone in southern Tibet, closely related with the early
stage of Indo–Asian continental collision

Located in the western part of the Northern
Himalayan tectonic subzone, closely related with
the early stage of Indo–Asian collision

Accretionary terranes of convergent
plate

Ore-controlling
structures

Secondary or third order fractures of
Qusong–Cuogu–Zhemulang brittle-ductile shear zone

Shear zone and La'nga Co–Ca Qu anticline near
the Yarlung Zangbo suture zone

Secondary to third order brittle
structures of large-scale compressed
structural zone

Mineral assemblage Predominantly quartz, with about 5% sulfids Predominantly quartz, with ≤3%–5% sulfids Predominantly quartz, with ≤3%–5%
sulfids

Hydrothermal
alteration

Sulficic, chloritic, carbonate, sericitic and silica, etc. Sulfidation, sericitization, silicification,
carbonatization, and argillation, etc

Carbonatization, sulfidation,
chloritization, etc

Compositions of
ore-forming fluid

Mainly H2O–NaCl–CO2, with a little amount of N2, CH4 and
other hydrocarbon

CO2-riching lower salinity NaCl–H2O ore-forming
fluid

CO2-riching, and CO2 –H2O–NaCl ±
CH4 ore-forming fluid

Temperature of
ore-forming fluid

190–290 °C 260–280 °C 200–700 °C

Salinity of fluid
inclusions

2–9 (% NaClequiv.) 1–6 (% NaClequiv.) 3–10 (% NaClequiv.)

a After Groves et al. (1998).
b After Duoji and Wen (2009); Jiang et al. (2008, 2009); Huo et al. (2004).
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6. Conclusions

1. The Bangbu deposit is a large Cenozoic syn-collisional orogenic gold
deposit in Tibet. The second- and third-order brittle fractures adja-
cent to a large-scale, deep-crustal, brittle-ductile shear zone con-
trolled most of the gold deposition.

2. Fluid inclusion, stable isotope, and noble gas data show that the ore-
forming fluid at Bangbu was characterized by high CO2, medium to
lower salinity, and consisted mainly of a metamorphic fluid, with
some addition of a mantle-derived fluid. Fluid geochemistry is
consistent with that of typical orogenic gold deposits.

3. Dating by 40Ar/39Ar shows the gold mineralization occurred
near the end of the main collisional event between India and
Eurasia. Continental collision between India and Eurasia is
defined by the Yarlung Zangbo suture, which is marked by a
large-scale vertical lithospheric shear zone. Mantle-derived
fluid migrated up the shear zone, mixed with metamorphic
fluid and a CO2-rich fluid developed in the lower crust. The
mixed ore-forming fluid then precipitated ores in the brittle
structures at ca. 44 Ma.
Fig. 15. Schematicmap of geneticmodel of Bangbu gold deposit (Modified after Jiang et al., 2009
Eurasia resulted in formation of Yarlung Zangbo suture zone and the subsequent near-vertical li
with metamorphic fluid and a CO2-rich fluid from the mantle and the lower crust. The mixed fl
sulfide quartz veins.
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). At ca. 44Ma, continental collision between India and Euro–Asia plates between India and
thospheric shear zones. Themantle-derivedfluidwas channeled up the shear zone, mixing
uids migrated into the brittle structures along the shear zone and precipitated auriferous
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