
Contents lists available at ScienceDirect

Ore Geology Reviews

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

The genesis of the Liancheng Cu–Mo deposit in the Lanping Basin of SW
China: Constraints from geology, fluid inclusions, and Cu–S–H–O isotopes

Changming Wanga,b,⁎, Leon Bagasb,c, Jingyuan Chena, Lifei Yanga, Duan Zhanga, Bin Dua,
Kangxing Shia

a State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Beijing 100083, China
b Centre for Exploration Targeting and Australian Research Council Centre of Excellence for Core to Crust Fluid Systems (CCFS), University of Western Australia, Perth,
Western Australia 6009, Australia
c Institute of Mineral Resources, Chinese Academy of Geological Science, Beijing 100037, China

A R T I C L E I N F O

Keywords:
Liancheng deposit
Fluid source and evolution
Metamorphic fluids
Orogenic-type Cu–Mo deposit
Cu–S–H–O isotopes

A B S T R A C T

Liancheng is an important Cu–Mo deposit hosted by red-beds in the Mesozoic to Cenozoic Lanping Basin located
in the Sanjiang Tethyan Orogen of SW China. The deposit is fault controlled where it has been affected and
enriched by four hydrothermal events indicated by four distinct sets of veins and their cross-cutting relation-
ships.

A detailed Cu–S–H–O isotopic study is reported here on the mineralization focusing on the source of the
metals and fluid, and on the mineralizing processes. The first two hydrothermal events are characterised by CO2

and fluid-rich inclusions with homogenisation temperatures of 124–446 °C and salinities ranging from 0.4 to
24.6 wt% NaCl equiv. The next two hydrothermal events are characterised by liquid–rich fluid inclusions that
homogenise at 145–256 °C, with salinities ranging from 1.4 to 22.9 wt% NaCl equiv. The H–O isotope values
obtain from the fluid inclusions indicate that the first three hydrothermal events relate to mineralizing fluids
derived from a metamorphic source, but the last event includes a mixed metamorphic and meteoric source.
Chalcopyrite, tennantite, and bornite from the deposit have δ34S values between −11.5 and 3‰. The δ65Cu
values for quartz-Cu sulfide mineralization associated with the second hydrothermal event range from −0.31 to
0.2‰, but carbonate-Cu sulfide mineralization associated with the third hydrothermal event ranges from −1.01
to −1.08‰. The combination of the Cu and S isotopic values and field observations indicate that the controlling
factors include structures, the temperature of regional metamorphism, and the pH of the mineralizing fluid. The
zation is, therefore, characteristic of an orogenic-type deposit.

1. Introduction

Sediment-hosted Cu-sulfide deposits are an important type of base-
metal mineralization, which include disseminated, and vein-type Cu,
and Cu–Fe sulfides in siliciclastic and dolomitic sedimentary rocks (e.g.
Hitzman et al., 2005; Leach et al., 2005; Wang et al., 2014a). Most of
this type of mineralization are regarded as the products of evolving
basin-scale and fluid-flow systems, and are usually remobilised and
reworked during regional deformation and metamorphism (e.g. Brown,
1978, 1997; Hitzman et al., 2005). When structurally controlled vein-
type Cu deposits are hosted by siliciclastic and dolomitic rocks, they are
commonly misinterpreted as sediment-hosted Cu deposits. Further-
more, structurally controlled vein-type Cu deposits are hosted by sili-
ciclastic and dolomitic rocks that usually have different or mixed
sources of mineralized fluid, such as basinal brines, and magmatic to

hydrothermal or metamorphic ore-forming fluids (e.g. Vaughan et al.,
1989; Beaudoin and Sangster, 1992; Polliand and Moritz, 1999;
Torrealday et al., 2000; Bendezú et al., 2003; Germann et al., 2003;
Baumgartner et al., 2008; Huang et al., 2016). The structurally con-
trolled vein-type Cu deposits, thus, appear to have a more complex
genesis, and are worth researching in detailed.

To better understand the genetic processes involved in the forma-
tion of structurally controlled vein-type Cu deposits in the siliciclastic
and dolomitic rocks, we choose the Liancheng deposit in the eastern
Himalayan-Tibetan Orogen. The mineralization is in the central part of
the Mesozoic Lanping Basin and eastern part of the Indian-Asian colli-
sional zone (Figs. 1 and 2). The deposit contains over 20 mineralized
zones within the Liancheng and Jinman tectonic blocks and is hosted by
parallel to subparallel fracture zones and tensile cracks within the
upper member of the Huakaizuo Formation (Fig. 3; Wang, 2010).
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Previous studies of the Liancheng Cu–Mo deposit focused on its
geology, mineralization, fluid inclusions, isotopes, and geochronology
(e.g. Li and Fu, 2000; Liu et al., 2002, 2003; Bi and Mo, 2004; Xu et al.,
2004; Gao et al., 2006; Chi and Xue, 2011; Zhang et al., 2013; Song
et al., 2016). Despite the extent of the studies, the genesis of the deposit
has not been unequivocally determined and has been classified as a
syngenetic, epigenetic, or sediment-hosted stratiform Cu deposit (e.g. Li
et al., 1993, 1997; Xiao et al., 1994; Yan and Li 1997; Liu et al. 2000,
2002; Wu et al. 2003; Chi and Xue, 2011; Song et al., 2016). It has also
been classified as being magmatic and hydrothermal based on the in-
terpretation that the mineralizing fluids are derived from the mantle, or
a deep-seated CO2-rich source mixed with basinal fluids (Yan and Li,
1997; Ji and Li, 1998; Que et al., 1998; Chi and Xue, 2011; Song et al.,
2016). However, Hou et al. (2008) suggest that the deposit can be

classified as an orogenic-type based on the interpretation that the mi-
neralization is related to metamorphic ore-forming fluids. This disparity
in the interpretation of the deposit’s genesis shows that a more in-
tegrated study is necessary to understand it, which includes a better
understanding of its structural, lithological, and geochemical controls.

This paper reports the geological, fluid and isotopic characteristics
of the Liancheng deposit, based on new data collected during this study.
The origin of the deposit is discussed with reference to ore-forming
fluids, sources of metals, and structural controls on the mineralization.
Finally, a comparison is made between the Liancheng and sediment-
hosted Cu deposits elsewhere on Earth. This contribution concludes
with an interpretation of the deposit’s genesis, and it significant for
mineral exploration aiming to discover large-scale deposits hosted by
red-bed sedimentary basins in the eastern Himalayan-Tibetan Orogen.

Fig. 1. Geological map of: (a) the Sanjiang-Tethys Orogen; and (b) the Lanping Basin showing the location of major ore deposits (modified after Deng et al., 2014a; Wang et al., 2014a,
2016a,b,c, 2017b). Acronyms: EQT=East Qiangtang Terrane; NCC=North China Craton; SMT=Simao Terrane; SGAC=Songpan-Ganzi Terrance; WBT=West Burma Terrane;
WQT=West Qiangtang Terrane. Sutures: 1=Qinling-Qilian-Dabie; 2= Jinshajiang; 3=Ailaoshan; 4= Song-Ma; 5= Longmu Tso-Shuanghu; 6=Changning-Menglian; 7=Chiang
Mai-Inthanon; 8=Bentong-Raub; 9=Bangonghu-Nujiang; 10= Shan Boundary; 11= Indus-Yalung-Zangbu.
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Fig. 2. Geological map of the Liancheng Cu–Mo deposit
(modified after Li and Fu, 2000). Section A–B and C–D are
included in Fig. 3.
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2. Regional geological setting

2.1. Location and regional geological evolution

Major terranes in the Sanjiang Tethyan Orogen and adjacent areas
include the Tengchong-Baoshan, Simao, and Yangtze terranes, which
are separated by sutures such as the Jinshajiang-Ailaoshan and
Changning-Menglian sutures (Du et al., 2016; Deng et al., 2016, 2017).
The Mesozoic to Cenozoic Lanping Basin in the northern part of the
Simao Terrane is bound by the Changning-Menglian Suture to the west,
and Jinshajiang-Ailaoshan Suture to the east (Fig. 1; Wang et al.,
2014a,b).

The tectonic history of the Lanping Basin is complex and includes
rifting of the Simao Terrane from the Cathaysian continent during the
early Ordovician to Middle Devonian, formation of a foreland-basin
during the Middle Permian to Middle Triassic, followed by post-colli-
sion extension and development of a rift basin during the Late Triassic
(ca. 235–203Ma). This was followed by the development of a sag basin
during the Jurassic to Cretaceous, a foreland basin during the Paleocene
to Early Oligocene, and collisional tectonics during the collision of the
Indian and Asian continents at ca. 55–50Ma (Dupont-Nivet et al., 2010;
Najman et al., 2010; Deng et al., 2014a,b; Wang et al., 2015b, 2016a).

2.2. Stratigraphy

The region around the Lanping Basin includes Precambrian gneissic
granulite, schist, and marble. These high-grade rocks are un-
conformably overlain by low-grade Early Ordovician slate, phyllite,
quartzite and marble which, in turn, are unconformable overlain by
Middle Devonian to Triassic conglomerate, shallow marine and con-
tinental sedimentary rocks. The youngest rocks are Mesozoic red-beds
in the Lanping Basin (Third Geological Team, 1984).

2.3. Major structures

The most prominent structures affecting the Lanping Basin are
thrust-nappes related to the Early Cenozoic collision of the Indian and
Asia continents (e.g. Zhu et al., 2005). The thrust-nappes are directed
approximately E-W and dip to the east or west in Paleogene-Neogene
basins (Spurlin et al., 2005). In addition, subsequent Eocene-Miocene
transpression resulted in the formation of Cenozoic strike-slip faults,
such as the Ailaoshan Fault along the eastern margin of the Lanping
Basin, and a series of its secondary faults within the basin (Fig. 1).

2.4. Magmatism

Permian to Triassic magmatic events are recognized along the
eastern and western margins of the Lanping Basin, but no magmatism is
found in the Liancheng-Jinman area (Fig. 1). The Permian to Triassic
magmatism is represented by basalt, andesite and rhyolite in the Late
Permian to Early Triassic Pantiange and Triassic Manghuai formations
with zircon U–Pb zircon dates ranging from ca. 258 to 229Ma. Vol-
canism continued in the Simao Basin with extrusion of basalt in the ca.
210Ma Manghuihe Formation (Wang et al., 2010; Fan et al., 2014;
Yang et al., 2014; Liang et al., 2015). Permian–Triassic magmatic rocks
are widespread along both margins of the basin including the ca.
230–214Ma Ludian and ca. 261–203Ma Lincang batholiths (Wang
et al., 2015a; Deng et al., 2017).

The Middle Eocene to Early Oligocene was the most important period
for the emplacement of potassic to ultra potassic magmatic rocks along
the eastern margin of the Lanping Basin, with U–Pb zircon dates ranging
from ca. 41 to 34Ma (Fig. 1; Zeng et al., 2006; Lu et al., 2012, 2013). This
includes Eocene–Oligocene potassic to ultra potassic granitic rocks asso-
ciated with porphyry Cu–Mo–Au deposits with molybdenite Re–Os iso-
chron dates between ca. 40 and 34Ma (e.g. Zeng et al., 2012; Liang et al.,
2007, 2008; Lu et al., 2013; Deng et al., 2015a,b).

3. Deposit geology

The Middle Jurassic Huakaizuo and Late Jurassic Bazhulu forma-
tions are host rocks in the Liancheng mineralized area (Fig. 2). The
Huakaizuo Formation consists of purple-red conglomerate interbedded
with pebbly sandstone and sandstone at the base, and sandstone in-
terbedded with shale at the top. The Bazhulu Formation consists of
purple-red shale interbedded with sandstone. The shale has been me-
tamorphosed into slate at a low-grade metamorphism.

The most prominent structural feature in the mineralized Liancheng
district is an NNE-striking anticline with an upright western limb and
overturned eastern limb (Fig. 2). The folds are associated with NNE-
trending reverse faults dipping 65–85° NW parallel to the axis of the
fold (Fig. 3). In addition, there are some relatively late NW-trending
strike-slip faults, which cut the NNE-trending reverse faults and folds
(Fig. 2).

The Liancheng deposit is subdivided into the Liancheng and Jinman
orebody clusters and several other segments (Fig. 2). The Liancheng
and Jinman orebody clusters are located near the core of the Liancheng
and Jinman anticlines, particularly above the NNE-trending first-gen-
eration reverse (D1) fault on the eastern limb of the overturned fold
(Fig. 3). Most orebodies are hosted by layer-parallel shears and tensile
fractures within the upper member of the Huakaizuo Formation (Figs. 2
and 3).

The No. 1 orebody in Jinman block is the richest in both blocks, and
is hosted by layer-parallel shears at the contact between the lower and
upper members of the Huakaizuo Formation (Figs. 2 and 3). The mi-
neralization is stratabound and in a stockwork, with grades ranging
between 0.65 and 12.02% Cu, and 21.9 g/t Ag. The mineralization
averages 8m in thickness, is at least 1350m long, and dips 70–85° NW
(Wang, 2010). In addition, a series of small scale orebodies in the
Jinman block are distributed within tensile cracks and cleavage in the
upper member of the Huakaizuo Formation (Fig. 3b), where it is 35m
long and 0.7–17.3 m wide with a grade ranging from 0.3 to 2.68% Cu
and 2.6–10.8 g/t Ag (Wang, 2010).

The Liancheng block, located to the NE of the Jinman block, hosts a
series of small orebodies distributed in layer-parallel shears and tensile
cracks in the upper member of the Huakaizuo Formation (Figs. 2 and 3),
which form a 17.5m thick zone averaging 0.8% Cu (Wang, 2010).

There are many sulfide and gangue minerals in both of the blocks’
mineralized zones including the major assemblage chalcopyrite – tet-
rahedrite – bornite – tennantite, and minor assemblage of chalcocite –
pyrite – sphalerite – galena. In addition, fine-grained molybdenite is
present in the Liancheng block. The gangue minerals are dominantly
quartz, calcite, ankerite, sericite, and minor graphite, and alteration
characterised by the assemblage sericite – silica – carbonate – graphite.

Four hydrothermal events represented by quartz (-carbonate) vein
sets have been identified in the area and are distinguished from each
other by their cross-cutting relationships. It is not certain what the ages
of these vein sets are, and it is acknowledged that they might represent
a single progressive hydrothermal fluid, but they are here regarded as
separate events until they can be properly dated.

The hydrothermal event is represented by early white quartz veins
with minor amounts of carbonate, followed by quartz – chalcopyrite –
molybdenite (-tennantite-bornite), and carbonate – tennantite (-chal-
copyrite-bornite), and finally carbonate (-minor quartz) (Figs. 4a–h,
5a–h, and 6). The quartz veins contain minor amounts of carbonate and
fill layer-parallel shears and tensile fractures (Fig. 4a, b). These veins
are cut by veins of Cu-minerals that also fill vugs and open-space cav-
ities, and are included in the second hydrothermal event (Fig. 4c). This
early veining has been interpreted as being “syn-mineralization” (Song
et al., 2016), but we now know that this is not the case.

The second hydrothermal event is the main Cu–Mo mineralizing
event represented by large amounts of chalcopyrite, tetrahedrite, bor-
nite, and molybdenite hosted by euhedral quartz. The mineralization is
commonly concentrated as selvedges along the contact between the
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quartz and country rocks, and sulfidic quartz veins crossing and me-
tasomatising the early quartz veining (Figs. 4b, c and 5a–f).

The third hydrothermal pulse is also characterised by sulfide mi-
neralization represented by the assemblage carbonate – tetrahedrite –

chalcopyrite – bornite – pyrite (Figs. 4e and 5g, h). Euhedral pyrite co-
exists with carbonate in places, with chalcopyrite forming fracture fills
in pyrite (Fig. 5g). The chalcopyrite commonly cuts the second-gen-
eration quartz-Cu sulfide veins (Fig. 5 h).

Fig. 4. Macroscopic features of samples col-
lected from mineralization at the Liancheng
Cu–Mo deposit: (a) Mo and Cu minerals in
quartz filling fractures; (b) Cu minerals in
brecciated the first generation of hydro-
thermal quartz; (c) Cu-sulfide vein in slate;
(d) second generation Cu-sulfide vein in a
fractured first generation quartz veins; (e)
tennantite-ankerite from the third hydro-
thermal event cementing brecciated first
generation quartz; (f) chalcopyrite-tennan-
tite-bornite-ankerite from the second hydro-
thermal event; (g) Quartz-ankerite vein from
the fourth hydrothermal event cutting mi-
neralization from the second event; and (h)
quartz-ankerite from the fourth hydro-
thermal event.
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The last hydrothermal event is not mineralized and represented by
ankerite veining crossing the earlier three vein sets. The ankerite veins
also fill vugs and open-space cavities forming euhedral and granular

textures growing inward in the vugs and openings (Fig. 4 g, h). This
vein set is interpreted to have formed at shallow depths. The minerals
associations for each hydrothermal event are shown in Fig. 6.

Fig. 5. Photomicrographs of the miner-
alization at the Liancheng Cu–Mo deposit:
(a) and (b) chalcopyrite and molybdenite
in quartz-filled fractures replacing quartz
related to the first hydrothermal event; (c)
chalcopyrite-tennantite-bornite replacing
first generation quartz; (d) bornite hosted
by fractures in first generation quartz; (e)
second hydrothermal chalcopyrite-bor-
nite-quartz; (f) chalcopyrite co-existing
with second generation euhedral quartz;
(g) third hydrothermal euhedral pyrite co-
existing with carbonate minerals, and
chalcopyrite veining pyrite; and (h) car-
bonate vein representing the third hydro-
thermal event cutting second generation
quartz-sulfide.
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4. Analytical methods

Samples were collected from the mine in the Liancheng block at the
1200 and 1300m levels, and outcrops in the block at an elevation of
∼1800m. The samples were crush and sulfides were separated using a
combination of heavy liquid, magnetic and hand-picking techniques.
The extracted sulfides were then checked using X-ray diffractometry to
ensure their purity.

4.1. Fluid inclusion

Thirty samples of quartz and carbonate were collected from the dif-
ferent generations of veining for fluid inclusion studies. The characteristics
of the inclusions polished thin sections were microscopically accessed for
their relative age, shape, size, and style of distribution. The fluid inclusions
were then microthermometrically measured using a Linkam MDS 600
heating-freezing stage equipped with a Zeiss microscope, and Laser Raman
spectroscopic analyses were carried out at the Deposit Geology Institute,
Chinese Academy of Geological Sciences in Beijing (CAGS). The measure-
ments consist of the first ice melting temperature (Tm), melting of carbonic
hydrite (Tm, cla), ice-melting temperature (Tm, ice), and homogenisation
temperature (Th). Salinities of aqueous two-phase inclusions were calcu-
lated from the measured final ice-melting temperatures using the reference
data of Bodnar (1993) for the NaCl-H2O system, and salinities of hy-
persaline inclusions were calculated from measured halite-melting tem-
peratures using the equation of Lecumberri-Sanchez et al., 2012.

4.2. H–O isotopes

Analyses of the hydrogen and oxygen isotopic compositions were
carried out using a MAT-251 mass spectrometer with analytical preci-
sions of± 0.2‰ for the O-isotopes and± 2‰ for the H-isotopes at the
Deposit Geology Institute, CAGS. The δD values were analysed using the
decrepitating method on primary fluid inclusions in quartz. The
δ18OH2O values were calculated using the formula 1000lnαquartz-

water = 3.38× 106/T2− 3.40 and the corresponding homogenisation
temperatures of the primary fluid inclusions (Clayton et al., 1972)

4.3. Cu isotopes

All samples collected for Cu-isotope analyses were from the Jinman
block (Table 2). Around ∼20mg of samples containing at least 0.4 μg Cu
were dissolved with 1ml of 8 N HCl and+0.001% H2O2 at a temperature

of ∼160 °C in screw-top Teflon containers. The Cu mineral was purified
using single column ion exchange chromatography with the Bio-Rad
strong anion resin AG-MP-1M (Maréchal et al., 1999). The Cu isotope
analyses were completed using the Neptune plusMC-ICP-MS at the Isotope
Geochemistry Laboratory of the China University of Geosciences Beijing
(CUGB) following the procedure described by Liu et al. (2014). The Cu
isotope ratios in this study are reported as δ65Cu values relative to the
NIST976 Cu standard (65Cu/63Cu=0.4456 ± 0.0004) using the equa-
tion δ65Cu= ((65Cu/63Cu)sample/(65Cu/63Cu)standard− 1) × 1000 (Liu
et al., 2014). The accuracy of the δ65Cu analyses are estimated to be
better than 0.05‰ (2σ).

4.4. S isotopes

Sulfur isotopic analyses of sphalerite, galena and pyrite separates
from the study area were carried out at the Laboratory for Stable
Isotope Geochemistry, Institute of Geology and Geophysics, Chinese
Academy of Sciences (CAS). The analyses were carried out using 200-
mesh pure separates of chalcopyrite, tetrahedrite, and bornite, which
were combusted with CuO, Cu2O and V2O5 in an oven at 1000 °C and
under vacuum conditions. Liberated SO2 gas was frozen in a liquid ni-
trogen trap. After cryogenic separation from other gases, the sulfur
isotopic compositions were measured with the Canyon Diablo Troilite
(CDT) standard on a MAT-253 mass spectrometer with an analytical
precision of± 0.2‰. The routine analytical precision for the standard
material was± 0.2‰. The results were then calibrated against the
standard with a routine analytical precision of± 0.2‰.

5. Results

5.1. Fluid inclusion data

All samples contain abundant primary and secondary inclusions,
with irregular, ovoid, and negative crystal forms, and only primary
inclusions were analysed in this study, as defined by Roedder (1984).
Four types of primary inclusions are recognised, based on their textural,
relative paragenesis, and the proportion of their phases at room tem-
perature. These are liquid-rich inclusions with gas bubbles, three-phase
CO2-bearing inclusions, vapour-only inclusions, and liquid-only inclu-
sions (Fig. 7).

Liquid-rich (L-type) inclusions are the most common type, and
found in all of the quartz-carbonate veins generations in the study area.
They consist of a liquid phase (LH2O) and a smaller proportion of vapour
bubble (VH2O), and vary in shape from native-crystal to highly irregular
(Fig. 7). This type of inclusion homogenises to liquid, and rarely to
vapour, and is much smaller in size relative to the other inclusion types
being 1–20 μm across, and have a vapour volume between 5 and 40%.

The CO2-bearing (C-type) inclusions are present in quartz from the
first and second hydrothermal generation (Fig. 7a, d, f, g), consist of
liquid+ vapour+CO2 with negative crystal shapes, and vary between
3 and 14 μm in size. The vapour-only inclusions are present in quartz
veins representing the second hydrothermal generation, are 3–8 μm
across, and are three-phase CO2-bearing inclusions.

Liquid-only inclusions are 2 to 6 μm across and are only present in
the quartz-carbonate veins representing the fourth hydrothermal event.
The microthermometric data and calculated parameters for fluid in-
clusions are summarized in Table 1 and graphically illustrated in Figs. 8
and 9.

5.1.1. First generation quartz
Fluid inclusions in the first quartz generation homogenise between

160-446 °C with a modal distribution between 200 and 300 °C, and
have salinities ranging from 0.4 to 22.5 wt% NaCl equiv (concentrating
at 8 to 20 wt% NaCl equiv).

All of the L-type inclusions have homogenisation temperatures
ranging from 160 to 351 °C (Fig. 8), and have melting temperatures
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Table 2
Hydrogen and oxygen isotopic compositions of quartz from Cu–Mo ore at the Liancheng deposit. The δ18OH2O values were calculated from those of quartz on the basis of the isotope
fractionation equation of 1000lnαquartz-water = 3.38× 106/T2− 3.40 (Clayton et al., 1972). Abbreviations: Qz= quartz; Th=homogenisation temperature.

Sample assemblage Mineral Stage δDH20 (SMOW ‰) δ18O (‰) Th (°C) δ18OH20 (‰)

Quartz-Cu mineral Quartz 2 −64.0 18.6 237 9.0
Quartz-Cu mineral Quartz 2 −109.7 17.3 237 7.7
Quartz-Cu mineral Quartz 2 −122.2 16.0 237 6.4
Quartz-Cu mineral Quartz 2 −117.0 16.3 237 6.9
Quartz-Cu mineral Quartz 2 −87.9 17.4 237 7.8
Carbonate-Cu mineral Quartz 3 −76.0 16.6 222 6.2
Carbonate-Cu mineral Quartz 3 −95.0 16.9 222 6.5

Table 1
Summary of microthermometric data and calculated parameters for fluid inclusions from the Liancheng Cu–Mo deposit.

Stage Mineral FIT Size (μm) Tm, CO2 (°C) Tm, ice (°C) Th (°C) Salinity (wt%)

1 Quartz Two-phase 1–20 No -0.5 to −19.8 160–351 6.3–22.5
Three-phase 4–14 5.4∼ 7.3 No 278–446 0.4–11.6

2 Quartz Two-phase 2–18 No −1.9 to −22.9 124–371 3.2–24.6
Three-phase 5–12 3.3∼ 9.8 No 268–407 5.2–8.4

3 Carbonate Two-phase 2–8 No −0.8 to −20.3 152–259 1.4–22.9
4 Carbonate Two-phase 2–12 No −1.4 to 10.0 145–259 2.4–14.0
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between −19.8 and −0.5 °C, corresponding to salinities of 0.9–22.5 wt
% NaCl equiv (Bodnar, 1993) (Table 1). For C-type inclusions and va-
pour-only inclusions are commonly present at the same time, indicating
they are coeval and representing phase immiscibility during inclusion
trapping (Fig. 7). All of the C-type inclusions homogenise to a fluid at
temperatures between 278 and 446 °C (Fig. 8), and have a salinity of
0.4–11.6 wt% NaCl equiv (Collins, 1979) (Table 1; Fig. 9).

5.1.2. Second generation quartz
Fluid inclusions in the second hydrothermal generation of quartz

homogenise at 124–407 °C with a modal distribution of 160–280 °C,
and salinities ranging from 3.2 to 24.6 wt% NaCl equiv with a modal
distribution of 8–24wt% NaCl equiv.

The L-type inclusions homogenise at 124–371 °C (Fig. 8), and have
melting temperatures between −22.9 and −1.9 °C, corresponding to
salinities of 3.2–24.6 wt% NaCl equiv (Bodnar, 1993; Table 1).

All of the C-type inclusions homogenise to the temperatures from
268 to 407 °C, and have salinities between 5.2 and 8.4 wt% NaCl equiv.

(Collins, 1979; Figs. 8 and 9; Table 1).

5.1.3. Carbonate from the third hydrothermal event
Carbonate representing the third hydrothermal event contains L-

type inclusions that homogenise from 153 to 259 °C (Fig. 8), and have
melting temperatures between −20.3 and −0.8 °C, corresponding to
salinities of 1.4–22.9 wt% NaCl equiv. (Bodnar, 1993; Table 1).

5.1.4. Carbonate from the fourth hydrothermal event
L-type inclusions from the fourth-generation vein set homogenised

to a fluid at temperatures ranging from 144.8 to 258.8 °C (Fig. 8), and
have melting temperatures of between −10 and−1.4 °C corresponding
to salinities of 2.4–13.5 wt% NaCl equiv. (Bodnar, 1993; Table 1).

5.2. Oxygen and hydrogen isotope data

The oxygen and hydrogen isotopic analyses of quartz and carbonate
are listed in Table 3 and plotted in Fig. 10. The δ18O quartz and
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Fig. 8. Histograms of homogenisation temperatures and salinity for all of the inclusion types from the four hydrothermal events at the Liancheng Cu–Mo deposit.
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carbonate values range from 7.8 to 15.6‰, and the δD values from fluid
extracted from inclusions in the quartz and carbonate range from −84
to −48‰ (Table 2; Fig. 10). The δ18O quartz and carbonate values in
the first generation of quartz-carbonate veining are 7.8–11.3‰ with δD
values of −64 to −48‰, and those from Ag-bearing galena and
sphalerite in the second quartz generation are 9.5–11.9‰ with δD
values between −72 and −62‰.

5.3. Cu isotope data

The δ65Cu values determined from 13 sulfide samples are listed in
Table 3 and plotted in Fig. 11. The δ65Cu values range from −1.08 to
0.2‰ with an average of −0.25‰. However, sulfide minerals in

carbonate hosting Cu have δ65Cu values peaking at −1.05‰, and those
from mineralized quartz peak at −0.03‰. The δ65Cu chalcopyrite
values range from −0.09 to 0.2‰, and tetrahedrite has a variable
isotopic δ65Cu composition ranging from −1.08 to 0.06‰. The δ65Cu
isotopic value for bornite is relatively heavy averaging −0.31‰.

5.4. Sulfur isotope data

The δ34S values determined from 13 sulfide samples are listed in
Table 3 and plotted in Fig. 11. The δ34S values of sulfides in the mi-
neralized zones range from −11.5 to 3‰ with an average of −3.2‰.
In contrast, the majority of the sulfide minerals have δ34S values
peaking at −11 and −2‰. The δ34S chalcopyrite values range from
−11.6 to 1.1‰ (average −5.1‰), tetrahedrite has a variable δ34S
composition, ranging from −10 to 3.0‰ (average −1.3‰), and the
δ34S value for bornite is relatively heavy averaging 0.9‰.

6. Discussion

6.1. Ore-forming conditions

During the emplacement of the first vein sets at the Liancheng de-
posit, the mineralizing fluids included vapour-only, CO2-rich, and li-
quid-rich fluid phases now preserved in quartz veins locally containing
Cu sulfide. The fluid is characterized by middle- to high temperatures
averaging ∼250 °C and salinities averaging ∼14wt% NaCl equiv. The
mineralizing fluid during the third and fourth hydrothermal events is
represented by liquid-rich and liquid-only fluid inclusions observed in
carbonate and carbonate-Cu sulfide veins. The late fluid is
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Fig. 9. Summary plot of homogenisation temperatures, salinities, and pressure of fluid inclusions related to the fourth hydrothermal events at the Liancheng Cu–Mo deposit. Isobars were
calculated from the equations of Driesner and Heinrich (2007).

Table 3
Cu–S isotopic data (‰) for Cu minerals from the Liancheng Cu–Mo deposit.

Mineral assemblage Stage Mineral δ34Sv-CDT‰ δ65Cu‰ 2SD

Quartz-Cu mineral 2 Chalcopyrite 1.1 −0.04 0.03
Quartz-Cu mineral 2 Chalcopyrite −4.8 0.02 0.01
Quartz-Cu mineral 2 Chalcopyrite −11.5 −0.15 0.09
Quartz-Cu mineral 2 Chalcopyrite −2.9 0.20 0.08
Quartz-Cu mineral 2 Chalcopyrite −2.5 −0.09 0.07
Quartz-Cu mineral 2 Chalcopyrite −3.8 0.16 0.03
Quartz-Cu mineral 2 Chalcopyrite −11.3 0.10 0.01
Quartz-Cu mineral 2 Bornite 0.9 −0.31 0.01
Quartz-Cu mineral 2 Tetrahedrite −3.6 −0.11 0.04
Quartz-Cu mineral 2 Tetrahedrite −10.0 0.06 0.06
Carbonate-Cu mineral 3 Tetrahedrite 2.2 −1.08 0.04
Carbonate-Cu mineral 3 Tetrahedrite 2.1 −1.04 0.05
Carbonate-Cu mineral 3 Tetrahedrite 3.0 −1.01 0.01
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characterized by lower temperature averaging 204 °C with a salinity
averaging ∼12wt% NaCl equiv. The similar ranges of the salinity for
each event indicate that the changes in salinity were not a key factor
controlling Cu-sulfide precipitation in the Liancheng area (Figs. 8 and
9). Gradual changes are seen in the volume of CO2 in the mineralizing
fluid, which is represented by CO2-rich fluid in the first two sets fluid
inclusion, and the following two generations of fluid inclusions are not
CO2-rich. This decrease in CO2 indicates that there was fluid mixing or
boiling corresponding to decreases in pressure and temperature. This
observation combined with the hydrogen and oxygen isotope analyses
documented here indicate that the fluids were metamorphic in origin,
with a minor input of meteoric water. Therefore, fluid mixing is not a
critical factor in the deposition of Cu–Mo mineralization at Liancheng.

Several other processes, such as changes in redox state, fluid ex-
solution and biological effects can be factors resulting in the deposition

of Cu-sulfides (e.g. Maréchal et al., 1999; Zhu et al., 2002; Larson et al.,
2003; Markl et al., 2006; Qian et al., 2006; Asael et al., 2007; Fernandez
and Borrok, 2009; Haest et al., 2009; Yang et al., 2016). Changes at the
redox front from reducing to oxidising states can be a significant factor
in whether Cu-sulfides remain in solution or precipitate (e.g. Rouxel
et al., 2004; Mathur et al., 2005; Markl et al., 2006; Asael et al., 2007).

Copper (Cu) has two valences; Cu I (cuprous) has one valence
electron and Cu II (cupric) has two valence electrons. The prominent Cu
(I)-sulfide at Liancheng is chalcopyrite (CuIFeIIIS2), and the minor Cu(I)
bornite (between Cu5IFeIIIS4 and Cu4ICuIIFeIIS4) and tetrahedrite
(Cu10ICu2II As4IIIS13) are hosted by quartz in the early stages of mi-
neralization. The late stages of mineralization are dominated by Cu(I)-
sulfide minerals in tetrahedrite with minor Cu(I) bornite and chalco-
pyrite hosted by carbonate. It should be noted that despite contra-
dictory views regarding the valency of copper in minerals such as

Fig. 10. Oxygen and hydrogen isotopic compositions, including published δD and δ18O data from hydrothermal quartz and carbonate from the Liancheng Cu–Mo deposit. The regional
meteoric water (Mesozoic and Cenozoic) is from Xu and Mo (2000). The present-day meteoric water in China is used for the composition of meteoric water (c.f. Xiao, 1989; Ji and Li,
1998; Liu et al., 2000; Chen and Wang, 2004; Zhao, 2006; Zhang et al., 2013; Song et al., 2016).

Fig. 11. Diagram showing the temporal-spatial distribution
of sulfur and copper isotopes in sulfide minerals from the
Liancheng Cu–Mo deposit: (a) Cu isotopes from different
mineralization events; and (b) sulfur isotopes from different
mineralization events.
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chalcopyrite and tetrahedrite, mineralogical studies at Liancheng have
shown that copper coexists as the Cu(I) ion in different stages, in-
dicating redox environments are unlikely significant controls for the
composition of Cu isotopes in the Cu-sulfides (Boekema et al., 2004;
Goh et al., 2006, 2010; Markl et al., 2006).

It is also noteworthy that the total range of δ65Cu values at
Liancheng is only ∼1.3‰. If there were multiple Cu-mixing sources in
the genesis of the deposit, it is unlikely that only a narrow range of
δ65Cu would exist at the deposit (Asael et al., 2005; Mathur et al.,
2005). Therefore, fluid mixing does not account for the limited range in
the Cu-isotope composition observed at Liancheng, which largely re-
flects a homogenous source.

Markl et al. (2006) proposed that the pH of an acidic mineralized
fluid will increase when it reacts with carbonate rocks, which results in
the deposition of Cu minerals at near-neutral pH, which is a process that
can drive kinetic isotopic fractionation. It is therefore proposed that
such a reaction at Liancheng would have resulted in an increase in the
pH of the mineralizing fluid from a value of ∼6 to over 7, and the pH
increase could have been the primary control on the limited Cu-isotope
variation (Zhao, 2006). The late stage Cu minerals accompanied by
carbonate in the ore displays the clearest evidence for this pH driven
kinetic isotope fraction of δ65Cu. The high copper isotopic data for the
quartz-Cu sulfide ore is related to the relative high temperatures during
the early stages of mineralization, and light copper isotopic data for the
carbonate-Cu mineral with relative low temperature in the late stages of
the mineralization (with a positive correlation of r2= 0.89) (Tables 1
and 2). The small variation in δ65Cu values for sulfides at Liancheng
indicates that a variation in temperature was an important control on
the composition of Cu isotopes in Cu minerals. Thus, the dominant
processes controlling the Cu isotope variability at Liancheng are prob-
ably largely the temperature and pH of the mineralizing fluid.

6.2. Ore-forming fluids for the Cu–Mo mineralization

The δ18OH2O values of the mineralizing fluids are calculated using
the homogenisation temperatures of primary fluid inclusions and the
quartz-water equilibrium fractionation of Clayton et al. (1972). The
δ18OH2O values in the early stages of the hydrothermal fluids overlap in
the magmatic and metamorphic fields shown in Fig. 11. In addition, the
H and O isotopic compositions can be interpretation as being related
dominated to metamorphic waters with addition of magmatic water.
Zhang et al. (2015) conclude that noble gas isotope compositions have
no characteristic indicative of a mantle fluid involvement for the
Liancheng deposit. Based on the lack of coeval igneous rocks in the
Lanping Basin, metamorphic water components seem to be a likely
source for the CO2-rich fluid. Furthermore, compared to the early stage
fluids, the later stage fluids slightly shift toward the composition of

meteoric water, indicating that the fluids do have a meteoric compo-
nent for the later hydrothermal event.

6.3. Sources of metals

The mantle, magma, and country rocks have been proposed as
sources for the sulfur at Liancheng (Xiao et al., 1994; Ji and Li, 1998;
Yan and Li, 1997; Liu et al., 2000; Wu et al., 2003; Song et al., 2016).
Zhang et al. (2015) suggest that the source was derived from a mixed
sedimentary and magma deep in the crust. In this contribution, the
bimodal δ34S values of −4.8 to 3.0‰ and −10 to −11.5‰ of sulfides
from Liancheng can be interpreted as having a sulfur source from
magmatic, mantle-derived, or metamorphic fluids (Table 4; c.f. Ohmoto
and Rye, 1979; Goldfarb et al., 2005).

The ages of the Cu-Mo mineralization have been reported using
different dating methods, such as molybdenite Re–Os (47.8 ± 1.8Ma
and 48.14 ± 0.87Ma), quartz 40Ar/39Ar (58. 05 ± 0. 54Ma and
56.7 ± 1Ma), calcite Sm–Nd (58.2 ± 5.3Ma), and apatite fission
track thermochronometry (46.1 ± 5.8Ma) (Liu et al., 2003; Xu et al.,
2004; Li and Song, 2006; Wang, 2010; Zhang et al., 2013). There is no
indication of a magmatic event was present in the basin during the
mineralizing event. The only magmatic rocks present in the Lanping
Basin are Middle to Late Triassic (ca. 235 to 210Ma) mafic and felsic
volcanic sequences and Middle Eocene to Early Oligocene (ca. 41 to
32Ma) potassic to ultra potassic magmatic rocks along the basin’s
margins (Deng et al. 2014a,b; Wang et al. 2014b). Furthermore, me-
tamorphic age of 49Ma, corresponding to ore-forming age of the
Liancheng deposit, is documented in the region (Gong et al., 2006).
This points to the Lanping Basin being tectonically active during the
India-Asia continental collision, which provided the driving force for
the concentration of metamorphic fluids (Wang et al., 2017a).

In addition, a mantle-derived source has been ruled out by noble gas
isotope compositions for the Liancheng deposit (Zhang et al., 2015).
Thus, it is considered very likely that the sulfur at the Liancheng deposit
has a mantle or a magmatic source. Samples of tetrahedrite and chal-
copyrite from the Liancheng block have δ34S values of −10 to
−11.5‰, which are higher than those from the Jinding MVT deposit
(Deng et al., 2016). Earlier studies have also proposed that sulfur with
moderate negative δ34S values at Liancheng originate from sulfur re-
duction by bacteria (Yang et al., 2016). However, the fluid inclusion
homogenisation temperatures in the ore-forming second and third hy-
drothermal events are between 124 and 407 °C. This temperature range
is too high for bacterial sulfate reduction and bacteriogenic sulfur being
produced from the sedimentary country rocks (c.f. Machel et al., 1995;
Warren, 2000; Machel, 2001; Kashefi and Lovley, 2003; Deng et al.,
2016). In addition, the δ34S values at Liancheng are consistent with
sulfur being derived from a deeper source below the basin’s floor.

Table 4
Geological characteristics comparison between the Liancheng Cu–Mo deposit and orogenic type deposits.

Typical characteristics Orogenic gold deposits Shagou Ag–Pb–Zn deposit West Carbery Cu deposit Liancheng Cu–Mo deposit

Tectonic setting Orogenic belt Qinling collisional orogenic
belt, China

Orogenic belt, Ireland Sanjiang orogenic belt, China

Host rock Mainly metamorphic rocks, and other
rock types

Metamorphic Taihua Group Metasedimentary rocks Metasedimentary rocks, with
metamorphic basement

Metamorphic grade of host
rocks

Mainly greenschist facies but
subgreenschist to lower granulite facies

Gneiss and amphibolite Metamorphosed to slate Metamorphosed to slate and schist

Ore-controlling structure Structurally-controlled Structurally-controlled No Structurally-controlled
Mineralization style Veins, breccias, disseminated Quartz veins Quartz veins and veinlets Quartz or carbonate veins
Alteration types Carbonate, sericite, silica, albite,

tourmaline
Carbonate, sericite, silica Carbonate, sericite, silica,

chlorite, albite
Carbonate, sericite, ankerite, and
minor graphite

Ore mineral assemblages Pyrite, arsenopyrite, stibnite Pyrite, sphalerite, galena and
Ag-bearing sulfides

Chalcopyrite, bornite,
chalcocite

Chalcopyrite, tetrahedrite, bornite,
tennantite

Fluid source Metamorphic fluids Metamorphic fluids Metamorphic fluids Metamorphic fluids
Temperature 220–600 °C 180–220 °C 280–350 °C 124–466 °C
References Goldfarb et al. (2005) Han et al. (2014) Wen et al. (1996) This study
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The δ65Cu values for the quartz-Cu sulfides at Liancheng range from
−0.31 to 0.2‰, but Cu-sulfide mineralization associated with carbo-
nate (hydrothermal event 3) ranges from −1.01 to −1.08‰. The
quartz-Cu sulfide samples from the earlier mineralization event (2)
have a similar pattern.

Samples with isotopically light Cu from the later stage of the car-
bonate-Cu sulfide mineralization have a source that is difficult to pin-
point, because the copper isotopic values overlap the magmatic fields
with δ65Cu between−0.62 and +0.4‰, VMS deposits with δ65Cu from
0.62 to +0.34‰, porphyry and skarn deposits with δ65Cu between
−1.29 and +2.98‰, hydrothermal vein type deposits with δ65Cu be-
tween −3.7 and +2.41‰, and sedimentary deposits with δ65Cu values
between −2.54 and −0.66‰ (c.f., Maréchal et al., 1999; Zhu et al.,
2000; Larson et al., 2003; Graham et al., 2004; Mason et al., 2005;
Markl et al., 2006; Asael et al., 2007; Maher and Larson, 2007; Mathur
et al., 2009).

The coupling of Cu and S isotopic fractionation provides indications
of the likely source of the copper at Liancheng (Zhou et al., 2013;
Molnár et al., 2016). The plot in Fig. 12 indicates that copper is derived
from metamorphic rocks. Furthermore, the measured δ65Cu

compositions of the Cu sulfides are similar to those sourced from me-
tamorphic rocks worldwide. See Fig. 13

6.4. Ore genesis

The age of the Cu–Mo mineralization at Liancheng is Paleocene to
Early Eocene, which coincides with the collision of the Indian and Asian
continents (Wang et al., 2017a). Most of the mineralization in the
Lanping Basin is located in NNE-trending reverse faults, and associated
shears and tensile fractures in the upper member of the Huakaizuo
Formation (Fig. 3), which are features different from examples of se-
diment-hosted stratiform Cu deposits on Earth (Brown, 1978, 1997;
Leach et al., 2005).

In order to better constrain the genesis of the Liancheng Cu–Mo
deposit, geological and fluid characteristics among orogenic gold belts
and orogenic Pb–Zn–Cu–Ag deposits are compared with those of the
Liancheng deposit in Table 4. These characteristics are similar for the
three types of deposits indicating a similar genesis (Table 4). Therefore,
the presented data and discussion here indicates that the Liancheng
Cu–Mo deposit is orogenic, with examples know at the West Carbery Cu

Fig. 12. Plot of δ34SCDT vs δ65Cu. The Cu isotope composi-
tion is plotted as a function of the Cu-sulfur isotope com-
position from the same sample. Boxes show the composi-
tions of sphalerite where hydrothermal and bacteriogenic
fluids are proposed to dominate. Boxes show compositions
of δ65Cu and δ34SCDT as follows: carbonaceous chondrite
(δ65Cu=−1.51 to −0.03‰ and δ34SCDT=0.4‰); basalt
rocks (δ65Cu=−0.01 to +0.22‰ and δ34SCDT= ±1‰);
magmatic rocks (δ65Cu=−0.46 to +0.21‰ and
δ34SCDT=−13.4 to +28.7‰); metamorphic rocks
(δ65Cu=−1.1 to +1.2‰ and δ34SCDT=−20 to +20‰);
modern deep sea surface sediments (δ65Cu=−2.83 to
+0.6‰ and δ34SCDT=+20‰); hydrothermal sulfur
(δ65Cu=−3.7 to +2.98‰ and δ34SCDT> 0‰); and bac-
teriogenic sulfur (δ65Cu=−1.50 to +0.62‰ and
δ34SCDT= <−5‰) (Thode et al., 1961; Maréchal et al.,
1999; Zhu et al., 2000; Maréchal and Albarède, 2002; Ben
et al., 2003; Larson et al., 2003; Luck et al., 2003, 2005;
Albarède, 2004; Archer and Vance, 2004; Ehrlich et al.,
2004; Graham et al., 2004; Rouxel et al., 2004; Mason et al.,
2005; Mathur et al., 2005; Markl et al., 2006; Asael et al.,
2007; Maher and Larson, 2007; Moynier et al., 2007, 2010;
Haest et al., 2009; Herzog et al., 2009; Li et al., 2009, 2010;
Mathur et al., 2009; Wang and Zhu, 2010; Bigalke et al.,
2011; Navarrete et al., 2011; Weinstein et al., 2011; Liu
et al., 2014).

Fig. 13. Tectonic model for the Liancheng Cu–Mo deposit.
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deposits in Ireland, and the Qinling Pb–Zn–Cu–Ag deposit in China
(Wen et al., 1996; Chen et al., 2004; Zhang et al., 2013; Han et al.,
2014).

7. Conclusions

The Paleocene-Early Eocene Liancheng deposit formed during the
collision of the India and Asia continents. The richest Cu–Mo miner-
alization at the deposits is located in quartz-sulfide and carbonate-sul-
fide veins that are hosted by layer-parallel shear zones at Liancheng.
Hydrogen and oxygen isotopes from mineralized quartz-sulfide and
carbonate-sulfide veins indicate that the ore-forming fluid is largely
from metamorphic water, with a minor contribution from meteoric
water. The copper and sulfur isotope geochemistry indicates that the
source of the mineralization is rocks underneath the basin, and the
factors controlling the deposition of the mineralization are principally
temperature, pressure, and pH. We propose that the Liancheng Cu–Mo
deposit is orogenic in type and deposited in a sedimentary basin during
the Paleocene-Early Eocene collision of the India and China plates.
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