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A B S T R A C T

The Hengdong cobalt (Co) deposit, located in northeastern Hunan Province of South China, is hosted by the low-
grade metamorphic volcaniclastic sedimentary rocks of the early Neoproterozoic Lengjiaxi Group. The Co or-
ebodies strictly controlled by the NE- to ENE-trending Changsha-Pingjiang deep fault zone (CPDFZ) and its
secondary structures. Occurring in altered breccias and cataclasites with similar mineral assemblages, Co mi-
neralization is characterized by zoned alteration with predominant silicification and chloritization proximal to
the orebodies, and sericitization and carbonatization distal from the mineralization. The integrated field and
microscope observations reveal three hydrothermal stages marked by quartz+ pyrite+muscovite ±
chalcopyrite of the early-stage mineralization (E-stage), quartz+ polymetallic sulfides+ chlorite of the middle-
stage mineralization (M−stage), and quartz+ chlorite+ carbonate of the late-stage mineralization (L-stage).
Muscovite from both the E-stage Co-bearing altered breccia and the CPDFZ mylonite yield 40Ar–39Ar plateau
ages of 124.7 ± 0.6Ma (1σ) and 130.3 ± 1.4Ma (1σ), respectively, indicating an early Cretaceous miner-
alization likely associated with the last movement of CPDFZ strike-slip shearing. The δ34S values of pyrite and
chalcopyrite ranging from −1.5 to −15.9% with a majority between −7.5 and −15.9%, and the lead isotope
compositions of the pyrite (206Pb/204Pb= 18.156–18.761, 207Pb/204Pb= 15.645–15.662 and
208Pb/204Pb= 38.469–39.172) overlapping with those of upper crust, indicate a main crust-derived source. The
chemical compositions of pyrite further indicate the ore fluids and metal Co of the Hengdong deposit are most
likely linked to the meta-mafic and volcanic rocks of the Neoarchean to Paleoproterozoic Lianyunshan Group,
but with a contamination by the wall rocks of Lengjiaxi Group and Lianyunshan granitoids. Fluid inclusion
investigations from Hengdong deposit reveal the decreasing homogenization temperatures from 250 to 320 °C
(peak of 280–300 °C) at the E stage, through ∼220–320 °C (peak of 270–300 °C) at the M stage, and to
∼150–230 °C at the L stage without obviously salinity (7.0–15wt% NaCl equiv.) changed. In the M−stage, the
presence of coexisting LV inclusions and V-rich inclusions with the similar homogenization temperature, con-
sistent with the chlorite geothermometry data, is interpreted to be the result of fluid immiscibility, which was
caused by cyclic pressure release during fault-zone movement. Combined with the Late Mesozoic tectonism of
South China, the present data support the Hengdong deposit formed under an extension-associated tectonic
regime most likely induced by slab roll-back of the subducted Paleo-Pacific Plate during the early Cretaceous.
This extensional event not only caused the reactivation of the pre-existing structures as manifested by the CPDFZ
characteristic of stress transformation from compression to extension but also likely resulted in the release of
large amounts of Co-bearing ore fluids from the Proterozoic or older volcanogenic rocks. When the ore fluids
migrated along the CPDFZ and its secondary faults, the decompression (adiabatic cooling) of the hydrothermal
fluids shifted the ore fluid to the immiscibility field, significantly reduced the degree of cobalt undersaturation,
and caused cobalt to precipitate, which finally formed the Hengdong Co mineral deposit.
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1. Introduction

Cobalt (Co), a critical and strategic metal, is one of the most im-
portant elements in aerospace and mechanical industry due to its
property of high temperature resistant and corrosion resistant. As a
compatible siderophile and chalcophile element, the main source of
cobalt (Co) is hardly formed as stand-alone deposits, but as a by-pro-
duct in four main ore-deposit types (Feng and Zhang, 2002; Wang et al.,
2017 and references therein), i.e., sediment-hosted stratiform Cu–Co
deposits, magmatic Cu–Ni–Co sulfide deposits (Naldrett et al., 2000),
lateritic Ni–Co deposits (Dzemua and Gleeson, 2012; Al-Khirbash,
2015) and volcanic-hosted massive sulfide (VHMS) Cu–Ni–(Co) de-
posits (Marques et al., 2007). It is generally agreed that Co is derived
from sulfides or mafic–ultramafic complexes (Naldrett, 1999; Dzemua
and Gleeson, 2012) that are generally interpreted to be the source of
Co. However, it is poorly documented as stand-alone Co mineral
system.

The Jiangnan Orogenic Belt (JOB) of South China (Fig. 1a) has
become one of the important polymetallic regions in South China (Xu
et al., 2017 and references therein), because of its package of

hydrothermal Au, Au–Sb and Au-Sb–W deposits mainly hosted by
Neoproterozoic volcaniclastic and sedimentary rocks, porphyry- and
skarn-type Cu–Au–Pb–Zn deposits and W–(Cu) deposits associated with
Mesozoic granitoids, and Cu–Ni sulfide deposits related to mafic/ul-
tramafic rocks. In the last two decades, numerous Au, Cu, Pb–Zn and Co
deposits have also been discovered in northeastern Hunan Province of
the central JOB (Fig. 1b). The discovery of the primary Co-related de-
posits, represented by the Hengdong Co and Jingchong Co–Cu deposits
(Wang et al., 2017), has publicized that economically significant Co
mineralization also occurs in the JOB (Ning, 2002). Subsequently, as-
sociated studies (Wang et al., 2017) were carried out on ore geology,
ore-controlling structure and ore geochemistry, in order to evaluate ore-
forming processes and genesis of these Co-related deposits. The Heng-
dong Co deposit, located in northeastern Hunan Province of the JOB, is
sited within the NE- to ENE-trending Changsha-Pingjiang deep fault
zone (CPDFZ) developed in the low-grade metamorphic volcaniclastic
sedimentary rocks of the early Neoproterozoic Lengjiaxi Group
(Fig. 1b). This deposit differs from the typically Co producing deposits,
because (1) it contains proved metal Co reserves of more than 12,400 t
with an average grade of 0.04 wt% Co (locally up to 4.10 wt% Co); (2)

Fig. 1. (a) Sketch map of South China showing the tectonic relationship between the Yangtze and the Cathaysia Blocks, modified after Chen and Jahn (1998). The green area represents
the Jiangnan orogenic belt (JOB) and the exposed Neoproterozoic volcaniclastic sediments in this area. (b) Enlarged map showing the structures, Proterozoic and magmatic rocks and ore
deposits in the northeastern Hunan province, South China, modified after He et al. (2004) and Xu et al. (2009). (I)=Dongting Basin, (II)=Mufushan-Ziyunshan Uplift,
(III)= Changping (Changsha-Pingjiang) Basin, (IV)= Lianyunshan-Hengyang Uplift and (V)= Liling-Youxian Basin; (c) Cross section of A-A’ in Fig. 1b. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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however, Au and Cu are the by-product commodities, and (3) the Co
orebodies are strictly controlled by fault zones or its secondary struc-
tures.

The fundamental geological and mineralizing characteristics of the
Hengdong deposit were briefly described in Jin and Zhang (2000), Fu
(2001), Ning (2002), Xu et al. (2009) and Yi et al. (2010), but these
studies, which led to a controversy on ore genesis of the Co-related
deposits, mostly came from the field investigations and rarely from ore
geochemical data. Moreover, less attention has been paid to Co mi-
neralization when compared with that to the gold mineralization in the
northeastern Hunan Province, up to now (e.g., Deng et al., 2017; Xu
et al., 2017 and references therein). Consequently, details about the
mineralizing age, ore-forming fluids and metals, and metallogenetic
processes of this deposit are not available so far. In this contribution, we
first carried out 40Ar–39Ar dating on cobalt-related muscovite of hy-
drothermal origin to constrain the mineralization timing of the Heng-
dong deposit. Then an integrated analysis on mineral chemistry, sulfur
(S) and lead (Pb) isotopes, and fluid inclusions were implemented, in an
attempt to provide insights into the nature and origin of ore fluids as
well as the source region(s) of the metal Co. Combined with regional
geological and structural evidence, a genetic model associated with the
late Mesozoic extensional event(s) is proposed to guide future mineral
exploration.

2. Regional geological setting

South China Block (SCB; Fig. 1a) is composed of the Yangtze Block
in the northwest and the Cathaysia Block in the southeast, which were
amalgamated during the Neoproterozoic (Li et al., 2009). The JOB has
been generally considered to represent the Neoproterozoic collisional
belt between the Yangtze and the Cathaysia blocks, and its geological
features and tectonic evolution have been described in detail by Zhao
and Cawood (2012) and Zhao et al. (2016). Located in the central
segment of the JOB (Fig. 1a and b), the northeastern Hunan Province, is
mainly characterized by the Neoproterozoic successions dominated by
volcaniclastic and sedimentary rocks with greenschist facies meta-
morphism. These Neoproterozoic successions comprise the early Neo-
proterozoic (ca. 850–825Ma; Wang et al., 2007a, 2008, 2011a; Zhou
et al., 2009; Gao et al., 2008, 2011; Zhang et al., 2012; Zhang and
Zheng, 2013) Lengjiaxi Group and the middle Neoproterozoic (ca.
815Ma; Wang et al., 2003, 2006b; Gao et al., 2011) Banxi Group.
Structurally, the Lengjiaxi Group is characterized by high-angle tight
linear belts and isoclinal overturned folds, which contrast with the
upright and open folds developed in the unconformably overlying Banxi
Group (Zhao and Cawood, 2012). This angular unconformity has been
interpreted as the result of the amalgamation between the Yangtze and
the Cathaysia blocks to form the united SCB (Zhao and Cawood, 2012;
Zhao, 2015). Underlying the Lengjiaxi Group likely is an older crys-
talline basement, including the Paleoproterozoic Jianxichong Group
and the Neoarchean to Paleoproterozoic Lianyunshan Group (Jia and
Peng, 2005). The Jianxichong Group (ca. 2.0–1.8 Ga; Sm-Nd isochron
and SHRIMP zircon U-Pb ages) occurs in the Wenjiashi area and con-
sists of meta-tholeiitic basalts intercalated with meta-volcaniclastics
and magnetite quartzites (Jia and Peng, 2005). The Neoarchean to
Paleoproterozoic Lianyunshan Group, a suite of volcanic and sedi-
mentary succession of amphibolite-facies metamorphism, is exposed in
the Lianyunshan area of the northeastern Hunan Province, and in return
intruded by the Late Mesozoic Lianyunshan granitoids (Fig. 1b;
HNBGMR, 1988; Jia and Peng, 2005).

Multistage granites, intruding into the Lengjiaxi Group, are wide-
spread in northeastern Hunan Province (Fig. 1b). The emplacement
ages for these granites include the early to late Neoproterozoic re-
presented by the Getengling pluton of ca. 845Ma ages (our unpublished
data), the Caledonian by the Banshanpu and Hongxiaqiao plutons of ca.
434–420Ma ages (Guan et al., 2014; Li et al., 2015), and the Yan-
shanian by the Mufushan, Wangxiang, Jinjing and Lianyunshan plutons

of ca. 154–137Ma ages (Jia et al., 2003; Peng et al., 2004; Shi et al.,
2013; Wang et al., 2014; Deng et al., 2017). The Yanshanian granitiods,
the most abundant igneous rocks in the region, were intruded within
the uplifts of the Basin-and-Range structures (Wang et al., 2017).
Abundant mafic/ultramafic rocks and bimodal volcanic rocks of late
Yanshanian ages (ca. 136–80Ma) also occur in the northeastern Hunan
Province (Jia et al., 2003; Wang et al., 2008). These Yanshanian
granitoids and mafic rocks were considered to have formed in an ex-
tensional tectonic setting due to the rollback of the subducted Paleo-
Pacific plate (Xu et al., 2009; Wang et al., 2014).

The northeastern Hunan Province is characterized by a NE- to ENE-
trending echelon “Basin-and-Range” tectonic framework, which is
composed of three basins and two uplifts, from NW towards SE as fol-
lows: Miluo graben basin (I), Mufu-Wangxiang uplift (II), Changsha-
Pingjiang graben basin (III), Liuyang-Hendong uplift (IV) and Liling-
Youxian graben basin (V; Fig. 1c). These basins and uplifts are de-
limited by a few NE- to ENE-trending crustal scale strike-slip shear fault
zones such as the Xinning-Huitang and the Changsha-Pingjiang deep
fault zone (Fig. 1c), the latter controlling the Hengdong and Jingchong
deposits. This CPDFZ section separates the Lianyun-Hendong uplift
from the Changsha-Pingjiang graben basin, and shows strong ductile-
shear deformation and mylonitization (Xu et al., 2009). Structural and
chronological analyses (Zhang, 1991; Fu et al., 1999; Xu et al., 2009)
indicate that since the Mesozoic, the CPDFZ might be subjected to the
late Triassic-Jurassic NNE-trending sinistral transpressional shearing
and the Cretaceous NE-trending extensional shearing, most likely in
response to the two important tectonic events, i.e., the Triassic collision
between the South China and the North China blocks, and the sub-
duction with subsequent slab roll-back of the paleo-Pacific plate be-
neath the Asian continental margin, respectively. This thus suggests
that the CPDFZ underwent reactivation processes (Baudon and
Cartwright, 2008) due to the multistage tectonic development of South
China.

A number of Au-, Cu- and Co- (polymetallic) mineral systems have
been discovered in northeastern Hunan Province (Fig. 1b), including
the fault-controlled Wangu and Huangjindong gold deposits (Deng
et al., 2017), the porphyry Cu-Pb-Zn deposits (Qibaoshan and
Aoyushan), and the hydrothermal-related Co-(Cu)-(Au) deposits (Jing-
chong, Hengdong and Dayan) (Yi et al., 2010; Wang et al., 2017).

3. Deposit geology

The Hengdong deposit is situated at the CPDFZ, which consists of
numerous parallel NE-trending faults (Figs. 1b and 2a), together with
the occurrence of mylonites, cataclasites and silicified breccias. In the
Hengdong district, the NE- to ENE-trending CPDFZ consists of a swarm
of fractured zones, with the F1, F2, F3 and F4 faults acting as the main
ore-controlling structures (Fig. 2a). The most economically significant
fractured zone in association with Co mineralization is the F2, which
has a width of 10–100m, tends to strikes N30°E and dips 40° NW. The
F2 fractured zone is characterized by well-developed altered cataclasite
belt (Cb) in the northwest and altered tectonic breccia belt (Bb) in the
southeast (Fig. 2b). The former is characterized by the fracture zones in
which foliation, mylonitization, and tectonic lenses are developed,
whereas the latter is featured by widespread hydrothermal alteration
zones composed of silicified and/or chloritized breccias and chloritized
quartzites. In the footwall of the F2, i.e., the transition between the
Lianyunshan pluton and the Cb, a migmatization belt (Mb) which
generally consists of grey-green, dark-green banded migmatites and
dark-grey migmatites has also been observed in some local areas
(Fig. 2a).

To the southeast, the Hengdong district was syn-kinematically in-
truded by the Late Mesozoic Lianyunshan plutons (Fig. 1b), which are
composed of biotite monzogranite, two mica monzogranite and gran-
odiorite. The outcropping rocks in the study area include the Qua-
ternary cover, the Cretaceous Hengyang Group and the Neoproterozoic
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Lengjiaxi Group (Fig. 2). The Cretaceous Hengyang Group consists of
yellow-brown sandstone and some terrigenous sediments, which were
deposited in the northeastern part of the Changsha-Pingjiang graben
basin (Fig. 1b). The Lengjiaxi Group in the area is featured by a suite of
flysch turbidites mainly composed of dark green sandstone, siltstone,
pelitic siltstone, slate, and phyllite intercalated with volcanic rocks (Xu
et al., 2007). The Co orebodies have been discovered predominantly
within the altered (strong silicification and chloritization) tectonic
breccia belt (Bb) along F2 (Fig. 2), and subordinately by migmatizated
slates of the Lengjiaxi Group. Cobalt orebodies are mainly present as
stratiform, stratiform-like or lensoid shapes and have a length of
∼230m and a width of ∼15m (Fig. 2). Wall rock alteration is domi-
nated by zoned alteration with predominant silicification and chlor-
itization proximal to the orebodies, and sericitization and carbonati-
zation distal from the mineralization, as well as some localized
carbonate alteration. There are two kinds of ore types in the Hengdong
deposit: altered tectonic breccia and silicified rocks, with both showing
similar mineral assemblages and alteration styles, despite a higher Co
grade identified in the former ore type. The first type developed pre-
ferentially within the fault zones, which are commonly featured by
euhedral to anhedral granular, cataclastic and metasomatic textures,
and massive, disseminated, brecciated, nodular and vein/veinlet
structures. The second ore type commonly appears at top of migmatites
and is composed of quartz and disseminated pyrite.

4. Samples and analytical methods

Eighty-two samples were collected from the drilling-hole cores
ZK11401, ZK11402, ZK501 and ZK1102 in the Hengdong deposit. All of
these samples were prepared as polished thin section and examined by
transmitted- and reflected light microscopy.

4.1. 40Ar–39Ar dating

To constrain the timing of both the reactivation of the CPDFZ and the
Co mineralization, muscovite form two samples were date by 40Ar–39Ar
method. Sample DY–003, mainly consisting of quartz (60%) and mus-
covite (35%), was collected from the mylonitic zone as part of the CPDFZ
between the Cb and the Liangyunshan pluton in the Hengdong district.
Sample ZK11401-a was from the altered cataclasite-type ores, which
mainly comprise quartz (ca. 80%), sulfides (10%), and muscovite
(<5%). The locations of samples DY–003 and ZK11401-a are shown in
Figs. 1b and 2b, respectively. The selected samples were crushed into
60–80 mesh and then, muscovites were hand-picked under a binocular
microscope and cleaned in an ultrasonic bath with deionized water for
30min. After purifying the mineral separates to 99%, the prepared
muscovite samples and a monitor standard, biotite ZBH-25 (ca.

132.5Ma), were irradiated for 25 h at the 49–2 reactor in the China
Institute of Atomic Energy. After 3months cooling, the sample was
analyzed by the 40Ar–39Ar laser heating method, which was summarized
by Qiu and Jiang (2007) and Qiu et al. (2010). The correction factors for
the values were: (39Ar/37Ar)Ca=0.000653, (36Ar/37Ar)Ca=0.000271,
and (40Ar/39Ar)K=0.00703. The total decay constant for 40K of Steiger
and Jager (1977) was chosen. The 40Ar/39Ar results were calculated and
plotted using the ArArCALC software (Koppers, 2002).

4.2. Electron microprobe analysis (EMPA)

After determining the mineral paragenetic sequences, re-
presentative polished thin sections were chosen for mineral chemical
analysis, including chlorite and pyrite. The spot analyses and X-ray
elemental mappings were performed by SHIMADZU EPMA-1720 elec-
tron microprobe equipped with four wavelength-dispersive spectro-
meters at the Key Laboratory of Metallogenic Prediction of Nonferrous
Metals, Central South University, Chinese Ministry of Education. All the
analytical points were determined using high contrast backscattered
electron (BSE) images. Operating conditions for spot analyses include
an accelerating voltage of 20 kV, electron beam current of 15 nA, beam
diameter of 1–2 μm, peak count time of 20 s, and background time of
10 s.

4.3. Laser ablation-inductively coupled plasma-mass spectrometry
(LA–ICP–MS)

Analyses of trace elements in pyrite were carried out using a
NWR193 nm laser ablation system coupled with an Finnigan Element 2
ICP-MS at the National Research Center for Geoanalysis, Beijing.
Helium was used as a carrier gas, and argon used as makeup gas. The
laser beam was fired at 10 Hz with 80wt% laser energy. Spot size was
35 μm in diameter. MASS1, NIST610 and NIST612 (USGS sulfide stan-
dard) were used as reference materials for external standard, and KL2G
(one of silicate standards MPI-DING from Max Planck Institutes,
Germany) as the monitor. Total acquisition time was 40 s, background
time was 20 s. The following isotopes were analyzed: 34S, 49Ti, 51V,
52Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 71Ga, 72Ge, 75As, 82Se, 96Mo,
107Ag, 111Cd, 115In, 118Sn, 121Sb, 122Te, 137Ba, 205Tl, 208Pb, and 209Bi.
The detailed processing procedures can be also seen in Hu et al. (2008).

4.4. Fluid inclusions

Microthermometric measurements were carried out on a Linkam
MDS 600 Heating-Freezing System in Key Laboratory of Mineralogy and
Metallogeny at Guangzhou Institute of Geochemistry (GIG). Before the
measurement, the stage was calibrated using synthetic fluid inclusions

Fig. 2. (a) Geological map of the Hengdong Co deposit; (b)
The No. 11401 drill profile of the Hengdong deposit.
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containing pure H2O (ice melting and critical homogenization) and
H2O-CO2 inclusions (CO2 triple point). The estimated accuracy of
temperature measurements are± 0.1 °C between −100 °C and
25 °C,± 1 °C between 25 °C and 400 °C. The heating rate was generally
0.2–5 °C/min during the process of fluid inclusion testing, but reduced
to 0.1 °C/min near the freezing point, and 0.2–0.5 °C/min near the
homogenization temperature to record the phase transformation pro-
cess accurately. To avoid the inclusion decrepitation, the freezing ex-
periments were firstly carried out. In addition, fluid inclusions in quartz
trapped along the same growth zone or cluster, were interpreted as
representing primary ore-forming fluids (Goldstein and. Reynolds,
1994). Vapor and solid compositions of individual fluid inclusions were
measured using the LabRam HR800 laser Raman micro-spectroscopy.
An Ar+ ion laser operating at 44mW was used to produce an excitation
wavelength of 532 nm line. The scanning range of spectra was set be-
tween 100 and 4000 cm−1 with an accumulation time of 10 s for each
scan. The spectral resolution was 0.65 cm−1. The Raman shift of a
monocrystalline silicon piece was measured to be 520.7 cm−1 before
analyzing.

4.5. Sulfur and lead isotope analysis

Twelve representative sulfide ore samples from the major Co ore
bodies were collected. After weathered surfaces and diagenetic veins
were trimmed off, pyrite (n=12) and chalcopyrite (n=1) separates
from both the altered tectonic breccia and silicified rock mineralized
samples were hand-picked using a binocular microscope. The pure se-
parates were subsequently crushed into small pieces and powdered with
a rock mill into 0.5–2mm in diameter for S and Pb isotopes analysis.
The prepared sulfide separates were leached of soluble sulfates in a 10%
NaCl solution and rinsed three times in deionized water, and then were
dissolved in 3 N HCl. The acidified samples were filtered, and an excess
of 1M BaCl2 was added to the filtrate to precipitate BaSO4. Accurately
weigh 0.1 mg BaSO4 precipitate after rinsing, filtering and drying, and
then combined with an excess of V2O5 and analyzed for its S-isotope
composition in the State Key Laboratory of Biogeology and
Environmental Geology at the China University of Geosciences-Wuhan.
Sulfur isotope compositions are expressed in standard δ-notation as per
mille (%) variation with respect to V-CDT, using the conventional delta
(δ34S) notation. Sulfur isotope results have an analytical error of
∼0.1% calculated from replicate analyses of samples and the labora-
tory standards NBS 127 (21.1%), IAEA SO-5 (0.49%) and IAEA SO-6
(−34.05%).

The lead isotopic analyses on four pyrite separates were performed
using a GV Isoprobe-T thermal ionization mass spectrometer monitored
by standard NBS981 at the Analytical Laboratory of the Beijing Research
Institute of Uranium Geology, China. The analytical procedure involved
dissolution of samples using HF and HClO4 in crucibles, followed by
basic anion exchange resin to purify Pb. Analytical results for the stan-
dard NBS981 are 206Pb/204Pb=16.937 ± 0.002 (2σ), 207Pb/204

Pb=15.457 ± 0.002 (2σ) and 208Pb/204Pb=36.611 ± 0.004 (2σ).

5. Results

5.1. Mineralogy and the paragenesis

Generally, the sulfide minerals are dominated by Co-bearing pyrite,
with minor chalcopyrite, galena and sphalerite (Fig. 3a–e). Pyrite, with
different size, occurs as disseminated euhedral to subhedral grains in
altered tectonic breccia belt (Fig. 3a and e). In some cases, pyrite is
fractured or brecciated, with the microfractures filled by other sulfide
minerals (Figs. b and c). Chalcopyrite is normally intergrown with
pyrite, galena and sphalerite (Fig. 3c). It also occurs as veins cross-
cutting the gangue minerals, with pyrite inclusions (Fig. 3d).

The gangue minerals mainly consist of quartz, muscovite and
chlorite, with minor rutile, epidote, albite and calcite (Fig. 3f–i). Field

investigation and thin-section observation discriminated four types of
quartz: (1) mylonitized quartz which is subdivided into undulose ex-
tinction quartz (Q1-1) and ribbon quartz (Q1-2) (Fig. 3 h–i), (2) coarse-
grained quartz (Q2) intergrown with sulfide minerals (Fig. 3h and j),
(3) fine-grained quartz (Q3) (Fig. 3j and k), and (4) quartz or quartz-
calcite veinlets (Q4) (Fig. 3l). Chlorite occurs either as mm-scale
polycrystals (named as Chl-1, Fig. 3m and n), intergrown with quartz,
pyrite, rutile and epidote or as veinlets (named as Chl-2, Fig. 3g and o),
which cuts the early minerals but is cut across by the late calcite vein
(Fig. 3g).

Combined with the crosscutting relationships of the ore veins, the
mineral assemblages and textures discriminated four mineral para-
genetic sequences formed during the rock-forming and hydrothermal
progresses (Fig. 4). The host rock is defined by a mineral assemblage of
mylonitized quartz, ductile deformed feldspar and mica fish, deformed
in response to ductile shearing. Quartz in the host rock includes Q1-1
and Q1-2, and coexists with minor or no sulfide minerals (Fig. 3h and i).
In addition, muscovite generally occurs around quartz grains, with
minor dissemination a within silicate minerals (Fig. 3f and i). The hy-
drothermal process is divided into three mineralization stages: the
early-stage (E-stage), the middle-stage (M–stage) and the late-stage (L-
stage) (Fig. 4). E-stage is characteristic of mineral assemblage
quartz+ pyrite+muscovite ± chalcopyrite, with quartz generally
occurring as Q2 type and coexistent with coarse-grained, euhedral,
disseminated pyrite as well as chalcopyrite (Fig. 3d and e). Pyrite in this
stage is the main Co-bearing ore mineral and occurs as xenomorphic to
subhedral microcrystal aggregates. M–stage is characterized by
quartz+ pyrite ± polymetallic sulfides, with quartz present as Q3-
type and typically intergrown with fine- to medium-grained dis-
seminated pyrite as well as minor pyrrhotite, chalcopyrite, galena and
sphalerite (Fig. 3b and c). Other gangue minerals formed at this stage
include chlorite (i.e. Chl-1), rutile and sericite, which are closely as-
sociated with sulfides (Fig. 3m and n). With minor pyrite, the L-stage
has the main mineral assemblage of quartz, chlorite (i.e. Chl-2) and
calcite, and generally formed as veinlets crosscutting the earlier mi-
nerals (Fig. 3g, l and o). Quartz in this stage mainly occurs as Q3 and Q4
type, but it is often intergrown with calcite (Fig. 3l).

5.2. 40Ar–39Ar ages

The 40Ar–39Ar dating data on muscovite separates from samples
DY–003 and ZK11401–02 are presented in Table 1. Both samples yield
well-defined age plateau, composed of at least three successive steps
that account for more than 60% of the total 39Ar released (Fig. 5). These
continuous heating steps have apparent ages reproducible at the 95%
confidence level, giving the plateau ages of 130.3 ± 1.4Ma
(MSDW=0.90) for muscovite in sample DY-003 within the CPDFZ
(Fig. 5a), and 124.7 ± 0.6Ma (MSDW=0.49) for muscovite in ore
sample ZK11402-a (Fig. 5c), respectively. Correspondingly, the iso-
chron ages of 127.9 ± 5.9Ma (Fig. 5b) and 124.8 ± 0.7Ma (Fig. 5d)
for samples DY-003 and ZK11402-a, respectively are in good agreement
with their plateau ages. The isochron (Fig. 5b and d) or inverse isochron
plots (not shown) have 40Ar/36Ar ratios within error of the accepted
value of the present air (298.56 ± 0.31; Renne et al., 2009). With
together the air-like 40Ar/36Ar ratios, the well-defined plateau ages,
reproducibility of the plateau and isochron or inverse isochron ages
suggest that the radiogenic and nucleogenic gas fractions of the ana-
lyzed muscovite are hosted in tight reservoirs that remained closed and
uncontaminated throughout their history (Li et al., 2012b).

5.3. Chlorite chemical composition

EPMA chemical analyses on the two groups of chlorite (i.e. Chl-1,
Chl-2) are listed in Table 2, Appendix A1 and plot in Fig. 6. Table 2
shows that the concentrations of CaO, K2O and Na2O in both groups of
chlorite are also relatively lower than that of other major oxides. Chl-1
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Fig. 3. Photographs showing composition and texture of the typical mineral assemblages in the Hengdong deposit. (a) disseminated euhedral to subhedral pyrite grains in altered tectonic
breccia belt; (b) fractured pyrite, the microfractures filled with galena; (c) pyrite intergrown with chalcopyrite, galena, sphalerite and quartz; (d) pyrite as inclusion trapped in the
chalcopyrite vein; (e) sample ZK11401-a, pyrite occurs as inclusion in the muscovite mineral, indicating that the precipitated at the same time; (f) muscovite occurs around quartz grains,
with minor disseminations within silicate minerals; (g) chlorite cuts the early minerals but is crosscut by the late calcite vein; (h) undulose extinction quartz and the coarse grain quartz;
(i) ribbon quartz with minor muscovite in wall rock; (j) the fine grain quartz crosscut the coarse grain quartz; (k) fine grain quartz with minor muscovite; (l) quartz-calcite vein cut the
earlier minerals; (m) chlorite, intergrown with the pyrite, occurs either as mm-scale polycrystal; (n) chlorite intergrown with the disseminated pyrite; (o) chlorite vein crosscut the early
minerals. Py= pyrite, Gal= galena, Sph= sphalerite, Ccp= chalcopyrite, Ms=Muscovite, Q= quartz, Q1-1=quartz with undulose extinction, Q1-2= ribbon quartz, Q2= coarse
grain quartz, Q3= fine grain quartz, Q4=quartz as vein intergrown with calcite, Chl= chlorite, Chl-1=polycrystal chlorite, Chl-2= vein chlorite, Ep= epidote, Ab= albite.

S. Zou et al. Ore Geology Reviews 92 (2018) 42–60

47



shows a higher FeO contents than Chl-2, at a given MgO content
(Fig. 6a). Moreover, the Chl-1 has lower concentrations in SiO2

(21.3–25.3 wt%) and TiO2 (0–0.064 wt%) but higher contents in Al2O3

(17.1–19.8 wt%), FeO (31.5–35.0 wt%), CoO (0–0.12 wt%) and MnO
(0.4–0.7 wt%), relative to the Chl-2. The chlorite structure formulas

were calculated by the Windows program (WinCcac) proposed by
Yavuz et al. (2015). The results show that chlorite from the Hengdong
Co deposit belongs to type-I category (i.e., Fe-rich and Mg-poor; Zane
and Weiss, 1998). In addition, there are pronounced negative correla-
tions of MgO with FeO and (FeO+MgO) with AlVI for both the groups

Fig. 4. Paragenetic sequence of the hydrothermal mineral
assemblages in the Hengdong deposit. The widths of the
solid lines denote the relative abundance of minerals.

Table 1
39Ar–40Ar isotopic data and ages of muscovite from Hengdong deposit and CPDFZ.

Run ID 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 40Ar*/39Ar 40Ar*(%) 39Ark(%) Ag (Ma) ± 2σ (Ma)

Sample number=DY003; mineral =Muscovite; J value= 0.004871
Step 1 15.908 0.857 0.022 9.338 58.66 7.71 80.25 5.12
Step 2 16.544 0.699 0.011 13.315 80.47 10.57 113.37 3.24
Step 3 18.362 0.590 0.021 12.345 67.21 8.83 105.34 4.16
Step 4 18.039 0.197 0.012 14.563 80.72 10.61 123.64 2.8
Step 5 17.367 0.0534 0.005 15.777 90.84 11.93 131.57 1.69
Step 6 15.995 -0.002 0.002 15.359 96.02 12.62 130.16 0.81
Step 7 15.726 0.094 0.001 15.311 97.35 12.79 129.76 1.39
Step 8 16.106 0.136 0.003 15.314 95.2 12.51 129.92 1.94
Step 9 16.304 0.045 0.003 15.373 94.6 12.43 130.7 1.15

Sample number=ZK11401-a; mineral=Muscovite; J value= 0.00897160
16WHA-02 9.594 0.002 0.006 7.688 575.92 0.74 120.61 0.82
16WHA-03 8.629 0.001 0.003 7.829 3473.53 4.99 122.76 0.52
16WHA-04 8.404 0.000 0.002 7.816 5264.83 7.77 122.55 0.50
16WHA-05 8.430 0.000 0.002 7.840 2598.77 3.82 122.92 0.50
16WHA-06 8.394 -0.001 0.001 7.960 1907.59 2.82 124.73 0.54
16WHA-07 8.337 0.000 0.001 7.939 2231.16 3.32 124.42 0.57
16WHA-09 8.413 0.001 0.002 7.965 1763.14 2.60 124.81 0.52
16WHA-10 8.398 -0.001 0.002 7.948 1542.09 2.28 124.56 0.60
16WHA-11 8.462 0.000 0.002 7.951 4511.12 6.61 124.61 0.50
16WHA-12 8.432 0.000 0.002 7.945 5241.22 7.71 124.50 0.50
16WHA-13 8.439 0.000 0.002 7.958 4254.65 6.25 124.70 0.50
16WHA-14 8.367 0.000 0.001 7.961 4489.32 6.65 124.76 0.50
16WHA-16 8.365 0.000 0.001 7.959 4517.89 6.70 124.72 0.50
16WHA-17 8.330 0.000 0.001 7.972 4232.31 6.30 124.91 0.50
16WHA-18 8.306 -0.001 0.001 7.977 3453.34 5.16 124.99 0.50
16WHA-19 8.292 0.000 0.001 7.976 4587.65 6.86 124.97 0.50
16WHA-20 8.203 -0.001 0.001 7.945 4238.99 6.41 124.50 0.49
16WHA-24 8.149 0.000 0.001 7.976 7495.54 11.41 124.97 0.49
16WHA-25 8.061 0.002 0.000 7.965 855.16 1.32 124.81 0.51
16WHA-26 8.106 0.000 0.001 7.953 194.02 0.30 124.63 0.94

Note: The terms 40Ar* and 39ArK denote radiogenic 40Ar and nucleogenic 39Ar, respectively.
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of chlorite (Fig. 6a and b). Nevertheless, a better correlation
(R2= 0.94) accounting for the Chl-1 (Fig. 6b) indicates that the sub-
stitution vector, 3(Mg, Fe2+) VI=□+2(Al3+) VI, is more efficient in
the M-stage (□ denotes the octahedral site vacancy). The structural
calculation also shows that Chl-1 has ranges of Si: 2.45–2.75 apfu, Fe:
2.93–3.36 apfu, R2+ (Mg+ Fe+Mn): 4.79–5.33 apfu, and Fe/
(Fe+Mg)mol: 0.57–0.67. In contrast, Chl-2 has ranges of Si:
2.74–3.06 apfu, Fe: 2.71–3.24 apfu, R2+ (Mg+Fe+Mn):
4.45–4.97 apfu, and Fe/(Fe+Mg)mol: 0.55–0.69. The chemical com-
position of chlorite from the Hengdong Co deposit falls in brunsvigite to
pseudothuringite fields (Fig. 6c). The classification of Wiewióra and
Weiss (1990) based on the chlorite structure differences shows that Chl-
1 falls in the Sheridanite-Ripidolite field, whereas Chl-2 plots in the
Clinochlore-Chamosite field (Fig. 6d), and that the octahedral site in
Chl-1 are occupied by R2+. This result is also shown in Fig. 6e, which
suggests that the Al IV /Al VI ratios in Chl-1 are around 1.0 and that the
Chl-2 have more tetrahedral Al than octahedral Al.

Generally, the octahedral vacancy sites of chlorite are occupied by
Na+, K+ and Ca2+. This octahedral vacancy site, may be responsible
for the existence of mica or smectite layers or inclusion, is absent in Chl-
1 but appears in Chl-2. However, the low total alkali
(Na2O+K2O+CaO) contents (< 0.5 wt%) and Ca values of less than
0.10 apfu in chlorite analyses from the Hengdong ores suggest the ab-
sence of smectite and/or illite intergrowths within chlorite flakes
(Cathelineau and Nieva, 1985). This indicates the presence of complete
stoichiometry and suitability for thermometry studies. That is, em-
pirical geothermometers of chlorite can be suitable for samples of the
Hengdong deposit for estimating temperature of formation of hydro-
thermal chlorite and associated mineralization. The empirical chlorite
geothermometers are based on either the interplanar spacings d001 or
the variation of Al IV values or the amount of octahedral vacancies or
the Fe/(Fe+Mg) ratios of chlorites as a function of temperature
(Cathelineau and Nieva, 1985; Zang and Fyfe, 1995; Battaglia, 1999).
Some authors also have expressed view that the above parameters may
have been influenced by the fluid/ rock interaction ratio, oxygen and
sulfur fugacities, and pH in the hydrothermal fluid (Klein et al., 2007

Fig. 5. 40Ar–39Ar age spectrum of muscovite separates ex-
tracted respectively from the Changsha-Pingxiang deep
fault zone(CPDFZ) (a–b) and the ores in the Hengdong de-
posit (c–d).

Table 2
Chemical compositions (wt%) of chlorite from Hengdong deposit analyzed by EPMA,
along with their structural formulae and estimated formation temperatures.

Chl-1 Chl-2

Max Min Average Max Min Average

SiO2 25.33 21.29 23.15 28.27 24.56 25.91
TiO2 0.06 0.00 0.03 0.41 0.00 0.06
Al2O3 19.80 17.69 18.76 19.86 15.61 18.02
FeO 35.04 31.49 33.33 34.88 29.96 33.06
MnO 0.70 0.41 0.55 0.52 0.33 0.41
MgO 13.06 9.71 11.41 13.75 8.92 10.41
CaO 0.11 0.01 0.03 0.11 0.00 0.03
Na2O 0.03 0.00 0.01 0.09 0.00 0.02
K2O 0.07 0.00 0.01 0.30 0.01 0.08
CoO 0.12 0.00 0.05 0.00 0.00 0.00
Total 89.39 83.83 87.33 89.29 86.97 88.02
SiIV 2.75 2.45 2.59 3.06 2.74 2.85
AlIV 1.55 1.25 1.41 1.26 0.94 1.15
T site 4.00 4.00 4.00 4.00 4.00 4.00
AlVI 1.22 0.93 1.07 1.31 1.01 1.18
Ti 0.01 0.00 0.00 0.03 0.00 0.00
Fe+2 3.36 2.93 3.13 3.24 2.71 3.04
Mn 0.07 0.04 0.05 0.05 0.03 0.04
Mg 2.16 1.64 1.91 2.21 1.46 1.70
Ca 0.01 0.00 0.00 0.01 0.00 0.00
Na 0.01 0.00 0.00 0.02 0.00 0.00
K 0.01 0.00 0.00 0.04 0.00 0.01
Cations 10.28 10.01 10.16 10.03 9.82 9.99
Octahedral vacant 0.00 0.00 0.00 0.20 0.00 0.03
Fe/(Fe+Mg) 0.67 0.57 0.62 0.69 0.55 0.64
Mg/(Fe+Mg) 0.43 0.33 0.38 0.45 0.31 0.36
Battaglia-1999 286 245 264 250 206 234
Zang-1995 318 253 290 256 187 234
Cathelineau-1985 347 282 316 286 218 262
Average 317 260 290 264 204 243

Notes: Total iron content as FeO. Temperatures of chlorite formation were calculated
based on the geothermometers of Battaglia (1999), Zang and Fyfe (1995) and Cathelineau
and Nieva (1985), respectively. Min=minimum, Max=maximum.
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and references therein). Even so, the basic principles are still observed
in this study, e.g., good correlation between the Fe+Mg value to Al IV

contents (Fig. 6b), the value of Ca+Na+K < 0.5 apfu (Appendix
A1). Thus, three empirical methods (Cathelineau and Nieva, 1985; Zang
and Fyfe, 1995; Battaglia, 1999), yielding the distinguishing tempera-
tures from the M- and L-stage, were chosen to constrain the chlorite-
forming temperatures. The estimated temperatures from the three
geothermometers (Table 2) show that the highest temperature obtained
from Cathelineau and Nieva (1985), but the lowest temperature is de-
rived from Battaglia (1999). Ultimately, the average temperature based
on the different four methods were considered as the chlorite-forming
temperature because of the bias of each empirical method. The in-
tegration of the four empirical methods ultimately confirms the forming
temperatures of Chl-1 and Chl-2 at ∼280–350 °C and ∼120–290 °C,
respectively (Fig. 6f and Table 2).

5.4. Pyrite chemical composition

Thirty-four LA–ICP–MS analyses on trace elements of pyrite from
the Hengdong district are given in Table 3 and Appendix A2, including

14 pyrite grains and 20 pyrite grains from the M-stage and the wall
rock, respectively. The pyrite grains in the E- and L-stages are so small
and easy to contaminate with other kinds of minerals during laser ab-
lation. Therefore, only the data obtained from the wall rock and the M-
stage pyrite are discussed. In this study, to avoid the effects of micron
sized inclusions, the inclusion free (under the microscope) pyrites were
chosen for LA–ICP–MS analyses. However, the invisible or nano-sized
inclusions may still influence the results. From the representative time-
resolved depth profiles for pyrite (Fig. 7a and b), Co are flat and
abundant in the two types of pyrite, the parallel trends of smooth or
spiky pattern between Fe and Co support the close correlation of their
concentrations, which is consistent with the EMPA mapping results
(Fig. 7c and d). Cobalt is the most abundant trace element in pyrite in
the Hengdong deposit (Fig. 8), Co concentrations varying from
70.5 ppm to 10596 ppm (1383.8 ± 2219 ppm) in the wall rock pyrite
and 878 to 8609 ppm (4120 ± 2740 ppm) in the M-stage pyrite. Fig. 8
reveals that two types of pyrite contain higher Ni, As and Se, and they
have a narrow distribution. Measured values for Pb and Bi vary over
several orders of magnitude, from under detection limits to tens ppm
(Table 3 and Fig. 8), which may result from the attribution of

Fig. 6. Showing chlorite chemical compositions (a–b),
classification (c–d) and calculated temperatures (f). (a) MgO
vs. FeO diagram of chlorite; (b) Plot of AlVI contents vs.
Mg+ Fe contents of chlorite; (c) Plot of Fe vs. Si, (after Deer
et al., 1992); (d) Plot of chlorites in R2+ vs. Si diagram
(after Wiewióra and Weiss, 1990); (e) AlIV vs. AlVI diagram
of chlorite; (f) Calculated temperatures for chlorite forma-
tion based on average value of different chlorite geo-
thermometer (see: Table 3 for details). Chl-1 and Chl-2 are
from the M- and L- stages of mineralization, respectively.
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microscopic inclusions. The concentrations of Cu, Co, Ni, Ag, Au and Sb
in the M-stage pyrite are generally higher than those in the wall rock
pyrite (Fig. 8), whereas the concentrations of Sc, V, Mn, Ga, Cd and Ba

are higher in the wall-rock pyrite, and these elements are also show a
larger variation in the wall-rock pyrite (Fig. 8). The element patterns
indicate that these elements are either influence by the inclusions or the

Table 3
The trace elements range of pyrite in M-stage and wall-rocks from the Hengdong deposit.

No. M-stage Wall rock

Max Min Average STDEV Max Min Average STDEV

Cu 11.59 0.01 4.64 3.67 8.80 0.00 3.35 2.39
Sc 0.28 <bdl 0.11 0.10 0.61 < bdl 0.22 0.16
V 0.09 <bdl 0.05 0.03 5.54 < bdl 1.40 1.84
Cr 3.34 <bdl 1.57 1.24 7.00 < bdl 1.97 1.82
Mn 2.45 1.02 1.58 0.43 78.07 1.01 15.13 21.43
Co 8609.00 878.10 4119.79 2740.81 10596.00 70.54 1383.85 2219.24
Ni 263.50 23.59 111.41 77.53 271.80 12.38 75.59 65.90
Zn 18.27 2.03 5.79 5.01 9.26 3.03 5.18 1.56
Ga 0.08 <bdl 0.04 0.03 1.53 < bdl 0.45 0.53
Ge 3.73 0.94 2.14 0.88 3.40 0.32 2.25 0.80
As 1532.00 136.10 633.14 420.40 1549.00 75.32 671.73 467.51
Se 151.30 41.17 86.08 33.57 161.50 30.65 87.08 32.94
Mo 4.13 2.75 3.36 0.43 6.25 2.68 4.05 0.79
Ag 1.15 <bdl 0.35 0.41 0.70 < bdl 0.41 0.16
Cd 0.20 <bdl 0.09 0.08 0.27 < bdl 0.11 0.08
In 0.03 <bdl 0.02 0.01 0.03 < bdl 0.01 0.01
Sn 0.33 <bdl 0.14 0.12 0.50 < bdl 0.19 0.14
Sb 1.87 <bdl 0.65 0.77 0.41 < bdl 0.14 0.13
Te 0.81 0.06 0.33 0.20 1.13 < bdl 0.37 0.29
Cs 0.11 <bdl 0.05 0.04 0.05 < bdl 0.03 0.02
Ba 0.48 <bdl 0.12 0.16 5.94 < bdl 0.71 1.55
Au 0.07 <bdl 0.03 0.02 0.06 < bdl 0.02 0.02
Tl 0.19 <bdl 0.06 0.07 0.03 < bdl 0.02 0.01
Pb 33.89 0.04 8.77 12.71 14.02 < bdl 5.78 5.09
Bi 64.39 <bdl 13.56 22.01 34.80 < bdl 12.36 11.99
Co/Ni 86.16 14.96 41.75 23.44 334.26 1.20 31.17 70.46

Note: bdl: below detection limit. STDEV: standard deviation.

Fig. 7. (a and b) selected trace elements in pyrite from the Hengdong deposits for the LA-ICPMS ablation time-resolved depth profiles; (c and d) EPMA compositional maps showing
textures and Fe and Co compositional variation.
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mobility of themselves. The other elements, like In, Sn, Te, Cs, Au and
Tl, in most of pyrite samples are near the detection limits (Fig. 8) and
show a narrow variation, although some elements can as high as tens
ppm. The Co/Ni ratios in the two types of pyrite are higher than 1, but
in the wall-rock pyrite are more variable than that in the M-stage pyrite
(Table 3).

5.5. Fluid inclusions

5.5.1. Fluid inclusion types
To characterize the nature and composition of the ore fluids, 48

doubly polished thin sections (about 0.20mm thick) were collected
from the different mineralized stages for fluid inclusion study. These
samples consist of quartz or calcite and variable amount of pyrite, with
or without minor other sulfides. Since the composition of fluid inclusion
in this study is simple and we wish to uncover the evolution trends of
the ore-forming fluids. For the present study, only different types of
quartz and calcite were chosen, and the chronological relationships are
based on the mineral paragenesis (Fig. 4). Detailed petrology mapping
of fluid inclusions in quartz and calcite was undertaken to depict the
fluid inclusion sizes, types, morphologies, vapor–liquid ratios and spa-
tial clustering.

Fluid inclusion types are identified based on their phases (L-V-S) at
room temperature (25 °C), phase transitions observed during heating
and cooling (−196 to 600 °C), and Laser-Raman spectroscopy. Fluid
inclusions in quartz or calcite from the different mineralization stages
of Hengdong deposit mostly occur in clusters, with most inclusions
showing elliptical forms and<5–25 μm in size (Fig. 9). According to
the rule of Roedder (1984), four types of primary or pseudosecondary
fluid inclusions in quartz are determined (Table 4). These are, in de-
creasing order of abundance, liquid+ vapor (LV), li-
quid+ vapor+ solid(s) (LVS), vapor-rich (V-rich) and pure liquid (PL)
inclusions. The LV inclusions are common and contain two phases at
room temperature, with most inclusions being liquid-rich (10–20 vol%
vapor, Fig. 9c and e). Laser-Raman spectroscopy reveals that the vapor
phase consists in the majority of inclusions of 100% H2O with a few
inclusions that contain traces (< 1mol%) of CO2. The liquid-rich three-
phase LVS inclusions occur as negative crystal and elliptical shapes and
contain several daughter minerals composed of halite, sylvite, sulfide
and other unidentified daughter minerals (Fig. 9a and d). V-rich in-
clusions, contain a visible liquid phase and contain a visible of
65–90 vol% H2O vapor, as determined by Laser-Raman spectroscopy.
Generally, V-rich inclusions have random distribution and sometimes
coexists with the LV fluid inclusions (Fig. 9f and g). The PL inclusions
are rare and most of them have a linear arrangement, except for those

locally occurring as clusters (Fig. 9b).

5.5.2. Microthermometry and salinity
The majority of fluid inclusions show initial ice melting tempera-

tures (Ti) ranging from -27 °C to -21 °C (n=34), with a clustering be-
tween −23 °C and −21 °C (n= 30), indicating that some of these in-
clusions contain, in addition to Na+, other cations such as Mg2+ or
Ca2+ in the liquid phase. Nevertheless, Potter et al. (1978) reveal that
the P-V-T-X properties of brines in the system Na-K-Ca-Mg-CI-Br-SO4-
H2O can be estimated to within±1.0% by the properties of an NaCl
solution of the same final ice melting temperature. Therefore, the
salinities in these inclusions were approximately estimated using the
data for the NaCl–H2O system of Bodnar (1994). Detailed micro-
thermometry data are listed in Table 4 and shown in Fig. 10.

In the E-stage mineralization, LV- and V-rich inclusions as the most
abundant types and a minor amount of LVS inclusions. The LV inclu-
sions homogenized to liquid at 250.9–289.1 °C (Fig. 10a) and exhibit
final ice melting temperatures from −10.9 to −5.9 °C, indicating
salinities ranging from 9.08–14.87 wt% NaCl equiv. (Fig. 10d) and
densities from 0.86–0.92 g/cm3. The V-rich inclusions homogenized to
vapor at 261.3–329.6 °C (Fig. 10a) and exhibit final ice melting tem-
perature at−10.6 to−6.0 °C, indicating that their salinities range from
9.21 to 14.57 wt% NaCl equiv. (Fig. 10d) and densities from 0.80 to
0.88 g/cm3. The LVS inclusions decrepitated while either the vapor
bubble or some solids were still present, thus, no mircothermometric
data are available for LVS inclusion. The M-stage fluid inclusions in
quartz are dominated by LV and PL inclusions, with less abundant V-
rich inclusions and LVS inclusions than E-stage. The LV inclusions ex-
hibit final ice melting temperatures occur between −10.0 and −6.9 °C,
equivalent to salinities of 10.36–13.94 wt%. The homogenization tem-
perature of LV inclusions (to the liquid phase) shows temperature range
from 216.6 to 289 °C, with the majority clustering between 240° and
280 °C and moral values around 270 °C (Fig. 10b). Bulk densities range
from 0.86–0.93 g/cm3. The V-rich inclusions show final ice melting
temperatures, between −12.0 and −4.4 °C (Fig. 10e), resulting in
salinities of 9.73–15.69 wt% NaCl equiv., which are higher than those
from LV inclusions. The V-rich inclusions have homogenized tempera-
ture (to the vapor phase) from 257 °C to 365.4 °C (Fig. 10b), and contain
bulk densities ranging from 0.76 to 0.87 g/cm3. Heating experiments
conducted on several of coexisting LV and V-rich inclusions, near the
cores of quartz crystals, show that the LV and V-rich inclusions
homogenized at the narrow range temperature (255–265 °C) into the
different phases. LVS inclusions had a tendency to decrepitate prior to
complete or partial homogenization, and the bubble disappear earlier
than the solid phase, indicating the solid phase was trapped by

Fig. 8. Distribution of trace element in wall rock pyrite and
M-stage pyrite.
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accident. Therefore, four LVS inclusions homogenized ranging from
275 °C to 387 °C are meaningless in the current discussion.

In the L-stage quartz, only LV inclusions with the small sizes of
2–5 µm were observed. The homogenization temperatures of this fluid
inclusions type vary from 149.9 °C to 234 °C, the salinities from 9.6 to
16.0 wt% NaCl equiv. (Fig. 10c and f) and densities from 0.93 to 1.02 g/
cm3.

5.6. Sulfur and lead isotopes

Table 5 lists the sulfur isotopic data of one chalcopyrite and eleven
pyrite separates. These sulfide separates yield large variation of δ34S
values, ranging from −1.5 to −15.9% (majorly between −7.5 and
−15.9%) (Fig. 11). The lead isotopic compositions of pyrite and

chalcopyrite separates are shown in Table 5. The 206Pb/204Pb,
207Pb/204Pb, and 208Pb/204Pb values of the Hengdong deposit vary from
18.156 to 18.761, 15.645 to 15.662, and 38.469 to 39.172, with
averages of 18.319, 15.649, and 38.616, respectively. All lead isotope
data plot close to the orogenic and lower crust lead and but higher than
that of the modern mantle (Fig. 12).

6. Discussion

6.1. Timing of Co mineralization

Hydrothermal muscovite in the ore sample ZK11401–02 has clear
petrographic relationship with Co mineralization (Fig. 3e). Therefore,
the 40Ar–39Ar age of ca. 125Ma (Fig. 6c and d) gives a direct constraint

Fig. 9. Photographs showing the characteristics of fluid
inclusions in quartz from the Hengdong ores. (a) LVS-type
inclusions, the solid phase is halite; (b) E-stage, PL-type
inclusions with VH2O and LH2O; (c) L-stage, LV inclusions;
(d) M-stage, LVS-type inclusions with sub-transparent mi-
nerals; (e) M-stage, LV-type inclusions with VH2O and LH2O.
(f) V-rich and L-type inclusions in M-stage; (g) M-stage,
coexistence of V-rich and L-type inclusions; (h) V-rich and L-
type inclusions in the field of (g). VH2O=H2O vapor;
LH2O=H2O liquid; Hal= halite; Py=pyrite.

Table 4
Microthermometric data of the fluid inclusions in quartz from the Hengdong deposit.

Stage Type Number Ti (°C) Tm (°C) Hs Th (°C) Salinity Density

P-stage LV 27 −23.3 to −21.3 −2.5 to −0.1 Liquid 169.0–223 0.18–4.18 0.85–0.93
E-stage LV 19 −25.4 to −22.4 −10.9 to −5.9 Liquid 250.9–289.1 9.08–14.87 0.86–0.92

V-rich 24 – −10.6 to −6.0 Vapor 261.3–329.6 9.21–14.57 0.80–0.88
M−stage LV 15 −25.0 to −21.0 −10.0 to −6.9 Liquid 216.6–289 10.36–13.94 0.86–0.93

V-rich 18 −25.2 to −21.5 −12.0 to −4.4 Vapor 257–365.4 9.73–15.69 0.76–0.87
L-stage LV 51 −22.8 to −21.2 −12.0 to −6.3 Liquid 149.9–234 9.60–15.96 0.93–1.02

Note: Ti (°C)= initial ice-melting temperature; Tm (°C)= final ice or solid melting temperatures; Hs=Homogenization state; Th (°C)= final homogenization temperature; Salinity=wt%
NaCl; Density= ρ (g/cm3); –=No data has been obtained.
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on the timing of Co mineralization. This age represents the time when
the ore sample cooled below the closure temperature of argon isotopes
in muscovite. As mentioned above, the ore temperatures of the Heng-
dong deposit defined by both the M-stage quartz fluid inclusion
homogenization temperatures and hydrothermal chlorite, are lower or
close to the mica argon closure temperature of 350−300 °C (McDougall
and Harrison, 1999). Hence, the ca. 125Ma age dated on the hydro-
thermal muscovite can be considered to represent the Co mineralizing
age. The muscovite from the mylonitized sample within the CPDFZ
yielded a well-developed, broadly consistent age of ca. 130–127Ma
(Fig. 6a and b), revealing that a pre-mineralizing event likely associated
with the latest movements of the CPDFZ. The Lianyunshan pluton, to
east of the Hengdong district, has an emplacement age of
145.17 ± 0.85Ma (zircon U-Pb, Deng et al., 2017) and characterizes
strong ductile shearing and mylonitization for its local outcrop near to
the CPDFZ (Fig. 2b). To west of the district, the Wangxiang, Jinjing and
Mufushan plutons also have muscovite 40Ar–39Ar plateau age of
146.9 ± 1.6Ma (our unpublished data), LA–ICP–MS zircon U–Pb age
of ca. 145Ma (Deng et al., 2017), and zircon U-Pb ages of ca.
154–146Ma (Wang et al., 2014), respectively. Therefore, the

Fig. 10. Diagrams of homogenization temperature (a–c)
and salinity (d–f) in different stages.

Table 5
Sulfur and lead isotopic results of pyrite and chalcopyrite from Hengdong deposit.

Sample Minerals depth δ34S%(−CDT) 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

ZK11401-04 Pyrite 99.3 m −15.3
ZK11401-08 Pyrite 110.1 m −12.8
ZK11401-08 Chalcopyrite 110.1 m −12.3
ZK11401-06 Pyrite 99.3 m −15.6
ZK11401-05 Pyrite 101.2 m −15.9
ZK11401-03 Pyrite 96.8 m −14.9
ZK11401-02 Pyrite 94.1 m −1.7
ZK11401-02a Pyrite 92.3 m −1.5
ZK11401-01 Pyrite 89.5 m −15.1
ZK1102-05 Pyrite – −10.1 18.156 15.645 38.469
ZK1102-04 Pyrite – −7.5 18.761 15.662 39.172
ZK1102-03-R Pyrite – −11.6 18.187 15.650 38.531
ZK1102-03 Pyrite – −11.3 18.689 15.660 39.095

Fig. 11. Sulfur isotopic components of sulfide minerals in the Hengdong deposit.
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occurrence of the Hengdong Co mineralization is significantly younger
than the emplacement of the late Jurassic to earliest early Cretaceous
plutons but indicates a possible genetic link to the ductile-shearing and
associated mylonitization in the northeastern Hunan Province. More-
over, this large time gap (ca. 30–20Ma) between the Co mineralization
and the plutons reveals a tenuous correlation of the ore-forming fluids
with the magma-derived hydrothermal fluids, which is supported also
by evidence from the following discussions.

The JOB of South China, which mainly contains low-grade meta-
morphic volcaniclastic and sedimentary rocks, was formed from the
early Neoproterozoic assembly of the Yangtze and the Cathaysia blocks
along the Jiangshan-Shaoxing fault (Li et al., 2009). Although hosted by
the Neoproterozoic Lengjiaxi Group (Wang and Zhou, 2012; Yao et al.,
2014; Yang et al., 2015), the Hengdong deposit has an early Cretaceous
ore-forming age. This indicates that there might be no genetic

relationship between the Hengdong Co mineralization and the meta-
morphism of the Lengjiaxi Group, because the Neoproterozoic rocks in
the JOB have a deformational and metamorphic peak age at ca.
460–420Ma (Xu et al., 2017).

6.2. Origin of ore-metal Co and fluids

6.2.1. Evidence from pyrite composition
The LA–ICP–MS time-resolved depth profiles of Co, Ni and As are

smooth and consistent with that of Fe (Fig. 7a and b), and element
mapping by electron microprobe show that Co always couples with a Fe
deficiency (Fig. 7c and d), indicating that Co mainly substituted the
position of Fe in pyrite. Selenium, Te and As have geochemical affinities
or similar charge and ionic radii to S to make them easily enter the
lattice of pyrite via replacing S. The concentration of Te in pyrite from

Fig. 12. Plots of lead ratios of the Hengdong deposit. The
lead evolution curves of the upper crust, lower crust, mantle
and orogen are from Zartman and Doe (1981). The red
dashed lines enclose probable average modern composition
of mantle (modified from Zartman and Haines, 1988). Lead
isotope data of the Hengdong deposit are from this study,
the Neoproterozoic Lengjiaxi Group from Liu et al. (1994),
Lianyunshan Group and Lianyunshan Granitoids from Xu
et al. (2009). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web ver-
sion of this article.)
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the Hengdong deposit are near the detection limits and is probably
caused by the high As and Se contents. Lead and Bi show similar pat-
terns with Fe but they also characterize some anomalies in the time-
resolved depth profile (Fig. 7a and b), unraveling that both the Pb and
Bi are primarily distributed in pyrite as sulfide inclusions. The ore
elements are dominated by Cu, Co, Ni, Ag and Au, with minor Zn and
Sb, and higher in the M-stage pyrite, indicating that the initial ore-
forming fluids were enriched in these elements. The other transit ele-
ments and some immobile elements, like Sc, V, Mn, Ga, Cd and Ba, are
more variable in the wall rocks, i.e., both the Lengjiaxi Group and
Yanshanian granitoids, suggesting that the ore fluid might interact with
wall rocks. Other lithophile elements, like Zr, Rb, U and Ba, might lo-
cally exist in the pyrite as silicate inclusions.

The Co and Ni distribution patterns in pyrite may record informa-
tion on the pyrite-precipitating fluid (Large et al., 2009; Koglin et al.,
2010), the chemistry of which are controlled by the primary ore fluid
composition and the modifications via wall rock/fluid interaction. In
our study, the similar high Co and Ni contents of pyrite from both the
wall-rock pyrite (more variable) and M stages of mineralization prob-
ably reflect the intensive influence of wall rock/fluid interaction
(Table 4), otherwise the wall-rock pyrite will be much lower Co and Ni
contents because of the weak ore-forming potential during the wall
rock. The Co/Ni ratio in pyrite is also sensitive to environmental change
and thus has been used by a school of researchers as an indicator to
trace the ore-forming environments (Raymond, 1996; Layton-Matthews
et al., 2008). The Co vs. Ni diagram shows that the Hengdong pyrite
samples mainly fall into the volcanogenic field and lesser in the hy-
drothermal field (Fig. 13). This is consistent with that the Co/Ni ratios
of the wall-rock pyrite and M-stage pyrite are 1.2–334.3 and 15.0–86.2,
respectively, which are quite different from those of the sedimentary
pyrites, as defined above. Therefore, the Hengdong deposit genetically
is probably closely linked to volcanic rocks due to infiltration of hy-
drothermal fluids.

6.2.2. Evidence from sulfur and lead isotopic components
The mineral assemblage of quartz+ sulfide and no occurrence of

sulfate minerals observed in the Hengdong deposit indicate a reducing
environment when Co precipitated. In the reducing and medium tem-
perature (< 350 °C) environment, the sulfur isotopic fractionation be-
tween sulfides and fluids is usually small (< 2%; Ohmoto and
Goldhaber, 1997), which means the measured δ34S values of sulfides
are nearly equal to those of the fluids. Except for two sulfide samples
with near-zero δ34S values (−1.7% and −1.5%) that in many hydro-
thermal deposits likely indicate a deep-seated sulfur source (Ohmoto,

1972; Chaussidon et al., 1989), which are higher than the majority δ34S
values in the Hengdong deposit (−7.5% to −15.9%). Relative to some
of the typical magmatic-hydrothermal deposits, e.g., the Jinchong Co-
Cu and Qibaoshan Cu-polymetallic deposits in northeastern Hunan
Province, most of δ34S values of Hengdong deposit are significantly
lower (Fig. 14), indicating that the magmatic sulfur is not the main
reservoir of the sulfur source. This conclusion is consistent with the
large gap between the mineralization age of the Hengdong deposit and
the emplacement ages of the Mesozoic plutons in northeastern Hunan
Province. Moreover, the observed sulfur isotopic values from the
Hengdong deposit are beyond the range of the Banxi Group (Fig. 14),
indicating the Banxi Group could not be the sulfur reservoir. The large
variation of δ34S values (Fig. 11) suggests a significant contribution of
sulfur from the wall rocks (i.e., the Lengjiaxi Group and the Lianyun-
shan granitoids). This is supported by the pyrite chemical components,
the two near-zero δ34S values in the Hengdong deposit and the obvious
overlapping δ34S values of sulfides from the Lengjiaxi Group (−13.1 to
24%; Luo et al., 1984; Luo, 1988, 1990; Liu et al., 1994, 1999).
Nevertheless, the Lengjiaxi Group could not supply the whole sulfur to
the fluids due to the lower sulfur isotopic values in part of pyrites,
which is supported by the result of lead isotopic compositions (Fig. 12).

The lead isotope systematics of the Hengdong deposit plot close to
the orogenic field but are higher than that of the modern mantle
(Fig. 12a). Moreover, the Hengdong ores, Liangyunshan Group, Lia-
nyunshan granitiods as well as the Lengjiaxi Group have more radio-
genic Pb than that of mantle and the lower crust (Fig. 12b), revealing
the possible source of lead from the upper crust for the Hengdong Co
mineralization (e.g., Chen et al., 2008). However, the Pb isotopic ratios
of the Lengjiaxi Group are more radiogenic than the Hengdong ores
(Fig. 12), indicating that the Co could not be derived from the Lengjiaxi
Group. Nevertheless, the lead isotope data of the Hengdong ores show a
relative wide scatter but close to or slightly radiogenic than that of the
Lianyunshan Group (Fig. 12), probably reflecting a main derivation of
the Co from the latter, although a source from the wall rocks could not
be excluded. The Pb isotopic features and the near-zero δ34S values of
sulfides from the Hengdong ores might be caused by the interaction
between ore fluids and the Liangyunshan granitoids. Combined with
the evidence from the trace-element compositions of pyrite and the S
and Pb isotopic components, the ore fluids and metal Co most likely
originated form the Lianyunshan Group. However, the possible con-
tribution of the Co due to the interaction between the ore fluids and the
wall rocks (i.e., the Lengjiaxi Group and Lianyunshan granitoids)
cannot be excluded.

6.3. Fluid evolution and ore precipitation mechanism

From E- to L-stages, some features of fluid evolution are summarized
below. The total homogenization temperatures of fluid inclusions de-
crease from 250 to 320 °C (peak of 280–300 °C) at the E stage, through
∼220–320 °C (peak of 270–300 °C) at the M stage, and to ∼150–230 °C
at the L stage. The maximum densities of fluid inclusions also have an
elevated trend from 0.92 g/cm3 of the E stage through 0.93 g/cm3 of the
M stage, and to 1.02 g/cm3 of the L-stage (Fig. 10). However, the
salinities and densities of fluid inclusions in quartz from the E- to L
stages of mineralization were rarely changed (Table 4 and Fig. 10).

As described earlier, the LV inclusions and V-rich inclusions in the
M-stage can occur at a small scale in the same quartz grain, which is
important to investigate whether the formation of the different fluid
inclusion types are related to fluid immiscibility processes operating on
an originally homogeneous single fluid during its entrapment.
Alternatively, the heterogeneous entrapment could also have resulted
from necking down (Roedder, 1984; Bakker and Jansen, 1994) and the
mixing of two or more different original fluids (Anderson et al., 1992).
The fluid inclusions in the small area have the constant gas fill and the
host quartz (Q3) shows weakly or none deformed, which suggests that
the necking-down is unlikely result of heterogeneous entrapment. In

Fig. 13. (a) Co/Ni distribution diagram of pyrite in the Hengdong deposit. Boundaries
defining pyrite formed under different geological environments are modified from
Bajwah et al. (1987) and Brill (1989).
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addition, the majority of LV and V-rich inclusions in M-stage display the
same salinity and density but varying homogenization temperatures.
The lack of distinctive fluid inclusion populations that have widely
variable in bulk salinity and homogenization temperatures trapped on
small area suggests that mixing of fluids from different fluid sources
was not a major depositional process (e.g., Fusswinkel et al., 2013).

Based on the criteria outlined by Ramboz et al. (1982), the ob-
servations made in this study suggest that fluid immiscibility could be
invoked in Hengdong deposit: (1) the LV and V-rich inclusions coexit in
a small scale (Figs. f–g), and thus are interpreted to have been trapped
contemporaneously; (2) the LV and V-rich inclusions homogenize both
in the liquid and vapor phases at about the same temperature range,
respectively; (3) the chlorite geothermometric temperature are con-
sistent with the inclusion homogenized temperature, indicating the
inclusion was trapped at the bubble-curve (or dew curve) (Tables 2 and
4). The occurrence of the orebodies within fault zones and associated
cataclasite and breccias suggests that the P-T-X evolution of the hy-
drothermal fluid that transported Co in solution was intimately related
to physical processes during the reactivation of CPDFZ, which may
result of dramatic pressure fluctuations in the fault zone (Baudon and
Cartwright, 2008) and then the fluid immiscibility taken place in
Hengdong deposit (cf. Hagemann and Lüders, 2003).

Fluid immiscibility, an important mechanism for ore-metal deposi-
tion in many hydrothermal deposits. Several researchers (e.g., Reed and
Palandri, 2006; Coulibaly et al., 2008) have shown that the im-
miscibility of hydrothermal fluids can significantly alter the phase
equilibrium of the fluids. Phase changes facilitate the decomposition of
metal complexes in hydrothermal fluid, causing precipitation of a large
amount of metal sulfides. Thus, metallic elements such as Co in the ore
fluids for the Hengdong deposit no longer existed as the stable form,
and precipitated from the hydrothermal fluid during the M-stage. In
addition, fluid immiscibility and hydraulic fracturing commonly caused
the uprising ore fluids to decompress and then decrease the tempera-
ture (Zhou et al., 2015 and references therein), like the L-stage ore
fluids for the Hengdong deposit, which will further advance the pre-
cipitation of ore metals.

6.4. The Co mineralization evolution

Approximately coeval with the significant crustal extension and li-
thospheric thinning in North China during the Early Cretaceous, a
widespread extensional event also took place in South China (e.g.,
Gilder et al., 1991; Li, 2000; Lin et al., 2008). Such an extensional event
(s) in South China is supported by the well-developed extensional ba-
sins as the Yuanma, Hengyang and Nanxiong basins (Gilder et al., 1991;
Shu et al., 2007, 2009; Li et al., 2012a), the exhumation of or meta-
morphic core complexes (MCCs) as the Dayunshan, Lushan and Heng-
shan domes (Lin et al., 2000; Shu et al., 2008), and a series of NE- to
ENE-trending strike-slip shear faults (Li, 2000). Liu et al. (2016) con-
firmed that these extension-type structures mainly formed between
130Ma and 120Ma. Compared with those in the North China Block, the
MCCs are rarely developed in South China, resulting in the extension
involved the crust at a relatively shallow level therein (Li et al., 2013).
Some of the MCCs such as the Wugongshan, Hongzhen and Xingzi are
also well dated at between 130Ma and 125Ma (Shen et al., 2008; Liu
et al., 2016 and references therein). In addition, abundant A-type
granitic and bimodal volcanic rocks as in the Lower Yangtze River belt,
JOB, Xiangshan and southeast coastal area (Wong et al., 2009; Jiang
et al., 2015b), and the adakite-like rocks formed by melting of a
thickened lower crust (Xu et al., 2002; Wang et al., 2006a, 2007b) have
the intrusion and/or extrusion ages between 129Ma and 122Ma. These
ages are consistent with the timing of the Hengdong Co mineralization,
indicating an extension environment for the Hengdong deposit.

It has been generally accepted that the Late Mesozoic extensional
event(s) in South China was associated with either the slab rollback of
the subducted Pacific plate or the slab window opening during the ridge
subduction (Gilder et al., 1991; Li and Li, 2007; Li et al., 2010, 2014;
Sun et al., 2007, 2010; Tang et al., 2013; Jiang et al., 2015b; Zhao et al.,
2016). The subducted direction of the Palaeo-Pacific Plate changed by
∼80° from oblique subduction to parallel to the continental margin
since ∼140Ma (Koppers et al., 2001; Sun et al., 2007), leading to a
gradually closing of the old slab window (Zhao et al., 2016) as well as
forming two groups of mineralization during the Cretaceous in South
China (Mao et al., 2011, 2013). The older group (145–135Ma) is

Fig. 14. Distribution of sulfur isotopes for the typical de-
posits and host rocks from Hunan Province of the JOB. The
black bold lines represent the range of S isotope distribution
and the blue points represent the average values. Data
source: Xu et al. (2017) and references therein. (For inter-
pretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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represented by the porphyry-skarn-stratabound Cu-Au-Mo-Fe deposits
(Mao et al., 2011), and the younger group (120–80Ma, with peak at
100–90) includes subvolcanic-related Fe and porphyry Cu-Mo deposits
(Mao et al., 2013). Mao et al. (2013) proposed that the time range
between 135Ma and 120Ma is endowed with weak magmatism and
mineralization in most of the SCB. However, similar mineralizing ages
to that for the Hengdong deposit have also been reported in the JOB of
South China, such as the 40Ar–39Ar ages of ca. 130–127Ma for the
Dayan gold occurrence in northeastern Hunan Province (Xu et al.,
2017), the Rb–Sr isochron age of 128 ± 3Ma and Sm-Nd isochron age
of 121 ± 11Ma for the Xianglushan W deposit in northern Jiangxi
Province (Zhang et al., 2008), and the potential mineralization ages of
135–130Ma for the Dahutang W deposit in Jiangxi Province (Jiang
et al., 2015a). In addition, a large number of extensional structures
during the early Cretaceous in South China not only controls the dis-
tribution of the mineralization in later episode (Mao et al., 2011; Xu
et al., 2017), but may have acted as pathways for migration of the ore
fluids. Therefore, we suggest that the Early Cretaceous period of
130–120Ma is also a potential and favorable mineralization episode in
South China.

Integrating the characteristics of ore fluids, the origin of Co and
fluids and the ore-forming timing, herein, a genetic model is tentatively
proposed to explain the formation of the Hengdong deposit in the JOB.
With the changing direction of the subducted Palaeo-Pacific Plate, the
magmatism and associated mineralization were relatively weak during
the period of 130–120Ma. Nevertheless, a series of NE- to ENE-trending
strike-slip shear faults, extensional detachments at the relatively
shallow level (e.g., the Hengshan), and basin-and-range style provinces
were well developed in the southeast China during this period.
Accompanying these extension-related structures, voluminous thermal
energy probably was generated to initiate the release of large amounts
of Co-bearing fluids from the Neoproterozoic volcanogenic or older
metamorphic rocks (i.e. the Lianyunshan Group in the northeastern
Province), and then to promote the transportation these ore fluids along
the NE–ENE-trending strike-slip faults (i.e., the CPDFZ) in the north-
eastern Hunan Province of the JOB. Eventually, the fluid immiscibility
and gradually decreasing temperatures of the ore fluids could have led
to precipitation and enrichment of the metal Co in these extensional
structures.

7. Conclusions

1) The Hengdong Co deposit contains three stages of hydrothermal
mineralization, i.e., quartz+ pyrite+muscovite ± chalcopyrite of
the early-stage (E-stage), quartz+ polymetallic sul-
fide+ chlorite+ of the middle-stage (M-stage), and
quartz+ chlorite+ carbonate of the late-stage (L-stage).

2) The 40Ar–39Ar data reveal that the Hengdong Co mineralization was
likely associated with the CPDFZ and formed at the early Cretaceous
of ca. 125Ma age.

3) The ore metal Co was most likely extracted by the ore fluids from
the metamafic rocks of the Lianyunshan Group, and contaminated
by the fluids reactivated from both the Lengjiaxi Group and
Lianyunshan granitiods.

4) The ore fluids were initially mesothermal and then evolved to lower
temperatures in the later stages of mineralization.

5) Fluid immiscibility at the Hengdong deposit is considered to be the
result of significant cyclic pressure reduction during fault zone
movement (probably seismic pumping), thereby reducing the degree
of cobalt under-saturation, and causes cobalt to precipitate.

6) The early Cretaceous period of 130–120Ma was also a potential
mineralization age in South China. The development of extension-
type structures at ca. 130–120Ma is favorable of the immigration of
the ore fluids and the precipitation and enrichment of the ore metal
along the NE- to ENE-trending strike-slip faults.
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