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The Qingzhou–Hangzhou metallogenic belt (QHMB) in Southeastern China has gained increasingly atten-
tion in recent years. However, due to the lack of reliable ages on intrusions and associated deposits in this
belt, the tectonic setting and metallogenesis of the QHMB have not been well understood. The Linghou
polymetallic deposit in northwestern Zhejiang Province is one of the typical deposits of the QHMB.
According to the field relationships, this deposit consists of the early Cu–Au–Ag and the late Pb–Zn–Cu
mineralization stages. Molybdenite samples with a mineral assemblage of molybdenite–chalcopyrite–pyr
ite ± quartz are collected from the copper mining tunnel near the Cu–Au–Ag ore bodies. Six molybdenite
samples give the Re–Os model ages varying from 160.3 to 164.1 Ma and yield a mean age of
162.2 ± 1.4 Ma for the Cu–Au–Ag mineralization. Hydrothermal muscovite gives a well-defined Ar–Ar
isochron age of 160.2 ± 1.1 Ma for the Pb–Zn–Cu mineralization. Three phases of granodioritic porphyry
have been distinguished in this deposit, and LA–ICP–MS zircon U–Pb dating shows that they have formed
at 158.8 ± 2.4 Ma, 158.3 ± 1.9 Ma and 160.6 ± 2.1 Ma, comparable to the obtained ages of the Cu–Au–Ag
and Pb–Zn–Cu mineralization. Therefore, these intrusive rocks have a close temporal and spatial relation-
ship with the Cu–Au–Ag and Pb–Zn–Cu ore bodies. The presences of skarn minerals (e.g., garnet) and
vein-type ores, together with the previous fluid inclusion and H–O–C–S–Pb isotopic data, clearly indicate
that the Cu–Au–Ag and Pb–Zn–Cu mineralization are genetically related to these granodiorite porphyries.
This conclusion excludes the possibility that this deposit is of ‘‘SEDEX” type and formed in a sag basin of
continental rifts setting as previously proposed. Instead, it is proposed that the Linghou polymetallic and
other similar deposits in the QHMB, such as the 150–160 Ma Yongping porphyry-skarn Cu–Mo,
Dongxiang porphyry? Cu, Shuikoushan/Kangjiawang skarn Pb–Zn, Fozichong skarn Pb–Zn and
Dabaoshan porphyry-skarn deposits are of magmatic-hydrothermal origin and likely formed in a
subduction-related setting. This work provides new insight that these intrusion-related deposits (e.g.,
porphyry and skarn types) of middle to late Jurassic age can be the most important targets for exploration
in the QHMB.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The Qinzhou–Hangzhou metallogenic belt (QHMB), which was
once considered to spatially overlap with the suture zone between
the Yangtze and Cathaysian Blocks (Fig. 1), is considered to be one
of the most important polymetallic belts in China. A dozen of large
or super-large ore deposits have occurred in this belt, such as the
famous Dexing porphyry Cu–Mo–Au, Jinshan Au and Yinshan Pb–
Zn–Cu polymetallic deposits (Mao et al., 2011a,b; Li et al., 2011,
2012; Zhou et al., 2013; Guo et al., 2012; Wang et al., 2011,
2013a, 2015a, 2012b), Xianglushan skarn W (Zhang et al., 2008;
Chen and Zhou, 2012), Dahutang porphyry W (Feng et al., 2012;
Mao et al., 2013), Yongping porphyry-skarn Cu–Mo (Li et al.,
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Fig. 1. Distribution of the skarn and porphyry type deposits in the Qinzhou–Hangzhou metallogenic belt (QHMB) (modified from Yang and Mei, 1997 and Mao et al., 2011a).
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2013a), and Zhangshiba Pb–Zn deposits (Lu et al., 2005). As a typ-
ical metallogenic belt in Southeastern China, the QHMB has been
studied for many years (Zhou et al., 2012; Mao et al., 2011a,b,
2013; Xu et al., 2012, 2015). However, this belt has not been fully
recognized until recently, and its metallogenesis and geological
setting are still poorly understood (Mao et al., 2011a; Xu et al.,
2012, 2015; He et al., 2015). In particular, the extension and the
formation and evolution history of this belt has been debating
for three decades (Li, 2000; He et al., 2005, 2015; Shu, 2006;
Yang et al., 2009; Mao et al., 2011a; Xu et al., 2012, 2015). Previous
studies in the QHMB mostly focused on the typical deposits in the
middle section (about from Guilin city to the Dexing area in Fig. 1),
and the spatial-temporal distribution of magmatic and mineraliza-
tion events have been summarized and reported (Mao et al., 2011a,
2013). However, most of magmatic and related mineralization
events in the northeast QHMB (from the Dexing area to Hangzhou
city in Fig. 1) have been poorly summarized. Moreover, a dozen of
typical deposits (marked with green1 color and underline in Fig. 1)
in the belt were previously considered to be SEDEX-type on the basis
of the so-called ‘‘stratiform” orebodies and ‘‘laminate textures” of
the ores (Y.Z. Zhou et al., 2015; Xu et al., 2015). However, due to
the lack of precise mineralization age, it is not clear if these deposits
1 For interpretation of color in Figs. 1 and 5, the reader is referred to the web
version of this article.
are syngenetic or intrusion-related, particularly when some of the
ores are tightly metamorphosed or deformed.

The Linghou copper–lead–zinc polymetallic deposit (previously
named Jiande copper deposit) in the northeast QHMB is an impor-
tant medium-sized deposit and is located ca. 120 km southwest of
Hangzhou city in Zhejiang Province, Southeastern China (Fig. 1).
The early discovered Cu–Au–Ag orebodies in the Linghou ore field
were almost exhausted after forty years of mining. Fortunately,
new Cu–Au–Ag and Pb–Zn–Cu orebodies have been found in the
Songkengwu ore field since 2003 (Yu, 2010). Previous studies
focused on the Cu–Au–Ag orebodies are available (Xu et al.,
1981; Cao et al., 1988; Zhou and Yu, 1983; Liu et al., 1996). How-
ever, due to the lack of reliable ages, the genetic relationship
betweenmagmatism and mineralization in the Linghou polymetal-
lic deposit is still controversial (Xu et al., 1981; Cao et al., 1988;
Zhou and Yu, 1983; Liu et al., 1996). Recently, based on the new
geological evidences, fluid inclusion, and H–O–C–S–Pb isotopic
data, the Linghou polymetallic deposit was interpreted to be
intrusion-related, and furthermore, two mineralization events of
the early Cu–Au–Ag orebodies and the late Pb–Zn–Cu ore bodies
or veins were obviously identified (Tang et al., 2015a; H. Chen
et al., 2016).

The aim of this paper is to present new age for three granodior-
ite porphyry phases, the molybdenite Re–Os age for the Cu–Au–Ag
mineralization and the hydrothermal muscovite Ar–Ar age for
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Pb–Zn–Cu mineralization to discuss the genetic relationship
between magmatism and mineralization events in the Linghou
deposit. Moreover, the recent results on the typical deposits in
the QHMB were summarized to better understand the magmatic-
hydrothermal system of this belt and provide the new implications
for tectonic setting and regional exploration in the QHMB.

2. Geological background

The QHMB, which extends from the Qinzhou Bay of Guangxi
Province to the Hangzhou Bay of Zhejiang Province, is about
2000 km long and 100–150 km wide (Yang and Mei, 1997). This
belt is bounded by the Pingxiang–Liuyang–Jingdezhen–Shexian–
Huzhou fault in the north and the Beihai–Pingxiang–Shaoxing fault
in the south (Fig. 1). The middle and southwest QHMB (from Guilin
to Beihai city in Fig. 1) has been considered to widen to include
Xitian, Yunfu (Dajianping) and Dabaoshan deposits (Zhou et al.,
2012). The QHMB was interpreted to have resulted from the colli-
sion and extension between the Yangtze and Cathaysian Blocks.
However, these two blocks were connected firstly during the Neo-
proterozoic period (about 825 Ma) (Hong et al., 2002; Shu, 2006;
Yang et al., 2009). This period is characterized by formation of vol-
canic arc igneous rocks (e.g., spilite– and quartz– keratophyre) in
the basement rocks, such as the Shuanxiwu group in the northeast
QHMB, accompanied with coeval SEDEX Cu, Pb–Zn deposits, such
as Pingshui and Luocheng copper deposits (Xu et al., 2015; Y.Z.
Zhou et al., 2015). There was no evidence to show that the QHMB
had reactivated during the Silurian and Triassic period (Mao et al.,
2011a). Correspondingly, the clastic and carbonate rocks of neritic
facies have been formed during Devonian–middle Triassic Period,
and the coal and few strata–bound polymetallic deposits of
deep–water phases occurred along the ancient faults in Permian
period (Yang and Mei, 1997; Li, 2000). Subsequently, due to the
conversion of tectonic regime from the Tethys to Paleo–Pacific, this
belt had been reactivated several times during Yanshanian defor-
mations (about from 135 to 205 Ma) (Yang and Mei, 1997; Li,
2000; He et al., 2005, 2015; Mao et al., 2011a). However, the accu-
rate time when the Paleo–Pacific plates subducted beneath the
Eurasian continent is under debate. Dong et al. (2008) believed that
the time should be 165 Ma, whereas Mao et al. (2013) constrained
it to 175 Ma. Recently, Sun et al. (2015) confirmed that the initial
Paleo–Pacific subduction occurred in 275 Ma. In summary, the
QHMB was controlled by the inland compression associated with
the subduction and collision from the Paleo–Pacific plate (Yang
et al., 2009; Mao et al., 2009; Li et al., 2013b). In particular, the
middle and northeast QHMB also experienced the local extension
events which were indicated by adakitic porphyries in the Dexing
deposit (Wang et al., 2006) and A–type granitoids in the Lizhu and
Nanling areas (Hua et al., 2005; Jia et al., 2014). Till now, most of
the Mesozoic tectono-magmatism events in the QHMB were con-
sidered to be related to the interaction between the Eurasian and
Paleo-Pacific plates (Shu and Zhou, 2002; Wu et al., 2003; Zhou
et al., 2006; Yang et al., 2009; Mao et al., 2009; Zheng et al.,
2013; He et al., 2015). Several models have been proposed, includ-
ing: (1) the tear-off and remelting of the subducted Izanagi Plate
(170–160 Ma), and upwelling of asthenospheric magma and exten-
sive mantle–crust interaction possibly induced by the plate win-
dow (160–150 Ma) (Mao et al., 2011a, 2013); (2) lithosphere
extension and thinning, and underplating of mantle–derived mag-
mas (Hua et al., 2005; Yang et al., 2009); (3) lithosphere extension
and partial melting of delaminated lower crust (Wang et al., 2004).
These models above were believed to give rise to those intensive
intracontinental tectonic-magmatic activities and metallogenesis
in Southeastern China (Wang et al., 2004; Hua et al., 2005; Seton
and Müller, 2008; Mao et al., 2009, 2013; Xiao et al., 2010;
Zhang et al., 2013; He et al., 2015). Generally, the NNE and NE
trending faults in the QHMB controlled the magmatic activities
and the mineralization events in Yanshanian (Yang and Mei,
1997; Yang et al., 2009). Most of the typical deposits, such as the
Dexing porphyry Cu and Yongpin porphyry-skarn Cu deposits,
have formed in this period.

3. Geology of the Linghou polymetallic deposit

The strata in the Linghou area are divided into the Upper Devo-
nian Xihu and Zhuzangwu Formations and the Upper Carbonifer-
ous Huanglong Formation (BGMRZP, 1989), with the general
strike of NE–SW. The Xihu Formation, 120–130 m thick, is only
exposed in two limbs of the Songkengwu syncline (Fig. 2) and
mainly consists of the quartz sandstone. The Zhuzangwu Forma-
tion is exposed in the two limbs of the Songkengwu syncline as
well as the axis of the Tongshan anticline (Fig. 2), which is esti-
mated to be 64–142 m thick and mainly consists of sandstone
bearing shale and fine sandstone. The Upper and Lower Huanglong
Formation is mainly exposed in the axis part of the Songkengwu
syncline and consists of the pure limestone (�185 m thick) and
limy dolomite (30–35 m thick), respectively. Notably, parts of the
sedimentary successions have been altered and metamorphosed.
The carbonate rocks, including marble and dolomite, were the
main host rocks for the Cu–Au–Ag and Pb–Zn–Cu mineralization
(Fig. 2).

The structures in this study region are mainly products of the
Indosinian and Yanshanian orogenies. The early Indosinian oro-
geny gave rise to the Songkengwu syncline, Tongshan anticline,
and some coeval faults, whereas the late Yanshanian orogeny com-
monly reactivated the early structures. Therefore, in the Song-
kengwu ore field, the principal structures include the
Songkengwu syncline and several NE–SW, NW–SE and EW trend-
ing faults. Some of them were occupied by Yanshannian granitic
intrusions and orebodies (Fig. 2).

Ore bodies in the Linghou deposit have close spatial relation-
ships with the intrusive rocks (Figs. 2 and 4). Previous studies con-
sidered that there were multi-stage intrusions in the Linghou area
(Xu et al., 1981; Zhou and Yu, 1983; Yu, 2010). For example, the
early biotite granodiorite porphyry, granodiorite porphyries (phase
1 and phase 2) and other two stages of andesite were reported in
Chinese by Xu et al. (1981). Although primary structures and tex-
tures of these igneous rocks are difficult to be identified due to
the strong alteration, there is a consensus that the granodiorites
are the principal intrusive rocks to control the mineralization in
the Linghou mine (Xu et al., 1981; Zhou and Yu, 1983; Yu, 2010;
L. Chen et al., 2013; Jia et al., 2014). In the Songkengwu ore field,
the intrusive rocks occupy an axis and two limbs of the syncline
and strike NE–SW (Fig. 2).

The wallrock alterations in roughly chronological order are
skarnization, phyllic alteration, silicification and carbonatization
in the Linghou mining area. In skarnization, the garnet is often
replaced by chlorite, epidote and calcite (Fig. 3). The phyllic alter-
ation is well developed in granitic rocks and characterized by dis-
seminated sericite and quartz, with minor pyrite and chalcopyrite.
Silicification is closely related to the Cu–Au–Ag mineralization and
characterized by the quartz in ores or quartz + pyrite + chalcopy-
rite veins in strata and granitic rocks. The carbonatization is very
common in the whole mining area, which is often characterized
by early recrystallization of dolomite + calcite associated with the
Pb–Zn–Cu mineralization, the calcite cluster in hydrothermal cal-
cite cave near the Pb–Zn–Cu orebodies and the late calcite
(±galena) veins or veinlets across the ore and granitic rocks.



Fig. 2. Geological sketch map of the Linghou Cu–Pb–Zn polymetallic deposit (modified from Chen, 2005).
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The Linghou deposit contains the early Cu–Au–Ag mineraliza-
tion and late Pb–Zn–Cu mineralization which is commonly
superimposed on the early Cu–Au–Ag mineralization, forming
the Pb–Zn–Cu ‘‘polymetallic” orebodies (Figs. 2 and 4a). Distribu-
tions of both stages of mineralization are commonly controlled
by the structures and lithologies, and thus these mineralization
are characterized by ore veins or irregular ore lenses with sharp
boundaries against the wall rocks.

The Cu–Au–Ag orebodies are situated in the southeastern limb
of the Songkengwu anticline (Fig. 2). The primary ores are mainly
massive and banded, and contain ore minerals dominated by chal-
copyrite, bornite and pyrite, with minor gold, silver minerals (only
be found in chalcopyrite), sphalerite and molybdenite. Gangue
minerals are quartz, minor garnet, epidote, chlorite, calcite and
dolomite. The sulfide minerals are mainly present as massive,
banded and vein within the host rock, with rare veinlet-
disseminated structures.
The Pb–Zn–Cu ‘‘polymetallic” orebodies occur in the center of
the Songkengwu anticline (Fig. 2). The massive and banded ores
consist of sphalerite, chalcopyrite, pyrite and galena, with calcite
and dolomite as gangue minerals. Those sulfide minerals are
mainly present as massive, banded and vein bodies within the host
rocks.
4. Sample descriptions

The samples for zircon U–Pb dating were collected from three
granodiorite porphyry phases in the Songkengwu ore field in the
underground tunnel (Fig. 5). Their locations have been indicated
in Fig. 2.

Biotite granodiorite porphyry: This granodiorite porphyry has
a gray-green color due to the intensive chlorite alteration. JDB021
was collected from this phase for zircon U–Pb dating. This rock



Fig. 3. Garnet and chalcopyrite in skarn at the connect zone between the carbonate Formation and the Cu–Au–Ag ore bodies. (a) Calc-silicate (skarn) alteration occurred at
the connect zone between the carbonate Formation and the Cu–Au–Ag ore bodies; (b) and (c) The photographs for the hand specimens of skarn; (d) The residual garnet in
cross-polarized light; (e) Chalcopyrite in garnet in reflected light; (f) Garnet was replaced by chlorite + epidote + calcite.
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shows massive structure and porphyritic texture (Fig. 5a–c), and
are dominantly composed of the phenocrysts with plagioclase
(�40 vol.%), potash feldspar (�10 vol.%), biotite and hornblende
(�15 vol.%), quartz (�5 vol.%) and the matrixes of 30% in volume.
The phenocrysts (�80 vol.%) have the grain size ranging from 0.1
to 1.0 mm, whereas the matrix (�20 vol.%) has the general grain
size of �0.02 mm.

Granodiorite porphyries (phase 1 and phase 2): These gran-
odiorite porphyries are in gray-white color. Two samples of
JDB004 (phase 1) and JDB006 (phase 2) were collected for zircon
U–Pb dating. These rocks are characterized by massive structure,
fine-grained porphyritic-like (Fig. 5d–f) or porphyritic (Fig. 5g–i)
texture, with phenocrysts of feldspar (�35 vol.%), quartz (�5 vol.
%) and biotite (�3 vol.%) and the matrixes of �60% in volume. Most
of the phenocrysts show the grain size varying from 0.1 to 1.0 mm,
whereas the matrix has the grain size of less than 0.05 mm. Gener-
ally, the size of the matrix in JDB006 is smaller than JDB004.

Muscovite samples from the altered granodiorite porphyry
(phase 2) were selected for Ar–Ar dating. They occur as euhedral
aggregates with a diameter of �10 mm and are intergrowth with
hydrothermal pyrite and Pb–Zn vein (Fig. 6).

Six molybdenite samples for Re–Os dating were selected from
the Cu–Au–Ag ore bodies (Fig. 2). One sample (JD122) was col-
lected from a 2-cm-thick quartz–molybdenite–pyrite vein in the
fractures, whereas other molybdenite samples were collected from
quartz–molybdenite–pyrite–chalcopyrite or molybdenite (–pyrite)
veinlet in marble, fine sandstone and shale (Fig. 7).
5. Analytical methods

5.1. LA–ICP–MS zircon U–Pb dating

In order to identify zircon internal textures and select target
spots for U–Pb dating, the SEM cathodoluminescence (CL) images
of zircons from these three samples were photographed by using
a JSM–6510 electron microprobe coupled with a Gatan CL Detector
at Beijing Geoanalysis Co., Ltd.

In-situ zircon U–Pb dating were performed on an Agilent
7500cs quadrupole ICPMS with a 193 nm Coherent Ar–F gas laser
and the Resonetics S155 ablation cell at the University of Tasmania
in Hobart. The downhole fractionation, instrument drift and mass
bias correction factors for Pb/U ratios on zircons were calculated
using 2 analyses on the primary (91500 standard of Wiedenbeck
et al., 1995) and 1 analysis on each of the secondary standard zir-
cons (Temora or GJ–1, Black et al., 2004 and Jackson et al., 2004)
analysed at the beginning of the session and every 15 unknown zir-
cons (roughly every half an hour) using the same spot size and con-
ditions as used on the samples. The correction factor for the
207Pb/206Pb ratio was calculated using large spots of NIST610 anal-
ysed every 30 unknowns and corrected using the values recom-
mended by Baker et al. (2004). Each analysis on the zircons
began with a 30 s blank gas measurement followed by a further
30 s of analysis time when the laser was switched on. Zircons were
sampled on 32 mm spots using the laser at 5 Hz and a density of
approximately 2 J/cm2. A flow of He carrier gas at a rate of



Fig. 4. The spatial relationship among the granodiorite porphyry, Cu–Au–Ag and Pb–Zn–Cu ore bodies. (a) The Pb–Zn–Cu ore body crosscut the Cu–Au–Ag ore body and both
of them contact directly with the granodiorite porphyry in the shape of veins; (b) the contact zones are composed mainly of detrital rocks from the intrusion in the form of
strike- slip surface; (c) the Cu–Au–Ag ore body contact directly with the granodiorite porphyry; (d) the Pb–Zn–Cu ore body crosscuts and entraps the granodiorite porphyry in
the shape of ‘‘V”.
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0.35 L/min carried particles ablated by the laser out of the chamber
to be mixed with Ar gas and carried to the plasma torch. Isotopes
measured were 49Ti, 56Fe, 90Zr, 178Hf, 202Hg, 204Pb, 206Pb, 207Pb,
208Pb, 232Th and 238U with each element being measured every
0.16 s with longer counting time on the Pb isotopes compared to
the other elements. The data reduction used was based on the
method outlined in detail in Black et al. (2004), Meffre et al.
(2008), Paton et al. (2010) and Sack et al. (2011).
5.2. Molybdenite Re–Os dating

Molybdenite grains were handpicked individually under a
binocular microscope to get over 95% pure molybdenite separates.
Re–Os isotope analysis was performed on a TJA X-series ICP–MS at
the Re–Os Laboratory in National Research Center of Geoanalysis,
Chinese Academy of Geological Sciences in Beijing. The detailed
analytical procedures have been described by Du et al. (1994,
2004). A model age of 221.4 ± 5.6 Ma, which is identical to the cer-
tified value of 220.6 ± 3.2 Ma, for the molybdenite standard
GBW04435 has been obtained in this analysis. Blanks during these
analyses are 0.0013 ± 0.0002 ppb for Re, 0.00089 ± 0.00012 ppb for
Os and 0.00021 ± 0.00006 ppb for 187Os. The 187Re decay constant
of 1.666 � 10�11 year�1 (Smoliar et al., 1996) is used to calculate
the molybdenite model ages. Uncertainty in Re–Os model ages
includes 1.02% uncertainty in the 187Re decay constant and uncer-
tainty in Re and Os concentrations which comprises weighing
errors for both spike and sample, uncertainty in spike calibration
and mass spectrometry analytical error.

5.3. Muscovite Ar–Ar dating

Muscovite separates were carefully handpicked under a binocu-
larmicroscope,withpurity over 99%. The sample separates, together
with the monitoring standard samples were irradiated within a
quartz vial in a nuclear reactor at the Chinese Institute of Atomic
Energy, Beijing. Step-heating 40Ar/39Ar analyses were performed
on noble gas mass spectrometry Helix SFT at the Analytical Labora-
tory, Beijing Research Institute of UraniumGeology, China. Procedu-
ral blanks are <1 � 10�15 mol at room temperature and
<1 � 10�14 mol for 40Ar. Themonitorused in thiswork is the internal
Fangshan biotite (ZBH–25) standard with an age of 132.7 ± 1.2 Ma
and amphibole (GBW04418) standard with an age of 2060 ± 8 Ma,
which were also irradiated. The decay constant for 40K used in the
calculation is 5.543 � 10�10 year�1 (Steiger and Jäger, 1977).

6. Results

6.1. Zircon U–Pb ages

Zircon U–Pb isotopic data for three granodiorite porphyry
phases from the Songkengwu ore field are presented in Table 1.
The zircon grains are commonly transparent, colorless, euhedral



Fig. 5. Photographs and microphotos of three granodiorite porphyry phases in the Songkengwu ore field. (a–c) Biotite granodiorite porphyry, characterized by the
chloritization of biotite and hornblende, subhedral plagioclase with double crystal and rounded-irregular quartz in the polarized light (b) and cross-polarized light (c); (d, e
and f) Granodiorite porphyry (phase 1), characterized by little biotite, sericitization of subhedral and euhedral plagioclase, and rounded-irregular quartz in the polarized light
(e) and cross-polarized light (f); (g, h and i) Granodiorite porphyry (phase 2), characterized by euhedral biotite, subhedral and euhedral plagioclase with sericitization, and
rounded-irregular quartz in the polarized light (h) and cross-polarized light (i); Qz–quartz, Pl–plagioclase, Bi–biotite, Py–pyrite.
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prismatic, with the lengths of 80–150 lm and the width/length
ratios of 1:1–1:3. Most zircon grains show typical magmatic oscil-
latory zonings in CL images (Fig. 8). Zircons from samples of
JDB021, JDB004 and JDB006 have consistent U and Th contents
with Th/U ratios of 0.27–0.70, 0.32–0.71 (beside one value of
0.02) and 0.26–0.79, respectively (Table 1). These characteristics
show that all zircon grains are magmatic origin.

Zircon U–Pb concordia diagrams for three granodiorite por-
phyry phases are shown in Fig. 9. Eleven analyses for the zircons
grains from JDB021 yield 206Pb/238U ages ranging from
153.4 ± 2.1 to 164.2 ± 2.7 Ma, with a weighted mean age of
158.8 ± 2.4 Ma (MSWD = 2.4, n = 11) (Fig. 9a). Fourteen analyses
of the zircons grains from JD004 show 206Pb/238U ages varying
from 153.7 ± 2.8 to 164.5 ± 2.5 Ma and a weighted mean age of
158.3 ± 1.9 Ma (MSWD = 1.7, n = 14) for JDB004 (Fig. 9b). Thirteen
analyses of the zircons from JDB006 yield 206Pb/238U ages varying
from 155.5 ± 2.4 to 167.7 ± 2.5 Ma, with a weighted mean age of
160.6 ± 2.1 Ma (MSWD = 2.5, n = 13) (Fig. 9c).
6.2. Molybdenite Re–Os age

The Re, Os contents and isotopic values of six molybdenite sam-
ples fromtheLinghoupolymetallic deposit are listed inTable 2. Total
Re and 187Os concentrations vary from 195.4 to 226.3 ppb and 335.4
to 384.1 ppb, respectively. The Re–Osmodel ages of sixmolybdenite
samples vary from 160.3 ± 2.1 to 164.1 ± 2.3 Ma, with a weighted
average age of 162.2 ± 1.4 Ma (2r, MSWD = 1.4) (Fig. 10). Our mea-
sured age of 221.4 ± 5.6 Ma for the molybdenite standard
GBW04435 is consistent with the certified value of 220.6 ± 3.2 Ma
within error limits and the Re and Os contents of six molybdenite
samples are undistinguished in Table 2, indicating that the molyb-
denite Re–Os isotopic data in this analysis is credible.

6.3. Muscovite Ar–Ar age

The Ar–Ar isotopic data of muscovite (JDB101) is given in
Table 3 and illustrated in Fig. 11. The results yield a well-defined
plateau age of 155.7 ± 1.1 Ma (Fig. 11a), a normal and inverse iso-
chron age of 160.2 ± 1.1 Ma (Fig. 11b) and 160.2 ± 1.1 Ma, respec-
tively (Fig. 11c). The initial 40Ar/36Ar values are 46.5 ± 42.6 and
46.5 ± 17.8 Ma, respectively.

7. Discussion

7.1. Timing of the magmatic and mineralization events in the Linghou
mining area

Early feldspar and whole rock K–Ar dating indicated that the
granodiorite phases in the Linghou ore district have formed at



Fig. 6. Hydrothermal muscovite in the altered granodiorite porphyry (phase 2). (a) Altered granodiorite porphyry (phase 2) with disseminated pyrite and galena-sphalerite-
pyrite veinlet; (b–d) Pyrite occurred in or near the muscovite in cross-polarized light (b), the polarized light (c) and reflected light (d).
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the Cretaceous (115–122 Ma) (Zhou and Yu, 1983). However, such
ages are completely unreliable as these granodiorite porphyries
were extensively altered during which the K–Ar system was inten-
sively modified (Fitch et al., 1969; Yamasaki et al., 2011; Clauer,
2013). Recently, Jia et al. (2014) reported a zircon LA–MC–ICP–M
S U–Pb age of 169.9 ± 1.4 Ma for the biotite granodiorite porphyry,
but did not provide the ages for other granodiorite porphyry
phases. In this study, our new zircon U–Pb dating provide tight
constrains on the ages of the biotite granodiorite porphyry
(158.8 ± 2.4 Ma), granodiorite porphyry (phase 1)
(158.3 ± 1.9 Ma) and granodiorite porphyry (phase 2)
(160.6 ± 2.1 Ma). These new ages dataset clearly indicate that three
granodiorite porphyries have formed at a very limited interval
(158.3–160.6 Ma). It is noteworthy that the obtained age of
158.8 ± 2.4 Ma for the biotite granodiorite porphyry is much
younger than that (169.9 ± 1.4 Ma) obtained by Jia et al. (2014).
We consider that such a difference is due to two different dating
methods as the uncertainty of LA–(MC)–ICP–MS is up to ±4%
(2RSD) (Li et al., 2015).

L. Chen et al. (2013) reported Re–Os ages of �122 Ma for the
pyrrhotite in the Linghou deposit. However, this study did not pro-
vide the textural relationship of the pyrrhotite with Cu mineraliza-
tion. Indeed, our study indicates that the pyrrhotite may have been
present in late pyrrhotite–pyrite mineralization event that over-
prints the Cu mineralization. In current study, six molybdenite
samples, which are intergrown with chalcopyrite, pyrite and
quartz (Fig. 7), are collected in the copper mining tunnel near the
Cu–Au–Ag ore bodies. Therefore, molybdenite is believed to be
simultaneous with other metallic minerals in Cu–Au–Ag ore bod-
ies, and its Re–Os age could represent the formation age of the
Cu–Au–Ag mineralization. All the molybdenite samples give the
model ages between 160.3 and 164.1 Ma and a weighted average
age of 162.2 ± 1.4 Ma, which is clearly much older than the Re-Os
ages of pyrrhotite obtained by L. Chen et al. (2013).

It was confirmed that the biotite could be altered to muscovite
when it experienced intensive hydrothermal alteration (Borodina
and Fershtater, 1988; Zhang et al., 2010). The granodiorite por-
phyry (phase 2) was extensively altered and mineralized, charac-
terized by occurrence of disseminated pyrite and the galena–
sphalerite–pyrite vein. In these altered rocks, muscovite was inter-
grown with pyrite (Fig. 6), and thus is believed to be hydrothermal
in origin and related to Pb–Zn–Cu mineralization. The closure tem-
perature of Ar isotope system in muscovite is about 350 ± 50 �C
(Chen et al., 2011a), which is consistent with the formation tem-
perature of the Pb–Zn–Cu ore bodies (350–480 �C, Tang et al.,
2015b). The eight continuous steps at temperatures of 600–
1030 �C are relatively coincident, and constitute a uniform and
remarkably flat 40Ar/39Ar age spectra with 85.2% 39Ar released.
However, the initial 40Ar/36Ar ratios of 46.5 ± 42.6 Ma or
48.3 ± 17.8 Ma are obviously less than the atmospheric value of
298.56 ± 0.31 Ma (Lee et al., 2006), indicating that there was likely
the loss of small quantities of 40Ar (Hanson et al., 1975; Chen et al.,
2011a). In this situation, the isochron method can also give a reli-
able age (Chen et al., 2011a). Therefore, the Ar–Ar isochron age of
160.2 ± 1.1 Ma is more reliable and represents the age of the late
Pb–Zn–Cu mineralization event in the Linghou polymetallic
deposit.
7.2. Origin of the Linghou polymetallic deposit

On the basis of the close relationships between the orebodies
and granodiorite porphyries, as well as the characteristics of alter-
ation and mineralization, Xu et al. (1981) and Zhou and Yu (1983)



Fig. 7. Photographs and microphotos of molybdenite vein or veinlets in the Linghou deposit. (a) Py–Qz–Mo vein from the fracture; (b) Py–Qz–Ccp–Mo vein in marble; (c) Mo
vein in fine sandstone and shale; (d) Py–Qz–Ccp–Mo veinlet occurred in ‘‘stratiform” or laminated shape in marble; (e) microphotos of Py–Qz–Ccp–Mo veins in marble; Py–
Pyrite, Ccp–chalcopyrite, Qz–quartz, Mo–molybdenite.
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classified this deposit into a skarn type deposit. Wang (1990)
further indicated that this deposit was controlled by the magmatic,
strata and structure. Alternatively, Cao et al. (1988) and Liu et al.
(1996) considered that it should be a SEDEX-type deposit, based
on following lines of evidence: (1) presences of the ‘‘stratiform”
orebodies, and the laminate and crumpled textures of the ores;
(2) some fluid inclusions have mid-low temperatures (from 154
to 286 �C) and low salinities (�5.3 wt.% NaCl eqv.); (3) the d34S val-
ues vary from �0.30‰ to +4.42‰; (4) galena and pyrite have the
Pb isotopic model ages from 309 to 461 Ma; (5) the enrichment
regularity of Cu, Pb, Zn and trace elements of pyrite. Indeed, based
on the laminate and crumpled textures for the sulfides and the Re–
Os isochron ages of the pyrrhotites, L. Chen et al. (2013) proposed
that the Linghou deposit should be a SEDEX-type deposit which
modified by a late magmatic-hydrothermal activity. However,
recent studies shows that the typical SEDEX-type deposits are
commonly characterized by syngenetic textures of ore bodies with
similar ages to host rocks, a principal origin of evaporated seawa-
ter/basinal brines for the ore fluids with temperatures <300 �C and
salinities >10% NaCl eqv., a principal origin of seawater and sedi-
mentary sulfate for sulfur and the crustal sources for ore metals
(Leach et al., 2005, 2010). Moreover, more and more cathodolumi-
nescence (CL) imaging and new dating methods confirmed that the
so-called ‘‘syngenetic” textures are not always reliable. For exam-
ple, according to our dating results, the molybdenite–chalcopyr
ite–pyrite laminates in Fig. 7d cannot be syngenetic but metaso-
matic textures that are commonly present in skarn and other
replacement-type deposits (e.g., Quartz–calcite–sulfides selec-
tively replace some bands of garnet and fill the interstices; Chang
and Meinert, 2008). On the other hand, these that more than half
of equilibrium temperatures are over 300 �C (315 �C, 331 �C and
339 �C) and the sanities are also too low (<10% NaCl eqv.) (Cao
et al., 1988), are also not consistent with a SEDEX origin. A narrow
range of d34S values are not the supportive evidence for a SEDEX
origin, as such values are common in many magmatic systems
(�3‰ to +7‰, Ohmoto and Goldhaber, 1997). Finally, the Pb model
ages have long been considered to be unreliable, and thus cannot
be simply used to constrain the ages of deposits (Zhang and
Zhang, 2009). Additionally, enrichment regularity of Cu, Pb, Zn
and trace elements of pyrite are rarely used to identify the
SEDEX-type deposit (see Leach et al., 2005, 2010 and the related
references).



Table 1
Zircon U–Pb dating results of three granodiorite porphyry phases in the Linghou polymetallic deposit.

Spot Pb 232Th 238U Th/U Isotopic ratios Age (Ma)

206Pb/238U 1r (%) 208Pb/232Th 1r (%) 207Pb/206Pb 1r (%) 208Pb/232Th 1r (%) 206Pb/238U 1r (%)ppm

Biotite granodiorite porphyry (JDB021)
11 13 297 423 0.70 0.0245 1.20 0.0078 1.90 0.0511 2.80 157.4 3.0 155.6 1.9
12 9 133 334 0.40 0.0259 1.50 0.0083 2.50 0.0529 3.70 166.2 4.1 163.8 2.5
13 8 135 285 0.47 0.0243 1.30 0.0082 2.30 0.0562 2.80 165.7 3.8 153.4 2.1
14 6 82 216 0.38 0.0252 1.60 0.0075 2.90 0.0518 4.10 150.9 4.4 160.1 2.5
15 9 178 320 0.56 0.0251 1.30 0.0081 2.00 0.0497 2.90 163.6 3.3 159.9 2.0
17 7 87 258 0.34 0.0252 1.80 0.0121 3.20 0.0693 4.10 244.0 7.8 156.5 2.8
18 5 88 175 0.50 0.0256 1.50 0.0081 2.90 0.0552 4.20 163.8 4.7 161.8 2.5
19 7 140 259 0.54 0.0252 1.40 0.0077 2.30 0.0477 3.60 156.0 3.6 160.3 2.2
20 3 56 141 0.40 0.0258 1.70 0.0085 3.40 0.0482 5.10 171.9 5.8 164.2 2.7
22 8 125 288 0.43 0.0246 1.30 0.0081 2.40 0.0537 3.50 163.4 4.0 155.5 2.0
24 5 56 206 0.27 0.0253 1.60 0.0081 3.20 0.0502 3.90 162.2 5.3 161.2 2.6

Granodiorite porphyry (phase 1, JDB004)
44 8 133 287 0.46 0.0256 1.30 0.0077 2.30 0.0496 2.90 155.1 3.6 162.9 2.1
45 8 92 263 0.35 0.0258 1.50 0.0083 2.60 0.0485 3.40 167.0 4.4 164.5 2.5
46 8 178 249 0.71 0.0252 1.50 0.0078 2.60 0.051 3.70 156.7 4.0 159.9 2.3
47 9 192 281 0.68 0.0254 1.30 0.0094 2.00 0.066 2.70 189.7 3.8 158.5 2.1
48 7 86 168 0.51 0.027 1.50 0.0189 2.40 0.1297 2.80 378.8 9.0 154.7 2.4
50 7 98 256 0.38 0.0253 1.40 0.0079 2.70 0.051 3.70 159.1 4.3 160.6 2.2
51 11 264 373 0.71 0.0244 1.20 0.0077 1.90 0.048 3.20 155.8 3.0 155.2 1.9
52 7 75 234 0.32 0.0243 3.20 0.0074 6.50 0.0535 7.40 148.6 9.7 153.7 5.0
53 2 2 93 0.02 0.0251 3.80 0.0043 80.80 0.0501 12.20 87.0 70.3 159.8 6.2
54 7 76 151 0.51 0.0285 1.70 0.0234 2.50 0.1592 2.60 468.0 11.9 156.3 2.8
55 8 70 185 0.38 0.0282 1.60 0.0266 2.10 0.1526 2.90 530.0 11.4 156.2 2.7
56 7 85 194 0.44 0.0266 1.80 0.0215 2.90 0.122 3.00 430.3 12.4 153.7 2.8
57 7 126 233 0.54 0.025 1.50 0.0077 2.50 0.0555 3.90 154.8 3.9 157.9 2.4
58 11 145 258 0.56 0.0288 1.80 0.0221 2.80 0.1575 3.00 441.5 12.4 158.5 3.0

Granodiorite porphyry (phase 2, JDB006)
26 7 98 228 0.43 0.0264 1.50 0.0088 2.70 0.0501 3.20 177.4 4.7 167.7 2.5
27 10 206 320 0.65 0.0250 1.30 0.0077 2.10 0.0541 3.00 155.0 3.3 158.0 2.0
28 7 122 220 0.56 0.0261 1.60 0.0081 2.40 0.0472 3.50 162.8 3.9 166.1 2.6
29 9 131 296 0.44 0.0253 1.40 0.0081 2.20 0.0487 3.10 163.6 3.6 161.2 2.3
31 7 102 240 0.42 0.0245 1.50 0.0078 2.70 0.0525 3.70 156.2 4.2 155.5 2.4
32 7 128 215 0.59 0.0250 1.60 0.008 2.20 0.052 3.80 162.0 3.6 158.9 2.6
34 11 265 333 0.79 0.0253 1.30 0.0078 1.90 0.0467 3.60 156.7 3.0 161.2 2.2
35 8 108 295 0.37 0.0255 1.20 0.0078 2.70 0.0527 3.20 157.0 4.3 161.4 2.0
36 11 159 422 0.38 0.0247 1.30 0.0076 2.30 0.0493 3.20 152.5 3.4 157.5 2.0
37 9 164 306 0.54 0.0248 1.30 0.0079 2.30 0.0529 3.10 158.4 3.7 157.5 2.0
39 10 89 349 0.26 0.0260 1.20 0.009 2.70 0.0508 2.90 180.8 4.9 165.4 2.1
40 6 108 219 0.49 0.0250 1.50 0.0079 2.60 0.049 4.30 159.5 4.2 159.5 2.4
41 7 110 219 0.50 0.0252 1.60 0.0073 2.60 0.0519 4.10 146.7 3.8 159.7 2.5
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In summary, although the syngenetic origin for some ores can-
not fully excluded, our following geological and geochronological
data well indicates that the Cu–Au–Ag and Pb–Zn–Cu mineraliza-
tion in the Songkengwu ore field are dominantly magmatic-
hydrothermal origin, and they have clear genetic relationship with
granodiorite porphyries.

(1) Evidence from geology: It is well indicated that the Cu–Au–
Ag and Pb–Zn–Cu ore bodies are spatially associated with
the granodiorite porphyries. Most of ore bodies are directly
in contact with the granodiorite porphyries (Fig. 4), and
the contact zones of 5–10 cm thick consist mainly of detrital
rocks from the intrusion in the form of transitional zone
(Figs. 4a, c and d) and strike-slip surface (Fig. 4b). Locally,
the Pb–Zn–Cu ores crosscut and entrap the granodiorite por-
phyry in the shape of ‘‘V” (Fig. 4d).

(2) Evidence from geochronology: Our new dating results well
indicate that the timing of both the Cu–Au–Ag and Pb–Zn–
Cu mineralization (�160 Ma) is undistinguishable from the
granodiorite porphyries, but much younger than their host
rocks (>299 Ma).
(3) Evidence from previous fluid inclusions and isotopic
data: Early fluid inclusion studies show that the fluid inclu-
sions in both the Cu–Au–Ag and Pb–Zn–Cu mineralization
have high temperatures (from 300 to 470 �C and 350 to
480 �C, respectively) and mid-high salinities (from 7.70 to
21.68 wt.% NaCl eqv. and 8.66 to 12.55 wt.% NaCl eqv.,
respectively) (Tang et al., 2015a; H. Chen et al., 2016). More-
over, the fluids have calculated d18OH2O and dD values from
5.54‰ to 13.11‰ and �71.8‰ to �105.1‰, respectively,
consistent with a principally magmatic origin. The magmatic
origin of the fluids is further supported by the d13CPDB values
(�2.78‰ to �4.63‰) of the calcite (Tang et al., 2015a). It is
noteworthy that the sulfides in different ores of the deposit
have a narrow d34S values from �1.42‰ to +4.30‰ and a
homogeneous lead isotopic compositions with 206Pb/204Pb
ranging from 17.958 to 18.587, 207Pb/204Pb ranging from
15.549 to 15.701, and 208Pb/204Pb ranging from 37.976 to
39.052, indicating that the sulfur was sourced from the mag-
matic system and the Pb was derived from a mixed source
involving both mantle and crustal components (Tang et al.,
2015a).



Fig. 8. Zircon cathodoluminescence images of three granodiorite porphyry phases in the Songkengwu ore field (with circles indicating the U–Pb dating positions).

Fig. 9. Zircon U–Pb concordia diagrams of three granodiorite porphyry phases in the Songkengwu ore field.
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Table 2
Re–Os isotopic data for molybdenite from the Linghou polymetallic deposit.

Sample Weight (g) Re (ppb) Common Os (ppb) 187Re (ppb) 187Os (ppb) Model age (Ma)

Measured 2r Measured 2r Measured 2r Measured 2r Measured 2r

JDB051 0.00161 226.3 1.7 1.272 0.120 142.2 1.1 384.1 2.5 161.9 2.3
JDB0202 0.00107 222.8 1.5 1.526 0.347 140.0 0.9 374.4 2.3 160.3 2.1
JDB0202-2 0.00156 201.7 1.5 24.50 0.34 126.7 0.9 341.6 2.0 161.6 2.2
JDB0202-3 0.00116 212.7 1.8 204.8 1.5 133.7 1.1 362.5 2.8 162.6 2.4
JDB050 0.00167 196.2 1.7 11.43 4.12 123.3 1.1 335.4 2.9 163.0 2.5
JDB0122 0.00280 195.4 1.5 0.3156 0.1697 122.8 0.9 336.2 2.0 164.1 2.3

Fig. 10. Molybdenite Re–Os weighted mean model age and isochron plots in the Linghou polymetallic deposit.

Table 3
Results of 40Ar/39Ar stepwise heating analysis for muscovite from the Linghou polymetallic deposit.

T (�C) (40Ar/39Ar)m (36Ar/39Ar)m (37Ar/39Ar)m 40Ar (%) F 39Ar (�10�14 mol) 39Ar (%) Age (Ma) ±1r

Sample weight = 27.5 mg, J = 0.004378
550 11.8479 0.0017 0.0041 95.68 11.3355 6.98 13.21 87.6 0.4
600 21.3204 0.0006 0.0060 99.10 21.1278 7.76 14.68 160.0 0.8
670 20.9790 0.0009 0.0049 98.71 20.7078 13.24 25.05 156.9 0.8
730 21.3348 0.0019 0.0057 97.30 20.7592 10.66 20.16 157.3 0.8
790 21.2101 0.0031 0.0063 95.68 20.2948 6.13 11.60 153.9 0.8
850 21.2968 0.0037 0.0089 94.92 20.2154 2.46 4.66 153.4 0.8
910 21.2670 0.0034 0.0091 95.32 20.2727 1.19 2.25 153.8 0.8
970 21.3734 0.0031 0.0100 95.67 20.4477 1.96 3.72 155.0 0.8
1030 21.4008 0.0030 0.0112 95.82 20.5062 1.63 3.08 155.5 0.8
1150 20.3207 0.0038 0.0414 94.46 19.1956 0.50 0.95 145.9 1.0
1250 19.9662 0.0064 0.0626 90.55 18.0805 0.35 0.65 137.8 1.1

F = (40Ar⁄/39Ar); m: the measured isotopic ratios.
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(4) Evidences from ore bodies and minerals: Although they
are relatively minor, skarn minerals and typical calc-
silicate (skarn) alteration have really occurred in the Linghou
deposit (Xu et al., 1981; Zhou and Yu, 1983). Garnets and
chalcopyrite are present in the connect zone between the
carbonate Formation and the Cu–Au–Ag ore bodies,
although most of the garnets were replaced by chlorite, epi-
dote and calcite (Fig. 3).

7.3. Implications for the metallogenesis, regional exploration and
geological setting of the QHMB

Recently, more detailed geology, fluid inclusion, S–Pb–H–O iso-
topic and geochronological studies were available on the deposits
in the QHMB (Table 4). The magmatic-hydrothermal system of
the northeast QHMB is characterized by granitic complex (consists
mainly of granodiorite and granite) and associated skarn and por-
phyry deposits, including the 140–160 Ma Linghou skarn and
carbonate-replacement types Cu–Au–Ag and Pb–Zn–Cu polymetal-
lic (Tang et al., 2015a), Tongcun porphyry-skarn type Mo–Cu (Tang
et al., 2015b), Lizhu skarn type Fe–Zn–Mo (Zhang et al., 2015), Yin-
shan skarn type Ag–Pb–Zn polymetallic (He et al., 2011) and Anji
skarn-porphyry type Fe–Zn–Pb–Cu polymetallic deposits (Xie
et al., 2012a) (Fig. 1 and Table 4). Moreover, several previously con-
sidered ‘‘SEDEX” type deposits, which is similar to the Linghou
deposit, are also confirmed to be magmatic-hydrothermal origin
(Table 4), including the Yongping porphyry-skarn Cu–Mo (Li
et al., 2013a), Dongxiang porphyry? Cu (Cai et al., 2011), Shuik-
oushan (Kangjiawan) skarn Pb–Zn (Lu et al., 2013; Zuo et al.,
2014; Huang et al., 2015), Fozichong skarn Pb–Zn (Fu et al.,



Fig. 11. Stepwise laser ablation analytical 39Ar/40Ar data for muscovite. (a) Plateau age; (b) normal isochron age; (c) inverse isochron age.
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2013) and Dabaoshan porphyry-skarn Mo–Cu–Pb–Zn deposits
(Wang et al., 2012a; Mao, 2016). Other deposits, including Tiesha-
jie Cu (Luo, 2010; Wang et al., 2013a,b), Yunfu and Dajiangping
pyrite deposits (Chen et al., 1998; Zhao et al., 2016), are also con-
firmed to be modified by the late magmatic-hydrothermal activi-
ties. All these above suggest that the SEDEX-type deposits in the
QHMB are not as important as the previous scholars thought,
whereas the magmatic-hydrothermal and mineralization events
in middle-late Jurassic period (about 140–160 Ma) have been play-
ing the dominant role in this belt. Actually, based on the SEDEX-
type model in exploration, there have few new deposits been found
in the past three decades (see the deposits introduction in Mao
et al., 2011a and Xu et al., 2012, 2015). However, recent explo-
ration activities have confirmed and reported some large
magmatic-hydrothermal deposits, such as the Yuanzhuding por-
phyry Cu–Mo (Zhong et al., 2010, 2013), Shedong porphyry–skar
n–quartz vein type (Chen et al., 2011b), Gaocheng Pb–Zn–Ag
(Zhao et al., 2012) and Xitian skarn-vein type W–Sn deposits (Y.
Zhou et al., 2015). Therefore, we suggest that magmatic-
hydrothermal type deposits (e.g., porphyry and skarn types) can
be the most important targets for exploration in the QHMB.

In the previous studies, the Linghou as well as other previously-
considered ‘‘SEDEX” type deposits was suggested to have formed in
a sag basin in continental rifts setting during the Silurian and Tri-
assic period (Cao et al., 1988; Xu et al., 1996; Liu et al., 1996; Gu
et al., 2003). Such an interpretation is clearly not supported by
new dating results, which suggest that these deposits have mainly
formed in 150–160 Ma (Table 4). Considering that the Southeast-
ern China was controlled in the Paleo-Pacific tectonic regime at
that time, it is proposed that these deposits formed in the
subduction-related setting (Mao et al., 2011a).
8. Conclusions

Granodiorite porphyries from the Songkengwu ore field have
zircon U-Pb ages of �160 Ma. Such ages are comparable to newly
obtained molybdenite Re–Os age of 162.2 ± 1.4 Ma for the Cu–
Au–Ag mineralization and muscovite Ar–Ar age of 160.2 ± 1.1 Ma
for the late Pb–Zn–Cu mineralization. The Cu–Au–Ag and Pb–Zn–
Cu mineralization in the Songkengwu ore field have the genetic
relationship with these intrusions and thus should be magmatic-
hydrothermal in origin. This study thus confirmed that the Linghou
and other similar polymetallic deposits in the QHMB cannot be
‘‘SEDEX” type as previously considered. Instead, these deposits
have mainly formed in a subduction-related setting in middle-
late Jurassic period. This study also highlights that the intrusion-
related deposits (e.g., porphyry and skarn types) in 140–160 Ma
could be the most important targets for exploration in the QHMB.
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Table 4
The ages of intrusive rocks and associated mineralization in the QHMB.

Ore deposit Metal association and
deposit type

Related
intrusion

Previous evidences for SEDEX New evidences for magmatic-hydrothermal origin Reference

Timing of intrusion
(Ma)

Associated
mineralization
age (Ma)

Other evidences

Deposits in the northeast QHMB
Linghou

polymetallic
deposit

Cu–Au–Ag and Pb–Zn–
Cu Skarn

Complex
(granodiorites)

See the text in Section 7.2 Zircon LA–ICP–MS U–
Pb 158.3 ± 1.9–
160.6 ± 2.1

162.2 ± 1.4,
160.2 ± 1.1

See the text in Section 7.2 This paper

Tongcun deposit Mo–Cu, little Pb–Zn
Porphyry-skarn

Complex
(granodiorite,
granites)

None Zircon LA–ICP–MS U–
Pb 162.1 ± 3.4

Molybdenite
Re–Os
162.2 ± 1.3–
163.0 ± 2.4

– Zhu et al., 2014;
Zhang et al., 2013;
Tang et al., 2015b

Lizu deposit Fe–Zn–Mo Skarn Complex
(granite and
granodiorite)

None Zircon LA–ICP–MS U–
Pb 147.2 ± 1.7–
162.4 ± 0.9

Molybdenite
Re–Os
150.7 ± 1.6

– Gu et al., 2011; Jia
et al., 2014; Zhang
et al., 2015

Anji polymetallic
deposit

Fe–Zn–Cu, Pb–Zn–Ag–
Cu, and Mo Skarn-
porphyry

Complex
(granites and
granoirite)

None Zircon LA–ICP–MS U–
Pb 150.2 ± 1.3–
139.2 ± 1.2 (Certified
by 91500)

Molybdenite
Re–Os 139 ± 5

– Xie et al., 2012a,b;
Tang et al., 2012,
2013

Mugua W–Mo Granite
porphyry

None No report – Li et al., 2013b

Zhuxiling W–Mo Skarn-porphyry Granite None Zircon LA–ICP–MS U–
Pb 138 ± 1.3–
142.4 ± 1.6

No report – X.F. Chen et al.,
2013

Deposits in the middle and southwest QHMB
Yongping Cu–Mo–W Porphyry-

skarn
Dacite,
porphyry and
quartz
porphyry

Stratiform orebodies and the laminate
textures of the ores; Th: 180–360 �C, w
(NaCl) eq: 2.5–4.5%; d34S: 0.4‰ to +4.3‰;
Lead isotopes: 206Pb/204Pb = 17.494–
18.239, 207Pb/204Pb = 15.387–15.751,
208Pb/204Pb = 37.595–39.159 and Pb
model ages of 330–609 Ma

Zircon SHRIMP U–Pb
156–162

Molybdenite
Re–Os 156

Porphyry and skarn alteration; Th: 212–
486 �C, w(NaCl)eq: 7.4–10.3%; d34S‰: �0.2
to +1.9

Xu et al., 1998; Tian
et al., 2001; Li et al.,
2013a; J.J. Chen
et al., 2016

Dongxiang Cu Intrusion-related
(porphyry?)

Granodiorite
porphyry

Stratiform orebodies locally Zircon SHRIMP U–Pb
156.4–161.0

Quartz Rb–Sr
161.8 ± 9.6

Th: 280–320 �C and 300–340 �C; w(NaCl)eq:
0.35–5.86% and 29.4–41.9%; d34S‰: �3.1 to
+1.9; d65Cu‰: �2.012 to +0.136

Cai et al., 2011; Ou-
Yang, 2015

Dabaoshan Mo, Cu–Pb–Zn
Porphyry-skarn

Granodiorite Stratiform orebodies and banded
structure for ores; Microfossils? in Py;
Element zoning of Cu, Pb and Zn;
Th = 148–320 �C, d18OH2O‰: �3.36 to
+7.29; d34S for Po, Cp, Gn and Sp: �2.5‰
to +2.5‰; Lead isotopes (mean value):
206Pb/204Pb = 18.6303,
207Pb/204Pb = 15.6809,
208Pb/204Pb = 38.8226; Co/Ni values in Py
and Po from 0.1 to 1.89

Zircon LA–ICP–MS U–
Pb 162.2 ± 0.7

Molybdenite
Re–Os
164.6 ± 0.9

Th: 280–410 �C and 174–355 �C; w(NaCl)eq:
3.7–14.7%; d34S: �4‰ to +5‰; Growth
zoning of quartz associated with
chalcopyrite in stratiform orebodies

Ge and Han, 1986;
Wang, 2010; Mao,
2016

Shuikoushan
Kangjiawang

Pb–Zn Skarn Granodiorite Stratiform orebodies Zircon SIMS U–Pb
158.8 ± 1.8

Molybdenite
Re–Os
157.8 ± 1.4

Th: 276–351 �C (vapor-rich); w(NaCl) eq:
2.6–4.5%; d34S: �2.71‰ to �0.90‰

Lu et al., 2013; Zuo
et al., 2014; Huang
et al., 2015

Fozichong Pb–Zn–Cu Skarn Granite
porphyry?

Stratiform orebodies; Exhalative
sedimentary rocks

Not clear Sephalerite
Rb–Sr
134.7 ± 3.5?

Th: 240–345�C; w(NaCl) eq: 3.5–5.4%;
d18OH2O‰: 6.04 and 6.20, dD‰: �52.7 and
�60.3; d34S: 2.3–4.3‰

Yang et al., 2000;
Luo et al., 2012; Fu
et al., 2013

Yunfu and
Dajiangping

Py, Gn and Sp SEDEX
and intrusion-related

Not clear Exhalative sedimentary rocks; Stratiform
and banded orebodies; Geochemistry of
Py and host rocks; d34S: �10.9‰ to
�25.6‰

Not clear Sephalerite
Rb–Sr
88.5 ± 3.9

Pb–Zn ore bodies were identified; Th: 220–
400 �C; w(NaCl)eq: 6–9%; d34S: �7.1‰ to
�6.4‰

Chen et al., 1998;
Zhao et al., 2016
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