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The Linghou deposit, located near Hangzhou City of Zhejiang Province, eastern China, is a medium-sized
polymetallic sulfide deposit associated with granitic intrusion. This deposit is structurally and lithologically con-
trolled and commonly characterized by ore veins or irregular ore lenses. In this deposit, twomineralization events
were identified, of which the former produced the Cu–Au–Ag orebodies, while the latter formed Pb–Zn–Cu
orebodies. Silicification and calc-silicate (skarn type), phyllic, and carbonate alternation are four principal types
of hydrothermal alteration. The early Cu–Au–Ag and late Pb–Zn–Cu mineralizations are characterized by
quartz ± sericite + pyrite + chalcopyrite + bornite ± Au–Ag minerals ± magnetite ± molybdenite and
calcite + dolomite + sphalerite + pyrite + chalcopyrite + galena, respectively. Calcite clusters and calcite ±
quartz vein are formed during the late hydrothermal stage.
The NaCl–H2O–CO2 system fluid, coexisting with NaCl–H2O system fluid and showing the similar homogeniza-
tion temperatures (385 °C and 356 °C, respectively) and different salinities (16.89–21.68 wt.% NaCl eqv. and
7.70–15.53 wt.% NaCl eqv.), suggests that fluid immiscibility occurred during the Cu–Au–Ag mineralization
stage and might have given rise to the ore-metal precipitation. The ore-forming fluid of the Pb–Zn–Cu mineral-
ization mainly belongs to the NaCl–H2O–CO2 system of high temperature (~401 °C) and mid-high salinity
(10.79 wt.% NaCl eqv.).
Fluids trapped in the quartz-chalcopyrite vein, Cu–Au–Ag ores, Pb–Zn–Cu ores and calcite clusters yielded
δ18OH2O and δD values varying from 5.54‰ to 13.11‰ and from −71.8‰ to −105.1‰, respectively, indicating
that magmatic fluids may have played an important role in two mineralization events. The δ13CPDB values of
the calcite change from −2.78‰ to −4.63‰, indicating that the CO3

2− or CO2 in the ore-forming fluid of the
Pb–Zn–Cumineralization was mainly sourced from the magmatic system, although dissolution of minor marine
carbonate may have also occurred during the ore-forming processes. The sulfide minerals have 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 metallic elements of the Linghou deposit
came from a mixed source involving mantle and crustal components.
Based on geological evidence,fluid inclusions, andH–O–C–S–Pb isotopic data, the Linghou polymetallic deposit is
interpreted as a high-temperature, skarn-carbonate replacement type. Two types of mineralization are both re-
lated to themagmatic–hydrothermal system, with the Cu–Au–Agmineralization having a close relationshipwith
granodiorite.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Linghou copper–lead–zinc polymetallic deposit, previously
named Jiande copper deposit, is an important medium-sized deposit
near Hangzhou City of Zhejiang Province, eastern China. This deposit
, Chinese Academy of Sciences,
was divided into the Linghou and Songkengwu ore fields. The Linghou
ore field contained the Cu–Au–Ag orebodies and was 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
(Zhen, 2003; Yu, 2010). Previous studies by Chengdu College of Geology
and JiantongGroup Co., Ltd. between the 1980s and 2000swere focused
on the Cu–Au–Ag orebodies in the Linghou ore field and were instru-
mental for the understanding of this deposit. However, due to lack of re-
liable geological and geochemical evidence, the classification of
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different mineralization events and the genesis of the polymetallic de-
posit are still debated (Xu et al., 1981; Cao et al., 1988; Zhou et al.,
1983; Wang, 1990; Liu et al., 1996). The aim of this paper is to present
new field observations of two types of orebodies, fluid inclusions, S–
C–O–H–Pb isotope data to identify the different mineralization events,
to interpret the sources of the ore-forming fluids and materials, and to
provide a better insight into understanding the role of the ore fluid,
metallogenic mechanism and ore genesis of the Linghou polymetallic
deposit.

2. Geological setting

The Linghou polymetallic deposit is located in the eastern Qinzhou-
Hangzhou metallogenic belt (QHMB) between the Yangtze and
Cathaysian Blocks (Fig. 1). Several large or super-large deposits, most
of which are associated with intrusive rocks, have been found in the
eastern QHMB, including famous Dexing porphyry Cu–Mo–Au, Jinshan
Au and Yinshan Pb–Zn–Cu polymetallic deposits (Mao et al., 2011a,b;
Wang et al., 2011, 2012, 2013; Li et al., 2011, 2012; Zhou et al., 2013a;
Guo et al., 2012), Xianglushan skarn W deposit (Zhang et al., 2008;
Chen and Zhou, 2012), Dahutang porphyry W deposit (Feng et al.,
2012; Mao et al., 2013a), Yongping porphyry Cu–Mo deposit (Li et al.,
2013), and Zhangshiba Pb–Zn deposit (Lu et al., 2005). Since 2008, sev-
eral promising occurrences have been found in this belt in NWZhejiang,
such as Tongcun porphyry Mo–Cu deposit (Qiu et al., 2013; Zeng et al.,
2013), Yinshan Pb–Zn–Ag polymetallic deposit (He et al., 2011; Zhou
et al., 2013b), and Anji skarn-porphyry Fe–Pb–Zn polymetallic deposit
(Xie et al., 2012). As a typical metallogenic belt in eastern China,
QHMB was studied during recent years (Mao et al., 2011a,b, 2013b).

The QHMB was interpreted to have resulted from the collision be-
tween the Yangtze and Cathaysian Blocks during the Cryogenian
(~825 Ma) period (Wang, 1982; Shu, 2006; Yang et al., 2009). However,
this belt was reactivated several times during the Caledonian and
Yanshanian deformations (Yang and Mei, 1997; Li, 2000; He et al.,
2005). Mesozoic tectonomagmatismwas related to the collision between
Fig. 1. Spatial-temporal distribution ofMesozoic ore deposits in the east of the Qinzhou-Hangzh
2013b).
the Indochina and Eurasian plates as well as 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).
The relevant lithosphere extension and thinning provide convenience
for asthenospheric upwelling and give rise to intensive intracontinental
tectonic and magmatic activities and metallogenesis in eastern China
(Wang et al., 2004; Hua et al., 2005; Seton and Müller, 2008; Mao et al.,
2009; Xiao et al., 2010; Zhang et al., 2013). The NNE and NE trending
faults in eastern QHMB controlled the Yanshanian magmatic activities
and the mineralization events (Yang and Mei, 1997; Yang et al., 2009).

3. Geology of the Linghou polymetallic deposit

3.1. Deposit geology

Strata in the Linghou area are made up of Upper Devonian andMid-
dle to Upper Carboniferous sedimentary rocks (BGMRZP, 1989), with
the general strike of NE–SW. From older to the younger, the strata are
divided into the Upper Devonian Xihu and Zhuzangwu Formations
and the Upper Carboniferous Huanglong Formation. The Xihu Forma-
tion, 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 Formation is found in the two limbs of the Songkengwu
syncline as well as the axis of the Tongshan anticline (Fig. 2), which is
estimated to be 64–142 m thick and mainly consists of sandstone-
bearing shale and fine sandstone. The Upper and Lower Huanglong For-
mation is mainly exposed in the axis part of the Songkengwu syncline
and composed by the pure limestone (~185m thick) and limy dolomite
(30–35m thick), respectively. Notably, parts of the stratigraphic succes-
sions have been altered and metamorphosed. The carbonate rocks, in-
cluding marble and dolomite, control the Cu–Au–Ag and Pb–Zn–Cu
mineralization.

The structures in the study region are mainly products of the Meso-
zoic Indosinian andYanshanian orogenies. The early Indosinian orogeny
gave rise to the Songkengwu syncline, Tongshan anticline, and some
oumetallogenic belt, eastern China (modified after Yang andMei, 1997; Mao et al., 2011a,



Fig. 2. Geological sketch map of the Linghou polymetallic deposit (modified after Chen, 2005).
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coeval faults, whereas the late Yanshanian orogeny commonly
reactivated the early structures. Therefore, in the Songkengwu ore
field, the principal structures include the Songkengwu syncline and sev-
eral NE–SW, NW–SE and EW trending faults. Some of them were used
by Yanshannian granitic intrusions and the orebodies (Fig. 2).

Previous studies considered that there are multi-stage intrusions in
Linghou area (Xu et al., 1981; Zhou et al., 1983; Yu, 2010), although
those intrusive rocks are difficult to be identified due to the strong alter-
ation. There is a consensus that granodiorites and granites, especially
the former, are principal intrusion controlling the mineralization in
the Linghou mine (Xu et al., 1981; Zhou et al., 1983; Yu, 2010; Chen
et al., 2013; Jia et al., 2014). In the Songkengwu ore field, the intrusive
rocks occupy an axis of the syncline and strike NE–SW (Fig. 2).

3.2. Alteration

The wallrock alteration in chronological order is calc-silicate (skarn)
and phyllic alteration, silicification and carbonate alternation in the
Linghou mining area. Typical calc-silicate (skarn) alteration was only
found at twoplaces in the Songkengwu orefield (Fig. 2). Phyllic alteration
is well developed in granitic rocks. It is characterized by disseminated
sericite and quartz, with minor pyrite and chalcopyrite. Silicification is
closely related to the Cu–Au–Ag mineralization. It is characterized by
the quartz in ores (Fig. 3a–e) or quartz + pyrite + chalcopyrite veins in
strata and granitic rocks. Carbonate alternation is very common
in the mining area. It is characterized by early recrystallization of
dolomite + calcite associated with the Pb–Zn–Cu mineralization (Cal-1,
Fig. 4c and d), or by late calcite clusters in a hydrothermal calcite cave
near the Pb–Zn–Cu orebodies (Fig. 5) and the late calcite (±galena)
veins or veinlets (Cal-2) across the ore and granitic rocks (Figs. 3f, 4c
and d).

3.3. Ore bodies, ore types and mineralogy

In the Linghou deposit, two different mineralization events were
identified, namely the early Cu–Au–Ag (Figs. 2, 5aI) and late Pb–Zn–
Cu mineralization. Actually, the Pb–Zn–Cu mineralization is commonly
superimposed on the early Cu–Au–Ag mineralization (Fig. 6), forming
the Pb–Zn–Cu “polymetallic” orebodies (Figs. 2, 5bII). Both types of
orebodies are commonly controlled by the structures and lithologies.
They are characterized by ore veins or irregular ore lenses with sharp
boundaries against the wall rocks. They show close spatial relationship
with the intrusive rocks (Figs. 2, 5).

Cu–Au–Ag orebodies are situated in the southeastern limb of the
Songkengwu anticline (Figs. 2, 5a). Among them, the No.I Cu–Au–Ag
orebody, enclosed within the Lower Huanglong and Upper Zhuzangwu



Fig. 3. Mineralogy of two types of orebodies in the Songkengwu ore field. (a) In massive Cu–Au–Ag ores, chalcopyrite coexists with pyrite, bornite and quartz;
(b) chalcopyrite + pyrite + molybdenite + quartz vein and veinlet in host rock; (c–d) in massive Cu–Au–Ag ores, chalcopyrite coexists with pyrite, bornite, sphalerite and quartz, but
pyrite is earlier than other minerals (reflected light); (e) chalcopyrite + magnetite + quartz vein in hornfels; (f) in Pb–Zn–Cu ore, sphalerite coexists with galena, chalcopyrite, calcite
and dolomite, and was intercepted by the late calcite-galena vein (reflected light). Py—pyrite, Cpy—chalcopyrite, Sp—sphalerite, Gn—galena, Bn—bornite, Mag—magnetite, Cal—calcite,
Qz—quartz, Moly—molybdenite.
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Formations (Fig. 5a), was traced for 81 m downdip, 135 m along strike
and 1.7–12.0 m across, with the general strike of 16° NNE and dip of
57°–72°. This orebody contains 2.9 thousand tons of Cu at a grade of
1.80 wt.%, 5.9 kg of Au at a grade of 0.12 g/t and 3.56 t of Ag at a grade
of 22.41 g/t (Chen, 2005). The primary ores are mainly massive and
banded. Ore minerals are composed by dominant chalcopyrite and
bornite, with minor pyrite, gold, silver minerals (found only in chalco-
pyrite), sphalerite, magnetite, molybdenite, or by abundant pyrite and
minor chalcopyrite. Gangueminerals are quartz,minor calcite and dolo-
mite (Figs. 3a–e, 4a and b). The sulfideminerals are mainly massive and
banded, forming veins within the host rock, with rare veinlet-
disseminated structures.

The Pb–Zn–Cu “polymetallic” orebodies occur in the center of the
Songkengwu anticline (Figs. 2, 5b). The No.II Pb–Zn–Cu “polymetallic”
orebody was traced for 168 m downdip, 170 m along strike, and is
2.3–35.1 m across, with the trend to NW and the dip of 40°–65°. This
ore body contains 33.0 thousand tons of Cu at a grade of 3.71 wt.%,
31.9 thousand tons of Zn at a grade of 3.58 wt.%, 0.5 t Au at a grade of
0.58 g/t and 68.25 t of Ag at a grade of 76.74 g/t (Chen, 2005). The mas-
sive and banded ores are composed by sphalerite, chalcopyrite, pyrite
and galena, with calcite and dolomite as gangue minerals (Figs. 3f, 4c
and d). The sulfideminerals formmainlymassive, banded and vein bod-
ies within the host rock.

3.4. Mineralization stages

In this study, we mainly focus on the Songkengwu ore field to inter-
pret the mineralization stages and mineralogical assemblages of the
Linghou polymetallic deposit. On the basis of mineralogical assemblages
and cross-cutting relationships of different veins (Figs. 3f, 4 and 6), the
mineralization stages can be described as follows: (1) the early calc-
silicate (skarn) alteration stage, as reported by Zhou et al. (1983) and
Xu et al. (1981), is characterized by the mineralogical assemblage of
wollastonite + garnet + diopside + serpentine + chlorite ± epidote;



Fig. 4. The relationship between two types of mineralization and the late calcite vein. (a–b) The late calcite vein cross-cut the chalcopyrite + pyrite vein in reflected (a) and polarized
(b) light; (c–d) the late calcite vein (Cal-2) cross-cut the sphalerite and coeval calcite + dolomite (Cal-1) off (polarized light).
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(2) the Cu–Au–Ag mineralization stage is characterized by the mineral-
ogical assemblage of quartz ± sericite + pyrite + chalcopyrite +
bornite + Au–Ag minerals ± magnetite ± molybdenite; (3) the Pb–
Zn–Cu mineralization stage is represented by calcite + dolomite +
sphalerite + pyrite + chalcopyrite + galena; and (4) post mineraliza-
tion stage produced calcite clusters in the hydrothermal calcite cave
and calcite ± quartz veins with the width ranging from 1 to 4 mm. The
mineralization stages and paragenetic sequences are shown in Fig. 7.

4. Samples and analytical methods

The samples, including altered and mineralized granitoids near the
orebodies, quartz-sulfides veins, Pb–Zn–Cu ores and calcite clusters,
are used for detailed petrographic study of thefluid inclusions. The sam-
ples are listed in Table 1. Microthermometric measurements were car-
ried out at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences, Guiyang,
China. Fluid inclusions microthermometry data were obtained from
quartz and calcite on a Linkam THMSG-600 heating-freezing stage,
coupled with a Zeiss microscope. The stage enables measurements
within the range of −196 and 600 °C. For freezing runs, the precision
is about ±0.1 °C for ice melting; for heating runs, and the precision is
about ±0.5 °C for critical point. The compositions of single fluid inclu-
sion were measured by Renishaw inVia Reflex Raman microprobe by
an argon ion laser with a laser source of 514 nm in the State Key Labo-
ratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences. The scanning range of spectra was set between
100 and 4300 cm−1 with an accumulation time of 60 s for each scan;
the laser beam width is about 1 μm, and spectral resolution is about
0.14 cm−1.

Eight samples of quartz, pyrite and calcitewere selected for H–O iso-
tope analyses. The H–O isotopic compositions were measured by a
MAT253 mass spectrometer in the Geological Analysis Laboratory
under the Ministry of Nuclear Industry, Beijing, China. Oxygen was lib-
erated from quartz by reaction with BrF5. Isotopic data were reported
in permil relative to the Vienna SMOW standard for oxygen and hydro-
gen. Total uncertainties were estimated to be better than ±0.2‰ for
δ18O and ±2.0‰ for δD at the 1σ level.

Sulfur isotopic analyses are performed on pyrite, chalcopyrite, born-
ite, sphalerite and galena from Cu–Au–Ag and Pb–Zn–Cu ores. Sulfur
isotope analyses were carried out at the State Key Laboratory of Envi-
ronmental Geochemistry, Institute of Geochemistry, Chinese Academy
of Sciences, using a continuous flow mass spectrometer. GBW04415
and GBW04414 Ag2S were used as the external standards, and the rela-
tive errors (2σ) were better than 0.1‰. Sulfur isotopic compositions are
reported to CDT.

Two samples from the Pb–Zn ores, one sample from the late calcite
vein in Pb–Zn ores, and two samples from calcite clusters in the hydro-
thermal calcite cave near the Pb–Zn–Cu ores were selected for C–O iso-
tope analyses. The C–O isotopic compositions were obtained using a
MAT-251 EMmass spectrometer at the State Key Laboratory of Environ-
mental Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences. Calcite reacts with pure phosphoric acid to produce CO2. The
analytical precisions (2σ) are ±0.2‰ for carbon isotopes and ±2‰
for oxygen isotopes. The C–O isotopic compositions are reported
to PDB. The value of δ18OSMOW is calculated by δ18OSMOW =
1.03086 × δ18OPDB + 30.86 (Friedman and O'Neil, 1977).

Lead isotopic compositions were analyzed using the IsoProbe-T ther-
mal ionization mass spectrometer (TIMS) at the Geological Analysis Lab-
oratory under the Ministry of Nuclear Industry, Beijing, China. Lead was
separated and purified by using a conventional cation-exchange tech-
nique and taking diluted HBr as eluant. Lead isotopic ratios of all samples
were reported relative to the measured ratio for NBS981 standard mate-
rial. The precision of the 208Pb/206Pbmeasurement (1 μg of Pb) is ≤0.005%,
and the measured ratios (2σ) of international standard sample NBS981
are 208Pb/204Pb = 36.611 ± 0.004, 207Pb/204Pb = 15.457 ± 0.002, and



Fig. 5. Geological cross-section of exploration lines A–B and C–D (see in Fig. 2 for location) of the Linghou deposit (modified after Yu, 2010; Chen, 2005).
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206Pb/204Pb = 16.937 ± 0.002, in agreement with the reference value
(Belshaw et al., 1998).

5. Results

5.1. Fluid inclusions

5.1.1. Petrography of fluid inclusions
Abundant fluid inclusions are observed at room temperature

(b20 °C) (Fig. 8). The primaryfluid inclusions are distributed in isolation
or as a group. They vary dramatically in shape, including rounded, oval,
triangular and irregular, with the general size of 15 × 10 μm and the
largest size of 20 × 18 μm.

On the basis of their composition and phases, three types of fluid in-
clusions were identified:

The C-type-CO2-bearing two-phase (vapor CO2 + liquid H2O) inclu-
sions are common in quartz phenocrysts from the mineralized
granitoids, in calcite from the Pb–Zn ores and also in the
quartz + chalcopyrite veins. They usually have ellipsoidal, irregular
or negative crystal shapeswith the size ranging from15 to 22 μm. Rel-
atively smaller sizes of 9–13 μmare observed in the quartz+pyrite±
chalcopyrite veins in the granitoids. The CO2 phase often occupies 40–
60% in volume and is homogenized to liquid.
The H-type-aqueous two-phase (vapor H2O + liquid H2O) inclu-
sions are hostedmainly in the quartz-sulfide veins and in the calcite
clusters. This type of fluid inclusions consists of gas and liquid aque-
ous salt solutions, and is homogenized to liquid after heating. The
vapor phase of H-type fluid inclusions, especially in the calcite clus-
ters, is usually b20% in volume (Fig. 8d–f).
The A-type-aqueous liquid phase fluid inclusions are only found in
coexistence with H-type fluid inclusions in calcite clusters and com-
monly show irregular shapes (Fig. 8f).

Based on petrographic observations, both C- and H-type fluid inclu-
sions were dominant during the Cu–Au–Ag mineralization stage,
whereas dominant C-type and minor H-type fluid inclusions were typ-
ical during the Pb–Zn–Cu mineralization stage. All types of fluid inclu-
sions are found in late calcite clusters.

5.1.2. Microthermometry
The microthermometric data are summarized in Table 1. Salinity

was calculated using the data of Bodnar (1993) and Hall et al. (1988),
and density was calculated using T–W-ρ phase diagram from Bodnar
(1983).

Fifty-seven C-type fluid inclusions from the Cu–Au–Ag mineraliza-
tion were analyzed, which show the clathrate melting temperature of
0–5.8 °C (with an average value of 2.4 °C) and the homogenization tem-
perature of 300–470 °C (averaging 385 °C). The corresponding salinities
of those fluid inclusions are from 7.70 to 15.53 wt.% NaCl eqv. (averag-
ing 12.58wt.% NaCl eqv.). Another twenty-three H-type fluid inclusions
give the ice melting temperature of −13.0 to −19.0 °C (averaging
−16.0 °C) and the homogenization temperature of 305–417 °C (with
an average value of 356 °C). The corresponding salinities of the fluid in-
clusions are from 16.89 to 21.68 wt.% NaCl eqv. (averaging 19.39 wt.%
NaCl eqv.), and all the densities range between 0.77 and 0.90 g/cm3

(averaging 0.85 g/cm3).



Fig. 6. Geological evidence for two mineralization events in the Linghou Cu–Pb–Zn polymetallic deposit. (a–b) The late black Pb–Zn ore veins occurred along the fault and cross-cut the
early Cu–Au–Ag ore body; (c–d) the late Pb–Zn ore body overprinted the early Cu–Au–Ag ore body and entrapped the fragments of Cu–Au–Agore, producing the Pb–Zn–Cu “polymetallic”
ore body.
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Seventeen C-type fluid inclusions of the Pb–Zn–Cu mineralization
were analyzed. The melting temperature of clathrate is 2.5–5.2 °C
(mean 3.7 °C), and the homogenization temperatures range from 350
to 480 °C, with a mean of 401 °C. The corresponding salinities vary
from 8.66 to 12.55 wt.% NaCl eqv. (mean 10.79.% NaCl eqv.). One H-
Fig. 7.Mineralization stages and paragenetic seq
type fluid inclusion gives an ice-melting and homogenization tempera-
ture of−5.5 °C and 450 °C, with the corresponding salinity of 19.3 wt.%
NaCl eqv. and the density of 0.47 g/cm3, respectively.

For the late calcite clusters near the Pb–Zn orebodies, fourteen H-
type fluid inclusions were analyzed. The melting temperature of ice is
uences for the Linghou polymetallic deposit.



Table 1
Microthermometric results of primary fluid inclusions in the Linghou polymetallic deposit.

Sample no. Mineral Lithology Type Number Tmclath/ice (°C) Th (°C) (average) Salinity (wt.% NaCleqv) Density (g/cm3) P/105 Pa

The Cu–Au–Ag mineralization stage
JDB059 Quartz Cu mineralization granitoid C 7 0.4–1.4(1.0) 390–420(411) 13.69–15.09(14.35)
JDB059 Quartz H 3 −15–16.5(−15.7) 410–417(414) 18.63–19.84(19.17) 0.77–0.79(0.78)
JDB015 Quartz Qz–Py–Cpy vein in granitoid C 9 1.9–5.8(3.4) 330–470(404) 7.7–13.32(8.73)
JDB017 Quartz Qz–Py–Cpy vein in granitoid C 12 2.6–4.5(3.5) 300–412(368) 9.74–12.42(11.25)
JDB007 Quartz Qz–Py vein in granitoid C 6 2.5–3.6(2.9) 300–400(364) 11.05–12.55(12.28)
JDB007 Quartz H 7 −13–18(−14.6) 315–370(351) 16.89–20.97(18.24) 0.82–0.90(0.85) 101–190(153)
JDB050 Quartz Mo–Cpy–Py vein H 13 −13.2–19.0(16.9) 305–393(346) 16.99–21.68(20.06) 0.81–0.93(0.87) 80–237(148)
JDB050 Quartz C 23 0–3.9(2.0) 300–420(378) 10.62–15.53(13.15)
Average 385

The Pb–Zn–Cu mineralization stage
JDB022 Calcite Pb–Zn ore C 17 2.5–5.2(3.7) 350–480(401) 8.66–12.55(10.79)
JDB022 Calcite H 1 −5.5 450 19.3 0.47 430
Average 405

The late quartz-calcite stage
JDB003 Calcite Calcite clusters C 6 0.3–1.5(0.8) 13.82–15.2(14.69)
JDB003 Calcite H 14 −4–8.4(−6.3) 180–203(191) 6.45–12.16(10.36) 0.93–0.98(0.96) 8–13(10.8)

Tmclath/ice: temperature of clathrate or ice melting; ThCO2: homogenization temperature of the CO2 phase; Th: homogenization temperature of vapor H2O or CO2 to liquid H2O.
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−4.0 to−8.4 °C (averaging−6.3 °C), and the homogenization temper-
atures range from180 to 203 °C, with amean of 191 °C. The correspond-
ing salinities vary from 6.45 to 12.16 wt.% NaCl eqv. (averaging
10.36wt.% NaCl eqv.), and the densities are 0.93–0.98 g/cm3 (averaging
0.96 g/cm3). Another six C-typefluid inclusionswere analyzed, showing
the clathrate melting temperatures of 0.3–1.5 °C (averaging 0.8 °C), and
the corresponding salinities of 13.82–15.2 wt.% NaCl eqv. (averaging
14.69% NaCl eqv.).

The histograms of homogenization temperatures of all types of fluid
inclusions and the relationships between the homogenization tempera-
tures and the salinities are shown in Figs. 9 and 10.

5.1.3. Laser Raman spectroscopy
The gas phase components of the C- and H-type fluid inclusions are

analyzed by the laser Raman spectroscope. The representative results
are shown in Fig. 11. The vapor phase of the C-type fluid inclusions
mainly contains CO2 (1386.51 cm−1) and H2O (3381.58 cm−1)
(Fig. 11a). The vapor phase of the H-type fluid inclusions is mainly
H2O (3384, 3420 cm−1) (Fig. 11b).

Unfortunately, the gas phase of the C- andH-types fluid inclusions in
calcite cannot be tested due to the high background values.

5.2. H–O isotopic compositions

The H–O isotopic compositions are shown in Table 2 and Fig. 12. The
δ18O value of fluid was calculated using the average homogenization
temperature of thefluid inclusions fromeachmineral (Table 1). Themin-
eral–water fractionation factors of oxygen isotope are from Clayton et al.
(1972) (quartz-water: 1000lna = 3.38 ∗ 106/T2 − 3.40) and O'Neil et al.
(1969) (calcite-water: 1000lna = 2.78 ∗ 106/T2 − 3.40). As a result, the
quartz and pyrite from the Cu–Au–Ag ores show the δ18OH2O values rang-
ing from 9.23‰ to 12.77‰, and the corresponding δD values of fluid vary
from −74.9‰ to −105.1‰. The calcite and pyrite from the Pb–Zn ores
have the δ18OH2O values of 7.5‰ and 11.76‰, and the corresponding δD
values are −104.1‰ and −82.7‰, respectively. Three late calcites give
δ18OH2O and δD values, ranging from 5.54‰ to 13.11‰ and from
−71.8‰ to−88.9‰, respectively.

5.3. Carbon and oxygen isotopes

The δ13C and δ18O values of five calcite samples are listed in Table 3
and plotted in Fig. 13. Two early calcite samples from the Pb–Zn ores
give δ13C values of −3.38‰ to −2.78‰ and δ18O values of 13.40‰–
14.40‰. The δ13C and δ18O values of three late calcite samples fall within
a narrow range of −3.97‰ to −4.64‰ and 15.04‰–16.09‰,
respectively.

5.4. Sulfur isotope systematics

Sulfur isotopic compositions of sulfide minerals are listed in Table 4
and plotted in Fig. 14. All samples from theCu–Au–Ag ores are character-
ized by the low and positive δ34S values, ranging from +1.76‰
to +4.30‰, with an average value of +2.90‰. For the samples from
Pb–Zn–Cu ores, the δ34S values range from −1.42‰ to +2.25‰, with a
mean of +0.93‰.

5.5. Lead isotopes

Lead isotopic compositions of sulfides from the Cu–Au–Ag and Pb–
Zn–Cu ores are listed in Table 5 and plotted in Fig. 15. The sulfides
have homogeneous radiogenic lead isotopic compositions, showing
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,
respectively.

6. Discussion

6.1. Sources of ore-forming fluids and materials

6.1.1. Ore-forming fluids
The δ18OH2O and δDH2O values of the fluids from two mineralization

stages plot near the magmatic water field (Fig. 12), which suggests that
magmatic fluids may have played an important role during the forma-
tion of the ore-forming fluids. However, compared with the typical
magmatic water, the δD values of the fluids in this study are significant-
ly lower (Fig. 12). As previous studies (Rye, 1993) proposed, we attri-
bute such isotopic changes to degassing of magma chamber. Two
samples of the late calcite plot in the left of the magmatic fluid box, in-
dicating that some meteoric water were probably incorporated in late
calcite ± quartz stage.

The δ13C values of calcite samples from the Pb–Zn ores and the late
calcite samples give the δ13C values of −4.64‰ to −2.78‰, higher
than those of the organicmatter (averaging−25‰, Hoefs, 2009), atmo-
spheric CO2 (about−8‰, Schidlowski, 1998 or−7‰ to−11‰, Hoefs,
1997), CO2 dissolved in water (−9‰ to −20‰, Hoefs, 1997), crust
(−7‰, Faure, 1986) and mantle (−5‰ to −7‰, Hoefs, 2009), and
lower than the marine carbonates (~0‰, Hoefs, 2009), but fall in the
range of igneous/magma systems (−3‰ to−30‰, Hoefs, 1997). Actu-
ally, on the δ18O vs. δ13C diagram, the samples mainly plot within or



Fig. 9. Histograms of homogenization temperatures measured for fluid inclusions of different hydrothermal stages.

Fig. 8. The types and characteristics of fluid inclusions in the Linghou deposit. (a) The primary C-type fluid inclusions in the calcite of the Pb–Zn ore; (b) the primary C-type fluid inclusions
with the irregular shape in the quartz + chalcopyrite + pyrite + molybdenite vein; (c) the primary C-type fluid inclusions in the quartz + chalcopyrite + pyrite + molybdenite vein;
(d) H-type fluid inclusions in the quartz + pyrite + chalcopyrite + molybdenite veins; (e–f) H-type fluid inclusions in calcite clusters; (f) A-type fluid inclusions coexists with H-type
fluid inclusions in calcite clusters.
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Fig. 10. Relationships between homogenization temperatures and salinities of fluid inclu-
sions in the Linghou polymetallic deposit.

Table 2
Oxygen and hydrogen isotopic data for fluid in quartz, calcite and pyrite from the
Songkengwu orefield.

Sample
no.

Mineral δ18OV −

SMOW/‰
δ18OH2O/‰ δDH2O/‰ Th

(°C)
Description of
samples

JDB007 Quartz 17.7 12.77 −74.9 364 Qz–Py–Cpy vein in
granitoidJDB015 Quartz 13.2 9.23 −85.1 404

JDB026-1 Pyrite 10.1 −105.1 Massive Cu–Au–Ag ore
JDB005 Pyrite 7.5 −104.2 Pb–Zn–Cu ore
JDB022 Calcite 14.40 11.76 −82.7 405 Pb–Zn–Cu ore
JDB045 Calcite 16.09 13.11 −88.9 191 Calcite vein in

Pb–Zn–Cu ore
JDB031 Calcite 15.04 5.54 −72.1 191 Calcite clusters in

caveJDB038 Calcite 15.72 6.22 −71.8 191

Th: homogenization temperature.
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near the granite box field (Fig. 13), indicating that the CO3
2− or CO2 in

the ore-formingfluidsweremainly sourced frommagmatic system.No-
tably, the samples also show obvious trend of low-temperature alter-
ation or contamination by marine carbonate (Fig. 13). Considering
that most orebodies of the deposit hosted in the carbonate rocks of
the Huanglong Formation (Fig. 5), we regard that dissolution of thema-
rine carbonate may contribute to the ore-forming fluids.

6.1.2. Ore-forming materials
The δ34S values of sulfides from the Cu–Au–Ag and Pb–Zn–Cu ores

have a narrow range of −1.42‰ to +4.30‰, which correspond to the
magmatic systems (−3‰ to +7‰, Ohmoto and Goldhaber, 1997).
This indicates that the sources of sulfur in the Linghou deposit were
most likely derived from the magmatic sulfur.

All the sulfides have homogeneous lead isotopic compositions, and
most of them plot near the orogenic Pb evolution curve of Zartman
and Doe (1981) (Fig. 15). This indicates that metals of ores in the
Linghou deposit came from a mixed source of mantle and crust.

6.2. Evidence of two mineralization events

In this paper,wepropose that therewere twomineralization events in
the Linghou polymetallic deposit, namely the early Cu–Au–Ag and late
Fig. 11. Representative Raman spectra of fluid inclusions in the Linghou polymetallic deposit. (
vapor phase in H-type fluid inclusion.
Pb–Zn–Cu mineralizations. Three principal facts support this: 1) Geologi-
cally, the late black Pb–Zn–Cu ore veins intercept the early Cu–Au–Ag
orebody (Fig. 6a and b) and several fragments of copper orewere trapped
in the Pb–Zn–Cu orebody (Fig. 6c and d); 2)Differentmineralogical assem-
blages in the early Cu–Au–Ag and late Pb–Zn–Cumineralization are char-
acterized by quartz + chalcopyrite ± pyrite ± bornite + sphalerite ±
Au–Ag minerals and calcite + dolomite + sphalerite + galena +
chalcopyrite+pyrite, respectively; and3)Different types of fluid inclusions
of the early Cu–Au–Ag mineralization are represented by CO2-dearing
two-phase fluid inclusions and aqueous two-phase fluid inclusions, but
fluid inclusions in the Pb–Zn–Cu ore are dominated by the CO2-dearing
two-phase type. The homogenization temperature of the late Pb–Zn–Cu
mineralization is a little higher than the fluid inclusions from the early
Cu–Au–Ag ore (veins) (Table 1).
6.3. Possible fluid processes andmetallogenic mechanism for the Cu–Au–Ag
mineralization

C-type fluid inclusions coexist with H-type fluid inclusions in quartz
from the quartz–sulfide veins (Table 1; Fig. 8) and show similar homog-
enization temperatures (385 °C and 356 °C, respectively) and different
salinities (Fig. 10, 7.70–15.53 wt.% NaCl eqv. and 16.89–21.68 wt.% NaCl
eqv., respectively). These characteristics are consistent with fluid immis-
cibility (Fan et al., 2006; Wang et al., 2015), indicating that path 1 on
Fig. 10 represents afluid immiscibility process during the Cu–Au–Agmin-
eralization stage. Of course, fluid immiscibility process has been de-
scribed in many other skarn deposit, e.g., Bismark Pb–Zn–Cu–Ag (Baker
and Lang, 2003), Vegas Peladas Fe (Pons and Franchini, 2009), Kensu
a) H2O- and CO2-spectrum of vapor phase in C-type fluid inclusion; (b) H2O-spectrum of



Fig. 12. δDH2O (‰)–δ18OH2O(‰) plots of the Cu–Au–Ag and Pb–Zn–Cumineralization and
the late calcite in the Linghou polymetallic deposit.

Table 3
Oxygen and carbon isotopic compositions of calcite located in or near the Pb–Zn–Cu
orebodies.

Sample no. Object δ13CPDB/‰ δ18OSMOW/‰ Description of samples

JDB005 Calcite −2.78 13.40 The Pb–Zn ore
JDB022 Calcite −3.38 14.40 The Pb–Zn ore
JDB045 Calcite −4.64 16.09 Late calcite vein in Pb–Zn ore
JDB031 Calcite −4.23 15.04 Calcite clusters in cave
JDB038 Calcite −3.97 15.72 Calcite clusters in cave
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W–Mo (Soloviev, 2011) and Baiyinnuo'er Zn–Pb deposits (Shu et al.,
2013). Generally, during the ascending of granitic magma, the progres-
sive decompression or crystallization-induced degassing will give rise
to different fluid systems with variable salinities and densities
(Lowenstern, 2001; Heinrich, 2005; Yang and Scott, 2006), such as a
low salinity and density, CO2-rich and H2O-poor vapor system and a
high-density, saline liquid system (Schandl and Wicks, 1993; Yang and
Scott, 2002, 2006; Heinrich, 2005; Chi et al., 2006; Wysoczanski et al.,
2012). Considering the ore-controlling conditions in the Linghou deposit,
similarwith other skarn deposits (Baker and Lang, 2003; Soloviev, 2011),
Fig. 13. Plots of δ13CPDB versus δ18OSMOW for the calcite in the Linghou pol
decompression (e.g., from lithostatic pressure to hydrostatic pressure) is
considered to cause the fluid immiscibility (not including boiling). It has
been thought to be an important mechanism of mineralization in cop-
per–gold (Fu et al., 2003), REE–Nb–Fe (Fan et al., 2006), and gold deposits
(Lu, 2011; Wang et al., 2015). Therefore, this process might also be re-
sponsible for the ore deposition during the Cu–Au–Ag mineralization
stage to some extent.

6.4. Ore genesis

Combining the relationships between the orebodies and the grano-
diorite porphyry, aswell as the characteristics of alteration andmineral-
ization, some researchers classified this deposit as a skarn-type
associated with magmatic–hydrothermal systems (Xu et al., 1981;
Zhou et al., 1983). Besides the magmatic contribution, Wang (1990)
also stressed that this deposit was controlled by the host rocks and
structure. However, based on the shapes of the bedded orebodies, Cao
et al. (1988) and Liu et al. (1996) considered that this deposit was a
SEDEX-type and was overprinted by late magmatic–hydrothermal ac-
tivities. Although the formation of skarn may produce a very character-
istic alteration pattern, it is not universally developed in the Linghou
mining area, and most of the orebodies were hosted in the carbonate
rocks. Those characteristics are similar to the typical skarn-carbonate
replacement type deposit, such as the carbonate-hosted Ag–Pb–Zn
(Cu) deposit of northernMexico (Megaw et al., 1988), the Uchucchacua
Ag–Mn–Pb–Zn (Bussell et al., 1990), the Janggun Pb–Zn–Ag (Koo et al.,
2000), Homestake Au–Cu–Ag (Johnson and Thompson, 2006) and the
Lavrion Pb–Zn–Ag deposits (Bonsall et al., 2011). Therefore, the Linghou
polymetallic deposit can be interpreted as a skarn-carbonate replace-
ment type. The spatial distribution of alteration, Cu–Au–Ag orebodies
and granodiorite indicate a close relationship between the Cu–Au–Ag
mineralization and the granodiorite. Nonetheless, further studies on
mineralization age are still required in order to identify the relation-
ships between the Pb–Zn–Cu mineralization and the different units of
the granitoids.

7. Conclusions

Two mineralization events formed two types of orebodies in the
Linghou polymetallic deposit, including the early Cu–Au–Ag and late
Pb–Zn–Cu mineralizations. The first mineralization is characterized by
mineralogical assemblages of quartz + chalcopyrite + pyrite +
ymetallic deposit (modified after Liu and Liu, 1997; Mao et al., 2002).



Table 4
Sulfur isotopic data of sulfides from two different types of mineralization in the Linghou deposit.

Sample Mineral δ34S‰ Location Geology of sample Source

The early Cu–Au–Ag mineralization
Pyrite 4.30 CD505I Breccia Cu–Py ore Liu et al., 1996
Pyrite 1.78 CD505I Breccia Cu–Py ore
Pyrite 1.76 CD2II Massive Cu–Py ore
Pyrite 2.58 CD505II Massive Cu–Py ore

JDB023 Pyrite 2.80 NO.2 stope, −150 m Massive Cu ore This paper
JDB026 Chalcopyrite 3.80 NO.1 stope, −150 m Massive Cu ore This paper
JDB023 Bornite 3.30 NO.2 stope, −150 m Massive Cu ore This paper
Average value 2.90

Pb–Zn–Cu mineralization
JDB011 Pyrite 1.6 Pb–Zn–Cu orebody in No.29 exploration line Pb–Zn–Cu ore This paper

Chalcopyrite 2.16 CD3II The banded Pb–Zn–Cu ore Liu et al., 1996
Sphalerite 1.19 The west of NO.2 transverse drift at −50 m

south of mining area
Pb–Zn–Cu ore

Sphalerite 1.19 ZK47-4 Pb–Zn ore
Sphalerite 2.25 Pb–Zn–Cu ore body Pb–Zn ore
Sphalerite 1.67 Pb–Zn–Cu ore body Pb–Zn ore
Sphalerite 0.84 Pb–Zn–Cu ore body Pb–Zn ore
Galena 0.33 Pb–Zn–Cu ore body Pb–Zn ore
Galena −1.42 The west of NO.2 transverse drift at −50 m

south of mining area,
Pb–Zn ore

Galena −0.48 ZK47-4 Pb–Zn ore
Average value 0.93
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bornite + Au–Ag minerals ± magnetite ± molybdenite, whereas the
latter is featured by calcite + dolomite + shpalerite + galena +
chalcopyrite + pyrite.

Petrographic observations, microthermometry data and Laser
Raman spectroscopy analysis show that the fluid inclusions of the
early Cu–Au–Ag mineralization are represented by NaCl–H2O and
NaCl–H2O–CO2 systems, both of which show high temperature and
high salinity. In contrast, the fluids of the Pb–Zn–Cu mineralization
mainly belong to the NaCl–H2O–CO2 system and also show high tem-
perature and mid-high salinity. Fluid immiscibility occurred in Cu–Au–
Agmineralization stage andmight be responsible for the ore deposition.

The H–O isotope systematics suggest thatmagmatic fluids played an
important role in the ore-forming processes of the Linghou polymetallic
deposit. Notably, for the Pb–Zn–Cu mineralization, meteoric water was
probably incorporated into the late calcite ± quartz stage. The δ13C
values of the calcite suggest that the CO3

2− or CO2 in the ore-forming
fluid of the Pb–Zn–Cu mineralization was mainly sourced from
Fig. 14. Histograms of δ34S values of sulfide minerals from the Cu–Au–
magmatic system, but the dissolution of marine carbonate may have
also been involved in. The δ34S values of sulfides from the Cu–Au–Ag
and Pb–Zn–Cu ores are similar to those of the magmatic systems, indi-
cating that the sulfur in the Linghou deposit was sourced frommagmat-
ic sulfur. Lead isotopic compositions show that metallic elements of the
ores came from a mixed source involving the mantle and the crust.

The geological evidence, fluid inclusion, and H–O–C–S–Pb isotopic
data indicate that the Linghou polymetallic deposit exhibits the charac-
teristics of high-temperature, skarn-carbonate replacement type depos-
it, and two types of mineralization in this deposit are both related to the
magmatic–hydrothermal systems. The Cu–Au–Agmineralization has an
especially close relationship with the granodiorite.
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Table 5
Lead isotopic compositions of the sulfides from the Linghou polymetallic district.

Sample Minerals 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Location Reference

Cu–Au–Ag mineralization
LJD-1 Py 18.148 15.580 38.120 Cu–Au–Ag ore Liu et al., 1996

Pb–Zn–Cu mineralization
JDB005 Sp 18.044 15.569 38.172 NO.2 stope, −50 m This paper
JDB011 Cpy 18.587 15.701 39.052 Pb–Zn–Cu orebody in No.29 exploration line
JDB011 Sp 18.453 15.606 38.638
LJD-2 Gn 18.091 15.653 38.341 Pb–Zn–Cu orebody Liu et al., 1996
LJD-3 Py 18.130 15.588 38.054 Pb–Zn–Cu orebody
LJD-4 Gn 17.971 15.560 38.072 Pb–Zn–Cu orebody
LJD-5 Gn 18.001 15.549 37.976 Pb–Zn–Cu orebody Liu et al., 1996
LJD-6 Gn 18.110 15.661 38.331 Pb–Zn–Cu orebody
LJD-7 Gn 18.078 15.627 38.190 Pb–Zn–Cu orebody
LJD-8 Gn 18.077 15.583 38.279 Pb–Zn–Cu orebody
LJD-9 Gn 17.958 15.573 38.116 Pb–Zn–Cu orebody
Average (n = 10) 18.136 15.606 38.293

Fig. 15. Plots of 207Pb/204Pb vs. 206Pb/204Pb and 208Pb/204Pb vs. 206Pb/204Pb for the sulfides of the Linghou polymetallic deposit. A—Mantle; B—orogen; C—upper crust; D—lower crust.
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