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Abstract The Qianhe gold deposit in the Xiong’ershan area
is located along the southern margin of the Archean-
Paleoproterozoic North China Craton. The deposit consists
of six orebodies that are hosted in Paleoproterozoic ande-
sites to basaltic andesites and structurally controlled by
roughly EW-trending faults. Individual orebodies comprise
auriferous quartz veins and disseminated Au-bearing pyrite
within hydrothermally altered rocks on both sides of, or
close to, the veins. Ore-related hydrothermal alteration has
produced various mixtures of K-feldspar, quartz, sericite,
chlorite, epidote, carbonate, and sulfides. Pyrite is the most
important ore mineral, associated with minor amounts of
galena, sphalerite, and chalcopyrite. Other trace minerals
include molybdenite, arsenopyrite, scheelite, rutile, xeno-
time, and parisite. Gold occurs mostly as native gold and
electrum enclosed in pyrite or along microfractures of sul-
fides and quartz. Microthermometric measurements of

primary inclusions in auriferous quartz suggest that gold
and associated minerals were precipitated in the range of
160–305 °C from aqueous or carbonic-aqueous fluids with
salinities of 6–22 wt% NaCl equiv. Samples of molybdenite
coexisting with Au-bearing pyrite have Re–Os model ages
of 134–135 Ma, whereas ore-related hydrothermal sericite
separates yield 40Ar/39Ar plateau ages between 127 and
124 Ma. The Re–Os and 40Ar/39Ar ages are remarkably
consistent with zircon U–Pb ages (134.5±1.5 and 127.2±
1.4 Ma; 1σ) of the biotite monzogranite from the Heyu-
intrusive complex and granitic dikes in and close to the
Qianhe gold mine, indicating a close temporal and thus
possibly genetic relationship between gold mineralization
and granitic magmatism in the area. Fluid inclusion waters
extracted from auriferous quartz have δD values of −80 to
−72 ‰, whereas the calculated δ18OH2O values range from
3.1 to 3.8 ‰. The hydrogen and oxygen isotopes from this
study and previous work indicate that ore fluids were likely
derived from degassing of magmas, with addition of minor
amounts of meteoric water. Gold mineralization at Qianhe is
temporarily coincident with pervasive bimodal magmatism,
widespread fault-basin formation, and well development of
metamorphic core complexes in the whole eastern North
China Craton that have been interpreted as reflecting reac-
tivation of the craton in the late Mesozoic after prolonged
stabilization since its formation in the late Paleoproterozoic.
It is therefore concluded that the Qianhe gold deposit
formed as a result of this craton reactivation event.

Introduction

Numerous gold deposits in the Xiong’ershan area, southern
margin of the North China Craton (NCC), are hosted in
Neoarchean high-grade metamorphic rocks or late
Paleoproterozoic volcanic rocks (Mao et al. 2002; Chen et
al. 2004). Many deposits have been extensively described in
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the last two decades (Fan et al. 1993, 1998; Mao et al. 2002;
Lu et al. 2004a; Yang et al. 2003; Han et al. 2007; Chen et
al. 2008a, 2009), but their origins remain debated or not well
understood. Previous radiometric dating, mostly by K–Ar
and Rb–Sr methods, bracketed the gold mineralization at
between 595 and 87 Ma (Li and Qu 1993; Qiang et al. 1993;
Ren et al. 1996, 2001; Lu et al. 2004b). The large scatter of
those “ages” has complicated the understanding of the tim-
ing, genesis, and geodynamic setting of gold mineralization
in the region. Lu et al. (1999, 2003) and Chen et al. (2008a;
2009) proposed that gold deposits in the Xiong’ershan area
formed in the late Triassic to early Jurassic, associated with
the evolution of the Triassic Qinling Orogen. In contrast,
Mao et al. (2003, 2008a) and Yang et al. (2003) favored that
they were results of late Jurassic to early Cretaceous exten-
sion or lithospheric thinning of the North China Craton.
Precise isotopic dating is crucial to better understand the
genesis and tectonic setting of the region-wide gold
metallogenesis.

Being one of the largest gold deposits in the Xiong’ershan
area, the Qianhe gold deposit (Fig. 1) has been a major focus
of previous studies (Li et al. 1999; Pei et al. 2006; Cao 2007;
Mao 2008;Wang et al. 2008a), but its formation age, source of
ore fluids, and genesis are still poorly understood. Previous
Rb–Sr dating of hydrothermal sericite and fluid inclusion
waters extracted from Au-bearing quartz veins yielded incon-
sistent isochron ages of 99.3±6.3 Ma (Qiang et al. 1993) and
155.2±6.6 Ma (Ren et al. 1996), respectively. The large
discrepancy in these ages makes it impossible to precisely
time gold precipitation and reasonably constrain the ore gen-
esis. In this paper, we present high-precision Re–Os,
40Ar/39Ar, and U–Pb ages in order to place tight constraints
on the timing of gold mineralization and to examine the
possible relationship between granitoid magmatism and ore
formation. We further use fluid inclusion and stable isotope
data to characterize and fingerprint the source of the ore fluids.
Lastly, the geodynamic setting under which the Qianhe gold
deposit was produced is discussed by integrating existing
geological and geochronological data from other deposits in
the Xiong’ershan area and other parts of the eastern North
China craton.

Geological background

The Xiong’ershan area lies in the southern margin of the
NCC (insert of Fig. 1). It is bounded by the Machaoying
Fault to the south and the Luoning Fault to the northwest
(Fig. 1). The area is lithologically dominated by
amphibolite-facies metamorphic rocks of the late Archean
to early Paloeproterozoic Taihua Group, which are uncon-
formably overlain by intermediate to silicic volcanic rocks
of the Paleoproterozoic Xiong’er Group (Chen et al. 2009;

Mao et al. 2010; Fig. 1). The Taihua Group consists chiefly
of sillimanite–garnet quartz gneiss, graphite gneiss, TTG
(tonalite–trondhjemite-granite) gneiss, marble and amphib-
olite (Xu et al. 2009). The amphibolite and TTG gneiss have
whole-rock Sm–Nd and zircon U–Pb age of 2.5–2.3 Ga
(Kröner et al. 1988; Xue et al. 1995; Xu et al. 2009). The
Xiong’er Group, up to 7,000 m in thickness and covering an
area of >6000 km2, is widely distributed in the southern
NCC (Peng et al. 2008; Zhao et al. 2009). Rocks of the
Xiong’er Group consist of basaltic andesite and andesite
with minor dacite and rhyolite. These rocks have SHRIMP
and LA-ICP-MS zircon U–Pb ages of 1.80–1.75 Ga (Zhao
et al. 2004; Peng et al. 2008; He et al. 2009). Mesozoic and
Cenozoic redbeds are locally present in the area (Fig. 1).

Several major granitoid intrusions, mainly the Huashan,
Wuzhangshan, and Heyu plutons, intrude the Archean and
Paleoproterozoic rocks (Fig. 1). The Huashan pluton consists
of monzogranite, granodiorite, and granite, with the monzog-
ranite having a SHRIMP zircon U–Pb age of 132.0±1.6 Ma
(Mao et al. 2010). The Wuzhangshan pluton consists of horn-
blende granite, syenogranite, and granosyenite, and has a
SHRIMP zircon U–Pb age of 156.8±1.2 Ma (Mao et al.
2010). The Heyu pluton, with an outcrop of 784 km2, intrudes
andesite and dacite of the Xiong’er Group immediately to the
south of the Qianhe gold deposit and along the Machaoying
Fault (Fig. 1). It is composed of four intrusive units that have
similar composition. These are fine-, medium- and coarse-
grained porphyritic biotite monzonite and fine-grained biotite
syenogranite, with zircon U–Pb ages ranging from 148.2 to
127.2 Ma (Guo et al. 2009; Gao et al. 2010; Mao et al. 2010).
The age data confirm that the Heyu pluton was produced by
multiple episodes of magmatism. A recent geochemical study
shows that the Heyu pluton was generated from partial melting
of ancient basaltic lower crust in an extensional setting (Guo et
al. 2009). Several granite to syenogranite dykes intrude both
the Heyu pluton and the adjacent andesite of the Xiong’er
Group. Dikes in the Qianhemine are in general strongly altered
forming secondary K-feldspar, pyrite, sericite, and quartz. The
Xiong’ershan area also hosts a number of porphyritic granite to
granodiorite stocks, many of which are Mo mineralized form-
ing economically important deposits, including the world-class
Leimengou (Fig. 1), Shangfanggou and Nannihu Mo deposits
(Li 2005). These deposits have molybdenite Re–Os ages of
157–136 Ma (Li et al. 2003a, 2006a).

A number of WNW- and NE-striking faults are devel-
oped in the Xiong’ershan area (Mao et al. 2002; Yan et al.
2005). The WNW-trending Machaoying Fault is more than
200 km long and 5 km wide, and dips 50–80° to NNE (Yan
et al. 2005; Han et al. 2009). Interpretation of geophysical
data suggests that the Machaoying Fault is a transcrustal
fracture penetrating into the lithospheric mantle (Yan et al.
2005). To the north of the Machaoying Fault, there are a
number of NE-trending secondary or higher-order faults
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(Fig. 1). To the northwest of the area, the Luoning Fault
separates late Mesozoic sedimentary sequences from
Archean metamorphic rocks (Qi and Li 2005). The
Machaoying and Luoning Faults are considered to have
played an important role in the formation and distribution
of gold deposits in the area (Fig. 1; Chen and Fu 1992).

Mineralization and alteration

The Qianhe gold deposit (33°59′32″ to 33°59′58″N, 111°51′
46″ to 111°52′36″E), about 45 km southwest of the Songxian
County, Henan Province, was discovered in the early 1980s.
Mineralization is hosted in andesite and, less significantly,
rhyolite and dacite of the Xiong’er Group. Orebodies are
largely restricted to alteration zones developed along the
WNW-striking F4 fault and its secondary structures (Figs. 2
and 3). The F4 fault is approximately 3,800 m long and 5–
30 m wide, striking from 275–290° and dipping 55–75° to
NNE or NNW. Protomylonite, cataclasite, fault breccias, and

fault gouge are well developed in the fault, indicating multiple
deformational events under different structural regimes
(Zhang et al. 2006; Han et al. 2009).

The deposit consists of six orebodies, and the mineral-
ization features can be best represented by the largest no. I
orebody. This orebody strikes 95–110° and dips 58–76° to
NE, and is approximately 830 m long, 1.5 to 15 m thick,
continuous for more than 320-m-down plunge from the
520- to 200-m elevations (Fig. 3). It exhibits vertical
variations in morphology, pattern, and texture, and is
locally displaced by post-mineralization faults (Fig. 3a).
Gold ores consist of quartz–sulfide veins and stockworks
(Fig. 4a) and, less significantly, sulfide disseminations in
alteration assemblages (Fig. 4b). Most quartz–sulfide
veins occur in the shallow levels, whereas sulfide dissem-
inations tend to be present at lower levels. Individual
veins are mostly 30 to 80 cm wide and commonly show
laminated textures marked by multiple pyrite veins or
stringers in quartz (Fig. 4a). Fracture-veining textures
(Fig. 4a, c) indicate syn-mineralization deformation.

Fig. 1 Geological map of theXiong’ershan area showing the distribution
of major gold deposits (modified from Lu et al. 2004b). Major porphyry
Mo and Ag–Pb–Zn vein-type deposits are also shown. Mineralized

porphyry stocks are not shown due to their small exposures (generally
<0.5 km2). The insert shows tectonic divisions in the eastern China
continental margin and the location of the Xiong’ershan area
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Fig. 2 Simplified geological map of the Qianhe gold deposit (Anonymous 2002, unpublished)

Fig. 3 a Geological plans of
various mining levels showing
the morphological features of
structural controls on gold
orebodies. Note that extensive
hydrothermal alteration is
developed in and along the
structural zones. Morphological
variations of the orebodies
along a vertical axis are also
shown (Anonymous 2002,
unpublished). b A
representative cross-section
showing the occurrence, mor-
phology and geometry of the
largest orebody I from the
Qianhe gold deposit
(Anonymous 2002,
unpublished)
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Pyrite is the predominant sulfide mineral, but minor galena
and sphalerite and trace amounts of chalcopyrite, molybde-
nite, argentite, and arsenopyrite are also present (Figs. 5a–d).
Barite, scheelite, apatite, rutile and other minor or trace min-
erals are included in, or coexist with, pyrite (Figs. 5e, f). Gold
occurs as native gold and electrum. Native gold commonly
forms anhedral grains included in pyrite and quartz, along
boundaries between or within microfractures of these two
minerals (Figs. 5g, h). Electrum typically occurs as stringers
or irregular inclusions within sulfides or quartz (Fig. 5i).
Electron microprobe analyses show that native gold consists

of 83–96 wt% Au and 4.4–16.5 wt% Ag, corresponding to a
gold fineness of 835–956, whereas the electrum has 54–
79 wt% Au and 20–46 wt% Ag, with a gold fineness of
541–796 (Ba et al. 2006).

Hydrothermal alteration is well-developed and largely con-
trolled by the F4 fault zone (Figs. 2 and 3). The alteration zone
ranges in width from 10 to 50 m and contains variable amounts
of disseminated pyrite and other metallic minerals. The alter-
ation involved a combination of silicification, sericitization,
pyritization, and carbonatization (Fig. 6). Potassic alteration,
chloritization, and epidotization are also recognized (Figs. 6a,
b, e, f). Potassic alteration is characterized by the presence of
disseminated or massive K-feldspar distributed in strongly
altered rocks or as irregular K-feldspar veinsmarginal to quartz
veins (Figs. 4a, 6a, b, d, e). K-feldspar grains may be variably
replaced by sericite or kaolinite (Figs. 6a, b). Silicification
occurs as quartz veins and stockworks, or as quartz aggregates
coexisting with sericite and pyrite (Figs. 4b and 6a, c). Sericite
is the second most common alteration mineral in mineralized
zones and frequently associatedwith pyrite and quartz (Fig. 6b,
c). Chloritization and epidotization are developed in andesites
of the Xiong’er Group, generally distal to orebodies (Fig. 6e,
f). Carbonization is widespread and represents the late stage of
hydrothermal evolution, as indicated by calcite veinlets cross-
cutting quartz veins and other alteration phases (Fig. 6d, e).
Skarn-like assemblages consisting of garnet, epidote, diopside,
actinolite, and magnetite, overprinted by pyrite and calcite, are
locally present in the western portion of the alteration zone
(Wang et al. 2008a). Gold is closely related to the quartz +
sericite + pyrite alteration assemblage.

Three hydrothermal stages can be recognized based on
field and petrographic relations (Fig. 7). The first-stage
(stage I) formed milky, massive quartz, K-feldspar, and
skarn-like minerals. Rare metallic minerals associated with
this stage include rutile, scheelite, arsenopyrite, and molyb-
denite. The second stage (stage II) is best represented by the
quartz + sericite + pyrite assemblage and pyrite veins filling
fractures in quartz of stage I. Other sulfide minerals and gold
also formed predominantly in this stage. Calcite and lesser
amounts of fluorite characterize the last stage (stage III).

Samples and analytical methods

Fluid inclusion microthermometry

Fluid inclusion study was conducted for four quartz samples
collected from the no. I orebody. Quartz from these samples is
intergrown with pyrite and considered as product of mineral-
izing stage II. Polished thin sections were examined under
transmitted light to identify the shape, size, phase, distribution
and possible origin of fluid inclusions. Microthermometric
measurements were conducted using a British Linkham

Fig. 4 Photographs showing the occurrences and textures of gold ores.
a Pyrite in quartz veins as fracture infillings; b mineralization in
alteration zone consisting of disseminations and patches of pyrite
coexisting with sericite, quartz and chlorite; c irregular pyrite veins in
quartz. Mineral abbreviations: Py pyrite, Qz quartz, Kfs K-feldspar, Cp
chalcopyrite, Ser sericite, Chl chlorite, Ep epidote
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THMS-600 heating–freezing stage on an Olympus BX51
microscope. The uncertainties for the measurements are
±0.5, ±0.2, and ±2 °C for runs in the range of −120 to −70,
−70 to 100, and 100 to 600 °C, respectively. Laser Raman
spectroscopic analyses of selected inclusions were carried out
with a British Renishaw 1000 Laser Raman spectrometer with
a 514-nm Ar-ion laser as the source of excitation.

LA-ICP-MS zircon U–Pb dating

Gold orebodies are spatially associated with the Heyu plu-
ton and a number of granitic dikes, dating of the pluton and
dikes and ore-related alteration minerals therefore provide
age constraints on gold mineralization and examine the
possible genetic relationships between ore formation and
granitic magmatism. Previous studies have obtained precise
zircon U–Pb ages for the Heyu pluton (Gao et al. 2010; Mao

et al. 2010), but the ages of the granitic dikes spatially
related to gold orebodies are unknown. Two samples
(Q29-1, Q30-19), each from different dikes, were collected
for U–Pb dating. Zircons were separated using conventional
heavy-liquid and magnetic techniques and then screened
under a binocular microscope. Representative grains were
mounted in an epoxy resin disk, polished, cleaned, and gold
coated. Prior to isotopic analysis, all zircon grains were
examined and photographed under transmitted- and
reflected-light, and then imaged by cathodoluminescence
(CL) to reveal their internal structures.

Zircon U–Pb dating was conducted by LA-ICP-MS at the
State Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences, Wuhan.
Detailed operating conditions have been described in Liu et
al. (2008a). A GeoLas 2005 laser ablation system was
connected to an Agilent 7500a ICP-MS instrument. Off-line

Fig. 5 Photograph (a), reflected-light photomicrographs (b, c, d), and
back-scattered electron images (e, f) showing the mineral paragenesis
of the Qianhe gold deposit. a Sphalerite and galena coexisting with
quartz, but crosscut by pyrite and chalcopyrite veinlets. b Pyrite
replaced by galena. c Porous pyrite cut by irregular sphalerite vein
containing a solid-solution inclusion of chalcopyrite. d Galena is
replaced by pyrite and sphalerite. e Minor minerals in gold ores
including barite, parisite, apatite, rutile, and molybdenite. f Parisite

and scheelite intergrown with pyrite that contains apatite inclusions.
g Native gold as interstitial grain between pyrite, argentite and quartz.
h Gold filling fractures in quartz that cuts pyrite. c Electrum inclusions
and stringers in porous pyrite. i An irregular electrum grain enclosed in
quartz. Mineral abbreviations: Py pyrite, Qz quartz, Cp chalcopyrite,
Gn galenite, Sp sphalerite, Ps parisite, Ap apatite, Rt rutile, Mo molyb-
denite, Brt barite, Sch scheelite, Au native gold, Arg argentite, Ele
electrum
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selection and integration of background and analytical signals,
and time-drift correction and quantitative calibration for trace
element analyses and U–Pb dating were performed using
ICPMSDataCal (Liu et al. 2008a; Liu et al. 2010). Zircon
91500 was used as an external standard for U–Pb dating, and
was analyzed twice every five unknown analyses. Time-
dependent drifts of U–Th–Pb isotopic ratios were corrected
using a linear interpolation (with time) for every five analyses
according to the variations of 91500 (i.e., 2 zircon 91500+5
samples+2 zircon 91500) (Liu et al. 2010). Preferred U–Th–
Pb isotopic ratios used for 91500 are from Wiedenbeck et al.
(1995). Uncertainty of preferred values for the external stan-
dard 91500 was propagated to the ultimate results of the
samples. Concordia diagrams and weighted mean calculations
were made using Isoplot/Ex_ver 3 (Ludwig 2003).

Re–Os and 40Ar/39Ar dating

Two samples, QHN02 and QHN04, were taken from under-
ground sites for molybdenite separation. Molybdenite from
both samples coexists with quartz, pyrite, and minor amounts
of galena, sphalerite, or chalcopyrite. Field relationships

indicate that molybdenite in both samples represents the first
stage of mineralization. The Carius tube method was used for
dissolution of molybdenite and equilibration of the sample
and tracer Re and Os (Selby and Creaser 2001).
Approximately 22–23 mg of molybdenite were dissolved
and equilibrated with a known amount of 185Re and isotopi-
cally normal Os at 240 °C for a 24-h period. Solvent extraction
and microdistillation was used to isolate Os, whereas anion
exchange chromatography was used to isolate Re (Selby and
Creaser 2001). The concentrations of 187Re and 187Os were
determined at the Northern Centre for Isotopic and Elemental
Tracing Facility, Durham University, using isotope dilution-
negative thermal ionization mass spectrometry (ID-NTIMS).
Isolated and purified Re and Os solutions were loaded onto Ni
and Pt filaments, respectively, for analysis by a Thermo
Finnigan TRITON mass-spectrometer using Faraday collec-
tors. Rhenium and Os concentrations and Re–Os ages were
calculated using uncertainties in Re and Osmass-spectrometer
measurements, spike and standard Re and Os isotopic com-
positions, calibration uncertainties of 185Re and 187Os and
weighing uncertainties. Ages were calculated using the decay
constant 187Re=1.666×10−11 year−1 of Smoliar et al. (1996).

Fig. 6 Photomicrographs (a–c,
f) and photographs (d, e)
showing common alteration
minerals in the Qianhe gold
deposit. a K-feldspar, coexist-
ing with quartz and biotite, is
altered to sericite. The potassic
alteration is commonly distal to
the gold ores. b Sericitic alter-
ation formed through con-
sumption of precursor
hydrothermal K-feldspar.
Abundant pyrite was precipitat-
ed during the alteration. c
Alteration assemblages consist-
ing of pyrite, quartz and sericite
are commonly found in or close
to orebodies. Such assemblages
are good indicators of mineral-
ization. d Late-stage calcite and
fluorite veins in close proximity
to gold mineralization. e Late-
stage calcite veins crosscutting
chloritization and epidotization
generally distal to orebodies. f
Epidote distal to orebodies
replaced by quartz. Mineral
abbreviations: Py pyrite, Qz
quartz, Kfs K-feldspar, Ser ser-
icite, Chl chlorite, Ep epidote,
Bi biotite, Cc calcite, Fl fluorite
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40Ar/39Ar dating was conducted on hydrothermal sericite
separated from two samples belonging to the pyrite + quartz
+ sericite assemblage in the no. I orebody at the 240-m
elevation that are interpreted as representing mineralization
stage II. Based on petrographic examination, suitable parts
of the samples were crushed, repeatedly sieved to obtain
uniform grains (0.5–1.5 mm), cleaned in distilled water in
an ultrasonic bath for 1 h, and dried. Sericite separates were
then handpicked under a binocular microscope. The mineral
separates were irradiated along with the ZBH-2506 standard
(132.7±0.1 Ma; Wang 1983) for 54 h at the 49-2 reactor,
Beijing. After a 4-month cooling period, the samples were
analyzed by the 40Ar/39Ar laser heating method using a
GV5400 mass spectrometer equipped with a MIR10-50W
CO2 laser. The analytical procedures are described in Qiu
and Jiang (2007). Argon gas was extracted at consecutively
higher laser powers. The released gases were purified by
two Zr–Al getter pumps operated for 5 to 8 min at room
temperature and ca. 450 °C, respectively. The background
of the sample hold was lower than 2 mV, which is consid-
erably lower than the signals obtained for the gas fractions
(40–200 mV), and thus ensuring precise isotope analyses for
the unknown. The 40Ar/39Ar dating results were calculated

and plotted using the ArArCALC software of Koppers
(2002). All dates are reported using 5.543×10−10 year−1 as
the total decay constant for 40K (Steiger and Jäger 1977),
and the values for the reactor correction factors are 8.984×
10−4 for (39Ar/37Ar) Ca, 2.673×10−4 for (36Ar/37Ar) Ca, and
5.97×10−3 for (40Ar/39Ar) K. The J factors used in the age
calculations are 0.0091530±0.0000458 and 0.0092230±
0.0000461, respectively.

Stable isotopes

Three samples were collected from the no. I orebody for quartz
separation. All samples consist of variable mounts of quartz,
pyrite, sericite, galena, and sphalerite that precipitated from the
main mineralization stage. The hydrogen and oxygen isotopes
of quartz weremeasured at the Stable Isotope Laboratory of the
Institute of Mineral Resources, Chinese Academy of
Geological Sciences (CAGS). Hydrogen isotope ratios of bulk
fluid inclusions in quartz were measured by mechanically
crushing quartz grains of about 5 g, approximately 1 mm in
size, according to the method described by Simon (2001).
Samples were first degassed of labile volatiles and secondary
fluid inclusions by heating under vacuum to 120 °C for 3 h.
The subsequently released water was trapped, reduced to H2 by
zinc at 410 °C (Friedman 1953), and then analyzed with MAT-
253 mass spectrometer, Analyses of standard water samples
suggest a precision for δD of ±3‰ (1σ). Oxygen was liberated
from quartz by reactionwith BrF5 (Clayton andMayeda 1963)
and converted to CO2 on a platinum-coated carbon rod. The
δ18O determinations were made on a MAT-253 mass spec-
trometer. The reproducibility for pure, isotopically homoge-
neous quartz is about ±0.2 ‰ (2σ) (Li et al. 2010a).

Four pyrite and one galena samples were selected for sulfur
isotope analysis. Pyrite and galena grains from the main min-
eralization stage were handpicked under a binocular micro-
scope. Contamination of mineral separates by other minerals
was minimized by selecting coarse-grained grains. The sulfur
isotopic analyses were conducted at CAGS, using a conven-
tional off-line method. Approximately 15 mg of pyrite or
galena were homogenized with 150 mg of Cu2O, combusted
at 1050 °C for 15 min under vacuum for a quantitative con-
version to sulfur dioxide (SO2) and analyzed for sulfur isotope
composition on a MAT 251 mass spectrometer. The sulfur
isotope results are generally reproducible within ±0.2‰ (2σ).

Results

Fluid inclusions

The gold-bearing quartz grains contain abundant primary fluid
inclusions, which generally have negative crystal, oval or
round shapes, with minor strip, triangular and irregular

Fig. 7 Paragenetic sequence of the Qianhe gold deposit. For more
details see text
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varieties. Individual inclusions range in size mostly from 2 to
10 μm. Three types of inclusions are recognized on the basis
of phases at room and subzero temperatures, textural relation-
ships and laser Raman spectroscopic results (Fig. 8): one-
phase aqueous inclusions (type 1), two-phase aqueous inclu-
sions (type 2), and three-phase CO2-rich inclusions (type 3).
Type 1 inclusions are commonly 2–4 μm in diameter, liquid
only, and composed predominantly of H2O (Fig. 8a). Type 2
inclusions primarily have oval and negative crystal forms, and
range from 4 to 7 μm in diameter (Figs. 8b–e). Individual
inclusions consist of liquid H2O and H2O-dominated vapor,
and the vapor accounts for less than 50 % of the total volume.
Type 3 inclusions are locally present and contain liquid H2O,
liquid CO2, and CO2-dominated vapor. They range in size
from 10 to 15 μm and have negative crystal forms (Fig. 8f).

Types 1 and 3 inclusions are too small or rare to be used for
microthermometric measurements. The microthermometric
data and calculated parameters for type 2 inclusions are sum-
marized in Appendix 1 and depicted in Fig. 9. These inclu-
sions have ice-melting temperatures (Tm,ice) between −18.3
and −3.7 °C and total homogenization temperatures of 160 to

305 °C, with two peaks at 200–240 and 280 °C. All inclusions
were finally homogenized into a liquid phase. Their salinities
range from 6.1 to 21.8 wt% NaCl equivalent, calculated with
Tm,ice values and the equations of Hall et al. (1988). Using the
equations of Zhang and Frantz (1987), bulk densities of the
ore fluids are estimated to be 0.8–1.0 g/cm3. The Raman
spectroscopic results show that both the liquid and vapor
phases are dominated by H2O, with minor amounts of CO2

and traces of CH4 in the vapor phase (Fig. 10).

Zircon U–Pb ages

Zircon U–Pb isotope data are presented in Appendix 2, and
the U–Pb concordia diagrams are shown in Fig. 11. Zircon
grains from both samples are euhedral to subhedral, 100–
160 μm long, with aspect ratios of 1.5 to 2.5, and commonly
characterized by oscillatory zoning. They have high Th and
U contents (>500 ppm), with Th/U ratios ranging from 0.49
to 1.32 (Q29-1) and 0.31 to 0.68 (Q30-19) (Appendix 2),
typical of magmatic zircons. Fifteen spot analyses on 15
zircon grains from sample Q29-1 yield concordant ages with

Fig. 8 Photomicrographs
showing the types,
morphologies, and distribution
of fluid inclusions. a One-
phase, liquid-only aqueous
inclusions. b–d Isolation of
liquid-rich, two-phase aqueous
inclusions. e CO2-rich two-
phase aqueous-carbonic inclu-
sion. f CO2-rich, three-phase
aqueous-carbonic inclusion
with negative crystal form
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a weighted mean 206Pb/208U age of 132.6±0.7 Ma (Fig. 11).
A total of 15 spot analyses were made on 15 zircon grains
for sample Q30-19. Fourteen grains are concordant, with the
remaining one being slightly discordant (Fig. 11). However,
the discordant analysis has a 206Pb/208U age indistinguish-
able from the concordant ones (Appendix 2), indicating that
the discordance reflects uncertainties related to 207Pb mea-
surement and common Pb correction, rather than lead loss.
All 15 analyses give a weighted mean 206Pb/208U age of
132.8±0.6 Ma (1σ). The U–Pb ages of both samples are
interpreted as the time of crystallization of the granitic dikes
in the mine.

Re–Os and 40Ar/39Ar ages

Two molybdenite separates contain 30.2–33.9 ppm Re and
42.6–47.9 ppb 187Os, and have similar Re–Os model ages of

134.5±0.6 and 134.7±0.6 Ma (2σ; Table 1). The ages are
interpreted as the crystallization age of the molybdenite.

40Ar/39Ar data of sericite separates are summarized in
Appendix 3, and the apparent age spectra are illustrated in
Fig. 12. Sample QH29 has a well-defined plateau age of
127.0±1.6 Ma, comprising 12 continuous steps that account
for 90 % of the total 39Ar released. The initial two heating
steps have younger apparent ages with larger errors
corresponding to smaller percentages of radiogenic 40Ar,
indicating very minor argon loss in the outermost part of
the mineral after its crystallization. The plateau age is within
errors of the integrated age (equivalent to a K–Ar age; 125.2
±1.2 Ma), confirming that the sample contained no excess
argon. Sample Q240 is characterized by an ascending spec-
trum with younger apparent ages at the low to medium
temperature steps, indicating minor argon loss. The spec-
trum reaches a plateau consisting of eight high temperature
steps, with a plateau age of 123.8±1.3 Ma. The integrated

Fig. 9 Histogram of total homogenization temperatures (Th) (a) and
calculated salinities (b) of fluid inclusions from the Qianhe gold deposit

Fig. 10 Raman spectra of fluid inclusions indicating presence of
variable amounts of CO2, both in the vapor and liquid phases
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age (119.0±1.2 Ma) is slightly younger than the plateau age,
consistent with minor argon loss as indicated by the shape of
the apparent age spectrum.

Stable isotopes

Hydrogen and oxygen isotopes

Hydrogen and oxygen isotope data of gold-bearing
quartz samples are listed in Appendix 4 and plotted in

Fig. 13. Hydrogen and oxygen isotope data of the
Qiyugou breccia pipe gold deposit from the western
Xiong’ershan Area (Fig. 1), which is contemporaneous
with the Qianhe gold deposit, are also included in
Fig. 13. Quartz separates have δ18OV-SMOW values of
10.8 to 11.5 ‰, whereas fluid inclusion waters extracted
from quartz have δDH2O values ranging from −80 to
−72 ‰. The δ18OV-SMOW values of ore fluids were
calculated using the quartz–water equilibrium function
of Clayton et al. (1972), assuming a mineralizing tem-
perature of 280 °C based on the final homogenization
temperatures of primary fluid inclusions (Fig. 9). The
calculations yield δ18OV-SMOW of 3.1 to 3.8 ‰ for the
mineralizing fluids (Appendix 4), which is consistent
with results of previous studies (4.4 to 5.0 ‰; Li et al.

Fig. 11 U–Pb concordia diagrams of zircons from two granitic dikes
in the mining area

Table 1 Re–Os isotope data of molybdenite from the Qianhe gold deposit

Sample no. Weight (g) Re (ppm) ±2σ 187Re (ppm) ±2σ 187Os (ppb) ±2σ Age (Ma) ±2σ

QHN02 0.022 30.2 0.1 19.0 0.1 42.6 0.1 134.5 0.6

QHN04 0.023 33.9 0.1 21.3 0.1 47.9 0.1 134.7 0.6

Fig. 12 40Ar/39Ar age spectra of ore-related sericite from the Qianhe
gold deposit
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1999; Yan et al. 2005). In the δ18O vs. δD diagram
(Fig. 13), the samples plot in an area transitional from
the magmatic field to the meteoric line, but in closer
proximity to the magmatic component.

Sulfur isotopes

Two pyrite separates have δ34S values of 0.26 and
−0.08 ‰, whereas the other two have negative values
of −6.7 and −10.6 ‰, respectively (Appendix 4). One
galena sample has a more negativeδ34S value of
−16.3 ‰. Several previous studies reported similar sul-
fur isotope compositions for pyrite, with δ34S values
ranging from −14.8 to 2.8 ‰ (Appendix 4; Fig. 14;
Anonymous (2002) The exploration report of Qianhe
gold deposit, Henan Province, in Chines, unpublished;
Lu et al. 2003; Yan et al. 2005).

Discussion

Timing of mineralization

Molybdenite Re–Os chronometer is remarkably robust due
to the high closure temperature of Re–Os isotopes in mo-
lybdenite (Suzuki et al. 1996; Stein et al. 2001). Thus, Re–
Os dating of this mineral commonly provides reliable con-
straints on the timing of ore formation (Selby et al. 2002).
Two molybdenite separates from the Qianhe gold deposit,
which are closely associated with gold-bearing pyrite, have
reproducible Re–Os model ages of 134.7±0.6 and 134.5±
0.6 Ma (Table 1), providing the first reliable constraints on
the age of the Qianhe gold deposit.

Field and petrographic relations (Fig. 6c) indicate that
sericite is closely related to gold mineralization, and thus
40Ar/39Ar dating of sericite provides additional constraints
on the timing of hydrothermal alteration and gold deposi-
tion. Two sericite samples have broadly consistent plateau
ages (Fig. 12), which are interpreted as the cooling age of
the samples below the closure temperature of argon diffu-
sion in white mica (300–350 °C; McDougall and Harrison
1999). Microthermometric measurements of primary fluid
inclusions from auriferous quartz samples yielded final ho-
mogenization temperatures mostly between 300 and 200 °C
(Fig. 9), lower than the argon closure temperature for white
mica at moderate cooling rates (McDougall and Harrison
1999). Consequently, the sericite 40Ar/39Ar ages can also be
considered as the mineralization age for the Qianhe gold
deposit. Thus, the present Re–Os and 40Ar/39Ar ages may
indicate two discrete mineralizing events in the early
Cretaceous. Two separate mineralizing events are consistent
with the multiple episodes of intrusive magmatism recorded
by the Heyu pluton (see below).

The difference between the Re–Os and 40Ar/39Ar ages
can also be explained to reflect a slow cooling history of the
mineralizing system from ca. 135–134 Ma (molybdenite
Re–Os ages) to 127–124 Ma (sericite 40Ar/39Ar ages).
Alternatively, the 40Ar/39Ar ages may simply represent re-
setting of the K–Ar system in sericite that was crystallized at
135–134 Ma. Samples from the northern and central parts of
the Heyu Pluton (Fig. 1) have concordant U–Pb ages of
134.5±1.5 Ma (Guo et al. 2009) and 127.2±1.1 Ma (Mao et
al. 2010), which are equivalent to the present Re–Os and
40Ar/39Ar ages, respectively. It is inferred that either gold
mineralization was related to the early magmatism and then
disturbed by the late-stage intrusion, or that the gold depos-
its were generated by two separate hydrothermal events
related to the repeated magmatic pulses. Two granitic dikes
emplaced at ca. 132–133 Ma in the mining area are broadly
contemporaneous with the early intrusion of the Heyu
Pluton, and are considered to be genetically related to gold
mineralization (see below).

Fig. 13 δD versus δ18O diagram for ore fluids of the Qianhe and
Qiyugou gold deposits in the Xiong’ershan area. For location of the
Qiyugou deposit, see Fig. 1. Isotope data of the Qiyugou deposit are
from Chen et al. (2009) and Fan et al. (2011), whereas the reference
fields for the magmatic and metamorphic waters and the meteoric line
are from Taylor (1974)

Fig. 14 Histogram of δ34S values of gold-related sulfide minerals from
the Qianhe gold deposit. Data are from Lu et al. (2003), Yan et al.
(2005), Anonymous (2002, unpublished), and this study
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A possible magmatic affinity

The fluid inclusions in quartz samples from the main min-
eralization stage have salinities ranging from 22 to 6 wt%
NaCl equivalent with an average of 15.3 wt% NaCl equiv-
alent (Fig. 9). The values are much higher than salinities of
metamorphic fluids responsible for lode gold deposits in
many Precambrian cratons worldwide (Groves et al. 1998;
Goldfarb et al. 2005; Klein et al. 2008), but are consistent
with a magmatic component (Lang and Baker 2001; Baker
et al. 2006). The hydrogen and oxygen isotopes of aurifer-
ous quartz samples from the Qianhe deposit plot close to the
magmatic field in the δD versus δ18OSMOW diagram, and are
comparable with ore samples of the Qiyugou breccia pipe
gold deposit (Fig. 13). The Qiyugou deposit (Fig. 1) has a
molybdenite Re–Os isochron age (135.6±5.6 Ma; Yao et al.
2009) identical to the Re–Os ages of the Qianhe gold de-
posit, indicating that they formed in the same metallogenic
event. Field and petrographic relations indicate an early,
middle, and late stages for the Qiyugou deposit, with gold
being precipitated in the first two stages (Chen et al. 2009).
Fluid inclusion and stable isotope data confirm that ore
fluids of the early stage were dominated by a magmatic
component, with addition of meteoric water in the middle
and late stages (Chen et al. 2009; Fan et al. 2011). The
similar δD and δ18OSMOW values between the Qianhe gold
deposit and the middle-stage samples of the Qiyugou de-
posit (Fig. 13) provide additional argument for a magmatic
source of the ore fluids generating the Qianhe gold deposit.

Six pyrite separates have δ34S values close to zero
(Appendix 4; Fig. 14), indicating a deep-seated, most likely
magmatic source for the sulfur (Ohmoto 1972). On the other
hand, other pyrite and galena samples have negative δ34S
values ranging from −16.3 to −6.7 ‰ (Fig. 14). The nega-
tive isotopic values either reflect a sulfur source from an
anoxic environment or isotopic fractionation in the evolu-
tion of the mineralizing fluids. Because no organic sulfur
has been found from any lithological unit in the
Xiong’ershan area, we suggest that the negative δ34S com-
positions are unlikely a source characteristic, rather they are
most probably related to oxidation of the ore fluid system.
The presence of barite, scheelite, pargasite, and apatite
(Fig. 5e, f) confirm oxidizing conditions in the ore fluids
in the early stage of mineralization. The proposed fluid
oxidation can be explained by extensive interaction of hy-
drothermal fluids with the Fe2+-rich andesite in the Xiong’er
Group, as indicated by pervasive alteration in and around
the orebodies (Figs. 2–4). Such interactions are linked to the
consumption of reduced aqueous S in the formation of
pyrite and oxidation of the mineralizing fluids (Lambert et
al. 1984). As a consequence of fluid oxidation, the residual
fluids, and thus the sulfide minerals precipitated from the
fluids, would be 32S-enriched, accounting for the negative

δ34S values. Collectively, the δ34S data close to zero is
consistent with a magmatic source, whereas the negative
δ34S values are the result of fluid oxidation. The compatible
molybdenite Re–Os ages for gold ores (134.5–134.7 Ma;
Table 1) and zircon U–Pb age for granitic dikes (132.6–
132.8 Ma; Fig. 11) in the mining area and one biotite
monzogranite sample form the Heyu pluton (134.5 Ma;
Guo et al. 2009) are also consistent with a magmatic origin
of the Qianhe gold deposit. Both the granitic dikes and
andesites of the Xiong’er Group close to the dikes were
intensively altered forming sericite + quartz + sulfide
assemblages, indicating magmatic devolatization associated
with the emplacement of the dikes and, by inference, the
Heyu pluton. Widespread skarn-like assemblages in the
western segment of the Qianhe deposit, consisting of garnet,
epidote, diopside, actinolite, magnetite, pyrite and calcite,
may have also resulted from metasomatism of the
Paleoproterozoic andesites by a magmatic fluid (Wang et
al. 2008a).

The synchronicity of the regional magmatism and min-
eralization provide an additional argument for a magmatic
derivation of the ore fluids and other components.
Geochronological data have revealed that pervasive Au,
Mo, and Ag–Pb–Zn mineralization throughout the
Xiong’ershan area (Fig. 1) occurred predominantly in the
145 to 115 Ma interval (Wang et al. 2001; Li et al. 2003a;
2005; Qi and Li 2005; Han et al. 2007; Mao et al. 2008a;
Yao et al. 2009; Zhou et al. 2009), coincident with the
emplacement of granitic intrusions and numerous mineral-
ized porphyry stocks in the area (158–110 Ma; Li 2005;
Wang et al. 2005; Han et al. 2007; Mao et al. 2008a; Ye et al.
2008; Guo et al. 2009; Gao et al. 2010). Extensive magma-
tism could have provided sufficient heat energy, fluids and
other components contributing to the formation of gold and
other types of deposits throughout the area.

Regional synthesis and geodynamic setting

Immediately to the west of the Xiong’ershan area, the
Xiaoqinling area (Fig. 15a) contains more than 40 gold
deposits with proven gold reserves of approximately 800 t
(Yang et al. 2003). Previous Re–Os and 40Ar/39Ar dating
indicates that the Dongchuang, Hongtuling, and Quanjiayu
gold deposits formed between 132 and 127 Ma (Xu et al.
1998; Wang et al. 2002; Li et al. 2007). More recently, Li et
al. (2012a, b) provided a comprehensive geochronological
study on major gold deposits in Xiaoqinling, bracketing
their formation in the range of 154–119 Ma. These data thus
indicate synchronous gold deposition in the Xiong’ershan
and Xiaoqinling areas. Gold mineralization in both areas is
coeval with the emplacement of the Xiaoqinling metamor-
phic core complex (135–123 Ma; Zhang and Zheng 1999)
and intrusion of many mafic dikes and A-type granites
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(141–117 Ma; Ye et al. 2008; Zhou et al. 2008; Mao et al.
2010; Wang et al. 2011; Li et al. 2012b), indicating that gold

deposits both in the Xiong’ershan and Xiaoqinling areas
formed in an extensional setting.

Fig. 15 a Sketch diagram
showing distribution of major
gold deposits and
contemporaneous polymetallic
deposits in the eastern North
China Craton, modified from
Wu et al. (2005) and Mao et al.
(2003). b Summary of
radiometric ages for gold and
polymetallic deposits in the
eastern North China Craton.
Data from Huang et al. (1996,
2009), Xu et al. (1998), Wang et
al. (2001, 2002, 2010), Wei et
al. (2001), Li et al. (2003b,
2006b), Li et al. (2003a, 2005),
Zhang et al. (2003), Hu et al.
(2004, 2006), Guo et al. (2006),
Li et al. (2007), Wang et al.
(2008b), Yao et al. (2009),
Zhou et al. (2009), Li et al.
(2010b), Li et al. (2012a,
2012b), and this study
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Early Cretaceous lode gold deposits are also widespread
in the Jiaodong gold province and other parts of the eastern
NCC (Fig. 15a) (Pei 1998; 2003; Mao et al. 2008b). The
Jiaodong district (Fig. 15a) is the largest gold repository in
China, containing proven reserves of >1,000 t Au (Qiu et al.
2002). Recent detailed geochronlogical studies have dem-
onstrated that a majority of the gold deposits were emplaced
at approximately 120 Ma (Yang et al. 2000; Li et al. 2003b,
2006b), with a few deposits having ages of 108–107 Ma (Li
et al. 2006b). Gold veining in Jiaodong was accompanied
with the emplacement of numerous mafic dikes and fault–
basin formation, indicating an extensional setting for gold
mineralization (Davis et al. 2002; Ren et al. 2002; Liu et al.
2006a, 2008b; Mao et al. 2008b; Tan et al. 2008; Li et al.
2011; Zhang et al. 2011). A large number of Au, Mo (Cu),
and skarn Fe (Cu) deposits in the northern margin of the
NCC (Fig. 15a) have ages of 148–112 Ma (Huang et al.
1996; Wei et al. 2001; Yu and Mao 2004; Mao et al. 2005;
Zheng et al. 2007; Wang et al. 2008b). The broadly contem-
poraneous mineralization in the southern, eastern and north-
ern parts of the NCC strongly suggests a craton-wide gold
metallogenic event under consistent geodynamic setting
(Fig. 15b).

After prolonged stabilization since its formation in the
late Peleoproterozoic (Zhao et al. 2009), the NCC was
significantly reactivated in the Mesozoic as indicated by
extensive magmatism (Guo et al. 2001; Wu et al. 2005;
Zhang et al. 2005; Gao et al. 2008). Many zircon U–Pb
geochronological studies have shown that the magmatism
took place mostly in the late Jurassic to early Cretaceous
(158–120 Ma), an event interpreted in terms of extension
or thinning of the subcontinental mantle lithosphere be-
neath the NCC (Xu et al. 2004; Wu et al. 2005; Mao et
al. 2010; Yan et al. 2010). Lithospheric extension of the
NCC is further illustrated by the development of numer-
ous metamorphic core complexes (Davis et al. 2002; Liu
et al. 2006b, 2008c; Zhu et al. 2007, 2010) and intra-
continental rift basins (Tian et al. 1992; Ren et al. 2002),
with the former being precisely dated at 130–110 Ma
(Zhang and Zheng 1999; Davis et al. 2002; Liu et al.
2005; Yang et al. 2007). Recent geophysical data provide
more compelling evidence for a loss of at least 80–
120 km of the lithosphere beneath the eastern NCC
(Chen et al. 2008b). We therefore conclude that perva-
sive gold mineralization throughout the eastern NCC was
ultimately controlled by the removal and thinning of
mantle lithosphere beneath the craton. The mechanism
of this lithospheric thinning event is debatable, but may
have involved delamination of the lithosphere associated
with upwelling of asthenosphere during the late
Mesozoic when the paleo-Pacific plate was westerly sub-
ducted underneath the eastern Eurasian continent (e.g.,
Wu et al. 2005; Mao et al. 2011, 2012).

Conclusions

The Qianhe gold deposit formed at intermediate temperature
(160–305 °C) from moderately saline fluids with salinities of
22–6 wt% NaCl equivalent. Molybdenite Re–Os and sericite
40Ar/39Ar dating revealed that the Qianhe gold deposit either
formed by two separate mineralizing events at 135–134 and
ca. 127Ma, or was thermally disturbed by post-mineralization
processes after its formation at 135–134 Ma. Hydrogen and
oxygen isotopes of auriferous quartz and sulfur isotopes of
sulfide minerals, together with the U–Pb ages of granitic
intrusions spatially associated with gold orebodies, favor a
possible magmatic derivation for the ore fluids and sulfur.

Gold and polymetallic deposits of similar ages are wide-
spread in several other major orefields along the southern,
eastern, and northern edges of the NCC, revealing a craton-
wide, relatively short-lived, metallogenic event. This event
is temporarily coincident with extensive magmatism, forma-
tion of rifted-basins, and development of metamorphic core
complex over the NCC, all pointing to extension and reac-
tivation of the NCC. Thus, it is concluded that large-scaled
mineralization in the Xiong’ershan area and throughout the
eastern NCC was controlled by cratonic reactivation.
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