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The Xiadian gold deposit, located in the Zhaoyuan–Laizhou belt of the Jiaodong gold province, is a typical
Jiaojia-type gold deposit, which is characterized by disseminated and stockwork ores enclosed by
hydrothermally altered wall rocks. The exact age and the genesis of the gold deposit remain controversial.
Here, we present precise in-situ monazite U-Pb dating to constrain the age of the gold mineralization,
which we integrate with published geochronological work on the associated geological events to under-
stand the genesis of the gold deposit. The Linglong granite represents the earliest magmatic event at
Xiadian, and yielded a zircon LA–ICPMS U-Pb age of 159.5 ± 0.9 Ma (2r, MSWD = 0.63). Subsequent geo-
logic events were recorded by minor amounts of quartz–pyrite–molybdenite veins which are dated at
124.8 ± 2.1 Ma (2r, MSWD = 0.01) by molybdenite Re–Os dating in a granitic pegmatite. The formation
of such veins was close to the emplacement of adjacent Guojialing granodiorite (~130 Ma), and thus
may be considered as a product of post–magmatic hydrothermal activity. It is proposed that the molyb-
denum–bearing hydrothermal fluids acted as a prelude to gold mineralization and participated in the for-
mation of the latter ore fluids. Gold mineralization took place at 120.0 ± 1.4 Ma (2r, MSWD = 0.59),
determined by LA–ICPMS U–Pb dating on hydrothermal monazite from quartz–polymetallic sulfide veins.
Prior to and post mineralization, voluminous hydrothermally altered porphyritic diorite and fresh quartz
diorite porphyry dykes were emplaced, which yielded U–Pb ages of 121.3 ± 1.4 Ma (2r, MSWD = 0.28)
and 115.8 ± 1.9 Ma (2r, MSWD = 0.71), respectively. Based on these geochronological data, we have
established a comprehensive geochronologic framework, which suggests that the genesis of the
Xiadian deposit might be related to the craton destruction and lithosphere thinning in the North China
Craton.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Jiaodong gold province, with an area of approximately
3500 km2, is located within the southeastern margin of the North
China Craton (Fig. 1) and is the largest gold producing region in
China with reserves of >3000 t gold (Goldfarb and Santosh,
2014). The Zhaoyuan–Laizhou gold belt, situated in the northwest-
ern Jiaodong province, hosts several giant gold deposits, like San-
shandao, Jiaojia, Xincheng, Linglong, and Dayingezhuang,
accounting for over 80% of the Jiaodong gold reserves (Zhou and
Lü, 2000). The Xiadian gold deposit, located in the southern part
of this belt, is a typical Jiaojia–type gold deposit which is character-
ized by disseminated and stockwork–style pyrite–sericite–quartz
alteration and related ores controlled by the Zhaoyuan–Pingdu
fault (Deng et al., 2009; Tan et al., 2012; Yang et al., 2016).

A good knowledge of the timing of mineralization is important
to constrain ore genesis and regional metallogeny (Taylor et al.,
2015; Yang et al., 2014). Direct dating of hydrothermal gold miner-
alization is difficult due to the scarcity of both suitable chronome-
ters and in-situ techniques with sufficient spatial resolution and
precision (Rasmussen et al., 2006). Attempts to date mineralization
events using hydrothermal minerals may result in ambiguous,
mixed ages due to the mixing of minerals from different sources
and incomplete resetting of the applied isotopic systems
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Fig. 1. Simplified geological map of the Jiaodong Peninsula showing location of the major gold deposits (after Fan et al., 2003) The size of the symbols of the gold deposits
indicates the gold reserves: large symbol Au>50t, small symbol Au < 50t. Xiadian gold deposit occurs at the northwestern part of the gold province.
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(Kazimoto et al., 2015). Previous geochronological studies by
Rb–Sr, K–Ar and 40Ar–39Ar dating of alteration minerals (Li et al.,
2003, 2006), U–Pb dating of hydrothermal zircon (Hu et al.,
2004), as well as 40Ar–39Ar and Rb–Sr dating on quartz and pyrite
(Li et al., 2008; Yang and Zhou, 2001), indicated that gold mineral-
ization in the Jiaodong gold province is clustered at 120 ± 5 Ma.
Although mineralization and alteration types at the Xiadian gold
deposit resemble those of other gold deposits in Jiaodong, its min-
eralization timing has been controversial. Yang et al. (2016)
reported zircon fission track (ZFT) ages for the Xiadian gold
deposit, and suggested that the timing of mineralization was close
to 130 Ma, and that the mineralization was controlled by the Ling-
long metamorphic core complex. However, the closure tempera-
ture of ZFT (240 ± 50 �C) is lower than the temperature of gold
mineralization (ranging from 140�C to 380�C, concentrated at
240�C to 300 �C) at Xiadian gold deposit (Xu et al., 2013). In addi-
tion, the complex hydrothermal activity would cause a broad range
of ZFT ages. So the age of gold mineralization and the associated
geological event remain equivocal. Monazite, if present, is an ideal
mineral for dating mineralization events (Janots et al., 2014) in that
it has a robust isotopic system (U-Th-Pb) with high closure tem-
peratures (700–750 �C, Smith and Giletti, 1997; Suzuki and
Adachi, 1994). In-situ U–Pb dating of monazite is capable of elim-
inating possible mixing of distinct systems. Although it is rare and
commonly small in size in the hydrothermal deposits (Janots et al.,
2014), we discovered abundant large monazite grains (10–300 lm)
in the gold-bearing quartz–polymetallic sulfide veins at Xiadian,
which allow us to constrain the timing of mineralization.

A precise geochronological framework plays a key role in the
interpretation of isotope ages of different rocks and in understand-
ing the origin of the ore systems and relationships with regional
metallogeny. Debate surrounds the genesis of Jiaodong gold depos-
its, whether the ore-forming fluid originated from metamorphosed
basement or an intrusion (Goldfarb et al., 2001, 2007; Nie et al.,
2004; Yang et al., 2014). In addition, molybdenite mineralization
in the Xiadian gold deposit has not been reported in previous stud-
ies. The issue of whether it represents a distinct episode of
hydrothermal activity has not been resolved. In this contribution,
we present LA–ICPMS zircon U–Pb ages for the Linglong granite,
as well as pre–ore and post–ore porphyry dykes. More importantly,
we report high-precision monazite U–Pb ages and molybdenite
Re–Os ages for hydrothermal fluid alteration events at the Xiadian
deposit. Integrating these new radiometric ages with published
data, we are able to establish a temporal framework for the deposit
and discuss its significance for geodynamic evolution and regional
metallogeny in the Jiaodong province.
2. Regional Geology

The Jiaodong district, located in the eastern part of the North
China Craton (NCC) is separated from the Luxi Block by the Tan–
Lu (Tancheng–Lujiang) Fault (Fig. 1). Basement rocks comprise
two terranes, i.e. the Sulu terrane in the south and the Jiaobei ter-
rane in the north, bordered by the Wulian–Qingdao–Yantai suture
(Mao et al., 2008; Tan et al., 2012). The Sulu terrane formed by the
northward subduction of the Yangtze Block beneath the NCC dur-
ing the Triassic (Yang et al., 2005; Xie et al., 2013). The ultrahigh-
pressure (UHP) metamorphic rocks in the Sulu orogenic belt are
mainly composed of the Neoproterozoic granitic gneisses with
subordinate coesite–bearing eclogites, schist and quartzite
(Huang et al., 2006; Zhang et al., 2012). The main lithological units
in the Jiaobei terrane are Precambrian basement sequences that
were intruded and covered by voluminous Mesozoic intrusive
and volcanic rocks (Zhou and Lü, 2000). Exposed Precambrian
basement rocks mainly include the Archean metamorphic rocks
(Jiaodong Group), the Paleoproterozoic (Fenzishan and Jingshan
Group) and the Neoproterozoic (Penglai Group) metasedimentary
sequences (Tang et al., 2008; Zhai et al., 2001), consisting of mafic
to felsic volcanic and sedimentary rocks metamorphosed to
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amphibolite or granulite facies. Three groups of zircon ages of
granitoid rocks at �2.9 Ga, �2.7 Ga and �2.5 Ga were revealed
by previous studies, indicating that the Jiaodong peninsula wit-
nessed three main magmatic events (Wu et al., 2013, 2014; Yang
and Li, 2008). Two groups of metamorphic zircon ages of 2.52–
2.41 Ga and 1.93–1.81 Ga were recognized in the Jiaodong terrane
indicating that the Jiaodong peninsula underwent two main meta-
morphic events (Jahn et al., 2008; Liu et al., 2013).

The Jiaolai basin is a Cretaceous pull-apart basin, which is com-
posed of the middle Early Cretaceous Laiyang Group (sandy con-
glomerate and carbon-rich shale), the Late Early Cretaceous
Qingshan Group (comprising a lower section of trachybasalt, latite
and trachyte, and an upper section of rhyolite flows and pyroclastic
rocks were formed at 90–124 Ma), and the Late Cretaceous Wang-
shi Group (sandy conglomerate and siltstone) (e.g., Liu et al., 2009;
Tang et al., 2008).

Mesozoic granitoids are widely distributed in the Jiaodong gold
province, and have been subdivided into three main age clusters,
i.e. Late Triassic, Late Jurassic, and Early Cretaceous. The Late Trias-
sic granitoids including Jiazishan, Chashan and Xingjia plutons are
mainly mantle–derived (Gao et al., 2004) and formed during the
collision of North China Craton and Yangtze Blocks at ca. 230–
205 Ma (Chen et al., 2003; Yang et al., 2007). The Late Jurassic gran-
itoids, including Linglong, Luanjiahe, Kunyushan, Duogushan and
Wendeng bodies consist of medium–grained metaluminous to
slightly peraluminous biotite granite, granodiorite and monzonite
(Tan et al., 2012). SHRIMP and LA–ICPMS zircon U-Pb ages of these
granitoids are mainly between 160 and 150 Ma (Wang et al., 1998;
Yang et al., 2012). Detailed petrological and geochemical studies
indicated that the Linglong suite was derived from partial melting
of the crust without significant contribution of mantle components
(Ma et al., 2013; Yang et al., 2012). Previous Re–Os dating sug-
gested two generations of molybdenite mineralization in this
region: (1) Xingjiashan molybdenum–tungsten deposit (�158 Ma,
Ding et al., 2012; Liu et al., 2011) and (2) molybdenite from peg-
matite in the Sanshandao gold deposit (150 Ma, Wen et al.,
2015b). Considering the close spatial and temporal relationship
between the Xingfushan pluton (160–167 Ma defined by zircon
U-Pb dating) (Ding et al., 2012; Liu et al., 2011) and the Linglong
granite (160–150 Ma defined by zircon U-Pb dating) (Qiu et al.,
2002; Wang et al., 1998), these two molybdenite mineralization
events are likely to be genetically related to the Late Jurassic mag-
matic events. The Early Cretaceous granitoids dated from 130 to
105 Ma by the LA-ICPMS zircon U–Pb method (Yang et al., 2012)
and represented by Sanshandao, Shangzhuang, Beijie, Congjia,
and Guojialing, are mainly granite to granodiorite from west to
east in this uplifted part of the peninsula. Petrological and geo-
chemical data indicate that this Guojialing–type suite was formed
by the remelting of Archean lower crust with addition of mantle
components, as a response to the subduction of the Pacific Plate
and asthenospheric upwelling (Yang et al., 2012). A recent titanite
study on such a suite (and its bearing dioritic enclaves) shows that
both the Archean lower crust and juvenile mafic lower have expe-
rienced a remelting process and mixed at a shallower reservoir,
indicating the reactivation of Jiaodong lower curst during Early
Cretaceous (Jiang et al., 2016). Mafic to felsic dykes are widely
developed within the gold districts. These rocks were mostly
emplaced at ca. 122–114 Ma and a few at 110–102 Ma (Cai et al.,
2013; Yang and Zhou, 2001). Recently, much younger mafic dykes
(�95–87 Ma) were identified based on zircon U–Pb ages (Cai et al.,
2013).

Previous geochronological studies of alteration minerals and
hydrothermal minerals showed that the gold mineralization in
the Jiaodong gold province are clustered at 120 ± 5 Ma (Hu et al.,
2004; Li et al., 2003, 2006; Li et al., 2008). Most of the large gold
mines in the Jiaodong province are located in the widely dis-
tributed Linglong and Guojialing granitoids or their contacts with
metamorphic basement. Ores mainly occur as auriferous quartz
veins or as massive disseminated- and stockwork-style mineraliza-
tion. K-feldspathization, sericitization and pervasive silicification
are the dominant alteration types. Four stages of hydrothermal
alteration can be recognized in most of the gold deposits: 1) stage
I, quartz–(minor) pyrite; 2) stage II, pyrite–quartz–sericite–gold; 3)
stage III, quartz–base metal sulfide minerals; 4) stage IV, quartz–
carbonate. The ore-forming materials of the entire sequence of
alteration stages are characteristics of mixed sources revealed by
sulfur and Sr–Nd isotopic analyses of pyrite and the associated
rocks (Goldfarb and Santosh, 2014; Qiu et al., 2002; Song et al.,
2015). Fluid inclusion studies suggested that ore-forming fluids
in the Jiaodong gold deposits share similar mineralizing tempera-
tures (170–370 �C) and pressures (0.7–3.3 kbar) as well as similar
compositions (characterized by H2O–CO2–NaCl ± CH4, Fan et al.,
2003; Wen et al., 2015a). Oxygen and hydrogen isotope data indi-
cate that ore fluids are of magmatic origin (Goldfarb and Santosh,
2014; Qiu et al., 2002; Song et al., 2015). Gold deposits at Jiaodong
formed in the same mineralizing–geodynamic conditions, and are
interpreted to relate to the Mesozoic cratonic destruction (Song
et al., 2015; Zhu et al., 2015).

The regional structures mainly trend east, NE–NNE, and NW–
NNW, (Fig. 1). The EW–trending set of faults formed by the
north–south compression associated with early Mesozoic collision
between the North China and Yangtze Blocks are the earliest of
Mesozoic structures (Zhang et al., 2006). The NE– to NNE–trending
set of faults developed in eastern China as Late Jurassic sinistral
faults that transect the Zhaoyuan area and as Early Cretaceous dex-
tral faults that formed pull–apart basins, such as the Jiaolai basin
(Fig. 1; Xu et al., 1987; Zhu et al., 2010). These fault systems are
the principal ore–controlling structures (Goldfarb et al., 2001;
Qiu et al., 2002), including the Sanshandao–Cangshang, Jiaojia–
Xincheng, and Zhaoyuan–Pingdu fault zones, from west to east,
and hosting nearly 90% of the gold resources in the Jiaodong penin-
sula. The NW–trending set of faults developed after the main gold
mineralization and often cut the NE– to NNE–trending set of faults
(Deng et al., 2010).
3. Deposit Geology

The Xiadian gold deposit is situated at the southern section of
the Zhaoyuan–Pingdu fault zone and has a reserve of >200 tons
of Au (Yang et al., 2016) (Fig. 1). Mineralization is structurally con-
trolled by the southern part of the NE-treading Zhaoyuan–Pingdu
fault (Fig. 2). The deposit is mainly hosted in the footwall of the
fault, as well as the contacts between Jiaodong Group and Linglong
granitoids (Fig. 3), forming five discontinuous lenticular orebodies.
The largest one, Lode VII strikes about 040� and dips 45� to south-
east, and is >300 m long and 40–70 m wide. The Linglong granite
consists of plagioclase, K-feldspar, quartz, and biotite, with acces-
sory titanite, garnet, zircon and apatite (Fig. 4a). Some pre-ore
and post-ore dykes are also present. The pre–ore porphyritic dior-
ite dykes mainly comprise plagioclase, amphibole and biotite with
rare clinopyroxene; the dykes are cut by quartz–sulfide veins
(Fig. 4b) and display quartz and pyrite alteration
(Figs. 4c, 5a and 5b). The post–ore quartz diorite porphyry dykes
are composed of quartz, plagioclase, amphibole and biotite and
are devoid of mineralization and alteration (Figs. 4d and 5c).

Quartz–pyrite–molybdenite veins cut pegmatite in the 39ZK6
borehole at downhole depths between �738 m and �741 m. Peg-
matite was hosted in the silicified Linglong granite, whereas no
crosscutting relation was observed through the 39ZK6 drill core.
The quartz–pyrite–molybdenite veins are commonly 5–8 mmwide
and show no crosscutting relationship with the gold-rich orebodies



Fig. 2. Simplified regional geological map of the Xiadian gold deposit.
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(Fig. 4e). Petrographic and scanning electron microscopy (SEM)
observations revealed that molybdenite in the veins is intergrown
with pyrite and quartz (Figs. 5d, 6a and 6b). Wall rocks exhibit
strong silicification, sericitization, pyrite-sericite-quartz alteration
and carbonate alteration. The pyrite–sericite–quartz alteration is
accompanied by gold mineralization. Silicification occurred before,
during and after gold mineralization. Both the Linglong granitoids
and Jiaodong Group display strong strain, locally forming mylonitic
rocks (Fig. 3).

Field and optical microscopy investigations indicate four
hydrothermal stages at the Xiadian gold deposit, i.e. (I) quartz–pyr-
ite (Figs. 4f, 5e), (II) quartz–sericite–pyrite (Figs. 4g, 5f), (III)
quartz–polymetallic sulfide (Figs. 4b, 4h, 5g, 5h, and 5i) and (IV)
quartz–calcite–pyrite stages (Fig. 4i). Stage I often appears as
quartz–pyrite veins and is characterized by minor white quartz
and coarse–grained, euhedral pyrite, and rarely contains Au. Stage
II consists of smoky quartz, subhedral pyrite and widespread seri-
cite with minor sphalerite and chalcopyrite presented as quartz–
sericite–pyrite bulk ores. Some stage I veins are enclosed in the
stage II bulk ores. Stage III comprises large amounts of sulfide min-
erals, such as pyrite, chalcopyrite, sphalerite, and galena accompa-
nied by abundant electrum and native Au (hereafter referred to as
quartz–polymetallic sulfide mineralization). The quartz–poly-
metallic sulfide veins often cut the above bulk ores and quartz-
pyrite veins. Accessory monazite, zircon, apatite, rutile, and thorite
(enclosed in monazite) were identified in thin sections. The mon-
azite is typically light yellow in transmitted light, forming euhedral
to anhedral crystals of variable size (10–300 lm) (Figs. 5h and 5i).
All monazite appear to be compositionally homogeneous under
backscattered electrons (BSE) (Fig. 6c–e) conditions. Small mon-
azites are often enclosed by pyrite (Fig. 6c) and quartz. Large mon-
azite grains commonly host pyrite and sericite (Figs. 6d and 6e).
Quartz, thorite and rutile are additional mineral inclusions in the
monazite. All these features indicate that the monazite was formed
during the Stage III hydrothermal mineralization event and associ-
ated fluid infiltration into the Linglong granite, resulting in the
gold–bearing veins and related minerals. Stage IV is represented
by milky carbonate–quartz veins, with trace amounts of pyrite,
which crosscut all other vein types.

4. Sampling and analytical methods

4.1. Zircon U–Pb dating

Zircon from Linglong granite, pre–ore and post–ore dykes were
selected for U–Pb dating to constrain the age of gold mineralization
and the wallrocks in the Xiadian gold deposit. Samples of pre–ore
dykes were collected from Line 524 of the �450 m level under-
ground tunnel. Whereas samples of the post–ore dyke were col-
lected from drill hole ZK24 at a depth of �125 m. Unaltered



Fig. 3. 524 prospecting line profile of the Xiadian gold deposit.
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Linglong granite is not present in the Xiadian gold deposit, thus
samples of the Linglong granite from drill hole 116ZK2 at a depth
of �1745 m were collected in the adjacent Dayingezhuang gold
deposit for constraining the age of the wallrocks of the Xiadian
gold deposit.

Zircons were extracted from the whole–rock of the pre-ore
dykes (sample 14XD-50), post–ore dykes (sample 24Zk-1-1Y) and
Linglong granite (sample 116ZK-2-1745) using standard density
and magnetic separation techniques, and then were handpicked
under a binocular microscope for purification (purity � 99%) at
the Langfang Regional Geological Survey, Hebei Province, China.
The selected zircons were mounted in epoxy and polished.
Reflected and transmitted light images were obtained by optical
microscopy, whereas cathodoluminescence (CL) images were
taken by a LEO 1450 scanning electronic microscope at the Insti-
tute of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS). The obtained photographs were used to identify internal
textures and select target spots for U–Pb dating.

Zircon U–Pb dating was performed by laser ablation ICPMS at
the State Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences, Wuhan, using an Agi-
lent 7500a ICP–MS equipped with a GeoLas 2005 for laser sam-
pling. Detailed operating conditions and data acquisition
methods resembled those described by Liu et al. (2010). Each anal-
ysis incorporated a background acquisition of approximately 20–
30 s (gas blank) followed by 50 s data acquisition from the sample.
An Agilent Chemstation was utilized for the acquisition of each
individual analysis. Off–line selection and integration of back-
ground and analytical signals, time–drift correction, and quantita-
tive calibration for trace element analyses and U–Pb dating were
performed by ICPMS Data Cal (Liu et al., 2010).

Zircon 91500 was chosen as the external standard for U–Pb dat-
ing and was analyzed twice every five analyses. According to the
variations of standard 91500, time–dependent drifts of U–Th–Pb
isotopic ratios were corrected using a linear interpolation (with
time) for every five analyses (Liu et al., 2010). Preferred U–Th–Pb
isotopic ratios used for standard 91500 are sourced from
Wiedenbeck et al. (1995). Uncertainties of preferred values for
the external standard 91500 were propagated through to the ulti-
mate results of the samples. Isoplot/Ex ver3 was used to make Con-
cordia diagrams and weighted mean calculations (Ludwig, 2012).
Representative zircon CL images and analytical results are pre-
sented in Fig. 7 and Table 1.
4.2. Molybdenite Re–Os dating

In order to constrain the timing of the molybdenummineraliza-
tion, five molybdenite–bearing veinlets were collected for Re–Os
dating (14XD-35, 14XD-35-1, 14XD-35-2, 14XD-35-3, 14XD-35-
4). Considering the known decoupling effect of the Re–Os molyb-
denite system (Košler et al., 2003; Selby and Creaser, 2004), our
molybdenum samples were crushed to a grain size of about 80
mesh and were then handpicked under a binocular microscope
to a purity of �99% with samples weighing >30 mg for each
sample.

Re–Os isotopic analyses were carried out at the National
Research Center of Geoanalysis, Chinese Academy of Geological
Sciences, Beijing. The detailed chemical separation procedure fol-
lows the description of Du et al. (2004). Accurately weighed 0.2 g
aliquots were selected from the sample, loaded into Carius tubes,
together with 185Re and 190Os spikes, and digested by reverse aqua
regia. Os was separated as OsO4 by distillation at 105–110 �C and
trapped by Milli–Q water. The residue solutions were diluted with
distilled water and dried. The solids were then dissolved in a 5 M
NaOH solution, from which Re was extracted by acetone.



Fig. 4. Photographs showing the ore geology of the Xiadian gold deposit. a, The Linglong granite; b, Middle stage quartz–sulfide vein cut through the pre–ore dyke; c, Pre–ore
dyke; d, Unaltered post–ore dyke; e, Quartz–pyrite–molybdenum vein; f, Early stage quartz–sulfide vein; g, Pyrite–sericite–silicate alteration rock; h, Middle stage quartz
sulfide vein; i, Quartz–carbonate veins cut through the pyrite–sericite–silicate alteration rock.
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Re and Os concentrations and isotopic compositions were
determined using a TJA X–series ICPMS. The analytical reliability
was tested by analyses of the Certified Reference Material
GBW04436 (JDC standard). The Re–Os isochron age was calculated
using the least squares method of York (1969), as implemented in
the ISOPLOT 3.00 program (Ludwig, 2012). We use
k187Re = 1.666 � 10�11 a�1 as the decay constant in the age calcu-
lation determined by Smoliar et al. (1996). Average blanks for
the total Carius tube procedure are about 10 pg Re and 0.1 pg Os;
187Os was not detected.

4.3. Monazite U–Pb dating

Quartz–polymetallic sulfide veins that cut the silicified granite
in the Xiadian gold deposit at line 518 of the �469 m level under-
ground tunnel were collected for monazite U-Pb dating. The sam-
ples were cut into thin sections for subsequent monazite analysis.
Reflected and transmitted light images were obtained by optical
microscope, whereas BSE images were obtained by a Nova Nano-
SEM 450 field emission scanning electronic microscope. The
obtained images were used to check for inclusions, cracks, and zon-
ing in the monazite grains. Monazite U–Pb dating was conducted
using an Agilent ICPMS, equipped with a Geolas 193 nm excimer
laser ablation system. The analytical protocol follows that
described by Liu et al. (2012), Sun et al. (2012) and Xie et al.
(2008). All the analyses were conducted at the Institute of Geology
and Geophysics, Chinese Academy of Sciences.

Monazite U–Pb dating analyses were conducted with a spot size
of 35 lm at a repetition rate of 8 Hz. Spot analyses included
approximately 20 s of background acquisition and 45 s of
sample data acquisition. A matrix–matched external standard
(monazite 44069) was used to correct the U/Pb and Th/Pb
fractionation and the instrumental mass discrimination utilizing
the reference values: 207Pb/206Pb = 0.05532; 207Pb/235U = 0.06811;
206Pb/238U = 0.5195; and 208Pb/232Th = 0.02124 (Aleinikoff et al.,
2006). The Jefferson monazite was measured as an external stan-
dard to monitor the accuracy of the analytical procedure. The soft-
ware package GLITTER 4.0 was used to process the raw U-Pb data.
Since the common Pb compositions in our samples are relatively
high, the uncorrected compositions of monazite were plotted on
a Tera–Wasserburg Concordia diagram (Tera and Wasserburg,
1972). The upper intercept represents the initial 207Pb/206Pb ratios,
which can be used for common lead correction, and therefore rel-
ative precise 206Pb/238U ages can be obtained. Both the Tera–
Wasserburg Concordia diagram and weighted mean were calcu-
lated and plotted by Isoplot/Ex ver3 (Ludwig, 2012). Weighted
mean 206Pb/238U age of Jefferson monazite (359.7 ± 4.5 Ma (2r))
and monazite 40669 (422.2 ± 4.4 Ma (2r)) showed good



Fig. 5. Photomicrographs under transmitted light (b, c, h), reflected light (a, d–g, i) showing important mineral assemblages. a, Pyrite of the pre–ore dyke; b, Quartz–carbonic
vein of the pre–ore dykes, associated with pyrite; c, Quartz, feldspars, hornblende and calcite in the post–ore dyke; d, Pyrite, quartz, molybdenite as disseminated aggregates;
e, Quartz, pyrite and pyrrhotite of early quartz–pyrite veins; f, Native gold in sericite, quartz and fractures; g, Typical minerals in quartz–polymetallic sulfide veins, including
pyrite, sphalerite, chalcopyrite, galena; h, Monazite in the quartz–polymetallic sulfide veins; i, Monazite in the quartz–polymetallic sulfide veins; Abbreviations: Qtz–quartz,
Py–pyrite, Fsp–feldspars, Hbl–hornblende, Mo–molybdenite, Po–pyrrhotite, Ser–sericite, Ccp–chalcopyrite, Sp–sphalerite, Mnz–monazite.
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concordance to reported values (within error), i.e. 362.1 ± 3.8 Ma
(Alagna et al., 2008) and 424.9 ± 0.5 Ma (Aleinikoff et al., 2006),
respectively, which ensure the reliability of our U-Pb results.
5. Analytical results

5.1. Zircon U–Pb dating

Most zircons from the dykes and granite are transparent, color-
less to pale brown, and exhibit euhedral, prismatic forms (with
length to–width ratios from 2:1 to 3:1). Under cathodolumines-
cence, zircons commonly show oscillatory zonation except for
some dark ones and some with uneven rims (14XD–50 # 3,4,6–
9,12–15) which have abnormal ages as detailed below (Fig. 7b).

U-Pb dating results are presented in Table 1. Most of the analyt-
ical results plot near the concordia line in Fig. 7d–i. Sixteen spots
were analyzed for the Linglong granite, yielding concordant
206Pb/238U ages with an upper intercept at �162 Ma, lower inter-
cept at �157 Ma and a weighted mean of 159.5 ± 0.9 Ma (2r,
MSWD = 0.63). The weighted 206Pb/238U ages are interpreted as
the crystallization age of the granite. Fifteen grains were selected
from the pre–ore dyke for analysis. Four spots yield concordant
206Pb/238U ages with an upper intercept at �122 Ma, lower inter-
cept at �120 Ma and weighted mean of 121.3 ± 1.4 Ma (2r,
MSWD = 0.28), representing the age of the intrusion of pre–ore
dyke. The other zircon analyses are discordant with 206Pb/238U ages
ranging from 145.6 ± 13.1 Ma (2r) to 2080.7 ± 53.2 Ma (2r) which
may not be of magmatic origin as they are dark under CL or with
uneven rims. Twenty–one spots were analyzed for post–ore dykes,
yielding concordant 206Pb/238U ages with an upper intercept at
�120 Ma, lower intercept at �113 Ma and a weighted mean of
115.8 ± 1.9 Ma (2r, MSWD = 0.71). The weighted 206Pb/238U ages
are interpreted as the crystallization age of the zircons and approx-
imate emplacement of the dykes.
5.2. Molybdenite Re–Os age

The Re–Os system in molybdenite is commonly not affected by
hydrothermal fluids (Stein et al., 1998) and is resistant to high-
temperature fluids (�440 �C) (Selby and Creaser, 2001), so it can
provide critical information in unraveling sulfide mineral deposi-
tion in ore systems, which may not be recorded by other isotopic
systems in alteration minerals. Five molybdenite samples were
dated (Table 2). Results show that they have Re contents ranging
from 7.8 to 107.1 ppm, and common Os contents from 30 to
50 ppb. On a Re versus Os plot, an optimum isochron age of



Fig. 6. BSE image showing important mineral assemblages. a, Molybdenite intergrown with pyrite; b, Molybdenite enclosed in the pyrite; c Monazite enclosed in the pyrite; d
Pyrite enclosed in the monazite; e Monazite containing sericite; f Quartz–polymetallic sulfide veins containing gold.
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124.8 ± 2.1 Ma (2r, MSWD = 0.10) is obtained (Fig. 8). The model
ages range from 125.0 to 126.4 Ma, with a weighted average age
of 125.9 ± 0.80 Ma (2r, MSWD = 0.23).The isochron age is consis-
tent with the weighted average age, reflecting that the molybden-
ite formed at 125 to 126 Ma.

5.3. Monazite U–Pb dating

The in-situ U–Pb dating analyses of twenty-seven spots on mon-
azite grains from two polished thin sections of sample 14XD-111
are presented in Table 3. In contrast to the zircon data, however,
the monazite analyses are discordant on a concordia diagram
(Fig. 9). The U–Pb data cluster on the Tera–Wasserburg concordia
diagram, and give a lower intercept age of 120.2 ± 2.0 Ma
(MSWD = 0.78). The initial 207Pb/206Pb data is 0.8827 ± 0.02. The
207Pb-corrected weighted 206Pb/238U age is 120.0 ± 1.4 Ma (n = 27,
MSWD = 0.59) which is in agreement with the lower intercept age.

6. Discussion

6.1. Magmatic and hydrothermal activities affecting the Xiadian gold
deposit

The Late Jurassic Linglong granite and Early Cretaceous Guojial-
ing granodiorite, with crystallization ages around 130 Ma, are the
main igneous events in the Xiadian gold deposit. Minor molybden-
ite mineralization represents post-magma hydrothermal activity in
this area.

Previous geochronological and geochemical studies implied that
the destruction of the North China Craton was initiated in the Late
Triassic (Xu and Zhao, 2009; Yang et al., 2009) and the continental
extension began as early as 160–150 Ma and was associated with
the formation of the continental crust–derived granite (Charles
et al., 2013). The obtained LA–ICPMS zircon U–Pb dating of
159.5 ± 0.9 Ma (2r, MSWD = 0.63) for the Linglong granite in this
study agrees well with the previous zircon U–Pb ages of 150 to
160 Ma (Qiu et al., 2002; Wang et al., 1998; Yang et al., 2012). The
exposed Linglong granite coincided with the regional Late Jurassic
magmatic event (Fig. 10). There are various explanations for the geo-
dynamic mechanism for formation of the Linglong granite (e.g.,
Jiang et al., 2010;Wu et al., 2005). Geodynamic processes for forma-
tion of the Late Jurassic Linglong granite are considered to have been
related to large-scale extension of the lithosphere coupled with
upwelling of the asthenosphere (Ma et al., 2013; Yang et al., 2012).

During the Early Cretaceous, asthenospheric upwelling caused
intense interaction between crust and mantle, with corresponding
multi-stage magma mixing and emplacement of the Guojialing
granodiorite marking the end the Jiaodong extensional event
(Jiang et al., 2016; Mills et al., 2015). Guojialing granodiorite,
though not observed in the Xiadian gold deposit, was intercepted



Fig. 7. Representative zircon CL images (a, b, c); the concordia plot for zircon U–Pb dating (d for Linglong granite, f for pre–ore dyke, h for post–ore dyke); the 206Pb/238U
weighed mean age (e for Linglong granite, g for pre–ore dyke, i for post–ore dyke).
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in a drill hole in the nearby Dayingezhuang gold deposit at a
depth of �1483 m. At Xiadian, evidence for the presence of the
Early Cretaceous hydrothermal activity is represented by the qu
artz–pyrite–molybdenite veins (Fig. 10). Well defined, high–preci-
sion, and accurate isochron ages for five molybdenite samples
indicated that molybdenite mineralization occurred at



Table 1
Results of LA–ICPMS zircon U-Pb analysis for Linglong granite, pre-ore and post-ore dykes in the Xiadian gold deposit.

Spot Pb
(ppm)

232Th
(ppm)

238U
(ppm)

Ratios Age(Ma)

207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r

116zk-2-1745 (Linglong granite)
1 133 452 929 0.06316 0.00139 1.04075 0.02363 0.11891 0.00097 722.2 48.1 724.3 11.8 724.3 5.6
2 66 562 2348 0.05046 0.00212 0.17595 0.00740 0.02522 0.00035 216.7 93.5 164.6 6.4 160.6 2.2
3 61 444 2237 0.04801 0.00142 0.16568 0.00478 0.02516 0.00030 98.2 70.4 155.7 4.2 160.2 1.9
4 36 124 1339 0.05075 0.00228 0.17800 0.00827 0.02527 0.00031 227.8 105.5 166.3 7.1 160.9 1.9
5 64 703 2301 0.04721 0.00185 0.16269 0.00616 0.02501 0.00030 61.2 88.9 153.1 5.4 159.2 1.9
6 36 18 984 0.04931 0.00268 0.23905 0.01317 0.03513 0.00043 161.2 125.9 217.6 10.8 222.6 2.7
8 53 444 1931 0.05336 0.00204 0.18364 0.00707 0.02496 0.00027 342.7 87.0 171.2 6.1 159.0 1.7
9 47 456 1740 0.05076 0.00223 0.17537 0.00773 0.02513 0.00035 231.6 101.8 164.1 6.7 160.0 2.2
10 34 295 1237 0.05011 0.00245 0.17629 0.00921 0.02543 0.00035 211.2 112.9 164.9 7.9 161.9 2.2
11 106 1787 3675 0.04930 0.00139 0.16943 0.00498 0.02481 0.00019 161.2 66.7 158.9 4.3 158.0 1.2
13 80 950 2801 0.04987 0.00165 0.17446 0.00586 0.02537 0.00031 187.1 77.8 163.3 5.1 161.5 1.9
14 303 194 554 0.16602 0.00302 10.06677 0.18264 0.43874 0.00330 2518.2 31.3 2440.9 16.8 2345.0 14.8
15 138 96 3654 0.05096 0.00118 0.25672 0.00621 0.03642 0.00036 239.0 58.3 232.0 5.0 230.6 2.3
16 36 434 1244 0.05176 0.00347 0.18041 0.01179 0.02534 0.00045 276.0 149.1 168.4 10.1 161.3 2.8
17 6 1 98 0.11727 0.00876 0.91607 0.08144 0.05632 0.00158 1916.7 133.8 660.3 43.2 353.2 9.6
18 71 78 1877 0.04949 0.00152 0.24771 0.00751 0.03618 0.00033 172.3 72.2 224.7 6.1 229.1 2.1
19 98 154 869 0.11727 0.00284 1.54721 0.03748 0.09523 0.00105 1916.7 42.7 949.4 14.9 586.4 6.2
20 83 340 3007 0.06313 0.00203 0.22008 0.00742 0.02501 0.00027 722.2 73.1 202.0 6.2 159.2 1.7
21 83 1134 2934 0.04880 0.00169 0.16879 0.00592 0.02499 0.00026 139.0 81.5 158.4 5.1 159.1 1.6
22 53 206 452 0.06096 0.00220 0.83859 0.03294 0.09933 0.00139 638.9 77.8 618.4 18.2 610.5 8.2
23 48 223 1825 0.05152 0.00225 0.17618 0.00778 0.02467 0.00029 264.9 100.0 164.8 6.7 157.1 1.8

14XD-50 (post-ore dyke)
1 100 1979 1672 0.04924 0.00283 0.12816 0.00741 0.01908 0.00030 166.8 133.3 122.4 6.7 121.9 1.9
2 98 1910 1787 0.04900 0.00321 0.12677 0.00834 0.01887 0.00036 146.4 148.1 121.2 7.5 120.5 2.3
3 331 247 468 0.17346 0.00995 9.33437 0.60384 0.38094 0.01139 2591.1 96.0 2371.4 59.4 2080.7 53.2
4 719 3434 3472 0.06240 0.00452 0.61576 0.04612 0.07151 0.00197 687.1 155.5 487.2 29.0 445.3 11.8
5 199 2339 3995 0.24642 0.07399 2.43987 0.56313 0.04953 0.00642 3162.0 495.4 1254.4 167.7 311.6 39.4
6 58 257 621 0.05651 0.00618 0.32695 0.03706 0.04204 0.00170 472.3 244.4 287.2 28.4 265.5 10.5
7 94 46 2318 0.05202 0.00631 0.23230 0.02896 0.03248 0.00143 287.1 255.5 212.1 23.9 206.1 8.9
8 309 1007 1302 0.06284 0.00855 0.86898 0.12182 0.10069 0.00508 701.9 292.6 635.0 66.3 618.4 29.7
9 413 249 765 0.11286 0.02062 5.06693 0.95445 0.32491 0.02189 1855.6 336.0 1830.6 161.1 1813.7 106.5
10 45 970 719 0.05017 0.01049 0.12795 0.02750 0.01894 0.00141 211.2 416.6 122.3 24.8 121.0 8.9
11 111 1978 2393 0.04983 0.01083 0.12959 0.02900 0.01893 0.00150 187.1 440.7 123.7 26.1 120.9 9.5
12 278 654 3206 0.06968 0.01626 0.69127 0.18635 0.06218 0.00679 920.4 495.2 533.6 112.3 388.9 41.2
13 52 367 1030 0.07893 0.01963 0.24349 0.06229 0.02284 0.00207 1170.1 504.6 221.3 50.9 145.6 13.1
14 220 526 2614 0.05713 0.01498 0.34755 0.09400 0.04382 0.00423 498.2 492.6 302.9 70.9 276.5 26.1
15 458 1300 2216 0.06701 0.01862 0.93651 0.26879 0.10035 0.01038 838.9 607.4 671.1 141.8 616.5 60.8

ZK24-1-1Y (pre-ore dyke)
1 66 1134 853 0.05526 0.00369 0.13080 0.00789 0.01760 0.00029 433.4 150.0 124.8 7.1 112.5 1.8
2 26 413 397 0.06539 0.00507 0.15677 0.01262 0.01764 0.00042 787.0 163.0 147.9 11.1 112.7 2.6
3 148 2459 1678 0.04918 0.00341 0.12522 0.00883 0.01875 0.00045 166.8 142.6 119.8 8.0 119.7 2.8
4 50 801 661 0.05310 0.00585 0.12455 0.01304 0.01776 0.00054 331.5 251.8 119.2 11.8 113.5 3.4
5 67 1078 907 0.05186 0.00531 0.12425 0.01285 0.01780 0.00061 279.7 232.4 118.9 11.6 113.8 3.9
6 35 633 515 0.05707 0.00906 0.12367 0.01957 0.01642 0.00076 494.5 355.5 118.4 17.7 105.0 4.8
7 125 993 971 0.16260 0.02447 0.46926 0.07381 0.02054 0.00112 2483.0 255.4 390.7 51.1 131.1 7.1
8 76 1275 945 0.05140 0.00836 0.12345 0.02073 0.01775 0.00106 257.5 337.0 118.2 18.7 113.4 6.7
9 71 78 75 0.10671 0.01841 3.93103 0.70654 0.27029 0.01766 1744.1 320.4 1620.1 146.5 1542.3 89.6
10 835 13075 4501 0.12819 0.02420 0.35727 0.07110 0.01965 0.00138 2073.1 337.5 310.2 53.2 125.5 8.7
11 17 202 361 0.05215 0.01219 0.12214 0.02884 0.01828 0.00142 300.1 453.7 117.0 26.1 116.8 9.0
12 117 1961 1410 0.05081 0.01104 0.12389 0.02799 0.01786 0.00145 231.6 501.8 118.6 25.3 114.1 9.2
13 246 308 881 0.10939 0.02491 2.81468 0.67334 0.18355 0.01668 1790.7 425.9 1359.5 181.1 1086.4 90.8
14 457 158 461 0.19719 0.04774 11.74978 2.96300 0.43210 0.03965 2802.8 406.9 2584.7 240.4 2315.2 178.5
15 37 577 539 0.05160 0.01435 0.12204 0.03476 0.01800 0.00179 333.4 472.2 116.9 31.5 115.0 11.4
16 91 1387 1089 0.05109 0.01406 0.12362 0.03536 0.01784 0.00184 255.6 533.3 118.3 32.0 114.0 11.7
17 48 672 1025 0.05566 0.01633 0.12432 0.03783 0.01657 0.00181 438.9 548.1 119.0 34.2 106.0 11.5
18 30 407 462 0.05152 0.01622 0.12220 0.03973 0.01781 0.00207 264.9 596.2 117.1 36.0 113.8 13.1
19 60 994 792 0.04987 0.01597 0.12275 0.04093 0.01790 0.00215 187.1 1012.9 117.6 37.0 114.4 13.6
20 35 327 1085 0.04916 0.01636 0.11974 0.04145 0.01789 0.00224 153.8 637.0 114.8 37.6 114.3 14.2
21 17 299 273 0.07208 0.02613 0.16759 0.06165 0.01844 0.00245 988.0 602.8 157.3 53.7 117.8 15.5
22 51 745 771 0.05194 0.01899 0.12357 0.04700 0.01755 0.00240 283.4 671.8 118.3 42.5 112.1 15.2
23 107 1827 1066 0.05021 0.01903 0.12299 0.04859 0.01769 0.00252 205.6 699.9 117.8 44.0 113.1 15.9
24 79 905 1967 0.04919 0.01918 0.12269 0.04980 0.01823 0.00268 166.8 712.9 117.5 45.1 116.5 17.0
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124.8 ± 2.1 Ma (2r, MSWD = 0.10). These molybdenite–bearing
veins were discovered in pegmatite, and as such they may be
magmatic in origin. As an incompatible element in a crystallizing
magma (Candela and Holland, 1984; Keppler and Wyllie, 1991),
molybdenum is often accumulated in the residual melts
(Audétat, 2010). As a result, Mo–rich fluids can be expected to
exsolve from magmas (Seo et al., 2012). The molybdenite miner-
alization at Xiadian closely followed the intrusion of the Guojial-
ing granodiorite (�130 Ma). Since there are no other
hydrothermal events during this time at Jiaodong, it is postulated



Table 2
Re–Os data of molybdenite in the Xiadian gold deposit.

Sample No. Sample weight(g) Re (ng/g) Common Os (ng/g) 187Re (ng/g) 187Os (ng/g) Model age (Ma)

Measured Error Measured Error Measured Error Measured Error Measured Error

14XD-35-1 0.01963 7834 51.9 0.050 0.009 4924 32.635 10.377 0.060 126.4 1.7
14XD-35-2 0.01940 11094 72.3 0.050 0.0085 6973 45.419 14.652 0.086 126.0 1.7
14XD-35-3 0.01937 9564 72.90 0.052 0.0115 6011 45.820 12.619 0.082 125.9 1.8
14XD-35-4 0.01960 107130 1980.08 0.044 0.010 67333 1244.599 140.417 0.821 125.0 2.7
14XD-35 0.02113 12101 83 0.034 0.0127 7606 52.363 15.924 0.108 125.5 1.7

Fig. 8. Molybdenite Re–Os isochron diagram for five molybdenite samples of the
Xiadian gold deposit. Decay constant: k(187Re) = 1.666 � 10�11 year�1 (Smoliar
et al., 1996), uncertainties are absolute at 2r.
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that the molybdenite originated from differentiation of the
Guojialing granodiorite. Moreover, molybdenite mineralization
Table 3
Results of in-situ LA–ICPMS U-Pb analysis for hydrothermal monazite in the Xiadian gold

Analysis No. Isotopic ratios

207Pb/206Pb 1r 207Pb/235U 1r 206

1 0.21100 0.01234 0.70710 0.03314 0.0
2 0.12496 0.01151 0.34568 0.02823 0.0
3 0.46848 0.01648 2.42212 0.05374 0.0
4 0.50084 0.01992 2.77251 0.06875 0.0
5 0.56806 0.01847 3.99888 0.07930 0.0
6 0.46049 0.01546 2.37964 0.05089 0.0
7 0.35835 0.01585 1.45940 0.04389 0.0
8 0.49689 0.01890 2.83620 0.06769 0.0
9 0.50659 0.01798 2.86208 0.06375 0.0
10 0.37301 0.01275 1.56476 0.03581 0.0
11 0.51269 0.01846 3.03724 0.06807 0.0
12 0.43195 0.01686 2.08351 0.05221 0.0
13 0.13144 0.01142 0.39209 0.02998 0.0
14 0.22155 0.01275 0.73990 0.03367 0.0
15 0.44426 0.02273 2.17961 0.07262 0.0
16 0.34519 0.01749 1.43723 0.04975 0.0
17 0.11401 0.01171 0.31460 0.02934 0.0
18 0.31355 0.02071 1.22693 0.05837 0.0
19 0.29771 0.02455 1.10810 0.06738 0.0
20 0.07826 0.01225 0.20713 0.03061 0.0
21 0.08880 0.00987 0.23484 0.02349 0.0
22 0.36806 0.01981 1.52584 0.05594 0.0
23 0.33060 0.01912 1.26197 0.05145 0.0
24 0.26017 0.01845 0.88382 0.04721 0.0
25 0.58069 0.01989 4.14499 0.08535 0.0
26 0.22798 0.02150 0.73950 0.05345 0.0
27 0.54140 0.01917 3.42982 0.07532 0.0
often has a close relationship with emplacement of igneous rocks
that host the mineralization, as well as with hydrothermal pro-
cesses that occurred during this emplacement (Xiao et al.,
2014). Given the presence of the Guojialing granodiorite at
Dayingezhuang gold deposit (15 km north of Xiadian), we infer
that Guojialing granodiorite might be concealed at depth in the
Xiadian gold deposit, serving as the source of the molybdenite
mineralization. In addition, many studies support that crustal
and mantle reservoirs within the subduction zone environments
have distinct Re contents so that deposits with a mantle compo-
nent should have higher Re contents compared to those with a
crustal origin (Mao et al., 2008; Voudouris et al., 2009). Stein
et al. (2001) proposed that deposits involving mantle underplat-
ing or melting of mafic and ultramafic rocks, usually contain high
Re concentrations. In contrast, ore deposits originating from
crustal sources or sedimentary sequences poor in organic matter
may have lower Re concentrations. Generally, the Re content of a
mantle source is 100 to 1000 ppm; the Re content of the mixture
source of mantle and crust is 10 to 100 ppm; while for the crust
source, the average Re content is several ppm (Mao et al., 2003).
The Re contents of molybdenite from the Xiadian gold deposit
range from 7.83 to 107.13 ppm (averaging 29.54 ppm) suggesting
a mixing source between the mantle and crust, suggesting that
the Guojialing granodiorite formed by the remelting of Archean
lower crust with addition of mantle components (Yang et al.,
2012).
deposit.

207Pb-corr. Age(Ma)

Pb/238U 1r 208Pb/232Th 1r 206Pb/238U 1r

2430 0.00091 0.00611 0.00007 125 6
2006 0.00090 0.00603 0.00007 116 6
3750 0.00114 0.00700 0.00009 119 7
4015 0.00138 0.00694 0.00010 117 9
5105 0.00151 0.00847 0.00013 123 9
3748 0.00109 0.00752 0.00011 121 7
2954 0.00104 0.00634 0.00008 119 7
4140 0.00137 0.00744 0.00011 122 8
4098 0.00127 0.00685 0.00009 118 8
3043 0.00086 0.00679 0.00009 119 5
4297 0.00136 0.00785 0.00012 122 8
3498 0.00116 0.00662 0.00009 121 7
2164 0.00094 0.00624 0.00009 124 6
2422 0.00092 0.00663 0.00011 123 6
3558 0.00150 0.00685 0.00011 119 9
3020 0.00120 0.00719 0.00013 124 8
2001 0.00091 0.00636 0.00012 118 6
2838 0.00138 0.00660 0.00012 124 9
2700 0.00158 0.00654 0.00011 121 10
1920 0.00103 0.00632 0.00016 118 7
1918 0.00098 0.00582 0.00012 117 6
3007 0.00127 0.00762 0.00015 118 8
2769 0.00121 0.00647 0.00011 117 8
2464 0.00121 0.00648 0.00010 117 8
5178 0.00161 0.01049 0.00019 120 10
2353 0.00149 0.00627 0.00012 118 9
4595 0.00144 0.00945 0.00016 120 9



Fig. 9. Monazite U–Pb Tera–Wasserburg Concordia diagrams (a) and weighed mean
age (b) of the Xiadian gold deposit.

Fig. 10. Geological event in the Jiaodong Peninsula and Xiadian gold deposit The
star marked age data are from this study, the other are from previous study. The Ar
magmatic event datas are from Wu et al. (2013, 2014) and Yang and Li (2008). Ar
metamorphic event datas are from Jahn et al. (2008) and Liu et al. (2013), T3
magmatic event datas are from Chen et al. (2003) and Yang et al. (2007), J3
magmatic event datas are from e.g. Wang et al. (1998) and Yang et al. (2012), J3
post-magma hydrothermal event data are from Ding et al. (2012), Liu et al. (2011)
and Wen et al. (2015b), K1 magmatic event and Guojialing granodiorite data are
from Yang et al. (2012), K1 regional dykes are from Cai et al. (2013) and Yang and
Zhou (2001), Gold mineralization in Jiaodong peninsular are from Hu et al. (2004)
and Li et al. (2003, 2006, 2008), Jiaodong group data are from e.g. Wu et al. (2013).
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The zircon U-Pb dating indicates that the ages of the dykes in
the Jiaodong Peninsula range from 127 to 87 Ma (Cai et al., 2013;
Liu et al., 2004; Wang et al., 1998; Yang et al., 2013). Our work
in the Xiadian gold deposit shows that the U–Pb ages of the pre-
ore diorite dykes and post-ore quartz diorite dykes are
121.3 ± 1.4 Ma (2r, MSWD = 0.28) and 115.8 ± 1.9 Ma (2r,
MSWD = 0.71), respectively. These ages overlap the intrusion of
the regional Early Cretaceous dykes (Fig. 10). Liu et al. (2004)
showed that the emplacement of the dykes correlated to the Creta-
ceous crustal extension in the Jiaodong Peninsula.
6.2. Timing of gold mineralization

A recent sericite and muscovite 40Ar/39Ar study on the nearby
Dayingezhuang gold deposit and zircon fission track dating on
the Xiadian gold deposit yielded ages of �130 Ma, which was con-
sidered to be the mineralization ages of the respective gold depos-
its (Yang et al., 2014, 2016). Yang et al. (2016) further proposed
that these mineralization events occurred 10 million years earlier
(ca. 120 Ma) than other Jiaodong gold deposits, and therefore rep-
resent the earliest gold mineralization in Jiaodong.

However, their Ar-Ar results might be unreliable due to several
inherent problems. Firstly, excess argon is common in granite
intrusion–related hydrothermal systems (Kelley et al., 1986;
Turner et al., 1993). Secondly, later fluids reworking the altered
rocks and minerals can interfere with the parent/daughter isotopic
system, leading to the excess or loss of Ar in the sericite (Qiu et al.,
2008; Tartese et al., 2011). Thirdly, loss of 39Ar by recoil during
irradiation in the experiment is inevitable (Li et al., 2003). The
presence of inherited argon and a combination of excess and inher-
ited argon would yield an older age (Hopp et al., 2008; Kelley and
Wartho, 2000). Similarly for the ZFT dating, several problems can
lead to unreliable ages. Closure temperatures for fission tracks in
zircon are below those of conventional geochronometers, so they
are more useful in the analysis of low temperature events (gener-
ally 240 ± 50 �C for zircon) (Gallagher et al., 1998), but previous
fluid inclusion studies in the Xiadian gold deposit showed that
the temperature of gold mineralization ranges from 140 �C to
380 �C with most concentrated in 240 �C to 300 �C (Xu et al.,
2013). Thus, the ZFT cannot effectively record the age of gold min-
eralization. In addition, each track is actually represented by a dif-
ferent age and has experienced a different fraction of the thermal
history of the sample (Gallagher et al., 1998). The broad range of
ZFT central ages of ore samples (130.8 ± 3.6 Ma (1r) to
114.9 ± 8.7 Ma (1r)) in the Xiadian gold deposit (Yang et al.,
2016) reflects a complex thermal history. Therefor it is premature
to exclude the highly precise ZFT age of 114.9 ± 8.7 Ma (though the
number of zircons is small) and choose the 130 Ma to represent the
age of gold mineralization in the study from Yang et al. (2016).

Previous geochronological studies of gold mineralization in the
Jiaodong district employed the indirect dating method on alter-
ation minerals and quartz, for example, Rb–Sr, K-Ar and 40Ar/39Ar
dating on sericite/muscovite (Li et al., 2003, 2006; Sun et al.,
1995; Zhang et al., 1994) and 40Ar/39Ar on quartz (Zhang et al.,
2002) or direct dating method on sulfide minerals (Rb-Sr dating)
(Li et al., 2008; Yang and Zhou, 2001) and hydrothermal zircon
(U-Pb dating) (Hu et al., 2004). These studies indicated that gold
mineralization in the Jiaodong district occurred between 125 and
114 Ma. However, no direct and in-situ dating results have been
reported yet. As monazite has a robust isotopic system (U-Th-Pb)
with high closure temperatures (700–750 �C, Smith and Giletti,
1997; Suzuki and Adachi, 1994), it is an ideal mineral for dating
hydrothermal deposits (Janots et al., 2014). Eliminating mixing of
distinct systems is also available from the in-situ U–Pb dating of
monazite. The monazite closely associated with pyrite, quartz
and sericite in quartz–polymetallic sulfide veins indicates that it
was formed during the Stage III hydrothermal mineralization
event. Monazite U-Pb dating in this study provides the first direct
in-situ age (120.0 ± 1.4 Ma) for the timing of gold mineralization in
the Jiaodong gold deposit. U–Pb ages of the pre–ore and post–ore
dykes are 121.3 ± 1.4 Ma (2r, MSWD = 0.28) and 115.8 ± 1.9 Ma
(2r, MSWD = 0.71), respectively. These data constrain the mineral-
ization age between 121 Ma and 115 Ma and show good concor-
dance with the monazite U-Pb dating result, verifying the
effectiveness of the in-situ monazite U-Pb dating. The age of gold
mineralization in the Xiadian gold deposit, combined with
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published data from other gold deposits, vigorously constrain the
gold mineralization in the Jiaodong district at ca. 120 Ma (Fig. 10).

6.3. Implications for the origin of gold mineralization

The presence of metamorphosed Jiaodong Group exposed in the
Xiadian gold deposit suggests that this region experienced a
�2.5 Ga metamorphic event. Considering that metamorphic ages
of the metamorphic rocks in the study region are about 2 billion
years older than the mineralization ages of the gold deposits, the
gold mineralization cannot be related with the metamorphism.
In addition, the relatively high-grade metamorphic conditions
(amphibolite to granulite facies) in the study region suggest that,
unlike most greenschist-facies terranes that host orogenic gold
deposits, the metamorphic rocks in the Jiaodong gold deposit had
insufficient volatiles to transport gold (Goldfarb and Santosh,
2014)

Gold mineralization at Xiadian postdates the intrusion of Ling-
long granitoids and Guojialing granodiorite (�130 Ma, Yang et al.,
2012). In addition, the temperature of the ore-forming fluid system
for gold deposits (mostly 200–350 �C, Fan et al., 2003; Wen et al.,
2015a) is substantially lower than that of magmas (>573 �C) and
the density of the ore-forming fluids is substantially lower than
that of the magma (Song et al., 2015). Thus, we exclude the possi-
bility that ore fluids were derived from these intrusions. Petro-
graphic analyses and SEM imaging show that the molybdenite
formed together with quartz and pyrite. However, it should be
noted that the gold-bearing veins contain no molybdenite. In addi-
tion, the presence of the pre-ore dykes (121.3 ± 1.4 Ma (2r,
MSWD = 0.28)) indicates that the timing of the gold mineralization
cannot be earlier than 121 Ma. Considering the above observations,
it is likely that the molybdenite mineralization represents a dis-
tinct hydrothermal fluid event to the one that precipitated gold.

Though the hydrothermal fluids responsible for the precipita-
tion of molybdenite were not the ore-forming fluids, these
hydrothermal fluids may get involved in the forming of the ore-
forming fluids. Guojialing granodiorite is the host rock to several
large gold deposits, such as Xincheng, Jiehe, Shangzhuang and San-
shandao, and the age (130 �126 Ma, Wang et al., 1998) is close to
that the gold mineralization (especially in previous geochronolog-
ical studies, for example, some are dated at �128 Ma, Zhang et al.
(2003)). Li et al. (2007) proposed that the formation of the gold
deposits is closely related to Mesozoic magmatic activity and that
the post–magmatic hydrothermal activity of the Guojialing gran-
odiorite is the direct cause for gold precipitation. In addition,
petrological and geochemical features suggest that Guojialing gra-
nodiorite was responsible for gold to be transferred into melt and
fluid phases (Xu et al., 1992; Chen et al., 1993). The ideal petrolog-
ical and geochemical features of granitoid plutons that are favor-
able for gold mineralization are mainly in their low
differentiation index, indicated by Differentiation Index (DI) <88,
high Ba/Sr and K/Rb values, ranging from 1.87 to 4.45 and from
423 to 1063, respectively; and low Rb/Sr values ranging from
0.05 to 0.13 (Xu et al., 1992). Chen et al. (1993) found that the Cre-
taceous Guojialing granodiorite coincide with those features
except for the contents of iron group elements Fe, Cr, Ni, and V
which were slightly lower, and F and Cl were slightly higher which
would be favorable for gold mineralisation. Furthermore, the oxi-
dizing condition, plus high contents of volatile and alkaline compo-
sitions are profitable for gold reacting and getting transferred into
melt and fluid phases (Chen et al., 1993). Interestingly, Guojialing
granodiorite exhibits similar features concerning high volatile con-
tents and alkaline signatures which have been deduced from the
presence of the large K-feldspar phenocrysts, alkaline mineral
and oxides, and the high formation temperature of 850 �C to
500 �C (Chen et al., 1993). Thus, the forming condition of
Guojialing granodiorite may also favor Au reacting and getting
transferred into melt and fluid phases (Chen et al., 1993; Li et al.,
2014). Herein, the molybdenite was associated with the gold-
bearing fluids as it differentiated from Guojialing granodiorite.
Regarding the duration of hydrothermal activity, Burnard and
Polya (2004) suggested that several pulses of (mantle-derived)
heat may keep the hydrothermal cell active and prolong the dura-
tion of the hydrothermal system. For example, hydrothermal activ-
ity at Panasqueira is thought to have been active for 4 million years
(between 296 and 292 Ma, Snee et al., 1988), considerably longer
than the length of time that a single intrusion could sustain. Due
to the widespread dykes in the Xiadian gold deposit, we assume
that the pulses of mantle-derived heat would sustain molybdenite
mineralization activity for several million years and extend to the
time of the gold mineralization.

During the period of gold mineralization (�120 Ma), the eastern
NCC witnessed craton destruction or decratonization (Wu et al.,
2005; Yang and Li, 2008; Zhu et al., 2012, 2015), regional tectonic
inversion and significant lithosphere thinning, strong crust–mantle
interaction and asthenospheric upwelling (Cai et al., 2013; Menzies
et al., 1993). Simultaneously, lithospheric thinning led to partial
melting and dehydration of the lithospheric mantle and lower
crust as the temperature increased (Yang et al., 2003). Therefore,
the hydrothermal fluid carrying the molybdenite would inevitably
be contaminated by mantle or crustal material if it was sustained
for about 4–5 million years. Previous studies also show that the flu-
ids and the gold are from multiple sources (Fan et al., 2007;
Goldfarb and Santosh, 2014). Molybdenum-bearing hydrothermal
fluids mixing with mantle or crustal source materials may generate
the ore-forming fluids for the Xiadian gold deposit.

The hydrogen, oxygen, carbon and sulfur stable isotope analyses
demonstrate that the initial ore-forming fluids were composed
mainly of magmatic water, and mixed with meteoric water during
later metallogenic processes (e.g., Fan et al., 2003). Thus, Fan et al.
(2003) and Zhou et al. (2003) considered that the fluids responsible
for mineralization in the Jiaodong gold province were derived from
fluids degassed from mafic to intermediate magmas because the
intrusion of these dykes and the gold mineralization share similar
ages. Considering the widespread distribution of mafic dykes and
close temporal relationship with the gold mineralization, they
might play a role in providing the source of the ore fluids from
mantle–derived magmas for the gold mineralization in the Xiadian
gold deposit (Fan et al., 2003; Wen et al., 2015a).
7. Conclusions

Based on the study of the geology, timing of granite emplace-
ment, dykes, molybdenite and gold mineralization, we have
reached the following main conclusions:

(1) Linglong granite has a crystallization age of �160 Ma as
defined by zircon U-Pb dating. Re–Os dating shows that
molybdenite mineralization in pegmatite occurred at
124.8 ± 2.1 Ma. The Re contents of the Xiadian molybdenite
range from 7.83 to 107.13 ppm (averaging 29.54 ppm) sug-
gesting a mixed source between the mantle and crust, sug-
gesting that the Guojialing granodiorite was formed by the
remelting of Archean lower crust with addition of mantle
components. The molybdenite may be derived from the
Guojialing granodiorite because (1) the molybdenite-
quartz vein have close temporal and spatial relationship
with Guojialing granodiorite (observed in the nearby Dayin-
gezhuang gold deposit located 15 km away and dated at
�130 Ma) and (2) the molybdenite-quartz vein display sim-
ilar mixing sources with Guojialing granodiorite.
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(2) Zircon U-Pb dating of pre-ore dykes and post-ore dykes at
the Xiadian gold deposit yield ages of 121.3 ± 1.4 Ma and
115.8 ± 1.9 Ma, respectively, constraining the age of gold
mineralization to 121–115 Ma. The U-Pb dating of the mon-
azite from quartz–polymetallic sulfides veins suggests the
gold mineralization in the Xiadian deposit is 120.0 ± 1.4 Ma.

(3) Achaean metamorphosed Jiaodong Group, the Linglong
granite and the Guojialing granodiorite are excluded as the
direct sources for the ore-forming fluid due to the wide
age gap between these intrusions and the gold mineraliza-
tion. The molybdenum-bearing hydrothermal fluids which
most likely originated from the Guojialing granodiorite pre-
date gold mineralization.
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