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Abstract—The East Qinling Molybdenum Belt (EQMB), which is located on the southern margin of the
North China Craton (NCC), is the largest Mo province in the world. This belt hosts a significant number of
Mesozoic magmatic-hydrothermal Mo deposits and a small portion of pre-Mesozoic Mo deposits. Under-
standing the mineralization timing and mechanism of the unique pre-Mesozoic Mo deposits is essential to
comprehend the evolution of the EQMB, the pre-Mesozoic Mo enrichment, and the Mesozoic Mo miner-
alization event. The recently discovered Zhaiwa deposit is a porphyry Mo deposit located in the Xiong’er Ter-
rane of the EQMB. In this study, five molybdenite samples from the Mo-bearing quartz veins were analyzed
for Re-Os isotopes composition. These samples yield an isochron age of 1794 ± 45 Ma, which represents the age
of mineralization. The mineralization is mostly hosted within the biotite-amphibole plagiogneiss and granite
porphyry. LA-ICP-MS U-Pb data of zircons constrain the crystallization age of the granite porphyry to be at
1791 ± 16 Ma. The close spatial and temporal association suggests that the granite porphyry is the causative rocks
of the Mo mineralization. The δ34S values of pyrite vary from 5.3 to 6.8‰, suggesting that the S was mainly
derived from magmatic source. The intrusion of magmas and associated Mo mineralization are contemporane-
ous to the regional Xiong’er volcanism that occurred during the late Paleoproterozoic. The Xiong’er volcanism
was triggered by partial melting of lithospheric mantle in an extensional setting. The results of our study provide
robust evidence for a late Paleoproterozoic Mo metallogenic event along the southern margin of the NCC.
Future exploration should also consider the potential of late Paleoproterozoic porphyry Mo mineralization
existing in the EQMB, which is closely associated with the Xiong’er volcanism.
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INTRODUCTION

Molybdenum has the characteristics of high
strength and melting point, as well as corrosion and
wear resistance, so it readily forms hard, stable car-
bides in alloys, and for this reason most molybdenum
produced is used in metallurgy, with the rest used in
chemical applications as pigments and catalysts
(Shields and Baker, 1999; Liu et al., 2013). China has
the largest molybdenum resource and is also the larg-
est molybdenum producer in the world, with the
majority being concentrated in the East Qinling
Molybdenum Belt (EQMB) (Li et al., 2007; Chen et al.,

2017a), Northeast China (Chen et al., 2017b), North-
west China (Wu et al., 2017), Southwest China (Yang
and Wang, 2017), and South China (Wang et al.,
2022). The EQMB is located on the southern margin
of the North China Craton (NCC), is the most signif-
icant Mo province in China, with accumulated proven
Mo reserves of >8.9 Mt (Zeng et al., 2013). Previous
studies have suggested that most of the Mo deposits in
the EQMB are related to Mesozoic porphyry/skarn
systems (Hu et al., 1988; Stein et al., 1997; Chen et al.,
2000; Zhou et al., 2020; Hu et al., 2022). However, a
geochronology study has constrained the existence of
two dominant episodes of Mesozoic Mo mineraliza-
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tion in the EQMB, namely Triassic and Late Jurassic–
Early Cretaceous (Mao et al., 2008, 2011).

In addition, several pre-Mesozoic Mo deposits
were identified in the region, including the Zhaiwa
porphyry Mo deposit and the Longmengdian quartz-
vein type Mo deposit (Deng et al., 2009; Li et al.,
2009, 2011a). The pre-Mesozoic Mo deposits in the
EQMB carry unique characteristics, forming during
the Paleoproterozoic and spatially in close association
with the Xiong’er Terrane. In contrast to the Mesozoic
Mo deposits, few works were carried out to enable
understanding of the geological significance of the
Paleoproterozoic Mo mineralization and the geody-
namic background. The knowledge of the timing and
formation mechanisms of the unique pre-Mesozoic
Mo deposits is crucial to understand the evolution of
the EQMB and the pre-Mesozoic Mo enrichment
(Hu et al., 1988; Chen et al., 2000).

The Zhaiwa porphyry Mo deposit is well studied
since its discovery after 2000. Previous work have
reported the geological characteristics (Li et al., 2009;
Yang et al., 2003a, 2003b; Liu et al., 2004), isotope
geochemistry (Deng et al., 2013a, 2013b; Li et al.,
2023), the nature of ore-forming fluids (Deng et al.,
2008), and the timing of Mo mineralization (Deng et al.,
2009; Li et al., 2009). However, the classification of
the Zhaiwa deposit was controversial, such as: (1) oro-
genic Mo deposit (Chen, 2006); (2) intrusion-related
Mo deposit (Deng et al., 2008); and (3) porphyry Mo
deposit (Deng et al., 2013a, 2013b). In many instances,
porphyry deposits in the upper crust are spatially and
genetically related to intermediate and silicic hypabys-
sal porphyritic intrusive rocks (Kirkham, 1972). For
the Zhawai porphyry Mo deposit, however, identifica-
tion of the causative porphyry body is still absent. This
is largely due to a lack of systematic comparison of the
timing of Mo mineralization to the regional magmatic
rocks. To address this question, we conducted detailed
field observation and identified the intrusions that are
spatially associated with the Mo orebodies. A molyb-
denite Re-Os isochron age and a zircon U-Pb age are
reported in this study are suggested to represent the
formation ages of Mo mineralization and the spatially
associated intrusion (granite porphyry), respectively.
In situ S isotope analysis of pyrite from the quartz-
polymetallic sulfide vein is applied to constrain sulfur
source in the Zhawai deposit. Built upon the geochro-
nological evidence, the geological context of Zhaiwa
was further considered to infer the geodynamic setting
that are responsible for the Paleoproterozoic Mo min-
eralization in the EQMB, and its implication for
future exploration in the region.

REGIONAL GEOLOGY
The EQMB is located between the NCC and the

Yangtze Craton (Fig. 1a). This metallogenic belt is
notable for Au, Ag, Pb, Zn, Mo, W, and REE resources
(Xie et al., 2001; Mao et al., 2002; Chen et al., 2006; Li
GEOCH
et al., 2008; Feng et al., 2022), and is the most signifi-
cant Mo province in China (Zeng et al., 2013; Mao
et al., 2008, 2011). It is part of the 2000-km-long Qin-
ling-Dabie orogen, which was formed by the collision
between the NCC and the Yangtze Craton during the
Mesozoic (Chen et al., 2009; Dong et al., 2011). It is
bounded by the San-Bao Fault to the north and is sep-
arated from the North Qinling orogenic belt by the
Luanchun Fault in the south (Fig. 1b). The Xiong’er
Terrane is one of the representative regions in the
EQMB. The boundaries of the Xiong’er Terrane are
the San-Bao Fault to the north and the Machaoying
Fault to the south (Fig. 1c).

The main lithostratigraphic units of the Xiong’er
Terrane are the Taihua Supergroup (basement) and
the Xiong’er Group (cover). The Taihua Supergroup
comprises a suite of medium- to high grade metamor-
phic rocks (Zhang et al., 1985), including late Archean
tonalitic-trondhjemitic-granodioritic (TTG) gneisses
and Paleoproterozoic amphibolite- and granulite-facies
metamorphic rocks (Kröner et al., 1988; Xue et al.,
1995; Zhang et al., 2001). The Taihua Supergroup has
been subdivided into the Beizi, Dangzehe, and Shui-
digou groups (Chen and Zhao, 1997). The Xiong’er
Group, which crops out over an area of more than
60000 km2 (Zhao et al., 2009), is a well-preserved
unmetamorphosed volcanic sequence that uncon-
formably overlies the Taihua Supergroup. The
Xiong’er Group is composed predominantly of lavas
and pyroclastic rocks intercalated with minor sedi-
mentary rocks (<5%) and has been subdivided, from
bottom to top, into four formations: the Dagushi, Xus-
han, Jidanping, and Majiahe ones (Zhao et al.,
2009). Recent zircon U-Pb age data show that the
eruption of the Xiong’er volcanic rocks was concen-
trated between 1.85 and 1.73 Ga, with the peak
occurring at 1.78–1.75 Ga (Zhao et al., 2009; He
et al., 2009; Wang et al., 2010a; Cui et al., 2011). How-
ever, the origin of the volcanic event is still controver-
sial with highly variable explanations. An arc setting
was proposed in relation to the north-dipping oceanic
plate subduction beneath the NCC (Hu et al., 1988;
Jia, 1987; Chen and Fu, 1992); a continental rift set-
ting (Sun et al., 1981, 1985) or mantle plume (Peng
et al., 2008) causing the breakup of the Columbia
supercontinent; and more recently, a tectonic setting
of f lat subduction model for the plate-margin magma-
tism in the late Archean (Wang et al., 2010a).

The Xiong’er Terrane is characterized by a series of
approximately parallel NE–SW-trending faults on the
northern side of the Machaoying Fault (Fig. 1c).
These faults include, from east to west, the Taocun-
Mayuan, Hongzhuang-Qinggangping, Kangshan-
Qiliping, and Sanmen-Tieluping faults, all of which
are secondary to the development of the E–W-trend-
ing Machaoying Fault. Detailed structural analysis
reveals that the NE–SW-trending faults result from
early compression, followed by late extensional shear-
ing in a tensional regime (Chen et al., 2009; Chen and
EMISTRY INTERNATIONAL  Vol. 62  No. 7  2024
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Fig. 1. (a) Regional-scale tectonic framework of the EQMB; (b) simplified tectonic framework of the EQMB; (c) simplified geo-
logic map of the Xiong’er Terrane showing the location of ore deposits including the Zhaiwa deposit (modified from Li et al.,
2011a; Deng et al., 2013a; Chen et al., 2004). Abbreviations: CAOB, Central Asian Orogenic Belt; NCC, North China Craton;
YC, Yangtze Craton; SBF, San–Bao Fault; MF, Machaoying Fault; LF, Luanchuan Fault; SDF, Shang–Dan Fault; STF, San-
men–Tieluping Fault; KQF, Kangshan–Qiliping Fault; HQF, Hongzhuang–Qinggangping Fault; TMF, Taocun–Mayuan
Fault; JSM, Jinshanmiao granite; HP, Haoping granite; WZS, Wuzhangshan granite. Ore deposits: A, Shagou Ag-Pb-Zn;
B, Haopinggou Ag-Pb; C, Zhaiwa Mo; D, Longmendian Mo; E, Tieluping Ag-Pb; F, Xiaochigou Au; G, Kangshan Au-Ag-Pb;
H, Shanggong Au; I, Hugou Au; J, Shapoling Mo; K, Hongzhuang Au; L, Qinggangping Au; M, Tantou Au; N, Yaogou Au;
O, Huangshui’an Mo; P, Leimengou Mo-Au; Q, Qiyugou Au; R, Qianhe Au; S, Zhifang Mo.
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Zhao, 1997). The E–W-trending Machaoying Fault,
which extends for more than 200 km and has an inferred
depth of 34–38 km, was reactivated as a strike-slip fault
in the late Mesozoic (Zhang et al., 2001). This later fault
underwent at least two major deformational stages,
including an early ductile deformation characterized by
thrusting from north to south and subsequent over-
printing by late brittle faulting (Han et al., 2009).

The occurrence of late Paleoproterozoic intrusions
in the Xiong’er Terrane includes granite porphyry,
diorite porphyrite, quartz diorite, and dolerite. For
instance, the Shizhaigou quartz diorite and the Luol-
ing granite porphyry, which intruded into the Majiahe
Formation of the upper part of the Xiong’er Group,
has yielded zircon 207Pb/206Pb ages of 1778 ± 12 Ma
and 1786 ± 8 Ma (Cui et al., 2010), respectively. The
two lithostratigraphic units of the Xiong’er Terrane are
subsequently intruded by the Mesozoic (Jurassic–Cre-
taceous) granitoids (Fig. 1c), including the Huashan
granitic complex (Jinshanmiao, Haoping, and Wuzha-
ngshan granites), abundant mineralized porphyries,
GEOCHEMISTRY INTERNATIONAL  Vol. 62  No. 7 
diatremes, and breccia pipes (Chen et al., 2009; Fan
et al., 2000, 2011; Li et al., 2012; Qian et al., 2023).

DEPOSIT GEOLOGY

The Zhaiwa Mo deposit (34°08′47″ N, 111°16′55″ E)
is located at the junction of Luoning county and
Lushi county, Henan Province. Copper-bearing
veins were first discovered at the deposit, and the Cu
grade is between 2.4 and 14.3%. The deposit was thus
initially defined to be a large-tonnage porphyry-type
Cu (-Ag–Au) deposit (Yang et al., 2003a, 2003b).
Continued prospecting has proven that Mo can be
more economic Cu, and that the deposit can be
regarded as a Mo-dominated polymetallic system.
The deposit lies within the Shibangou Formation
comprises of the Taihua Supergroup in the Xiong’er
Terrane (Fig. 2) and has Mo reserves of >0.1 Mt with
an average grade of 0.064% Mo (Li et al., 2009; Deng
et al., 2013a). The Shibangou Formation of biotite-
amphibole plagiogneiss, and minor biotite plagiog-
 2024
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Fig. 2. Geological map of the Zhaiwa Mo deposit (modified from Deng et al., 2013a).
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neiss and amphibole plagiogneiss (Deng et al., 2008).
The Mo orebodies commonly occur as lodes associ-
ated with faults bounding to a hidden granitic stock
(Fig. 2) inferred from geophysical evidence such as
low gravity and weak magnetism (Liu et al., 2004;
Wang et al., 1997). Most of the Mo-bearing quartz
veins are hosted within the biotite-amphibole plagiog-
neiss (Figs. 3a–3e) and aplite, while the Mo-bearing
quartz veinlets tend to occur within the granite por-
phyry dikes (Fig. 3f). The NNE-, NE- and EW-trend-
ing granite porphyry dikes are sporadically developed
in the deposit (Fig. 2), ranging from 0.5 to 10 m in
width and tens to hundreds of meters in length. Most of
the orebodies have lengths of several hundred meters
and thicknesses of 2–15 m, striking ENE–WSW, and
dipping to the NW at angles of 58°–80°.
GEOCH
The major orebodies are hosted by quartz veins and
are referred to V1, V5, V6, V7, V9, V21, and V22 ore-
bodies (Fig. 2). The Mo mineralization mainly occurs
in lodes, with lesser proportions of brecciated, dissem-
inated and banded Mo-ores occurring in stockworks
(Figs. 3a–3f). The principal ore minerals are molyb-
denite (Figs. 3g–3i) and pyrite, together with minor
chalcopyrite, sphalerite, galena, pyrrhotite, bismuthi-
nite, and native bismuth. The gangue minerals include
quartz, and minor K-feldspar, muscovite, f luorite
(Fig. 3c), calcite, chlorite, and epidote. Most of the
molybdenite occurs in disseminations in the hydro-
thermal quartz veins and shows leaf-like and scale-like
habits. The crystal size of molybdenite is generally
between 2 and 9 mm, with a maximum of 4 cm. The
mineralization at Zhaiwa can be divided into three
EMISTRY INTERNATIONAL  Vol. 62  No. 7  2024
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Fig. 3. Representative photomicrographs of thin sections (a–f) and photographs of hand specimens (g–i) from the Zhaiwa por-
phyry Mo deposit. (a) Stockwork Mo mineralization hosted by biotite-amphibole plagiogneiss; (b) thin layer of molybdenite in
quartz-molybdenite vein; (c) quartz-fluorite vein; (d) quartz-polymetallic sulfide vein cutting quartz-molybdenite vein;
(e) quartz-calcite vein cutting quartz-polymetallic sulfide vein; (f) molybdenite veinlet hosted by granite porphyry; (g) molyb-
denite within a quartz veinlet; (h) sulfides from a quartz-polymetallic vein, including molybdenite, pyrrhotite, and chalcopyrite;
(i) lepidosome molybdenite. Abbreviations: Ccp, chalcopyrite; Fl, f luorite; Mo, molybdenite; Po, pyrrhotite; Qtz, quartz.
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hydrothermal stages (Deng et al., 2013a) based on par-
agenetic assemblages and crosscutting relationships
(Figs. 3d–3e): an early quartz-molybdenite stage, an
intermediate quartz-polymetallic sulfide stage, and a
late quartz-calcite stage.

The Mo mineralization is associated with pervasive
wall-rock alteration dominated by silicification, K-feld-
spathization, sericitization, chloritization, epidotiza-
tion, carbonation, and fluoritization.

SAMPLING AND ANALYTICAL METHODS
Samples

All the samples used for this study were collected
from adit tunnels in the Zhaiwa deposit, close to the vil-
lage of Nianpangou (Fig. 2). Zircon grains were sepa-
rated from the granite porphyry host rock (sample D8)
and selected for U-Pb dating to constrain the crystalliza-
tion age. The granite porphyry is medium to fine grained
and is composed of phenocrysts of K-feldspar (15%)
and quartz (10%) in a matrix of plagioclase and bio-
GEOCHEMISTRY INTERNATIONAL  Vol. 62  No. 7 
tite, with accessory zircon, monazite, apatite, magne-
tite, ilmenite and xenotime.

Five samples of molybdenite were collected from
the Mo-bearing quartz veins for Re–Os dating. The
molybdenite occurs as euhedral molybdenite crystals
without clay intergrowths. Two samples representative
of the intermediate quartz-polymetallic sulfide stage
were selected for in situ S isotope analysis of pyrite.

Analytical Methods

Zircon grains selected for U-Pb analysis were
mounted in epoxy resin, and then polished and
imaged using reflected light, transmitted light, and
cathodoluminescence (CL). Zircon U-Pb analyses
were performed by laser ablation inductively coupled
plasma mass spectroscopy (LA-ICP-MS) at the
Wuhan Sample Solution Analytical Technology Co.,
Ltd., Wuhan, China. Analyses were performed on a
quadrupole ICP-MS instrument (Agilent 7700) cou-
pled with a 193 nm ArF excimer laser ablation system
 2024
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Fig. 4. Zircon U-Pb concordia diagram and CL images of granite porphyry from the Zhaiwa Mo deposit. The red circles in the
CL images represent the sites for the LA-ICP-MS U-Pb analyses.
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(GeoLasPro). The beam diameter was 32 μm, the
laser energy density was 10 J/cm2, and the repetition
rate was 5 Hz. Details of the analytical procedures
used during LA-ICP-MS zircon U-Pb dating are
described by Liu et al. (2010). Zircon analyses were
calibrated against the NIST SRM 610 glass external
standard, and Si was used as an internal standard. Zir-
con standard 91500 was also used as an external stan-
dard for the U-Pb dating and was analyzed twice after
every six analyses. Quantitative calibration for the U-
Pb dating was performed using ICPMSDataCal soft-
ware (Liu et al., 2010). Isoplot/Ex ver. 3.00 software
was used to construct concordia diagrams and perform
calculations of weighted mean ages (Ludwig, 2003).
The analytical data are presented on U-Pb concordia
diagrams. The uncertainties are 1σ, and the mean ages
are weighted means with a confidence level of 95%.

Molybdenite was separated from five samples using
a binocular microscope. Magnetic separation of the
selected material yielded fresh unoxidized molyb-
denite grains measuring 0.1 mm in diameter. Re–Os
isotope analyses were conducted at the Re–Os Labo-
ratory, National Research Center of Geoanalysis,
Chinese Academy of Geological Sciences, Beijing,
China. The concentrations of Re, 187Re, and 187Os
were measured using a TJA X-series ICP-MS instru-
ment. A Carius tube (a thick-walled borosilicate glass
ampoule) digestion was used. Chemical separation
and mass spectrometry of Re–Os followed the proce-
dures described by Du et al. (2004) and Zhou et al.
(2012). The average Re and Os blanks for the total
Carius tube procedure were less than 10 and 1 pg,
respectively. The analytical reliability was tested by
repeated analyses of the molybdenite standard HLP
from a carbonatite vein-type Mo–Pb deposit in the
Jinduicheng–Huanglongpu area of Shanxi Province,
GEOCH
China (Stein et al., 1997). The uncertainty on each
individual age determination, including the uncer-
tainties in the decay constant of 187Re, isotope ratio
measurements, and spike calibrations, was approxi-
mately 1.4%. The Re–Os model age is calculated as
t = 1/λ [ln(1 + 187Os/187Re)], where λ is the decay con-
stant of 187Re (λ = 1.666 × 10−11 year–1) (Smoliar et al.,
1996). Concordia diagrams and weighted mean calcula-
tions were made using Isoplot/Ex ver. 3.00 software
(Ludwig, 2003). All uncertainties (2δ) are given as
absolute amounts at the 95% confidence level.

In situ S isotope analysis of pyrite was performed
using a Neptune Plus MC-ICP-MS that is coupled
with a RESOlution SE 193 nm New Wave Ar-F Exci-
mer laser ablation system at the Beijing Createch Test-
ing Technology Co., Ltd., Beijing, China. Pyrite was
analyzed using a f luence of 3.02 J/cm2, a repetition
rate of 3 Hz, and a beam diameter of 20 μm. The stan-
dard-sample bracketing was used to determine the
δ34S values of each pyrite during the analysis. The
external standard for pyrite (ZX, 16.9‰) was used to
calibrate the instrumental mass bias during the analy-
sis. For the detailed analytical procedure see Yu et al.
(2024). The analytical precision (2σ) was found to be
better than 0.2‰.

RESULTS

Zircon U-Pb Age

Most of the zircon grains are prismatic, transparent
to sub-transparent and colorless, and 100 to 250 μm in
size with aspect ratios between 1 : 1 and 3 : 1. Zircon
grains commonly display oscillatory and planar zon-
ing in CL images; these features are typical of mag-
matic zircons (Fig. 4). Uranium concentrations are
EMISTRY INTERNATIONAL  Vol. 62  No. 7  2024
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Fig. 5. Re–Os isochron and weighted mean model ages of molybdenite samples from the Zhaiwa Mo deposit.
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between 750 and 12845 ppm, and Th concentrations
are between 459 and 7368 ppm (Table 1). Th/U ratios
vary from 0.283 to 0.725, consistent with a magmatic
origin (Hoskin and Black, 2000). Most of the results
plot close to the concordia curve (Fig. 4). Seventeen
spots were analyzed on grains from the granite por-
phyry, yielding concordant 207Pb/206Pb ages with a
weighted mean age of 1791 ± 16 Ma (MSWD = 0.46),
which is interpreted as the age of magmatic crystalli-
zation and the emplacement age of the granite por-
phyry dike.

Molybdenite Re-Os Age
Total Re concentrations of the five samples are

between 2330 and 3834 ppb (Table 2). The total 187Re
and 187Os concentrations are between 1464 and 2410 ppb
and 44.22 and 72.63 ppb, respectively. The 187Re and
187Os concentrations vary for each of the five samples
and yield an isochron age of 1794 ± 45 Ma (2σ,
MSWD = 0.49) with initial 187Os of –0.2 ± 1.4 ppb
(Fig. 5). The Re-Os model ages display a narrow range
between 1798 and 1783 Ma (Fig. 5), with a weighted
mean age of 1788 ± 11 Ma. The isochron age is consistent
with the model ages for individual samples (Table 2).
Within error, the molybdenite Re-Os isochron age lies
close to the zircon U-Pb age of the granite porphyry
dike (1791 ± 16 Ma, this study). The combined data
suggest that the Mo mineralization at the Zhaiwa
deposit is related to emplacement of the ore-bearing
granite porphyry.

In Situ Sulfur Isotope Data
A total of 15 S isotope measurements of pyrite from

the intermediate quartz-polymetallic sulfide stage are
presented in Table 3. The δ34S values of pyrite range
from 5.3 to 6.8‰, with a mean of 6.0‰.
GEOCHEMISTRY INTERNATIONAL  Vol. 62  No. 7 
DISCUSSION

Chronological Relationships
between Magmatism and Mineralization

The Re–Os molybdenite geochronometer has been
shown to be unaffected by intense deformation and
metamorphism (Stein et al., 1998). If molybdenite
does not contain any initial or common Os, all mea-
sured Os is monoisotopic (187Os) produced by 187Re
decay, then the isochron age represents the age of for-
mation of the molybdenite (Suzuki et al., 1996;
Brenan et al., 2000; Barra et al., 2003). At Zhaiwa, the
five molybdenite samples yield an isochron age of
1794 ± 45 Ma (2σ, MSWD = 0.49) with an initial
187Os of –0.2 ± 1.4 ppb, indicating that the Zhaiwa Mo
mineralization in the EQMB was formed during the
late Paleoproterozoic.

In the field, we observed that Mo mineralization is
closely spacially associated with the granite porphyry
dikes, and the deposit is characterized by classic por-
phyry-style stockworks, quartz veins, and dissemina-
tions (Figs. 3a, 3b). Wall-rock alteration associated
with the Mo mineralization is typical of that in classic
porphyry Mo systems and includes silicification,
K-feldspathization, sericitization, chloritization, epi-
dotization, carbonation, and fluoritization. Field
observations show that Mo-bearing quartz veinlets
occasionally crosscut the granite porphyry (Fig. 3f)
and that the quartz veinlets postdate the granite por-
phyry dike. It is therefore reasonable to conclude that
the Mo mineralization occurred after the emplace-
ment of the granite porphyry. The zircon U-Pb age of
the granite porphyry is 1791 ± 16 Ma, which represents
the time of magma emplacement. The similar ages for
Mo mineralization and granite porphyry emplace-
ment suggest that the two events were synchronous
and genetically related. In many instances, porphyry
magmas are fertile of providing ore-forming materials
 2024
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Table 2. Re-Os isotope data of molybdenite samples from the Zhaiwa Mo deposit

Sample Weight, g Brief sample description Re, ng/g 187Re, ng/g 187Os, ng/g Model age, Ma

MPG-1 0.05014 Quartz-molybdenite veinlet in 
granite porphyry 3419 ± 27 2149 ± 17 65.10 ± 0.39 1794 ± 25

MPG-2 0.05117 Quartz-molybdenite vein in bio-
tite-amphibole plagiogneiss 3834 ± 32 2410 ± 20 72.63 ± 0.52 1783 ± 26

MPG-3 0.05018 Quartz-molybdenite-pyrite vein in 
biotite-amphibole plagiogneiss 2330 ± 15 1464 ± 9 44.22 ± 0.31 1786 ± 24

MPG-4 0.05027 Quartz-molybdenite-pyrite vein in 
biotite-amphibole plagiogneiss 2990 ± 18 1879 ± 11 56.71 ± 0.39 1784 ± 24

MPG-5 0.00561 Quartz-molybdenite vein in bio-
tite-amphibole plagiogneiss 3326 ± 33 2091 ± 21 63.55 ± 0.44 1798 ± 28

HLP 0.00507 Molybdenite standard from a car-
bonatite vein-type Mo-Pb deposit 289266 ± 2080 181809 ± 1308 669.2 ± 4.1 220.5 ± 3.0

Table 3. In situ LA-MC-ICP-MS sulfur isotope data
of pyrite from the main mineralization stage in the Zhaiwa
Mo deposit

Sample No. δ34S, ‰ 2SE

9ZW-1 6.1 0.1
9ZW-2 5.7 0.1
9ZW-3 5.7 0.1
9ZW-4 5.9 0.1
9ZW-5 6.3 0.2
9ZW-6 5.6 0.1
9ZW-7 5.9 0.1
9ZW-8 5.3 0.1
9ZW-9 5.9 0.1
9ZW-10 6.2 0.3
9ZW-11 5.9 0.2
9ZW-12 6.1 0.2
9ZW-13 5.9 0.3
9ZW-14 6.3 0.1
9ZW-15 6.8 0.1
for Mo mineralization (Shinohara et al., 1995; Rich-
ards, 2003). This speculation is strengthened by our
field observation as noted above. Moreover, the
magma intrusion and Mo mineralization of Zhaiwa
deposit are also coeval with the peak volcanic eruption
period (1.78–1.75 Ga) in which the Xiong’er Group
was formed in the EQMB (Zhao et al., 2009; He et al.,
2009; Wang et al., 2010a; Cui et al., 2011). To con-
clude, geochronology data reported here suggests that
the Mo mineralization at Zhaiwa is genetically associ-
ated with the granite porphyry; both the magma intru-
sion and Mo mineralization are coeval with the
regional Xiong’er volcanism/magmatism during the
late Paleoproterozoic.

The Re concentrations in molybdenite from the
Zhaiwa porphyry Mo deposit vary between 2.33 and
3.83 ppm, with a mean of 3.18 ppm. The content of
Re has been used as a proxy to indicate its sources
(Mao et al., 1999; Stein et al., 2001). The range of Re
content in the Zhaiwa molybdenite is comparable to
those with crustal source signature. Previous work of
fluid inclusion studies and H–O isotope systematics
suggest that the ore-forming f luids were magmatic-
hydrothermal in origin (Deng et al., 2013a). The δ34S
values of ores from the deposit further indicate that the
S was also mainly derived from a magmatic source
(Deng et al., 2013b). Additionally, the initial Sr ratio of
the sulfides in Zhaiwa (87Sr/86Sr = 0.70533) is similar
to that of the Xiong’er Group (87Sr/86Sr = 0.70547)
and is regarded to be sourced from the crust (Deng
et al., 2013b). The combined evidence indicates that
the ore-forming materials of the Zhaiwa deposit are
sourced from magmas, and the magmas are mainly
crustal in origin.

Source of Sulfur
The sulfides in the Zhaiwa porphyry Mo deposit

are dominated by molybdenite and pyrite, with minor
chalcopyrite, sphalerite, galena, pyrrhotite, bismuthi-
GEOCHEMISTRY INTERNATIONAL  Vol. 62  No. 7 
nite, and native bismuth, and no sulfate minerals are
detected. Therefore, the S isotope composition mea-
sured from pyrite in this study approximate those of
the ore-forming f luids (Ohmoto and Rye, 1979). The
δ34S values of pyrite from the Zhaiwa deposit display a
narrow range (5.3–6.8‰), with a mean value of 6.0‰,
which is slightly higher than that of typical magmatic
sulfur (0 ± 3‰; Ohmoto, 1972), but compatible with
that of the volcanic rocks of the Xiong’er Group
(2.5–5.4‰; Fan et al., 1994) in the district, possibly
indicating the same source of sulfur for the Zhaiwa Mo
mineralization and Xiong’er volcanism/magmatism in
this district, and that is attributed to magmatic source
(Ohmoto and Rye, 1979).
 2024
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Fig. 6. Cartoons showing the Mo mineralization pulses in the EQMB and related geodynamic events (details in the text). The red
star presents the Mo mineralization (modified from Mao et al., 2011; Deng et al., 2013a).
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Implications on Regional Tectonic Evolution

The Xiong’er Group preserves evidence of a large
volcanic event, second in size only to the event that
formed the crystalline basement of the NCC. The
Xiong’er Group has only experienced minor meta-
morphism, indicating the formation post-dates the
major collisional event between the Eastern and West-
ern Blocks within the NCC. However, the tectonic
setting of the Xiong’er Group is still controversial, as
noted above, with the various proposed tectonic envi-
GEOCH
ronments including arc (Hu et al., 1988; Jia, 1987;
Chen and Fu, 1992), rift (Sun et al., 1981, 1985), man-
tle plume (Peng et al., 2008), and flat subduction
(Wang et al., 2010a). One way to resolve the question
of the tectonic environment is to use mineral-system
type as a constraint (Chen, 2017). Chen et al. (2017a)
classified the porphyry Mo deposits in China into Cli-
max-, Dabie- and Endako-types, and established a
link between the genetic types of porphyry Mo depos-
its and tectonic settings including rift setting, conti-
EMISTRY INTERNATIONAL  Vol. 62  No. 7  2024
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nental collision, or magmatic arc. At the Zhaiwa area,
geochronological data and field observations consis-
tently suggest that the Zhaiwa Mo deposit is a por-
phyry type and formed during the late Paleoprotero-
zoic. Cui et al. (2010, 2011, 2013) conducted detailed
petrological, geochemical and geochronological work
on the late Paleoproterozoic intermediate-felsic intru-
sive rocks in the Xiao Mountains, Xiong’er Terrane,
based on which they conclude that these rocks are
formed in an extensional rift setting. The synthesis of
petrology, geochronology, geochemistry, and isotopes
studies revealed that the Xiong’er volcanic rocks may
have been generated from the high-degree partial
melting of late Archean subduction-modified litho-
spheric mantle in a post-orogenic extensional setting
(Wang et al., 2010a). Combining the findings of our
study and previous work, we speculate that the tec-
tonic setting of the formation of Zhaiwa Mo deposit
during the late Paleoproterozoic is an extensional set-
ting, rather than an arc setting.

Based on the correlation of mineral-system and tec-
tonic environment, we therefore propose the regional
tectonic evolution for EQMB as follows (Fig. 6). Li
et al. (2011a) reported the 1.85 Ga Longmengdian
quartz-vein type Mo deposit in the Xiong’er Terrane
of the EQMB, is coeval with the final amalgamation
between an Eastern and a Western Blocks, which was
achieved at ca 1.85 Ga (Zhao et al., 2001, 2007; Guo
and Zhai, 2001; Liu et al., 2011). During this period,
the old basement experienced extensive re-working.
The ore-forming metals such as Mo were remobilized,
redistributed and enriched in the ore-forming f luids
forming the Longmendian quartz-vein type deposits.
Thereafter the tectonic stress field changed from com-
pression to extension. The extensional setting has
induced the eruption of the Xiong’er volcanic rocks
and the late Paleoproterozoic intrusions, together with
the Zhaiwa porphyry Mo mineralization. From the
late Paleoproterozoic onwards, most of the Mo depos-
its in the EQMB are related to the Mesozoic por-
phyry/skarn systems (Hu et al., 1988; Stein et al.,
1997; Chen et al., 2000; Zhou et al., 2020; Hu et al.,
2022). Driven by the continental collision between the
NCC and Yangtze Craton the early Mesozoic (mostly
Triassic and minor Early Jurassic) Mo mineralization
was formed and mainly derived from crustal magmatic
sources (Gao et al., 2010; Wang et al., 2010a; Li et al.,
2011a; Deng et al., 2016). When the time evolved to the
late Mesozoic (Late Jurassic–Early Cretaceous), the
tectonic setting was mainly controlled by the westward
subduction of the Paleo-Pacific plate, during which
another significant episode of Mo mineralization
occurred (Zeng et al., 2013; Chen et al., 2000; Mao
et al., 2008, 2011).

Significance to Regional Exploration in the EQMB

Existing molybdenite Re–Os ages show that the Mo
mineralization in the EQMB was formed concentrat-
GEOCHEMISTRY INTERNATIONAL  Vol. 62  No. 7 
ing in three periods (Fig. 6): the late Paleoproterozoic
(1.85–1.76 Ga) (Deng et al., 2009; Li et al., 2009; Li
et al., 2011a), the early Mesozoic (mostly Triassic and
minor Early Jurassic) (Gao et al., 2010; Wang et al.,
2010b; Li et al., 2011b; Deng et al., 2016), and the late
Mesozoic (Late Jurassic–Early Cretaceous (Chen
et al., 2000; Mao et al., 2008, 2011; Liu et al., 2021).
These ages correspond to the Xiongerian, Indosinian,
and Yanshanian mineralization events, respectively.
Most of the Mo deposits in the EQMB are associated
with Mesozoic porphyry/skarn systems and have been
extensively studied (Hu et al., 1988; Stein et al., 1997;
Chen et al., 2000; Zhou et al., 2020; Hu et al., 2022).
This study, in combination with several others (Deng
et al., 2009; Li et al., 2009, 2011a) have extended the
known age range of mineralization, and highlight the
importance of the porphyry Mo mineralization system
during the late Paleoproterozoic, in particular, those
associated with the Xiong’er volcanism/magmatism.
Coincidently, the stratigraphic unit (e.g., Xiong’er
Group) would be the main contributor of Mo metal
for the late Paleoproterozoic Mo mineralization in the
EQMB (Li et al., 2023). Future exploration work
could consider targeting the Archean hypometamor-
phic rocks for prospecting the late Paleoproterozoic
Mo mineralization, such as the Xiong’er Group and
Taihua Supergroup.

CONCLUSIONS
The molybdenite Re-Os isochron dating indicates

a mineralization age of 1794 ± 45 Ma for the Zhaiwa
deposit. Zircon U-Pb dating indicates an emplace-
ment age of 1791 ± 16 Ma for the host granite por-
phyry. In situ S isotope analysis of pyrite indicate that
the S may have derived from a magmatic source. The
Zhaiwa deposit can be certainly classified as a por-
phyry Mo deposit, and its formation was related to the
Xiong’er volcanism during the late Paleoproterozoic
in an extensional setting. The late Paleoproterozoic
Mo mineralization is a significant metallogenic event
in the EQMB, providing a target for future exploration
in the region.
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