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The Qian'echong Mo deposit is a giant porphyry deposit in the Dabie Shan of eastern China. Molybdenum (Mo)
mineralization mainly occurs as numerous veinlets in altered schists, with the development of potassic, phyllic,
argillic, and propylitic alteration assemblages. A buried granite porphyry stock and locally exposed dikes are
spatially and genetically related to the Mo mineralization. Zircon crystals from exposed quartz porphyry,
rhyolitic porphyry, and granite porphyry dikes, as well as a buried granite porphyry dike yield weighted average
206Pb/238U ages of 128.9± 1.1 Ma (MSWD= 0.30, 2σ, n = 13), 127.42± 0.94Ma (MSWD= 0.58, 2σ, n = 17),
127.44±0.98Ma (MSWD=1.6, 2σ, n=16), and 126.6± 1.4Ma (MSWD= 0.67, 2σ, n= 15), respectively. The
buried granite porphyry stock yields a zircon U–Pbweighted average age of 124.7 ± 1.6 Ma (MSWD= 1.5, 2σ,
n=16),which is slightly younger than the exposed dikes, butwithin error of the age of the buried granite porphy-
ry dike. Five molybdenite samples from the ores yield Re–Os isotope ages of 123.31 ± 1.02 to 128.49 ± 1.40 Ma,
which are consistent with the U–Pb ages for the igneous rocks These age data constrain magmatic–hydrothermal
activity at the Qian'echong Mo deposit to a period of about six million years from 129 to 123 Ma. This period
overlaps the recognized regional Mo mineralization event in the Dabie Shan of 142–111 Ma, which took place
during the post-collisional tectonism subsequent to amalgamation of the Yangtze and North China blocks.
The Qian'echong granite porphyry stock and dikes have high contents of SiO2, K2O and Al2O3, and low contents of
TiO2, MgO and CaO, showing a peraluminous high-K calc-alkaline to shoshonite affinity, with obvious LREE en-
richment and a negative Eu anomaly. The rocks have a high initial 87Sr/86Sr of 0.70729 to 0.71788 and highly neg-
ative εNd(t) values of−16.2 to−26.1, with TDM2(Nd) ages of 2.24 to 3.03 Ga. Their (206Pb/204Pb)t, (207Pb/204Pb)
t, and (208Pb/204Pb)t values range from 16.017 to 16.701, 15.252 to 15.368, and 37.095 to 37.578, respectively.
This Sr–Nd–Pb isotopic signature indicates that the causative granitic intrusions for the Qian'echong deposit
were mainly melts with components of both the northern Dabie complex and the Taihua and Xiong'er Groups
that are part of the Precambrian basement of theNorth China block. Themelts were generated during the tecton-
ic extrusion of the Dabie Shan and their emplacement onto the basement of the North China block.
The Qian'echong Mo deposit is unique based upon the crustal source for the causative porphyry, localization of
most mineralization in the surrounding schist country rocks, and the CO2-rich ore-forming fluid. Thus we
propose the Qian'echong deposit to represent a new sub-type of porphyry Mo deposit, herein termed
collisional- or Dabie-type porphyry deposit.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The majority of porphyry deposits are formed in magmatic arcs
(Sillitoe, 1972; Richards, 2011), although a small number are considered
to develop in other settings (e.g. Richards et al., 1990; Chen et al., 2000;
Richards, 2003; Chen et al., 2007; Chen and Li, 2009; Pirajno, 2009;
Richards, 2009; Pirajno, 2013). The east–west trending Qinling–Dabie
.com (Y.-J. Chen).

na Research. Published by Elsevier B.
Shan, eastern China, is a Mesozoic collisional orogenic belt that sutures
the Yangtze and the North China blocks, and accommodates one of the
world's most important molybdenum (Mo) belts in the eastern Qinling
area. The eastern Qinling part of the orogen contains six giant Mo
deposits (each with a reserve of N0.5 Mt Mo) and tens of small
(b0.01 Mt Mo), medium (0.01–0.1 Mt Mo), and large (0.1–0.5 Mt Mo)
deposits, with a combined total reserve of ~6 Mt Mo metal (Li et al.,
2007; Chen et al., 2009). These Mo deposits are mainly associated with
Mesozoic porphyritic intrusions and are classified as porphyry or por-
phyry–skarn deposit types formed in a post-collisional regime (Chen
V. All rights reserved.
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et al., 2000; Li et al., 2007; Mao et al., 2008; Chen et al., 2009; Mao et al.,
2010, 2011; N. Li et al., 2012a, 2012b; Chen, 2013; N. Li et al., 2013).

The Dabie Shan is the easternmost part of the Qinling–Dabie Shan
orogenic belt. It has been regarded as a relatively nonprospective part
of the orogen for a long time, because no important deposits had been
discovered there (Chen and Wang, 2011). In the past decade, this
changed with the discoveries of large to giant porphyry Mo deposits at
Tangjiaping in 2004, Qian'echong in 2007, and Shapinggou in 2008,
and small to mediumMo deposits at Zhupeidian, Liangshan, Yaochong,
Dayinjian, Xiaofan, and Mushan (Fig. 1; Chen and Wang, 2011; Mao
et al., 2011; Y.F. Yang et al., 2013; Y. Li et al., 2013; Gao et al., 2014;
Wang et al., 2014). These deposits have shown the Dabie Shan to be a
significant porphyryMo belt, similar to the eastern Qinling, with proven
reserves of N3MtMometal (Fig. 1; H.C. Li et al., 2012; N. Li et al., 2012).

The Qian'echong porphyry Mo deposit is the second largest Mo
deposit in the Dabie Shan, and contains a proven reserve of about
741 Mt of ore at an average grade of 0.081% Mo (Geological Survey
Team 3 of Henan Bureau of Land and Resources, 2009; Y.F. Yang et al.,
2013). Although it is not being mined due to present economic condi-
tions, the study of the geology, geochemistry and genesis of this large
deposit remains important. M.Z. Yang et al. (2010) determined a U–Pb
age of 128.8± 2.6Ma for a weaklymineralized biotite granite porphyry
dike at the deposit and a weighted average Re–Os age of 127.82 ±
0.87 Ma for molybdenite samples from the Qian'echong mineralization.
Two other biotite granite porphyry dike samples yielded initial 87Sr/86Sr
ratios of 0.70669 and 0.72165, and εNd(t) of−18.01 and−21.37 (M.Z.
Yang et al., 2010), respectively. Gao et al. (2014) recently reported a
Fig. 1. Generalized geological map of the Dabie Shan, showing the locations of Qian'echong and
Orogenic Belt; COB: Central Orogenic Belt.
molybdenite Re–Os isochron age of 129.4 ± 1.5 Ma, and two SHRIMP
zircon U–Pb ages of 130 ± 2 Ma and 129 ± 2 Ma, together with Pb–
Sr–Nd isotope data for the buried granite porphyry.

Despite the above preliminary geochronological and geochemical
work, a thorough and systematic study of the ages and Sr–Nd–Pb isoto-
pic compositions of the buried main biotite granite porphyry stock and
other porphyry dikes, such as the rhyolitic porphyry and quartz porphy-
ry dikes, in this deposit is lacking. Consequently, the origin of the por-
phyry Mo system has not been well constrained. Therefore, we report
here new zircon U–Pb isotope dates for all the ore-associated intrusions,
additional molybdenite Re–Os dates of the ores, andmajor and trace el-
ement and Sr–Nd–Pb isotope data for the ore-associated intrusions to
comprehensively define the duration of the magmatic–hydrothermal
activity and place it into a well-constrained tectonic setting. Our results
show that the Qian'echong porphyry Mo system originated from the
southward subduction of the North China block, rather than by the
previously-suggested northward subduction of the Yangtze block.

2. Regional geology

The Dabie Shan lies at the eastern end of the east–west-trending
Qinling–Dabie Shan orogenic belt suturing theNorth China and Yangtze
blocks (Zheng et al., 2013). It is bounded by the Xiangfan–Guangji fault
to the south and the Luanchuan or inferred Gushi fault to the north
(Fig. 1). The NW-trending Guishan–Meishan fault defines the final
suturing between the North China and Yangtze blocks. To the north
of Guishan–Meishan fault, metamorphic rocks of the Qinling and
other porphyry Mo deposits (modified after Chen andWang, 2011). CAOB: Central Asian
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Erlangping Groups make up the Caledonian (early Paleozoic) accretion-
ary belt formed along the southern margin of the North China block
(Chen and Fu, 1992; Liu et al., 2013). They are locally overlain by late Pa-
leozoic strata, such as the Carboniferous Meishan Group coal-bearing
sequence. Progressively to the south of the Guishan–Meishan fault, are
the rocks of the Xinyang Group, the Sujiahe Group (locally called
Xiaojiamiao Formation at the Qian'echong deposit), the Dabie Complex,
theHong'an Group and the Suixian Group,with the Tongbai–Shangcheng
(TSF), Xiaotian–Mozitan (XMF), Qiliping, and Gaoqiao faults as their
boundaries, respectively (Fig. 1).

The Xinyang Group is a Hercynian–Indosinian (Devonian to Early
Triassic) accretionary complex, containing ophiolitic slices and Precam-
brian fragments (Liu et al., 2013). It is subdivided into the Guishan and
NanwanFormations in ascending order,with lithologies beingdominat-
ed by mafic to felsic volcanic and sedimentary rocks, respectively
(Henan Bureau of Geology and Mineral Resources, 1989). The Guishan
Formation, intercalated with ophiolitic slices of volcanic rocks from
the Qinling Group, is dominated by fore-arc clastic sediments with
minor marble. The Nanwan Formation is a greenschist facies assem-
blage of bedded quartzites and pelites (Liu et al., 2013).

The Sujiahe Group, constituting a Caledonian accretionary complex,
comprises highly strained granites, metagabbro bodies, mica schists,
quartzofeldspathic gneisses, amphibolites, marbles, and eclogite
enclaves (X.C. Liu et al., 2008). The Dabie (or Tongbai) Complex, accom-
modating UHP eclogite massifs, consists of high-grade metamorphosed
Neoproterozoic tonalite–trondhjemite–granodiorite (TTG) gneisses and
subordinate migmatites (Jahn et al., 1999; Hacker et al., 2000; Zheng
et al., 2006), and Archean to Proterozoic supracrustal rocks including
granulites, amphibolites, biotite-plagioclase gneisses, and marbles (Liu
and Liou, 2011). It is often subdivided into southern and northern
Dabie complexes according to the protolith of the rocks, with the
Xishui–Tongcheng fault (XTF; Fig. 1) as the boundary (Zhang et al.,
2002; Zhao et al., 2008, 2011). The Hong'an Group (Neoproterozoic)
comprises quartzofeldspathic schists, and muscovite-albite and
two-mica gneisses, with minor eclogites, amphibolites, marbles,
metaphosphorite layers, and graphite schist (Liu et al., 2004; X.C. Liu
et al., 2008). The Suixian Group is a low to middle metamorphic grade
Neoproterozoic volcanic–sedimentary sequence, containing volumi-
nous blueschists, and thus is also called the Mulanshan blueschist unit
(Liu et al., 2004; X.C. Liu et al., 2008).

Intrusions in Dabie Shan are mainly Jinningian (1.0–0.54 Ga) and
Yanshanian (late Mesozoic) in age (Fig. 1). The Jinningian granitoids
were emplaced into rocks of the Dabie Complex. Regional faults and
tectonostratigraphic units in the Dabie Shan strike WNW to NW. They
are crosscut byNE- toNNE-trending faults that developed in the Jurassic
or later, such as the Dawu and Shangcheng–Macheng faults, and which
typically control the location of the Yanshanian granitic batholiths and
stocks. Yanshanian stocks, including Xiaofan, Mushan, Dayinjian,
Tangjiaping, and Shapinggou, have zircon U–Pb ages of 142–110 Ma
(H. Zhang et al., 2011; Mao et al., 2011; H.C. Li et al., 2012; Meng et al.,
2012; H.J. Chen et al., 2013), and are associated with porphyry Mo
deposits (Fig. 1; Y. Li et al., 2013 and references therein).
Fig. 2. Simplified geological map of the Qian'echong Mo deposit.
Modified after Geological Survey Team 3 of Henan Bureau of Land and
Resources (2009).
3. Local and ore geology

The Qian'echong Mo deposit is located in the northern Dabie Shan,
to the south of the Guishan–Meishan fault (Fig. 1). Rocks of the Nanwan
Formation of the Xinyang Group and of the Xiaojiamiao Formation crop
out at the deposit, with the Tongbai–Shangcheng fault separating the
two formations (Fig. 2). The Neoproterozoic–Ordovician Xiaojiamiao
Formation consists of muscovite–albite schists, muscovite–quartz
schists, two-mica oligoclase schists, and lenticular marble intercala-
tions, whereas the Devonian–Triassic Nanwan Formation is composed
of two-mica quartz schists, epidote–biotite quartz schists, and biotite-
plagioclase schists.
Structures in the deposit area are dominated by two groups of faults
subsidiary to the regional Tongbai–Shangcheng fault. The WNW- to
NW-trending faults are the most conspicuous, and are as long as 600–
2500 m, with widths of 0.5–5 m, and SW-dips with angles of 70–90°.
The NNE- to NNW-trending faults are hundreds to thousands of meters
in length, with widths of 0.5–10 m, and steep dips to either the west or
the east at angles of 70–90°. They locally crosscut the WNW- to NW-
trending faults (Fig. 2).

Three types of igneous dikes crop out in the Qian'echong area
(Fig. 2). Diorite dike swarms are WNW-trending, and composed of pla-
gioclase, hornblende, K-feldspar, and quartz, with accessory apatite and
magnetite. These dikes are crosscut by NNE- to NNW-trending faults
and quartz porphyry dikes, which comprise quartz, K-feldspar, plagio-
clase, and minor mica. Rhyolitic to granite porphyry dikes occur along
the WNW-trending faults and are composed of quartz, plagioclase, K-
feldspar, and minor biotite phenocrysts. The rhyolitic porphyry dikes
have similar mineralogy to granite porphyry dikes, but the phenocrysts
are more idiomorphic and the grains of the matrix are too fine to be
visible. No crosscutting relationship has been observed between the
rhyolitic to granitic porphyry dikes and the diorite or the quartz porphy-
ry dikes.

The ore-associated Qian'echong granite porphyry stock intruded
schists of the Nanwan Formation and is totally under cover (Fig. 3). It
was discovered by 10 drill holes between the seventh and eighth
prospecting lines at depths of −607 to −745 m ASL. As revealed by
the drill hole data, the stock is ~500-m-long, ~400-m-wide, and elon-
gated in a WNW direction. It may connect upward to the thin granite



Fig. 3.Generalized geological cross-section along prospecting line no. 0 of theQian'echong
deposit, showing the occurrence of the main orebodies and relationship to underlying
granite porphyry.
Modified after Geological Survey Team 3 of Henan Bureau of Land and Resources (2009).
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porphyry dikes, also recognized in the drill holes, and then to the granit-
ic to rhyolitic dikes observed at surface. The granite porphyry stock con-
tains 30–40% phenocrysts of plagioclase, K-feldspar, quartz, and minor
biotite. The matrix comprises fine-grained K-feldspar, plagioclase,
quartz, and biotite, with minor sphene, zircon, apatite, magnetite, and
ilmenite.

Field observations reveal that the quartz porphyry dikes and the rhy-
olitic to granite porphyry dikes host minor Momineralization, although
they are significantly above the main orebodies. Drill hole data indicate
that the buried granite porphyry dikes and stock are mineralized and
hydrothermally altered, but also do not contain much of the ore (b1%
of the calculated reserve). However, themagmatic rocks are surrounded
by a broad hydrothermal alteration system in the country rock schists,
consisting of a potassic alteration core, a huge concentric propylitic
alteration halo, and an intermediate zone of phyllic alteration that also
strongly overprinted the potassic zone. The potassic core, marked by
strong K-feldspar development, surrounds the stock in an elliptic form
and with a diameter of 1–1.5 km (Fig. 2). The hydrothermal altered
rocks host metallic mineralization that exhibits outward/upward
zoning from Mo, through Cu–Mo, and to Pb–Zn–Ag (Figs. 2 and 3).

The Pb–Zn–Ag mineralization is present as sulfide-quartz ± calcite
veins in the propylitically altered schist (Fig. 2) along the WNW-
and NNW-trending faults. The largest vein is 800-m-long, 115- to 237-
m-deep, and 1.8- to 6.7-m-wide, and NNW-trending with a dip of 75–
85°. Metallic minerals in these veins are sphalerite, galena, and pyrite,
with traces of chalcopyrite, tetrahedrite, argentite, and native silver.
The veins have average grades of ~1% Pb, ~1% Zn, ~50 g/t Ag, and
b0.2% Cu, respectively. Those veins with grades of N60 g/t Ag are re-
ferred to as “Ag veins” by local geologists. The three largest Ag veins
are 150- to 330-m-long, 0.7- to 1.1-m-wide, and grade 60–170 g/t Ag.
They occur to the east of the sheeted Cu ± Mo veins (see below), are
along the WNW-trending faults, and dip to the south at 70–80°.

Numerous sheeted chalcopyrite- and molybdenite-bearing quartz
veins are observed at the surface or at shallow levels in the potassic
alteration zone (Figs. 2, 3). The sheeted Cu ± Mo veins are generally
0.5- to 2.5-m-wide and 150- to 350-m-long, are located along WNW-
trending faults, and dip to the south at 70–80°, although some also dip
steeply to the north (Fig. 3). The Mo grades in the veins are lower
than 0.03%, but the Cu contents range from 0.38–1.21% at depths of
15–70 m. The veins become shorter, thinner, and more stockwork-like
with increasing depths, and transition into fine stockwork networks
and disseminations in the main Mo orebodies at depth.
Three main Mo orebodies (M1, M2, and M3 in Fig. 3) are hosted
in the potassically altered schists. They mainly occur at elevations
between 10 m and −600 m ASL, and immediately below the zone of
sheeted Cu ± Mo veins, but above the Qian'echong granite porphyry
stock (Fig. 3). The largest of these orebodies is about 1500-m-long,
400- to 1000-m-wide, and lenticular in shape. Ore minerals are mainly
molybdenite and pyrite, with minor magnetite, chalcopyrite, galena,
and sphalerite. Gangue minerals include quartz, feldspar, epidote,
biotite, sericite, chlorite, fluorite, and calcite. Mineralization occurs as
veinlets and stockworks with thicknesses of several to tens of millime-
ters, and as disseminations with flaky, replacement, idiomorphic to
hypidiomorphic grains (Y.F. Yang et al., 2013).

Hydrothermal alteration types at the Qian'echong deposit include
(Y.F. Yang et al., 2013): (1) potassic alteration, with biotite and K-
feldspar as predominant hydrothermal minerals, occurring in the
granitic porphyry stock and in the surrounding schists and adjacent
dikes; (2) common silicification, particularly associated with quartz-
sulfide stockworks or veinlets; (3) sericitization of feldspar and biotite,
in associationwith disseminated pyrite and quartz-sericite veinlets; (4)
argillization, typified by transformation of feldspar to kaolinite, general-
ly adjacent to Mo-bearing quartz stockworks, rhyolitic to granitic dikes,
and fractures in the feldspathic schists; (5) propylitization, with epi-
dote, chlorite, sericite, and calcite as the predominant hydrothermal
minerals; (6) carbonatization, mainly typified by carbonate veinlets;
and (7) fluoritization, characterized by disseminated purple fluorite
grains or veinlets.

The hydrothermal alteration and mineralization are divided into
four stages, according to mineralogical features, associations and cross-
cutting relationships of veins, as well as the mineral replacing relation-
ships and petrographic characteristics of the altered rocks. Stage 1 is
characterized by the assemblage K-feldspar + quartz + epidote +
magnetite + pyrite. Magnetite is mostly disseminated, coexisting
with K-feldspar, quartz, and epidote; pyrite forms idiomorphic to
hypidiomorphic cubes or replaces magnetite; and minor molybdenite
is disseminated in the porphyry. The minerals are zoned outward
from potassic assemblages, to a zone of silicification, and to an outer-
most propylitic assemblage. Stage 2 was responsible for most of
the Mo mineralization, and is characterized by the assemblage
quartz + molybdenite + pyrite. Molybdenite is flaky, and is present
in quartz-molybdenite ± pyrite stockworks or as fine-grained films
coating cracks. Stage 3 is characterized by the assemblage of quartz ±
calcite + base metal sulfides. The sulfides, including sphalerite, galena,
pyrite, and chalcopyrite, are generally xenomorphic and coexist with
quartz and calcite in veins. Silicification and phyllic alteration are
most conspicuous in Stages 2 and 3. Stage 4 is characterized by
quartz-carbonate, carbonate, or/and carbonate-fluorite veinlets, with
no or little sulfide, which crosscut the earlier veins, stockworks, and
altered porphyry assemblages.

Y.F. Yang et al. (2013) conducted initial fluid inclusion studies on the
ores. Carbonic, carbonic-aqueous, aqueous, and solid-bearing fluid
inclusions are present in the Stage 1 quartz. The Stage 2 quartz also
contains the latter three types of inclusions. The Stage 3 inclusions are
aqueous, with or without daughter minerals, but lack any detectable
CO2. The Stage 4 minerals only contain aqueous inclusions without
daughter phases. Thus the hydrothermal fluids evolved from high-
salinity and CO2-rich ore fluids, to low-salinity and CO2-poor post-ore
fluids. The fluid inclusions inminerals of Stages 1, 2, and 3 homogenized
at temperatures of 260–400 °C, 200–340 °C and 160–300 °C, respec-
tively. The estimated minimum trapping pressures are as much as
100 MPa in Stage 1 and 62 MPa in Stage 2, corresponding to an initial
mineralization depth of at least ~4 km (Y.F. Yang et al., 2013). Consider-
ing the observed chalcopyrite, calcite, and sylvite, but the absence of
halite in solid-bearing inclusions, Y.F. Yang et al. (2013) proposed that
the Qian'echong hydrothermal systemwas NaCl-poor. This characteris-
tic, together with the initial CO2-rich nature of the fluids and the wide-
spread potassic alteration and fluoritization, is consistent with the
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features proposed by Chen and Li (2009) for magmatic–hydrothermal
systems that evolved in continental collision settings.

4. Sampling and analytical methods

4.1. Samples

Samples QEC002, QEC003, and QEC004 were collected from partly
weathered outcropping granite porphyry, rhyolite porphyry, and quartz
porphyry dikes, respectively (Fig. 2). Ten samples of the buried granite
porphyry stock (QEC005–QEC016) were collected from core in drill
hole ZK005 between depths of 1285 and 995m (Figs. 2 and 3); whereas
three samples of buried biotite granite porphyry dike (QEC018–
QEC020) were collected from core in hole ZK204 at a depth of about
100 m. Due to the potassic, phyllic, and argillic alteration of much of
the studied drill cores, care was taken in selecting the least altered sam-
ples for major and trace element and whole-rock Sr–Nd–Pb isotopic
analyses.

The samples of buried granite porphyry stock show massive struc-
ture (Fig. 4A). The phenocrysts are composed of K-feldspar, quartz,
and plagioclase, accounting for about 20%, 10%, and 5% of the rock
volume, respectively, with lengths as great as 10 mm, but typically
about 1–5 mm (Fig. 4B). The matrix shows a granitic texture (Fig. 4C),
and mainly consists of fine-grained K-feldspar, quartz, plagioclase, and
biotite.
Fig. 4. Photographs showing petrography of the porphyry dikes and stock at Qian'echong. (A) B
phyry (crossed nicols); (C)matrix of the biotite granite porphyry, showing granitic texture (cros
porphyry dike (crossed nicols); (F) K-feldspar phenocryst in the biotite granite porphyry dike; (
K-feldspar phenocryst in the rhyolitic porphyry (crossed nicols); (I) the quartz phenocryst in t
Three samples of buried granite porphyry dike are more porphyritic
(Fig. 4D) than the granite porphyry stock. The quartz phenocrysts
account for about 20% of the rock volume,withmaximum lengths of ap-
proximately 1 to 3mm(Fig. 4E); the K-feldspar phenocrysts are present
as tabular crystals, 1–3.5mm in length, and account for about 20% of the
rock volume (Fig. 4F); and the plagioclase and minor biotite pheno-
crysts together account for about 10% of the volume. The K-feldspar
and plagioclase phenocrysts have undergone either sericitization or
argillitization (Fig. 4F). The matrix, accounting for about 50% of the
rock volume, is comprised of fine-grained K-feldspar, plagioclase,
quartz, and biotite.

The samples fromoutcrops of rhyolitic to granitic porphyry dikes are
obviously weathered and more porphyritic. They have micro-grained
groundmasses (Fig. 4G, H) that are clearly less crystallized than the
buried biotite granite porphyry dikes or stock. The phenocrysts account
for about 45% of the volume, and mainly consist of quartz, followed by
K-feldspar and biotite (Fig. 4G, H). The K-feldspar and biotite pheno-
crysts have been altered to sericite (Fig. 4H), whereas the quartz pheno-
crysts are typically broken or fractured. The grains of matrix are very
fine, showing a microcrystalline to cryptocrystalline structure.

The quartz porphyry dike sample is alsoweathered. The phenocrysts
are rounded xenomorphic quartz (Fig. 4I), and account for 10–25% of
the rock volume, with maximum dimensions of about 0.5 to 1 mm.
Potassium-feldspar phenocrysts can be observed locally. The matrix
shows a microcrystalline to cryptocrystalline structure.
uried biotite granite porphyry stock; (B) K-feldspar phenocryst in the biotite granite por-
sed nicols); (D) biotite granite porphyry dike; (E) quartz phenocrysts in the biotite granite
G) quartz and biotite phenocrysts in the rhyolitic porphyry (crossed nicols); (H) sericitized
he quartz porphyry dike (crossed nicols).



Table 1
Major and trace element compositions of the intrusions at Qian'echong deposit (wt.% for oxides, ppm for other elements).

No. QEC 002 QEC 003 QEC 004 QEC 005 QEC 006 QEC 008 QEC 009 QEC 010 QEC 011 QEC 012 QEC 014 QEC 015 QEC 016 QEC 018 QEC 019 QEC 020

SiO2 77.21 76.46 76.76 72.76 72.88 73.35 73.04 72.86 72.57 72.38 73.14 72.39 72.54 72.50 72.58 72.65
TiO2 0.237 0.121 0.068 0.187 0.193 0.204 0.232 0.237 0.226 0.207 0.202 0.211 0.214 0.222 0.237 0.216
Al2O3 12.60 13.56 12.27 14.82 14.64 14.40 14.22 14.28 14.25 14.59 14.16 14.36 14.24 14.01 14.09 13.89
CaO 0.06 0.07 0.04 1.19 0.95 1.14 1.02 1.03 1.21 1.08 0.91 1.09 0.94 1.30 1.24 1.36
TFe2O3 1.15 0.55 0.95 1.12 1.11 1.34 1.51 1.60 1.52 1.22 1.06 1.09 1.03 1.46 1.46 1.39
Na2O 0.01 2.09 0.07 3.88 3.77 3.75 3.84 3.70 3.77 3.80 3.64 3.77 3.83 3.61 3.63 3.41
K2O 5.52 5.23 8.22 4.98 5.09 4.85 4.83 4.99 4.81 5.23 5.21 5.11 5.17 4.90 4.90 4.72
MgO 0.449 0.263 0.140 0.346 0.341 0.345 0.388 0.353 0.382 0.40 0.38 0.39 0.41 0.370 0.373 0.378
MnO 0.00 0.00 0.01 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.05 0.05 0.04
P2O5 0.027 0.010 0.014 0.058 0.059 0.063 0.072 0.074 0.071 0.062 0.058 0.062 0.064 0.075 0.074 0.070
LOI 2.45 1.50 1.21 0.60 0.91 0.48 0.78 0.77 1.07 0.70 0.92 1.20 1.22 1.41 1.31 1.75
Total 99.73 99.88 99.77 99.98 99.97 99.96 99.96 99.94 99.92 99.70 99.71 99.72 99.71 99.90 99.94 99.88
Na2O + K2O 5.54 7.32 8.30 8.86 8.86 8.60 8.67 8.69 8.58 9.03 8.86 8.88 9.01 8.51 8.53 8.13
K2O/Na2O 454.2 2.5 111.7 1.3 1.4 1.3 1.3 1.3 1.3 1.4 1.4 1.4 1.3 1.4 1.3 1.4
A/CNK 2.06 1.47 1.35 1.06 1.09 1.07 1.06 1.07 1.05 1.05 1.07 1.05 1.05 1.03 1.04 1.05
A/NK 2.10 1.49 1.36 1.26 1.25 1.26 1.23 1.24 1.25 1.22 1.22 1.22 1.19 1.24 1.25 1.29
Mg# 43.7 48.5 22.6 37.9 37.8 33.9 33.8 30.4 33.2 39.3 41.2 41.3 44.2 33.4 33.7 35.0
Sc 1.72 2.24 1.64 1.26 1.37 1.61 1.60 1.69 1.73 1.34 1.17 1.29 1.19 1.69 1.88 1.81
V 16.62 7.65 6.70 14.39 14.21 15.87 15.95 15.28 16.96 18.14 14.71 16.16 14.58 18.65 15.84 18.02
Cr 4.70 3.32 2.79 6.50 6.37 7.52 7.12 3.83 6.64 9.20 6.43 5.72 6.28 8.47 6.97 6.97
Mn 30.8 17.3 93.1 226.7 215.5 239.0 266.9 234.8 296.0 228.5 231.5 280.3 283.2 448.6 449.3 318.6
Co 0.77 0.55 0.25 1.75 1.65 1.99 1.93 2.22 2.29 1.91 1.55 1.34 1.49 1.91 1.76 2.10
Ni 2.62 2.37 2.16 2.95 2.33 2.95 3.26 1.58 2.38 3.18 2.24 2.16 2.72 4.06 3.88 2.89
Cu 2.40 9.51 16.28 7.15 4.63 2.60 9.14 2.35 2.21 2.80 39.98 15.45 12.02 4.14 3.58 1.87
Zn 100.1 97.53 71.13 21.12 19.83 23.48 24.88 26.62 27.03 20.11 21.95 18.34 26.35 351.7 287.8 29.17
Ga 17.53 19.53 10.64 19.23 19.95 20.44 18.83 20.06 20.61 18.96 18.23 19.41 18.49 20.39 19.35 19.02
Ge 1.47 1.53 1.61 0.96 1.06 1.35 1.29 1.35 1.30 1.14 1.19 1.34 1.12 1.74 1.84 1.54
Rb 230.6 273.9 300.8 182.0 192.4 176.3 185.5 185.3 193.6 197.1 230.2 234.3 256.4 259.3 239.7 201.1
Sr 49.6 65.6 81.5 303.7 262.2 284.1 244.9 251.2 263.3 275.3 250.7 293.1 246.3 244.1 241.6 229.1
Zr 165.8 109.8 83.9 162.3 160.0 171.3 172.1 181.2 184.1 154.7 156.3 161.6 169.3 159.5 150.6 153.9
Nb 18.51 24.55 18.80 14.62 14.89 19.45 18.99 22.12 19.41 12.61 12.78 13.21 13.43 16.12 18.66 18.39
Cs 4.50 4.71 3.29 2.59 3.18 1.94 2.69 2.90 2.87 3.08 3.20 2.88 3.44 4.01 3.73 3.92
Ba 839 442 539 1372 1311 1106 962 928 1114 1327 1279 1314 1388 837 857 828
Hf 4.80 4.33 3.66 4.66 4.56 4.93 5.02 5.25 5.50 4.41 4.49 4.56 4.73 4.70 4.49 4.67
Ta 1.86 2.41 1.50 1.78 1.53 2.22 1.80 2.79 2.16 1.08 1.26 1.25 1.29 1.81 1.85 1.93
Pb 10.88 12.97 54.05 35.59 34.84 32.23 28.90 31.00 29.00 33.55 32.06 29.97 32.51 233.2 98.87 25.40
Th 28.78 28.45 13.20 23.06 24.68 22.23 26.33 23.41 23.63 24.28 23.38 23.20 25.95 27.26 25.48 29.13
U 2.36 6.63 2.70 4.98 7.42 8.18 6.12 7.60 6.97 3.15 4.39 4.51 4.79 8.33 7.80 8.33
Y 11.22 7.78 15.04 7.05 7.45 9.40 8.90 13.00 9.71 6.51 6.79 6.69 7.18 10.09 10.53 10.15
La 50.41 25.40 22.03 58.36 57.07 51.28 52.47 43.33 49.05 56.58 50.43 56.05 61.39 42.15 47.79 45.33
Ce 82.55 43.98 45.62 91.94 91.78 83.37 84.59 73.25 82.19 90.27 80.96 88.35 97.21 71.06 78.99 75.20
Pr 8.46 4.56 5.38 8.97 9.32 8.25 8.40 7.76 8.03 8.73 8.11 8.73 9.61 7.20 8.17 7.63
Nd 26.77 14.07 18.64 28.66 28.84 25.98 26.57 25.84 25.74 27.66 25.37 27.45 29.76 23.08 25.88 23.62
Sm 3.74 2.10 3.87 3.75 3.85 3.52 3.67 4.16 3.70 3.54 3.44 3.54 3.88 3.35 3.71 3.39
Eu 0.80 0.35 0.40 0.85 0.82 0.83 0.77 0.80 0.83 0.83 0.80 0.83 0.82 0.74 0.73 0.69
Gd 2.91 1.66 3.26 2.70 2.80 2.67 2.95 3.48 2.85 2.52 2.52 2.57 2.81 2.64 2.88 2.73
Tb 0.37 0.22 0.48 0.29 0.29 0.32 0.32 0.44 0.33 0.26 0.27 0.27 0.29 0.33 0.34 0.32
Dy 1.84 1.12 2.56 1.22 1.36 1.54 1.49 2.27 1.65 1.14 1.21 1.14 1.23 1.63 1.70 1.62
Ho 0.35 0.23 0.49 0.21 0.23 0.28 0.28 0.40 0.29 0.20 0.21 0.20 0.21 0.30 0.32 0.30
Er 0.90 0.64 1.24 0.54 0.58 0.73 0.70 0.99 0.75 0.50 0.51 0.50 0.53 0.79 0.84 0.80
Tm 0.14 0.12 0.19 0.08 0.08 0.12 0.11 0.16 0.12 0.07 0.08 0.07 0.08 0.13 0.13 0.13
Yb 0.97 0.91 1.29 0.52 0.53 0.80 0.72 1.05 0.84 0.49 0.49 0.50 0.53 0.90 0.92 0.91
Lu 0.16 0.16 0.20 0.08 0.08 0.13 0.12 0.16 0.13 0.08 0.08 0.08 0.08 0.15 0.14 0.15
REE + Y 191.59 103.29 120.68 205.20 205.06 189.21 192.06 177.08 186.18 199.37 181.24 196.97 215.62 164.53 183.07 172.97
δEu 0.72 0.56 0.33 0.77 0.73 0.80 0.69 0.62 0.75 0.81 0.80 0.80 0.72 0.73 0.66 0.68
(La/Yb)N 37.24 20.09 12.25 81.28 77.97 45.81 52.42 29.71 42.04 82.83 73.97 79.77 82.77 33.59 37.30 35.69

QEC002, granite porphyry dike; QEC003, rhyolite porphyry dike; QEC004, quartz porphyry dike; QEC018–QEC020, biotite granite porphyry dike; QEC005, QEC006, QEC008–QEC012, QEC014–QEC016, biotite granite porphyry stock. A/CNK = Al2O3/
(CaO + Na2O + K2O) in molecular ratio; A/NK = Al2O3/(Na2O + K2O) in molecular ratio; Mg# = 100 × Mg/(Mg + ΣFe) in atomic ratio.
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Fig. 5. Petrochemical discrimination diagrams of the buried granite porphyry stock and dikes at Qian'echong.
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Five molybdenite samples for Re–Os isotopic dating were separated
from the Stage 2 quartz-molybdenite veinlets, which were collected
from ZK005 at depths of 300 to 430 m (Figs. 2 and 3) and ZK402
(Fig. 2) at depths of 118 to 300 m.
4.2. Analytical methods

Major and trace element analyses were performed at the Key
Laboratory of Isotope Geochronology and Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences (CAS), using
XRF (X-Ray Fluorescence) on a Rigaku ZSX100e instrument and a
Perkin-Elmer Sciex ELAN 6000 inductively coupled plasma mass spec-
trometer (ICP-MS), respectively. Details of the analytical procedures
were given by Lee et al. (1997) and Li (1997). Accuracies of analyses
are within 3% for major oxides and within 5% for trace elements.

Zircon grains were separated from samples QEC002, QEC003,
QEC004, QEC011, and QEC020, using standard density and magnetic
separation techniques. Representative zircon grains were mounted in
epoxy resin and polished down to expose the grain center. Transmitted
and reflected lightmicrographs and cathodoluminescence (CL) imaging
were used to reveal internal structures of these zircon grains.
Fig. 6. Chondrite-normalized REE patterns (A) and primitive mantle-normalized trace elemen
mantle are given by Sun and McDonough (1989).
Measurements of U, Th, and Pb of zircons from samples QEC002,
QEC003, QEC004, and QEC020 using a Cameca IMS 1280 large-radius
SIMS at the Institute of Geology and Geophysics, CAS, Beijing. Analytical
procedures are described by Li et al. (2009). The calibration of U–Th–Pb
ratios was performed relative to standard zircon Plésovice (337 Ma,
Sláma et al., 2008), and the correction of U concentrations was done by
normalization to standard zircon 91500 (81 ppm; Wiedenbeck et al.,
1995). A long-term uncertainty of 1.5% (1RSD) for 206Pb/238U measure-
ments of the standard zircons was propagated to the unknowns (Li
et al., 2010), despite the fact that themeasured 206Pb/238U error in a spe-
cific session is generally≤1%. Standard zirconQinghu (159.5Ma; Li et al.,
2009) was alternately analyzed as an unknown sample to monitor the
external uncertainties of SIMS U–Pb measurements calibrated against
standard 91500. Measured compositions were corrected for common
Pb using non-radiogenic 204Pb. Corrections are sufficiently small to be
insensitive to the choice of common Pb composition, and an average of
present-day crustal composition (Stacey and Kramers, 1975) is used
for the common Pb assuming that the common Pb is mainly surface
contamination introduced during sample preparation. Uncertainties for
individual analyses in data tables are reported at a 1σ level; mean ages
for pooled U/Pb analyses are quoted at a 2σ level. Data reduction was
carried out using the Isoplot/Ex v.3.0 program (Ludwig, 2003).
t patterns (B) of the porphyries at Qian'echong deposit. Data of chondrite and primitive
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Measurements of U, Th, and Pb concentrations of zircons from the
sample QEC011 (the biotite granite porphyry) were carried out by
means of LA-ICP-MS at the Key Laboratory of Isotope Geochronology
and Geochemistry, Guangzhou Institute of Geochemistry, CAS. A Reso-
lution M-50 laser-ablation system was used in conjunction with an
Agilent 7500 ICP-MS. The clearest, least fractured rims of the zircon
crystals were selected as suitable targets for laser ablation analyses.
Sample mounts were placed in the two-volume sample cell flushed
with Ar and He. Laser ablation was operated at a constant energy
80 mJ and at 8 Hz, with a spot diameter of 31 μm. The ablated material
was carried by the He gas to the Agilent 7500 ICP-MS. Element correc-
tions were made for mass bias drift, which was evaluated by reference
to standard glass NIST 610 (Y.S. Liu et al., 2008). The Temora was used
as the age standard (206Pb/238U = 416.8 Ma) (Black et al., 2003).
Trace element concentrations were obtained by normalizing count
rates for each analyzed element to those for Si, and assuming SiO2 to
be stoichiometric in zircon (Tu et al., 2011).

Molybdenite separates were obtained by crushing the samples in a
porcelain mill, gravity sorting, electromagnetic separation, and finally
hand-pickingunder a binocularmicroscope (purity N99%).Molybdenite
dissolution and preparation were performed at the Key Laboratory of
Isotope Geochronology and Geochemistry, Guangzhou Institute of Geo-
chemistry. The Re and Os concentration and isotopic composition were
measured using a X-7 Inductively Coupled Plasma Mass Spectrometer
(ICP-MS) at the College of Resource Science, University of Chang'an,
using a type of XSeries-7 quadrupole ICP-MS (Thermo Scientific, USA)
with glass spray chamber and concentric glass nebulizer. Details of the
Fig. 7. Cathodoluminescent images of zircon grains of the dated samples from the
analytical procedures were given by Sun et al. (2010). Model ages
were calculated following the equation: t = [ln(1 + 187Os/187Re)]/λ,
where λ is the decay constant of 187Re, 1.666 × 10−11/yr−1 (Smoliar
et al., 1996). Uncertainties in spike calibration, weighing for spike and
sample, and mass spectrometry measurements for isotope ratio and
mass fractionation factor and the decay constant of 187Re are considered
(Sun et al., 2010). All uncertainties are given as absolute amounts at the
2σ level.

The whole-rock Sr–Nd–Pb isotopic analyses were performed at the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, CAS. Powders of samples were dissolved in HF-HClO4

for Sr and Nd isotope analyses and in HF-HNO3 for Pb isotope analyses.
Dissolution was at 200 °C for one week. The isotope measurements
were performed on a Neptune Plus multi-collection mass spectrometry
equipped with nine Faraday cup collectors and eight ion counters.
Details of Sr, Nd, and Pb isotopic analytical methods are similar to
Waight et al. (2002), Y.H. Yang et al. (2010), and Chernyshev et al.
(2007). Normalizing factors used to correct the mass fractionation
of Sr and Nd during the measurements were 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219. Analyses of standards NIST SRM 987 and the
Shin Etsu JNdi-1 over the measurement period provided 87Sr/86Sr =
0.710280 ± 6 (2σ, n = 15) and 143Nd/144Nd = 0.512087 ± 2 (2σ,
n = 18), respectively. Samples for Pb isotope analyses were doped
with Tl and mass discrimination was corrected relative to a certified
205Tl/203Tl ratio. Analyses of standard NIST SRM 981, over the
measurement period provided 206Pb/204Pb = 16.935 ± 1 (2σ, n =
16), 207Pb/204Pb = 15.486 ± 1 (2σ, n = 16), and 208Pb/204Pb =
Qian'echong porphyry Mo deposit, showing the locations of analyzed points.
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36.676 ± 1 (2σ, n = 16). Analytical errors for Sr, Nd, and Pb isotopic
ratios are given as 2σ.

5. Analytical results

5.1. Geochemical composition

Analytical results ofmajor and trace elements of igneous rocks at the
Qian'echongdeposit are presented in Table 1. Samples QEC002, QEC003,
Table 2
Results of SIMS U–Pb dating for the single-grain zircon from the rhyolite porphyry dike (QEC0

Spot no. Content (μg/g) Ratios

U Th Pb Th/U 207Pb/235U ±% 206Pb/238U ±% Error cor

QEC002-1 457 198 11 0.43 0.1317 4.12 0.0197 1.68 0.41
QEC002-2 253 397 8 1.57 0.1352 3.71 0.0201 1.58 0.43
QEC002-3 486 424 13 0.87 0.1313 3.40 0.0202 1.55 0.46
QEC002-5 275 452 8 1.64 0.1399 3.51 0.0199 1.53 0.43
QEC002-6 264 361 8 1.37 0.1283 5.68 0.0200 1.60 0.28
QEC002-7 500 739 15 1.48 0.1318 3.35 0.0201 1.51 0.45
QEC002-8 550 628 15 1.14 0.1323 4.59 0.0198 1.54 0.33
QEC002-9 459 431 12 0.94 0.1322 2.99 0.0197 1.51 0.50
QEC002-10 178 337 6 1.89 0.1296 4.98 0.0193 1.63 0.33
QEC002-11 446 348 11 0.78 0.1215 7.50 0.0196 1.61 0.22
QEC002-12 770 616 20 0.80 0.1363 2.40 0.0205 1.50 0.63
QEC002-13 753 383 18 0.51 0.1274 2.71 0.0197 1.52 0.56
QEC002-14 281 437 8 1.56 0.1229 4.76 0.0200 1.52 0.32
QEC002-15 500 1031 16 2.06 0.1313 3.31 0.0198 1.52 0.46
QEC002-16 928 794 25 0.86 0.1399 2.35 0.0203 1.51 0.64
QEC002-17 1239 1362 36 1.10 0.1417 2.42 0.0210 1.53 0.63
QEC003-1 188 379 6 2.02 0.1322 3.97 0.0197 1.61 0.41
QEC003-2 346 137 8 0.40 0.1282 3.98 0.0200 1.52 0.38
QEC003-3 581 1377 20 2.37 0.1321 2.89 0.0197 1.53 0.53
QEC003-4 414 380 11 0.92 0.1294 4.46 0.0206 1.58 0.35
QEC003-5 547 230 13 0.42 0.1326 2.68 0.0198 1.54 0.57
QEC003-6 357 209 9 0.59 0.1259 3.10 0.0200 1.55 0.50
QEC003-7 664 633 18 0.95 0.1397 3.92 0.0198 1.53 0.39
QEC003-8 682 688 19 1.01 0.1309 2.83 0.0201 1.52 0.54
QEC003-9 628 420 16 0.67 0.1296 2.75 0.0200 1.53 0.56
QEC003-12 2419 2928 69 1.21 0.1323 1.88 0.0199 1.51 0.80
QEC003-13 590 661 16 1.12 0.1324 3.04 0.0200 1.53 0.50
QEC003-14 842 1701 28 2.02 0.1333 3.01 0.0197 1.54 0.51
QEC003-15 607 730 17 1.20 0.1351 2.56 0.0199 1.53 0.60
QEC003-16 704 397 18 0.56 0.1330 2.80 0.0204 1.52 0.54
QEC003-17 790 930 23 1.18 0.1377 2.73 0.0199 1.52 0.56
QEC003-18 1242 782 31 0.63 0.1305 3.84 0.0199 1.52 0.40
QEC003-19 399 803 13 2.01 0.1264 3.74 0.0200 1.65 0.44
QEC004-1 471 1190 17 2.52 0.1327 3.49 0.0201 1.54 0.44
QEC004-2 750 1333 24 1.78 0.1299 2.60 0.0201 1.54 0.59
QEC004-3 2649 7221 97 2.73 0.1243 9.15 0.0201 1.60 0.18
QEC004-4 1217 1078 33 0.89 0.1338 2.19 0.0203 1.51 0.69
QEC004-5 1101 821 28 0.75 0.1331 2.28 0.0201 1.58 0.69
QEC004-6 2223 3431 68 1.54 0.1324 3.50 0.0203 1.50 0.43
QEC004-8 1386 2600 46 1.88 0.1411 2.52 0.0203 1.52 0.60
QEC004-9 1067 1611 32 1.51 0.1350 2.43 0.0201 1.53 0.63
QEC004-10 1936 2618 58 1.35 0.1351 2.02 0.0204 1.53 0.76
QEC004-11 1997 2734 59 1.37 0.1347 11.92 0.0202 1.59 0.13
QEC004-12 1272 2660 43 2.09 0.1380 4.98 0.0204 1.51 0.30
QEC004-14 1452 1639 39 1.13 0.1254 7.04 0.0198 1.56 0.22
QEC004-15 2414 4765 79 1.97 0.1325 2.27 0.0203 1.98 0.87
QEC020-1 1213 787 31 0.65 0.1392 2.75 0.0205 2.24 0.82
QEC020-2 310 441 9 1.42 0.1320 3.59 0.0199 2.27 0.63
QEC020-3 298 236 8 0.79 0.1226 9.14 0.0196 2.21 0.24
QEC020-4 933 974 27 1.04 0.1409 2.89 0.0202 2.21 0.76
QEC020-5 434 165 10 0.38 0.1285 3.25 0.0198 2.21 0.68
QEC020-6 376 1146 15 3.05 0.1223 5.62 0.0196 2.23 0.40
QEC020-7 182 202 5 1.11 0.1318 6.00 0.0200 2.29 0.38
QEC020-8 546 260 13 0.48 0.1312 3.83 0.0200 2.21 0.58
QEC020-9 1141 1139 32 1.00 0.1362 2.84 0.0204 2.21 0.78
QEC020-10 112 151 3 1.35 0.1293 5.22 0.0200 2.29 0.44
QEC020-11 518 272 12 0.52 0.1314 3.75 0.0193 2.31 0.62
QEC020-12 1393 1569 38 1.13 0.1313 2.68 0.0195 2.21 0.82
QEC020-14 469 344 12 0.73 0.1321 3.20 0.0198 2.22 0.69
QEC020-15 617 304 14 0.49 0.1283 3.68 0.0193 2.28 0.62
QEC020-16 328 443 10 1.35 0.1260 4.00 0.0199 2.20 0.55
and QEC004 have high SiO2 (76.46–77.21%); low TFe2O3 (0.55–1.15%),
CaO (0.04–0.07%), Na2O (0.01–2.09%), and P2O5 (0.010–0.027%); and a
high K2O/Na2O ratio (N2.5) (Table 1). Sample QEC004 also has a very
low content of MgO.

The granite porphyry stock and dike samples (QEC005, QEC006,
QEC008–QEC012, QEC014–QEC016, and QEC018–QEC020) have similar
features, with high SiO2 (72.38–73.35%), alkalis (Na2O + K2O =
8.13–9.03%), and Al2O3 (13.89–14.82%); and low TiO2 (0.187–0.237%),
MgO (0.341–0.413%), and CaO (0.91–1.36%). The values of K2O/Na2O,
03), quartz porphyry dike (QEC004) and granite porphyry dike (QEC002, QEC020).

Age (Ma)

rect 207Pb/206Pb ±% 206Pb/238U 1σ 207Pb/235U 1σ 207Pb/206Pb 1σ

0.0486 3.76 125.5 2.1 125.7 4.9 129.0 86.2
0.0488 3.35 128.3 2.0 128.7 4.5 136.2 76.9
0.0472 3.02 128.6 2.0 125.3 4.0 61.8 70.5
0.0509 3.16 127.2 1.9 132.9 4.4 237.0 71.4
0.0467 5.45 127.4 2.0 122.6 6.6 31.5 125.6
0.0476 2.99 128.3 1.9 125.8 4.0 77.5 69.6
0.0484 4.33 126.6 1.9 126.2 5.5 117.8 99.0
0.0487 2.58 125.7 1.9 126.0 3.5 133.4 59.5
0.0488 4.70 123.0 2.0 123.7 5.8 137.3 106.9
0.0448 7.32 125.4 2.0 116.4 8.3 64.9 169.7
0.0483 1.87 130.6 1.9 129.7 2.9 114.6 43.6
0.0470 2.25 125.6 1.9 121.8 3.1 46.8 52.8
0.0446 4.51 127.6 1.9 117.7 5.3 78.0 106.9
0.0482 2.94 126.1 1.9 125.3 3.9 109.4 68.1
0.0500 1.80 129.4 1.9 133.0 2.9 196.8 41.3
0.0489 1.88 134.0 2.0 134.6 3.1 145.1 43.6
0.0487 3.62 125.7 2.0 126.1 4.7 132.8 83.1
0.0466 3.67 127.4 1.9 122.4 4.6 28.2 85.8
0.0486 2.46 125.9 1.9 126.0 3.4 128.6 56.8
0.0455 4.17 131.6 2.1 123.5 5.2 29.3 98.1
0.0487 2.20 126.2 1.9 126.4 3.2 131.7 50.9
0.0457 2.68 127.5 2.0 120.4 3.5 16.5 63.5
0.0511 3.61 126.6 1.9 132.8 4.9 245.7 81.1
0.0474 2.39 128.0 1.9 124.9 3.3 67.4 55.9
0.0470 2.29 127.7 1.9 123.7 3.2 49.1 53.7
0.0482 1.12 127.1 1.9 126.2 2.2 108.3 26.3
0.0480 2.62 127.6 1.9 126.3 3.6 101.6 60.9
0.0490 2.58 125.9 1.9 127.1 3.6 148.1 59.5
0.0491 2.05 127.3 1.9 128.7 3.1 154.1 47.4
0.0472 2.35 130.4 2.0 126.8 3.3 60.0 55.2
0.0501 2.26 127.2 1.9 131.0 3.4 199.9 51.8
0.0476 3.53 127.0 1.9 124.6 4.5 78.3 81.8
0.0457 3.36 127.9 2.1 120.8 4.3 16.0 79.2
0.0479 3.12 128.3 2.0 126.5 4.2 93.3 72.4
0.0469 2.10 128.3 2.0 124.0 3.0 42.7 49.4
0.0449 9.01 128.1 2.0 119.0 10.3 59.8 206.2
0.0478 1.58 129.6 1.9 127.5 2.6 88.9 37.1
0.0481 1.65 128.2 2.0 126.9 2.7 102.4 38.6
0.0472 3.17 129.8 1.9 126.3 4.2 60.6 73.8
0.0503 2.02 129.8 2.0 134.0 3.2 208.9 46.1
0.0486 1.88 128.6 1.9 128.6 2.9 129.1 43.7
0.0479 1.32 130.5 2.0 128.7 2.4 95.3 30.9
0.0484 11.81 128.9 2.0 128.3 14.5 117.4 257.1
0.0491 4.74 130.0 1.9 131.3 6.1 154.1 107.4
0.0459 6.86 126.5 2.0 120.0 8.0 7.9 157.9
0.0474 1.11 129.3 2.5 126.3 2.7 70.5 26.2
0.0493 1.59 130.7 2.9 132.3 3.4 160.9 36.7
0.0482 2.78 126.7 2.9 125.9 4.3 109.0 64.3
0.0454 8.87 125.0 2.7 117.5 10.2 32.0 202.2
0.0506 1.87 128.9 2.8 133.8 3.6 222.2 42.6
0.0470 2.38 126.7 2.8 122.7 3.8 46.8 56.0
0.0453 5.16 125.1 2.8 117.2 6.2 39.7 120.7
0.0478 5.55 127.5 2.9 125.7 7.1 91.5 126.4
0.0476 3.13 127.6 2.8 125.2 4.5 79.3 72.8
0.0485 1.79 130.0 2.8 129.6 3.5 122.1 41.7
0.0468 4.69 128.0 2.9 123.5 6.1 38.4 108.7
0.0495 2.96 122.9 2.8 125.3 4.4 171.0 67.6
0.0489 1.52 124.4 2.7 125.3 3.2 141.4 35.2
0.0483 2.30 126.5 2.8 126.0 3.8 115.7 53.4
0.0483 2.88 123.0 2.8 122.6 4.3 113.6 66.7
0.0460 3.34 126.9 2.8 120.5 4.6 4.2 78.7



Fig. 8. The SIMS zircon U–Pb concordia diagrams for the porphyry dikes at Qian'echong.
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A/CNK, andMg#are 1.3–1.4, 1.03–1.09, and 33–44, respectively. All sam-
ples cluster in the high-K calc-alkaline to shoshonite fields in a K2O–SiO2

plot (Fig. 5A) or in the peraluminous field in an A/NK–A/CNK diagram
(Fig. 5B). The geochemical characteristics suggest that the Qian'echong
granite porphyries belong to the peraluminous high-K calc-alkaline to
shoshonite series.
Fig. 9. Cathodoluminescent images and LA-ICPMS zircon U–Pb conc
All studied samples show steep LREE and flat HREE patterns in a
chondrite-normalized REE diagram (Fig. 6A). They exhibit strong peaks
for Rb, Th, U, K, Zr, and Hf, and troughs for Eu, Nb, Ta, Sr, Ba, P, and Ti
in a primitive mantle-normalized trace element diagram (Fig. 6B). The
buried biotite granite porphyries have higher ΣREE + Y contents of
164.53 to 215.62 ppm, δEu values of 0.62 to 0.81, and (La/Yb)N ratios of
ordia diagram for the porphyry stock (QEC011) at Qian'echong.



Table 3
Results of LA-ICPMS U–Pb dating for the single-grain zircon from biotite granite porphyry stock (QEC011) at Qian'echong.

Spot no. Content (μg/g) Ratios Age (Ma)

U Th Pb Th/U 206Pb/238U 1σ 207Pb/235U 1σ 207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ 207Pb/206Pb 1σ

QEC011-01 1348 701 32 0.52 0.0188 0.0006 0.1305 0.0074 0.0507 0.0026 120.1 3.6 124.6 6.6 233.4 118.5
QEC011-03 621 793 18 1.28 0.0209 0.0005 0.1438 0.0125 0.0506 0.0044 133.2 3.2 136.5 11.1 220.4 6.5
QEC011-04 127 237 4 1.87 0.0193 0.0007 0.1300 0.0291 0.0516 0.0114 123.4 4.4 124.1 26.2 333.4 375.9
QEC011-06 291 272 8 0.94 0.0193 0.0005 0.1414 0.0147 0.0543 0.0058 123.2 2.9 134.3 13.1 383.4 244.4
QEC011-07 249 425 8 1.71 0.02 0.0005 0.1744 0.0194 0.0649 0.0074 127.6 3.2 163.2 16.8 772.2 236.1
QEC011-10 296 371 8 1.25 0.0193 0.0005 0.1605 0.0173 0.0604 0.0061 123.4 3.0 151.2 15.1 620.4 225.0
QEC011-11 440 523 12 1.19 0.0193 0.0004 0.1349 0.0135 0.0501 0.0051 123.5 2.2 128.5 12.1 198.2 218.5
QEC011-12 1176 1717 30 1.46 0.0199 0.0005 0.1651 0.0123 0.0601 0.0042 126.8 3.4 155.2 10.7 607.1 149.1
QEC011-14 955 812 23 0.85 0.0191 0.0005 0.1290 0.0124 0.0476 0.0043 121.9 3.0 123.2 11.1 79.7 196.3
QEC011-15 878 1585 26 1.80 0.0199 0.0005 0.1545 0.0125 0.0557 0.0044 126.9 3.3 145.9 11 442.6 174.1
QEC011-16 393 705 13 1.79 0.0198 0.0005 0.1409 0.0143 0.0517 0.0054 126.5 3.1 133.9 12.7 272.3 238.9
QEC011-17 1231 703 27 0.57 0.0188 0.0006 0.1517 0.014 0.0574 0.0048 120.1 3.6 143.4 12.3 505.6 185.9
QEC011-21 334 606 10 1.82 0.0203 0.0007 0.2298 0.0466 0.0734 0.0119 129.6 4.5 210 38.5 1025.6 333.3
QEC011-22 216 216 6 1.00 0.0208 0.0006 0.1648 0.021 0.0605 0.0074 133.0 3.9 154.9 18.3 620.4 268.5
QEC011-23 854 494 20 0.58 0.019 0.0004 0.1498 0.0101 0.0573 0.0037 121.4 2.4 141.7 8.9 501.9 142.6
QEC011-24 232 661 9 2.85 0.0193 0.0004 0.0862 0.0155 0.0331 0.0058 123.4 2.8 84.0 14.5 Error Error
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29.71 to 82.83, relative to the more shallowly emplaced rhyolite to
granite and quartz porphyry dikes (Table 1).

5.2. SIMS zircon U–Pb ages

Zircon CL images of the samples QEC002 (Fig. 7A), QEC003 (Fig. 7B),
QEC004 (Fig. 7C), and QEC020 (Fig. 7D) show that themajority of zircon
grains are magmatic in origin. They are generally transparent, euhedral,
50- to 300-μm-long, and elongated in shape, with aspect ratios (length/
width) of 2–3.5, and show clearly concentric oscillating zones. With
common lead correction, Pb/Pb ages are suitable for the N1 Ga zircon
grains, and the Pb/U ages are more suitable for the b1 Ga zircons
(Anderson, 2002).

Zircon grains from the surface granite porphyry dike (QEC002) have
U, Th, and common Pb contents of 178–1239 ppm, 198–1362 ppm, and
6–36 ppm, respectively (Table 2). In the 206Pb/238U–207Pb/235U
concordia diagram, the 16 analytical spots concentrate in a small region
near the concordia line (Fig. 8A), and yield a weighted average 206Pb/
238U age of 127.44 ± 0.98 Ma (MSWD = 1.6, 2σ).

The analyses of 17 zircon grains from the rhyolitic porphyry dike
(QEC003) show U and Th concentrations of 188 to 2419 ppm and 137
to 2928 ppm, respectively, with Th/U ratios ranging from 0.40 to 2.37.
Their common Pb concentrations are 6 to 69 ppm. All the analyses
plot in a small region near the concordia line (Fig. 8B), and yield
a weighted average 206Pb/238U age of 127.42 ± 0.94 Ma (MSWD =
0.58, 2σ), similar to the age of the sample of the granite porphyry dike.

The U and Th concentrations of 13 zircon grains from the quartz por-
phyry dike (QEC004) range from 471–2649 ppm and 821–7221 ppm,
respectively. These values are generally higher than those of samples
QEC002, QEC003, and QEC020 (Table 2). Within analytical precision,
the ratios of 206Pb/238U and 207Pb/235U agree internally (Fig. 8C),
and yield a weighted average 206Pb/238U age of 128.9 ± 1.1 Ma
(MSWD= 0.30, 2σ), which is slightly older than the other samples.

The analyses of 15 zircon grains from the deeper granite porphyry
dike (QEC020) indicated U and Th concentrations are similar to those
Table 4
Results of the Re–Os dating of molybdenite from the Qian'echong Mo deposit.

Sample Weight (g) Re (μg/g) 2σ 187Re (μg/g)

402-1 0.1013 7.2589 0.0300 4.5625
402-2 0.1015 14.268 0.0380 8.9679
005-1 0.0999 10.702 0.0526 6.7269
005-1 0.1009 11.623 0.0613 7.3058
005-2 0.1013 7.5558 0.0357 4.7491
005-3 0.1022 12.329 0.0406 7.7493
of zircons from samples QEC002 and QEC003, with U = 112–1393 ppm,
Th = 151–1569 ppm, and Th/U = 0.28–3.05. All spots concentrate in a
small region near the concordia line (Fig. 8D), and yield a weighted aver-
age 206Pb/238U age of 126.6 ± 1.4 Ma (MSWD= 0.67, 2σ), overlapping,
within error, the ages of the surface rhyolite and granite porphyry dikes.
5.3. LA-ICP-MS zircon U–Pb dating

Zircon grains from the buried biotite granite porphyry stock
(QEC011) are colorless transparent, and elongated, prismatic and
euhedral in shape, with lengths of 50–250 μm and aspect ratios of 2:1
to 4:1. They have oscillatory zoning (Fig. 9), with some showing corrod-
ed edges. The 16 analyses (Table 3) concentrate in a small region near
the concordia line (Fig. 9), and yield a weighted average 206Pb/238U
age of 124.7 ± 1.6 Ma (MSWD = 1.5, 2σ), which, within error, is
same to the SIMS zircon U–Pb age of 126.6 ± 1.4 Ma obtained from
the buried biotite granite porphyry dike.
5.4. Molybdenite Re–Os dating

Six Re–Os analyses of five molybdenite samples are presented in
Table 4. Total Re and 187Os concentrations range from 7.2589 to
14.268 ppm and from 9.6050 to 18.517 ppb, respectively. The individual
ages range from 123.31± 1.02Ma to 128.49± 1.40Ma, yielding an iso-
chron age of 126± 11Ma (MSWD= 11.1) and aweighted average age
of 125.3 ± 1.7 Ma (MSWD = 8.9) (Fig. 10). Because the minimum age
(123.31 ± 1.02 Ma) is inconsistent with the maximum age (128.49 ±
1.40Ma)within analytical error, themolybdenitemay have crystallized
heterogeneously and the isochron age cannot be accepted as represen-
tative of the crystallization age of themolybdenite. Consequently, all the
individual ages are interpreted here to represent discrete, best estimate
crystallization ages for each molybdenite sample; and the weighted av-
erage agemight represent the peak-crystallization time ofmolybdenite.
2σ 187Os (ng/g) 2σ Age (Ma) 2σ

0.0188 9.6050 0.0509 126.23 0.85
0.0239 18.517 0.2290 123.81 1.56
0.0330 14.026 0.0871 125.02 0.99
0.0385 15.264 0.0851 125.28 0.96
0.0224 9.7661 0.0664 123.31 1.02
0.0256 16.607 0.1720 128.49 1.40



Fig. 10.Molybdenite Re–Os isochron age and weighted average age for the Qian'echong porphyry Mo deposit.
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5.5. Whole-rock Sr–Nd–Pb isotopic compositions

Whole-rock Sr–Nd–Pb isotopic compositions of the intrusive rocks
at the Qian'echong deposit are presented in Table 5. The ratios of 87Rb/
86Sr, 147Sm/144Nd, 238U/204Pb, 235U/204Pb, and 232Th/204Pb were calcu-
lated using the Rb, Sr, Sm, Nd, U, Th, and Pb concentrations obtained
by ICP-MS and themeasured isotope ratios of the samples. The ISr repre-
sents the initial 87Sr/86Sr ratiowhen the rock formed, usingλRb=1.42×
10−11 a−1 (Steiger and Jager, 1977). εNd(t) was calculated
using (143Nd/144Nd)CHUR = 0.512638, (147Sm/144Nd)CHUR = 0.1967
(Jacobsen and Wasserburg, 1980) and λSm = 6.54 × 10−12 a−1

(Lugmair and Marti, 1978). TDM1(Nd) was calculated using (143Nd/
144Nd)DM = 0.51315 and (147Sm/144Nd)DM = 0.2137 (Peucat et al.,
1988). TDM2(Nd) = TDM1 − (TDM1 − t) × [(ƒCC − ƒS) / (ƒCC − ƒDM)],
where ƒS = [(147Sm/144Nd)S − (147Sm/144Nd)CHUR] − 1, ƒDM =
[(147Sm/144Nd)DM − (147Sm/144Nd)CHUR] − 1, ƒCC = −0.4 (DePaolo
Table 5
Whole-rock Sr–Nd–Pb isotopic compositions of the intrusions at Qian'echong deposit.

Sample No. QEC003 QEC004 QEC005 QEC008 QEC010 Q

t/Ma 127.4 128.9 124.7 124.7 124.7
Rb/ppm 273.9 300.8 182.0 176.3 185.3
Sr/ppm 65.6 81.5 303.7 284.1 251.2
87Rb/86Sr 12.08 10.68 1.73 1.79 2.13
87Sr/86Sr 0.730892 0.737452 0.711522 0.711282 0.711480
2σ 0.000006 0.000006 0.000007 0.000005 0.000006
ISr 0.70901 0.71788 0.70846 0.70811 0.70770
Sm/ppm 2.10 3.87 3.75 3.52 4.16
Nd/ppm 14.07 18.64 28.66 25.98 25.84
147Sm/144Nd 0.0901 0.1255 0.0791 0.0818 0.0972
143Nd/144Nd 0.511711 0.511746 0.511211 0.511434 0.511645
2σ 0.000004 0.000003 0.000004 0.000003 0.000003
εNd(t) −16.4 −16.2 −26.0 −21.7 −17.8 −
TDM1/Ga 1.77 2.42 2.19 1.98 1.96
TDM2/Ga 2.25 2.24 3.02 2.67 2.36
U/ppm 6.63 2.70 4.98 8.18 7.60
Th/ppm 28.5 13.2 23.1 22.2 23.4
Pb/ppm 13.0 54.1 35.6 32.2 31.0
206Pb/204Pb 17.1931 16.7624 16.1824 16.3982 16.4355
2σ 0.0003 0.0002 0.0003 0.0002 0.0003
207Pb/204Pb 15.3777 15.3710 15.2599 15.2840 15.2884
2σ 0.0002 0.0003 0.0003 0.0002 0.0003
208Pb/204Pb 37.9843 37.6764 37.3454 37.4561 37.5213
2σ 0.0011 0.0010 0.0010 0.0008 0.0009
(206Pb/204Pb)t 16.562 16.701 16.017 16.098 16.145
(207Pb/204Pb)t 15.347 15.368 15.252 15.269 15.274
(208Pb/204Pb)t 37.098 37.578 37.095 37.189 37.228

QEC003: rhyolite porphyry dike; QEC004, quartz porphyry dike; QEC005, QEC008, QEC010, QEC
biotite granite porphyry dikes.
and Wasserburg, 1979). (147Sm/144Nd)S is the calculated ratio of sam-
ple. The (206Pb/204Pb)t, (207Pb/204Pb)t, and (208Pb/204Pb)t present initial
Pb isotopic ratios when the rock formed, calculated using a single-Stage
model. Ages of these samples used for the calculations are given in
Sections 5.2 and 5.3.

The rhyolite porphyry and quartz porphyry dikes have high 87Rb/
86Sr values of 12.08 and 10.68, with ISr values of 0.70901 and 0.71788,
respectively. They have nearly identical εNd(t) values of −16.4 and
−16.2, and TDM2(Nd) ages of 2.25 Ga and 2.24 Ga. The (206Pb/204Pb)t,
(207Pb/204Pb)t, and (208Pb/204Pb)t of the rhyolite porphyry and quartz
porphyry dikes are 16.562 and 16.701, 15.347 and 15.368, and 37.098
and 37.578, respectively.

The biotite granite porphyry stock samples have 87Rb/86Sr values of
1.73–2.65, with ISr values ranging from0.70770 to 0.70901. Their εNd(t)
values range from−26.1 to−17.8, with TDM1(Nd) of 1.96–2.24 Ga and
TDM2(Nd) of 2.36–3.03 Ga. Compared to the biotite granite porphyry
EC011 QEC012 QEC014 QEC018 QEC019 QEC020

124.7 124.7 124.7 126.6 126.6 126.6
193.6 197.1 230.2 259.3 239.7 201.1
263.3 275.3 250.7 244.1 241.6 229.1

2.12 2.07 2.65 3.07 2.87 2.54
0.711984 0.712378 0.713708 0.713199 0.712599 0.711846
0.000005 0.000006 0.000005 0.000006 0.000005 0.000006
0.70822 0.70871 0.70901 0.70768 0.70744 0.70729
3.70 3.54 3.44 3.35 3.71 3.39

25.74 27.66 25.37 23.08 25.88 23.62
0.0869 0.0774 0.0819 0.0878 0.0867 0.0868
0.511499 0.511226 0.511208 0.511661 0.511679 0.511657
0.000004 0.000004 0.000004 0.000004 0.000003 0.000003

20.5 −25.6 −26.1 −17.3 −16.9 −17.4
1.98 2.14 2.24 1.80 1.76 1.79
2.57 2.99 3.03 2.32 2.29 2.33
6.97 3.15 4.39 8.33 7.80 8.33

23.6 24.3 23.4 27.3 25.5 29.1
29.0 33.6 32.1 233.2 98.9 25.4
16.5592 16.2005 16.4677 16.6239 16.6804 16.9395
0.0002 0.0002 0.0002 0.0002 0.0002 0.0003

15.3060 15.2700 15.3031 15.3510 15.3541 15.3660
0.0003 0.0002 0.0002 0.0002 0.0002 0.0003

37.6082 37.4705 37.5883 37.5888 37.6524 37.9427
0.0008 0.0008 0.0010 0.0009 0.0008 0.0009

16.273 16.090 16.305 16.581 16.585 16.539
15.292 15.265 15.295 15.349 15.349 15.347
37.291 37.191 37.305 37.543 37.550 37.484

011, QEC012 and QEC014: biotite granite porphyry stocks; QEC018, QEC019 and QEC020:
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stock, the granite porphyry dike samples have slightly higher 87Rb/86Sr
values (2.54–3.07), lower ISr values (0.70729 to 0.70768), higher εNd(t)
values (−17.4 to −16.9), and lower TDM1(Nd) (1.76–1.80 Ga) and
TDM2(Nd) (2.29–2.33 Ga). The (206Pb/204Pb)t, (207Pb/204Pb)t, and
(208Pb/204Pb)t values of the biotite granite porphyry stock and dike
samples are 16.017–16.585, 15.252–15.349, and 37.095–37.550,
respectively.

6. Discussion

6.1. Geochronology of the Qian'echong porphyry Mo deposit

Both the zircon U–Pb and the molybdenite Re–Os ages obtained in
this study fall in a narrow time span of 130–122 Ma, which demon-
strates that the Qian'echong porphyry Mo deposit was formed in the
Early Cretaceous, as was previously suggested by M.Z. Yang et al.
(2010). In addition, the zirconU–Pb ages of all studiedporphyritic intru-
sions correspond fairly well to the individual molybdenite Re–Os ages,
which suggest a causative relationship between the ores and the
spatially associated plutonic rocks. Crystallization ages for molybdenite
from the Qian'echong deposit range from 128.49 ± 1.40 to 123.31 ±
1.02 Ma, which is coeval with adjacent igneous rocks formed at
128.9 ± 1.1 to 124.7 ± 1.6 Ma.

The quartz porphyry dikes yield a zircon U–Pb age of ~129 Ma,
which is essentially identical to the oldest molybdenite Re–Os age of
~128.5 Ma, indicating that the magmatic–hydrothermal system may
have been initiated at that time. The rhyolite to granite porphyry dikes
observed at the surface (127.42±0.94 to 127.44±0.98Ma), the biotite
granite porphyry dike at the depth (126.6± 1.4 Ma), and the buried bi-
otite granite porphyry stock (124.7±1.6Ma) show similar composition
in mineralogy and petrochemistry, and yield the same isotope
ages within analytical error, suggesting that they might be formed at
Table 6
Isotope ages of porphyry Mo systems in Dabie Shan.

Deposits Porphyry/ores N Method

Qian'echong Quartz porphyry dyke 1 SIMS zircon U–Pb wei
Rhyolite porphyry 1 SIMS zircon U–Pb wei
Outcropped granite porphyry dyke 1 SIMS zircon U–Pb wei
Blinded granite porphyry dyke 1 SIMS zircon U–Pb wei
Granite porphyry stock 1 LA-ICPMS zircon U–Pb
Ores 6 Molybdenite Re–Os
Ores 6 Molybdenite Re–Os
Granite porphyry stock 2 SHRIMP zircon U–Pb w
Outcropped granite porphyry dyke 1 LA-ICPMS zircon U–Pb
Ores 3 Molybdenite Re–Os

Shapinggou Quartz syenite 2 LA-ICPMS zircon U–Pb
Syenite porphyry 1 LA-ICPMS zircon U–Pb
Granite porphyry 1 LA-ICPMS zircon U–Pb
Syenite porphyry 1 LA-ICPMS zircon U–Pb
Quartz syenite porphyry 1 LA-ICPMS zircon U–Pb
Magma matrix of breccias pipe 1 LA-ICPMS zircon U–Pb
Wall-rock block of breccias pipe 1 LA-ICPMS zircon U–Pb
Ores 7 Molybdenite Re–Os
Ores 9 Molybdenite Re–Os
Ores 2 Molybdenite Re–Os
Ores 5 Molybdenite Re–Os

Tangjiaping Granite porphyry 1 LA-ICPMS zircon U–Pb
Ores 3 Molybdenite Re–Os w
Ores 5 Molybdenite Re–Os

Dayinjian Granite porphyry 1 LA-ICP-MS zircon U–P
Ores 7 Molybdenite Re–Os is
Ores 1 Molybdenite Re–Os
Ores 4 Molybdenite Re–Os

Tianmugou Ores 1 Molybdenite Re–Os
Mushan Granite porphyry 1 LA-ICPMS zircon U–Pb

Ores 1 Molybdenite Re–Os
Bao'anzhai Granite porphyry 1 LA-ICPMS zircon U–Pb
Doupo Ore 1 Molybdenite Re–Os ag

N: number of samples.
different depths by the samemagmatic system. Considering the analyt-
ical precision difference between LA-ICP-MS and SIMS, we here prefer
to adopt the results obtained from SIMS, and to estimate the crystalliza-
tion time of rhyolite and granite porphyry dikes and stock to be 126.5±
1.5 Ma. This granitic activity apparently formed much of the molybde-
nite mineralization defined at 126.23 ± 0.85 to 123.31 ± 1.02 Ma. The
close association of the biotite granite porphyry stock with the main
orebody (Fig. 3) indicates that emplacement of the biotite granite
porphyry was the most important intrusive event in the formation of
the Qian'echong Mo deposit.

A series of magmatic–hydrothermal pulses is common in giant min-
eral deposits. In the Dabie Shan, the other giant porphyry Mo deposit,
Shapinggou, formed by at least two episodic magmatic events at
116 Ma and 113 Ma, respectively (H.J. Chen et al., 2013). In the Qinling
Orogen, the giant Shangfanggou porphyry–skarn Mo–Fe system and
Nannihu porphyry Mo–W system both resulted from multistage
magmatism between 158 and 140 Ma (Yang et al., 2012; Y. Yang et al.,
2013); and the Yuchiling porphyry Mo deposit in the Qinling was
formed by three igneous events at ~143 Ma, ~138 Ma, and ~135 Ma,
with corresponding molybdenite Re–Os ages of ~141 Ma, ~137 Ma,
and ~134Ma, respectively (N. Li et al., 2013). Ballard et al. (2001) distin-
guished two temporally distinct magmatic–hydrothermal pulses at
34.6 Ma and 33.5 Ma at the giant Chuquicamata Cu deposit in northern
Chile, and considered the intensive quartz–sericite alteration developed
at 31.1 Ma to have been caused by an additional concealed intrusion.
Harris et al. (2008) revealed two episodes of porphyry intrusion at the
Bajo de la Alumbrera porphyry Cu–Au deposit in Argentina, where the
hydrothermal process appears to have lasted for at least 3 m.y. Using
U–Pb, 40Ar/39Ar, Re–Os, and fission track dating, Maksaev et al. (2004)
recognized five short-lived episodes of felsic intrusion-related mineral-
ization at the El Teniente porphyry Cu–Mo deposit in Chile. In addition,
the Antapaccay porphyry Cu–Au deposit, southern Peru (Jones et al.,
Age (Ma) Reference

ghted average 128.9 ± 1.1 This study
ghted average 127.4 ± 0.9 This study
ghted average 127.4 ± 1.3 This study
ghted average 126.5 ± 1.3 This study
weighted average 124.7 ± 1.6 This study

123.31 ± 1.02–128.49 ± 1.40 This study
127.9 ± 1.9–129.7 ± 1.9 Gao et al. (2014)

eighted average 130 ± 2, 129 ± 2 Gao et al. (2014)
weighted average 128.8 ± 2.6 M.Z. Yang et al. (2010)

127.6 ± 1.8–128.0 ± 1.8 M.Z. Yang et al. (2010)
weighted average 121.5 ± 1.3–122.51 ± 0.81 Meng et al. (2012)
weighted average 120.7 ± 1.1 Meng et al. (2012)
concordia 111.5 ± 1.5 H. Zhang et al. (2011)
concordia 111.7 ± 1.9 H. Zhang et al. (2011)
weighted average 116.1 ± 2.2 H.J. Chen et al. (2013)
weighted average 112.9 ± 1.2 H.J. Chen et al. (2013)
weighted average 131.6 ± 2.6 H.J. Chen et al. (2013)

110.18 ± 1.67–113.77 ± 3.65 H. Zhang et al. (2011)
112.2 ± 1.7 – 113.9 ± 1.7 Huang et al. (2011)
112.6 ± 1.3 – 113.5 ± 1.3 Xu et al. (2011)
100.0 ± 1.8 – 113.6 ± 1.7 Meng et al. (2012)

concordia 121.6 ± 4.6 Wei et al. (2010)
eighted average 119.7 ± 2.1 Luo et al. (2010)

113.5 ± 1.8–118.5 ± 1.9 Y. Li et al. (2013)
b weighted average 124.9 ± 1.3 H.C. Li et al. (2012)
ochron 125.07 ± 0.87 H.C. Li et al. (2012)

122.1 ± 2.4 Y. Li et al. (2013)
121.5 ± 1.8–123.9 ± 2.0 Luo et al. (2010)
121.6 ± 2.1 Y. Li et al. (2013)

weighted average 142.0 ± 1.8 Y. Li et al. (2013)
155.7 ± 5.1 Y. Li et al. (2013)

weighted average 135.3 ± 1.9 M.Z. Yang et al. (2010)
e 140.5 ± 8.2 Y. Li et al. (2013)
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2007), and Los Pelambres porphyry Cu–Mo–Au deposit (Perelló et al.,
2007) and the Escondida porphyry Cu deposit (Padilla-Garza et al.,
2004) in Chile, have also been interpreted to have been formed by
multiple magmatic–hydrothermal episodes. Therefore, theMomineral-
ization at Qian'echong possibly resulted from twomagmatic pulses, one
at ~129 Ma and one at ~126.5 Ma.

6.2. The tectonic setting of the Qian'echong deposit

The Qinling–Dabie orogenic belt was formed during Late Triassic–
Early Cretaceous and caused by collision of the Yangtze and North
China blocks (Lin et al., 1985; Yuan et al., 2003; Li et al., 2007, 2011,
2015), as supported by the formation of the ultrahigh-pressure eclogites
in the Dabie Shan (Ames et al., 1993; Chavagnac and Jahn, 1996). Paleo-
magnetic studies have shown that the convergence between the blocks
had ended by the Late Jurassic (Lin et al., 1985; Zhu et al., 1998). The
subsequent Early Cretaceous geodynamic setting in the Qinling–Dabie
belt was one of post-collisional extension (Jahn et al., 1999; Chen
et al., 2007, 2009), as the influence of plate motions in the Pacific
basin became significant (Mao et al., 2011). Our new zircon U–Pb and
molybdenite Re–Os dates confirm that the Mo mineralization and its
causative magmatism at the Qian'echong deposit were products of the
post-collision tectonic setting.

In the Dabie Shan, the ages of Mo deposits and their associated intru-
sions range between 142 Ma and 110 Ma (Table 6). This time span is
quite similar to that established for theModeposits in the easternQinling
(Chen et al., 2000; Li et al., 2007;Mao et al., 2010; N. Li et al., 2012a, 2013;
and references therein). Both groups of large mid-Yanshanian deposits
are specifically related to the post-collisional regime (Chen and Fu,
1992; Chen et al., 2000; Mao et al., 2011; Y. Li et al., 2013). In the (Y +
Nb)–Rb and Rb/30–Hf–Ta*3 tectonic discrimination diagrams (Fig. 11),
the porphyry dikes and stocks plot primarily in the post-collisional gran-
ite domain, consistent with magma that originated from partial melting
of the continental crust in a post-collisional setting.

6.3. The origin of the intrusions at Qian'echong deposit

The Sr–Nd–Pb isotopic compositions of the Early Cretaceous granit-
oids in the Dabie Shan are generally similar to those of the northern
Dabie complex (NDC), but different from those of the southern Dabie
complex (SDC) (Figs. 12 and 13). Consequently, the origins of the
Early Cretaceous granitoids have been widely debated with three
main views: (1) the granitoids were formed by partial melting of the
Fig. 11. The (Y + Nb)–Rb (Pearce, 1996) and Rb/30–Hf–3Ta (Harris et al., 1986) tectonic disc
Qian'echong deposit. VAG, volcanic arc granites; ORG, oceanic ridge granites; WPG, within-pla
gneisses and amphibolites from the NDC (Zhang et al., 2002); (2)
they were derived from a mixture of the NDC and the basement of the
Yangtze block, likely represented by the Kongling Group gneisses in
westernHubei province, because the zircon TDM2(Hf) values of the gran-
itoids are older than those of theNDC (Zhao et al., 2008, 2011; Gao et al.,
2014); or (3) they originated from the partial melting of the NDC and
the southward underthrusting of allochthons from the North China
block (H.J. Chen et al., 2013), because the isotopic signatures of both
the Early Cretaceous granitoids and andesitic to mafic rocks in the
Dabie Shan are similar to those of the subcontinental lithospheric man-
tle of the North China block (Jahn et al., 1999; Ma et al., 2000; Jahn and
Chen, 2007; Xu et al., 2012). Several geologists (e.g., Chen et al., 2005; N.
Li et al., 2012a) also suggested that the contribution of the subcontinen-
tal lithospheric mantle to the Cretaceous magmatism increased with
time, with an associated post-collisional lithospheric extension and
thinning.

In Fig. 12A and B, the samples from the Qian'echong porphyry sys-
tem completely scatter within the domains defined for the NDC and
the Precambrian rocks of the North China block, which is a feature
shared also by the Early Cretaceous granitoids and mafic to andesitic
rocks in Dabie Shan. On the contrary, their 207Pb/204Pb, 206Pb/204Pb
and 208Pb/204Pb ratios are far lower than those of the SDC and Tongling
granite (Fig. 12). The Tongling granite, located along the northern
margin of the Yangtze block, is typical of Mesozoic igneous rocks that
originated from the partial melting of the Yangtze block crust (Zhang,
1995). Thus it is unlikely that the Qian'echong porphyry system has a
genetic relationship to either the Yangtze Craton or the SDC. Moreover,
the intrusive rocks at Qian'echongdeposit showa decrease in Pb isotope
ratios with a decrease in age, with the values of the quartz porphyry
dike being the highest and shifting to the domain of the SDC (Fig. 12).

It is important to note, however, that the quartz porphyry dike yields
the oldest age (N128 Ma) and the uniquely highest ISr value for the
intrusive rocks in the Qian'echong area, and shows Sr–Nd isotope signa-
tures consistentwith derivation from the SDC (Fig. 13). This implies that
the quartz porphyry dike must be mainly sourced from the SDC
(Fig. 14A), and not the NDC and/or the basement of the North China
block. The other intrusive rocks are all younger than 128 Ma and show
slightly lower εNd(t) and ISr values than the NDC, but completely fall
in the domain of the contemporaneous granitoids in the Dabie Shan
(Figs. 12 and 13; Zhang et al., 2002; Jahn and Chen, 2007; He et al.,
2013). These rocks partly overlap the field of the NDC (Fig. 13), and
particularly rocks of the Taihua and Xiong'er Groups that are the main
lithologies along the southern margin of the North China block (Deng
rimination diagrams for the biotite granite porphyry dike and stock at the porphyry Mo
te granites; Syn-COLG, syn-collision granites; POG, post-collision granites.



Fig. 12. Correlative diagrams of 207Pb/204Pb vs. 206Pb/204Pb (A) and 208Pb/204Pb vs. 206Pb/204Pb (B) for intrusions at the Qian'echong porphyryMo deposit (calculated back to t= 125Ma).
Data also include: the gneisses and amphibolites of the Northern Dabie Complex (Zhang et al., 2002); gneisses and eclogites of the Southern Dabie Complex (Zhang et al., 2002); Early
Cretaceous granitoids (Zhang et al., 2002) and intermediate–ultramafic rocks (Jahn et al., 1999; Chen et al., 2002) in the Dabie Shan; Tongling granite at the joint of the Yangtze Craton
and Dabie Shan, Anhui Province (Zhang, 1995); Erlangping Group (J. Zhang et al., 2011), Xiong'er Group (Deng et al., 2013c), and Taihua Group (Ni et al., 2012); and Jinan gabbro
(Zhang et al., 2004). All the data are calculated back to 125 Ma, except for the Xiong'er and Taihua Groups.
Base map is cited from Zartman and Doe (1981).

1231M. Mi et al. / Gondwana Research 27 (2015) 1217–1235
et al., 2013a,b,c). They are suggested to have originated from a source
dominated by NDC that mixed with the Precambrian rocks of the North
China block (Fig. 14A). This interpretation is supported by seismic
reflectance data (e.g., Yuan et al., 2003), and by the TDM2(Nd) values of
the Qian'echong porphyries that range from 2.24 to 3.03 Ga, which is
consistentwith the ages of Taihua Group (b2.26–2.84Ga; Xu et al., 2009).

To interpret the origin of theQian'echongporphyry system,we pres-
ent a tectonic model that shows a northward subduction of the Yangtze
block before 128 Ma (Fig. 14A), followed by a northward, vertical
Fig. 13. Correlative diagram of εNd(t) vs. ISr for intrusions at the Qian'echong porphyryMo dep
amphibolites from theNorthernDabie Complex (NDC;Ma et al., 2000), gneisses and eclogites fr
et al., 2002; Zhao et al., 2011; He et al., 2013) and intermediate–ultramafic rocks (Jahnet al., 1999
Xiong'er Group (He et al., 2010; Deng et al., 2013c), Taihua Group (Xu et al., 2009; Ni et al., 2012
Erlangping Group (Liu et al., 2013), and Jinan gabbro (Zhang et al., 2004), calculated back to t
tectonic extrusion of the Dabie Shan onto the basement of the North
China block after 128 Ma (Fig. 14A). This tectonic reversal at ~128 Ma
was possibly related to the delamination of the lithosphere root of the
Dabie Shan (Ma et al., 2000; Pirajno, 2013), which caused the exhuma-
tion of UHP rocks (Jahn et al., 1999; Zheng et al., 2006), the generation of
voluminous magmas (Chen et al., 2002; Zhao et al., 2011), and the de-
velopment of hydrothermal mineral systems (e.g., Y. Li et al., 2013;
Goldfarb and Santosh, 2014). Formation of the Qian'echongMo deposit
is also shown to be a consequence of this tectonic reversal (Fig. 14B).
osit. For comparison, the Sr–Nd isotopic compositions are also plotted for the gneisses and
om the SouthernDabie Complex (SDC; Xia et al., 2008), Early Cretaceous granitoids (Zhang
; Zhao et al., 2011; Xuet al., 2012) in theDabie Shan, KonglingGroup (K. Chen et al., 2013),
), Qinling Group (Zhang et al., 1994), Kuanping Group (Zhang et al., 1994; Liu et al., 2013),
= 125 Ma.



Fig. 14. Conceptualmodels that show the tectonic setting of the Qian'echong porphyryMo system (A;modified after Yuan et al., 2003) and the spatial relationship between orebodies and
porphyry stock and dikes (B).
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6.4. A new type of porphyry Mo deposit: collisional-type?

The orebodies in porphyry deposits are traditionally considered to
occur in the causative porphyry stocks that generally originated from
subduction of an oceanic slab, slab melts interacting with overlying
mantle, enriched subcontinental lithospheric mantle, and crust, and
mixing of magmas derived from these various source areas (e.g.
Sillitoe, 1972; Richards, 2003; Pirajno, 2009; Richards, 2009, 2011;
Pirajno, 2013). The porphyry deposits mainly occur in magmatic arcs,
with a small number developing in other settings (e.g. Richards et al.,
1990; Chen et al., 2000; Richards, 2003; Chen et al., 2007; Chen and Li,
2009; Richards, 2009). Compared to the majority of the porphyry de-
posits, the giant Qian'echong porphyry Mo system is unique because
of its crustal source forMo and the location of the orebodies in the coun-
try rocks to the main intrusions (out-porphyry; Figs. 3 and 14B). These
features lead us to define the Qian'echong deposit as representative of a
new type of porphyry Mo deposit.
Fig. 15. Global tectonic settings for thr
Compiled after Goldfarb et al. (2001) a
Previous studies have classified porphyry Mo deposits into two
types (Carten et al., 1993; Selby et al., 2000). One commonly develops
in subduction-related continental arcs, is associated with relatively
less differentiated calc-alkaline magmas, and is characterized by low F
contents and low Mo-grades, such as those that are represented by
the Endako (Selby et al., 2000) and MAX deposits (Linnen and
Williams-Jones, 1990; Lawley et al., 2010) in British Columbia, Canada
(e.g., magmatic arc-, subduction- or Endako-type). The other is formed
in rift-related back-arc settings, is associated with highly evolved,
silicic-alkalic magmas, and is characterized by high F contents and
high Mo-grades, as exemplified by Climax (Wallace, 1995), Urad–
Henderson (Seedorff and Einaudi, 2004a,b) and Questa (Klemm et al.,
2008) in the Rocky Mountain province, USA (e.g., rift- or Climax-type).
According to Selby et al. (2000), in the magmatic arc-type Mo deposits,
low- to moderate-salinity (1–10 wt.% NaCl equiv.), liquid-rich and
vapor-rich aqueous inclusions and aqueous-carbonic inclusions coexist
with less abundant saline (30–60 wt.% NaCl equiv.) inclusions; by
ee types of porphyry Mo deposits.
nd Chen (2013).
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contrast, in rift-type deposits, there are abundant coexisting saline (30–
65 wt.% NaCl equiv.) and vapor-rich aqueous inclusions, and coexisting
low- to moderate-salinity aqueous inclusions (1–20 wt.% NaCl equiv.)
and aqueous-carbonic inclusions (Fig. 15).

The Qian'echong Mo deposit does not fit into either of these two
types of Mo porphyry deposits. The high contents of alkalis and incom-
patible elements (Table 1) and strong fluoritization suggest an affinity
with rift- or Climax-type deposits, but the much lower Mo grade, the
crustal magmatic source, and the external occurrence of orebodies are
distinct from the rift-type deposits. The deposit is located in a collision
orogen, and was formed in a post-collisional time, which is inconsistent
with rifts or magmatic arcs. In addition to the aqueous-carbonic and
halite-bearing fluid inclusions that typically occur in both types of por-
phyryModeposits, theQian'echongdeposit is uniquedue to its carbonic
inclusions, its multiple daughter mineral-bearing aqueous-carbonic in-
clusions, and its absence of halite daughter minerals (Y.F. Yang et al.,
2013). Unlike the rift- and magmatic arc-type deposits, where phyllic
and propylitic alteration assemblages are well developed (Ludington
and Plumlee, 2009), the hydrothermal alteration at the Qian'echong
deposits is predominantly potassic, with less extensive silicification,
phyllic assemblages and propylitic assemblages, as well as some
carbonatization and fluoritization (Y.F. Yang et al., 2013). It is notewor-
thy that the abovementioned characteristics of the Qian'echong deposit
are widely shared by other porphyry Mo deposits located in post-
collisional settings, such as at Yaochong (Wang et al., 2014) in the
Dabie Shan; Donggou (Y.F. Yang et al., 2011), Yuchiling (N. Li et al.,
2012b), Nannihu (Yang et al., 2012), Shangfanggou (Y. Yang et al.,
2013), and Jinduicheng (Yang et al., 2009) in the eastern Qinling;
Donggebi (Wu et al., 2013) and Baishan (Xiang et al., 2013) in the east-
ern Tian Shan; and many porphyry Mo deposits in the northeastern
China (Chen et al., 2012). Hence, we assign these deposits to a new
type of porphyry Mo deposit, termed collisional- or Dabie-type, exem-
plified by the Qian'echong deposit, with a new genetic model showing
generation in a collisional tectonic setting, rather than in rift (Climax)
or magmatic arc (Endako) environments.

7. Concluding remarks

All the granitic rocks at the Qian'echong deposit have relatively high
SiO2, K2O, and Al2O3, and low TiO2, MgO, and CaO. They have high LREE
contents and negative Eu anomalies, and show high-K calc-alkaline to
shoshonite affinity, suggesting that they were mainly originated from
the melting of continental crust.

Zircon grains from quartz porphyry dyke, rhyolitic to granite porphy-
ry dikes, and granite porphyry stock, yield U–Pb isotope ages of 128.9 ±
1.1Ma, 127.44±0.98 to 126.6±1.4Ma, and 124.7±1.6Ma, respective-
ly. These ages are correlative with molybdenite crystallization ages
measured at 128.5 Ma, 126.2–125 Ma, and 124–123 Ma. The giant
Qian'echong porphyry Mo deposit was formed by a multistage magmat-
ic–hydrothermal process from about 129 to 123 Ma.

The Sr–Nd–Pb isotope signatures of the granitic rocks indicate
that the N128 Ma quartz porphyry dike was formed by northwardly
subducted rocks of the southern Dabie complex, whereas the other por-
phyry dikes and stock with ages of b128Mawere mainly sourced from
both basement rocks of the North China block and the northern Dabie
complex. Hence, since ca 128 Ma, the basement of North China block
was overridden by the northernDabie complex,which possibly resulted
from vertical, northward tectonic extrusion of the Dabie Shan that was
associated with delamination of its lithospheric root.

The Qian'echong Mo deposit was formed by two pulses of a short-
lived magmatic–hydrothermal event, coeval with other middle
Yanshanian (160–100 Ma) Mo deposits in the Qinling Orogen and
Dabie Shan. Compared with the Climax- and Endako-type Mo deposits,
it is unique because of the crustal source of the causative porphyry,
mineralization mainly outside of the porphyry, the CO2-, K-, and F-rich
ore-forming fluids, and a post-collisional tectonic setting, and thus is
proposed to represent a new type of porphyry Mo deposit, termed
collisional- or Dabie-type.
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